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RESUMO

O xilitol e o arabitol sdo polidlcoois esterecisdbmeros que possuem propriedades e aplicagdes
similares e despertam o interesse mercadolégico. Mesmo que a via quimica seja atualmente
mais empregada na producdo desses compostos, a producdo por meio de processos
fermentativos utiliza condi¢Oes brandas e é ambientalmente menos danosa. Apesar disso, a
via biotecnoldgica apresenta obstaculos como o baixo rendimento e a viabilidade econ6mica
do processo. Nesse contexto, estudos de otimizagao da produgdo destacam-se como forma
de tornar o processo mais rentavel, utilizando hidrolisados hemiceluldsicos de biomassas
lignoceluldsicas como fontes de carbono, e oportunidades ainda nao exploradas podem ser
desenvolvidas, como a aplicagao simultanea dos dois polidlcoois como um unico produto, o
que dispensaria a separacdao dos mesmos. Este trabalho buscou otimizar a coproducdo
bioldgica de xilitol e arabitol a partir do hidrolisado hemiceluldsico de bagaco de cana-de-
acucar e fontes alternativas de nitrogénio. Para isso, verificou-se a possibilidade de utilizagdo
de Candida tropicalis para conversdo de pentoses em polidlcoois e sua respectiva adaptacdo
ao hidrolisado hemiceluldsico destoxificado de bagaco de cana-de-acucar. Em seguida,
definiu-se que o hidrolisado de levedura foi a fonte mais promissora para ser adicionada ao
meio e permitir uma maior producdo dos compostos alvo. A partir de estratégias de
delineamento experimental (DOE), foi possivel definir uma composicdo e condicOes
favoraveis para o processo fermentativo com insercao de agua de maceragdo de milho como
fonte de nitrogénio adicional ao processo, com a condicdo mais promissora para a co-
producdo sendo composta de hidrolisado hemicelulésico diluido para 75 g/L de xilose inicial,
pH inicial de 6,5 e adicdo de 2,2 g/L de nitrogénio, sendo 80 % de hidrolisado de levedura e
20 % de agua de maceracdo de milho. A partir da ampliacdo de escala em biorreatores foi
possivel obter concentracdes de xilitol (52,1 g/L) e arabitol (4,2 g/L) 65 e 3,7 vezes maiores,
respectivamente, em relacdo a processos similares de coproduc¢do encontrados na literatura,
apresentando produtividades e rendimentos de 0,24 g/L.h e 0,74 g/g para o xilitol e
0,02 g/L.h e 0,43 g/g para o arabitol. Esses resultados mostram o potencial biotecnolégico
para a obtengdao simultanea desses dois dlcoois de agucar a partir da fermentagdao de
hidrolisado hemicelulésico de bagago de cana de agucar por C. tropicalis.



ABSTRACT

Xylitol and arabitol are stereoisomeric polyalcohols that have similar properties and
applications and arouse market interest. Even though the chemical route is currently more
used in the production of these compounds, production through fermentation processes
uses mild conditions and is less environmentally harmful. Despite this, the biotechnological
route presents difficulties such as the low yield and the economic viability of the process. In
this context, production optimization studies stand out as a way to make the process more
profitable, using hemicellulosic hydrolysates of lignocellulosic biomass as carbon sources, for
example, and opportunities not yet explored can be developed, such as the simultaneous
use of the two polyalcohols, which would dispense with the process of separating them. This
project sought to optimize the biological coproduction of xylitol and arabitol from the
hemicellulosic hydrolysate of sugarcane bagasse and alternative nitrogen sources. For this,
the possibility of using Candida tropicalis for the conversion of pentoses into polyalcohols
and their respective adaptation to the detoxified hemicellulosic hydrolysate of sugarcane
bagasse was verified. Then, it was defined that the yeast hydrolysate was the most
promising source to be added to the medium and allow a greater production of the target
compounds. From experimental design strategies (DOE), it was possible to define a
composition and favorable conditions for the fermentation process with the insertion of
corn steep water as a source of additional nitrogen to the process, with the most promising
condition for co-production being composed of hemicellulosic hydrolysate diluted to 75 g/L
of initial xylose, initial pH of 6.5 and addition of 2.2 g/L of nitrogen, being composed 80% by
yeast hydrolysate and 20% by corn steep liquor. From the scale-up in bioreactors it was
possible to obtain concentrations of xylitol (52.1 g/L) and arabitol (4.2 g/L) which are 65 and
3.7 higher, respectively, in relation to similar processes of co -production found in the
literature, showing productivities and yields of 0.24 g/L.h and 0.74 g/g for xylitol and 0.02
g/L.h and 0.43 g/g for arabitol. These results show the biotechnological potential for
simultaneously obtaining these two sugar alcohols from the fermentation of sugarcane
bagasse hemicellulosic hydrolysate by C. tropicalis.
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INTRODUGAO

O xilitol e o arabitol sdo polidlcoois de cinco carbonos produzidos
naturalmente por diferentes organismos vivos em pequenas quantidades ou como
composto intermediario no metabolismo celular (HERNANDEZ-PEREZ et al., 2019;
KORDOWSKA-WIATER, 2015). Nos mamiferos, por exemplo, o xilitol &€ gerado
pelas células hepaticas, mas é liberado apenas em quantidades trago no organismo
(KALU; MASORO, 1986). Das diferentes propriedades desses dois compostos, a de
maior interesse para o meio comercial € a capacidade de atuar como edulcorante,
substituindo o acucar e fornecendo um menor valor calérico ao produto final
(HERNANDEZ-PEREZ et al., 2019; KORDOWSKA-WIATER, 2015).

Esses polialcoois sao produzidos a partir de fontes renovaveis, sendo
obtidos a partir de pentoses (xilose e arabinose) por vias quimicas ou
biotecnoldgicas. Apesar da via quimica ser amplamente utilizada, a mesma é
composta por etapas dispendiosas e que impactam negativamente o meio ambiente.
Nesse sentido, a via biotecnoldgica, fundamentada na conversdo bioquimica,
principalmente por leveduras em condi¢gdes brandas, € mais sustentavel e vem
ganhando destaque, sendo o xilitol biotecnoldgico ja produzido, inclusive, em escala
industrial. Apesar disso, ha desafios relativos ao custo do processamento e a
otimizagcdo dos parametros operacionais como forma de tornar a producéo por via
bioldgica tdo rentavel quanto a via quimica (KORDOWSKA-WIATER, 2015; XU et
al., 2019).

Nesse sentido, o uso de residuos agroindustriais como substrato dos
processos fermentativos € uma forma de reduzir custos e promover a
sustentabilidade. Residuos vegetais, como o bagaco de cana de agucar, ja vém
sendo utilizados como uma fonte para a obtencdo de hidrolisado hemicelulésico,
fornecendo pentoses e hexoses necessarias para a ocorréncia do processo
biolégico (ALVES et al., 2021; DE MEDEIROS et al., 2020). Apesar disso, outros
residuos agroindustriais também podem ser utilizados a fim de atuarem como fontes
de nutrientes necessarios ao crescimento e manutengao das leveduras, reduzindo
ainda mais os custos associados as matérias-primas na etapa de fermentagéo.
Ressalta-se que o uso de extrato de levedura como fonte de nitrogénio € um dos

principais obstaculos a serem superados para a viabilizagdo de processos
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biotecnolégicos em larga escala, tendo em vista o seu custo elevado inclusive na
producgao de xilitol (SADH; DUHAN; DUHAN, 2018; SALGADO et al., 2009).

Apoés a etapa de producdo biotecnoldgica do xilitol ou do arabitol, s&o
necessarios processos dispendiosos de separagcao e purificacdo a fim torna-los
aptos a comercializacido. Ressalta-se que o xilitol e o arabitol sdo isbmeros e, devido
a similaridade quimica, ha dificuldade no processo de separacdo (HERNANDEZ-
PEREZ et al, 2019; KORDOWSKA-WIATER, 2015; SAHA; KENNEDY, 2020).
Nesse contexto, o arabitol € geralmente tratado como um composto indesejavel no
processo produtivo, tendo em vista que o xilitol atualmente possui um mercado mais
expressivo (GRAND VIEW RESEARCH, 2022b; SAHA; KENNEDY, 2020). Apesar
disso, questiona-se o porqué de o arabitol e o xilitol, devido a similaridade de
propriedades e aplicagdes, ndo poderem ser tratados como coprodutos, reduzindo
custos de separacao e otimizando o aproveitamento das matérias primas.

De Medeiros e colaboradores (2020), a partir de hidrolisado de bagaco de
sisal com a levedura Debaryomyces hansenii, e Araujo e colaboradores (2021), a
partir de hidrolisados hemicelulosicos alternativos e a levedura Komagataella
pastoris, indicaram a possibilidade de producdao simultidnea de xilitol e arabitol.
Contudo, o quantitativo dos polialcoois obtido nos dois casos foi bastante inferior ao
reportado na literatura para tais compostos separadamente. Além disso, ndao foram
encontrados estudos que avaliem parametros de produgdo para a otimizagdo do
processo, a ampliacdo de escala ou a alteragdo do modo de operagdo para
biorreatores, revelando que ainda existem lacunas quanto ao conhecimento
associado a producdo conjunta de tais compostos a partir de hidrolisados
hemicelulodsicos.

Nesse contexto, o presente trabalho buscou avaliar os parametros que
influenciam o processo fermentativo para a produgdo simultdnea dos alcoois de
acgucar, xilitol e arabitol, como possibilidade de reaproveitamento de residuos

agroindustriais e viabilizagdo do processo biotecnolégico em maiores escalas.
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OBJETIVOS

Este trabalho objetivou avaliar a producéo simultédnea de xilitol e arabitol a
partir de hidrolisado hemicelulésico de bagaco de cana-de-agucar por uma cepa de
Candida tropicalis e, para isso, teve como objetivos especificos:

i. Verificar a capacidade de C. fropicalis consumir os agucares presentes

no hidrolisado hemicelul6sico;

ii. Selecionar a fonte nitrogenada que permita maior producédo dos
polialcoois;

iii. Avaliar a influéncia das condi¢cdes de cultivo, tais como temperatura e
composi¢cdo do meio, no rendimento e produtividade do processo
biotecnoldgico;

iv. Verificar a possibilidade de alteracdo do modo de operagao para

biorreatores de bancada.
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REVISAO BIBLIOGRAFICA

i. Biomassas lignocelulésicas e hidrolisado hemicelulésico
Lignocelulose pode ser definida como a estrutura polimérica
tridimensional que esta presente na parede celular de vegetais, sendo um
componente estrutural que confere, de forma geral, o aspecto estrutural das
matérias-primas de origem vegetal. A biomassa lignocelulésica pode ser
caracterizada como a mais abundante disponivel no planeta, constituindo um
recurso renovavel e sendo relevante para o desenvolvimento sustentavel
principalmente por corresponder a diversos residuos urbanos e agroindustriais,
como a espiga de milho e o bagaco de cana-de-agucar. Por se tratar de residuos
que muitas vezes ndo podem ser devidamente aproveitados para a alimentagao
humana ou animal, tais materiais despertam o interesse também por evitarem a
competicao entre matérias primas destinadas a produ¢ao de energia e biocompostos

versus a alimentacdo (BANWELL et al., 2021; FARIAS et al., 2022).

Em relagcdo a composi¢cdo, a lignocelulose € constituida, além de
componentes presentes em menores quantidades, como proteinas, compostos
extrativos e minerais, de trés estruturas poliméricas principais: lignina, celulose e
hemicelulose (FARIAS et al., 2022), como apresentado no esquema da Figura 1. A
composicao em termos de cada um desses componentes pode variar de acordo com
a espeécie, porém, tem-se, em média, de 10 a 20 % de lignina, 20 a 40 % de
hemicelulose e 30 a 50 % de celulose (MUSSATTO; DRAGONE, 2016).

Figura 1. Esquema representativo da biomassa lignocelulésica,

» Celulose

Lignina

Matérias
primas vegetais

Parede celular Estrutura lignocelulésica

Fonte: elaboracgéao prépria.



15

A estrutura quimica generalizada dos principais componentes da

biomassa lignocelulésica é apresentada na Figura 2.

Figura 2. Estrutura quimica geral de celulose, hemicelulose e lignina.
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O principal polimero constituinte da lignocelulose € a celulose, formada
por moléculas de glicose ligadas por ligagdes glicosidicas p-1,4, formando fibras
rigidas conectadas por ligagbes de hidrogénio intra e intermoleculares.
Microscopicamente ha regides amorfas, menos ordenadas, e cristalinas, altamente
ordenadas e que dificultam a hidrdlise enzimatica ou quimica da celulose para a
liberagdo de glicose ou oligossacarideos (FARIAS et al., 2022; MUSSATTO,;
DRAGONE, 2016)

Quanto a lignina, apesar de estar presente em menores quantidades, € o
maior responsavel pela recalcitrancia da biomassa lignocelulésica. Constitui-se de
uma estrutura polimérica de fenil propandides, como o acido coniferilico e os alcoois
sinapilico e p-cumarilico, conectados por diferentes tipos de ligagdes e inclusive
conectado as estruturas de celulose e hemicelulose por ligagbes covalentes. Essa
estrutura covalente complexa e amorfa confere a unido e a rigidez da biomassa
(MUSSATTO; DRAGONE, 2016)

Em relagcdo a hemicelulose, trata-se de um dos biopolimeros mais
abundantes no mundo, atras apenas da celulose. Esta pode ser definida como os
polissacarideos nao celulésicos que compdem a estrutura da biomassa
lignoceluldésica. Possuem estrutura amorfa e heterogénea, sendo constituida de
pentoses, hexoses e grupos acidos, ligadas a celulose por ligagées de hidrogénio e
a lignina por ligagdes covalentes. As principais cadeias presentes na hemicelulose
sdo compostas por xilose, chegando a 90 %, e L-arabinose, com cerca de 10 %,
podendo variar de acordo com a matéria-prima (MUSSATTO; DRAGONE, 2016; XIE
et al., 2020).

No contexto de biorrefinarias, ou seja, do aproveitamento de biomassas
renovaveis para a produgdo de combustiveis, compostos quimicos e materiais, a
biomassa lignoceluldsica é introduzida como um elemento fundamental (CHANDEL
et al., 2021). Nesse sentido, a mesma pode ser submetida a diferentes pré-
tratamentos fisicos, quimicos, fisico-quimicos, biolégicos e combinagdes desses
como forma de romper a estrutura lignocelulésica e obter diferentes compostos que
atuardo como substrato para diferentes processos integrados, como a producéo de
carvao, a producdo de biodiesel e a fermentagcdo para a producdo de polidis
(CHANDEL et al., 2021; WAGLE et al., 2022). A Figura 3 sumariza os diferentes



17

pré-tratamentos que podem ser realizados e os produtos que podem ser obtidos a

partir da biomassa lignoceluldsica.
Figura 3. Visao geral dos diferentes pré-tratamentos que podem ser aplicados e

produtos que podem ser obtidos a partir da biomassa lignocelulosica.
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Fonte: adaptado de Wagle et al. (2022)

Os pré-tratamentos sdo processos aplicados como forma de tornar a
lignocelulose mais disponivel para os processos hidroliticos, podendo atuar, por
exemplo, aumentando a area superficial, diminuindo a cristalinidade da celulose e
separando a hemicelulose. A aplicagdo de tais processos, que podem variar de
acordo com a biomassa e com o objetivo desejado, possibilitam a realizagdo dos
processos de biorrefinaria de forma mais eficiente, para, a partir dai, obter os
produtos desejados do processo (WAGLE et al., 2022).

Em relagdo especificamente a hemicelulose, diferente da celulose, sua

estrutura pode ser facilmente hidrolisada por diferentes processos, como o uso de
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acido diluido, o uso de compostos alcalinos, explosdo a vapor, processos
hidrotérmicos e a aplicagao de liquidos ibnicos (CHANDEL et al., 2021; FARIAS et
al., 2022). Dependendo da aplicagdo desejada e das tecnologias disponiveis,
diferentes pré-tratamentos podem ser mais adequados. A utilizagdo de solventes
alcalinos, por exemplo, promove a quebra das ligagdes de hidrogénio entre a
hemicelulose e a celulose assim como as covalentes entre a hemicelulose e a
lignina. Isso faz com que seja obtida uma hemicelulose de maior pureza com as
moléculas de xilose apresentadas principalmente na forma polimérica de xilana, que
pode ser interessante, por exemplo, para a produgdo de xilooligossacarideos,
compostos prebidticos (BANWELL et al., 2021)

O processo que utiliza acido diluido, por outro lado, € um dos mais bem
estabelecidos comercialmente em larga escala. Em tal processo aplicam-se
solucdes de acidos diluidos, como o sulfurico, o nitrico, cloridrico ou o fluoridrico, em
combinagcdo com temperaturas que podem variar entre 120 e 140 °C. Nesse
processo, as ligagbes entre a hemicelulose e a celulose sdo quebradas e é
promovida a solubilizacdo e hidrélise da propria hemicelulose. Nesse contexto, é
promovida uma maior quebra da estrutura polissacaridica hemicelulésica, levando a
liberagdo de unidades de agucares, como a xilose, a glicose e a arabinose, e acidos,
como o acético e o glucurénico (BANWELL et al., 2021; CHANDEL et al., 2021;
FARIAS et al., 2022).

Os agucares liberados constituem um grande interesse para a utilizagao
do hidrolisado hemicelulésico acido em processos de biorrefinaria fermentativos, ja
que os monossacarideos podem ser melhor aproveitados pelos microrganismos
para a formacdo de diferentes bioprodutos. Por outro lado, compostos como os
fendlicos e o acido acético, liberados na quebra da estrutura lignoceluldsica e da
cadeia hemicelulésica, e furanicos, furfural e 5-hidroximetilfurfural, subprodutos
gerados a partir da desidratagao, respectivamente, das pentoses e hexoses pelo
tratamento térmico acido, devem ser adequadamente monitorados, tendo em vista
que o0s mesmos possuem potencial de inibir do metabolismo microbiano
(CHOUDHARY et al., 2021; FARIAS et al., 2022; YE et al., 2021).

Nesse sentido, metodologias de remogao desses compostos podem ser
desenvolvidas a fim de obter um hidrolisado hemicelulésico com menores

concentragdes de inibidores, ou seja, destoxificados. Uma das metodologias bem
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estabelecidas para essa remogao é o liming, processo que consiste em elevar o pH
até a neutralidade do hidrolisado hemicelulésico acido seguido de reducéo até o pH
desejado para o processo fermentativo. Assim, € promovida a precipitagdo de
compostos que sdo instabilizados pela alteracdo do pH. Esse processo pode ser
seguido de métodos adicionais, como a adsor¢gdo em carvao ativado para aumentar
a eficiéncia do processo. Apesar de ocorrerem perdas da concentragao inicial dos
agucares presentes no hidrolisado hemicelulésico, essa metodologia € bastante
eficiente, principalmente na remogéo de compostos inibidores aromaticos, como é o
caso do furfural e do 5-hidroximetilfurfural (PALLADINO et al., 2021; RAVELLA et al.,
2012).

Dessa maneira, podem ser obtidos hidrolisados hemiceluldsicos ricos em
agucares, apresentando baixas concentragdes de compostos inibidores e com
potencial para a utilizagdo em processos biotecnolégicos. Ressalta-se que é
possivel utilizar as pentoses e hexoses liberadas como substratos para processos
quimicos e bioquimicos (fermentativos ou enzimaticos) como forma de gerar
produtos como o xilitol, o arabitol, o etanol, o 2,3-butanodiol, butanol, acidos
organicos e biopolimeros (ARCANO et al., 2020; KUMAR et al., 2018).

ii. Hidrolisado hemicelulésico de bagago de cana-de-agucar

Avaliando o contexto brasileiro, a cana-de-agucar continua apresentando
destaque como biomassa lignoceluldsica. Isso acontece porque a cana-de-agucar
continua sendo a principal matéria-prima utilizada para a producado de bioetanol,
além de poder ser processada para a obtencdo do acucar de mesa. A partir de tais
processos, 0 bagaco da cana-de-agucar pode ser considerado como um dos
principais residuos gerados, sendo muitas vezes destinado para a combustdo ou a
geragao de energia térmica nas proéprias usinas (FARIAS et al., 2022; REENA et al.,
2022; SHABBIRAHMED et al., 2022).

Nesse contexto, o reaproveitamento do bagago de cana-de-agucar
permite a integracdo, na prépria usina, dos processos de producédo de etanol de
segunda geracgéo e outros bioprodutos. Assim, a ideia de desenvolvimento de uma
biorrefinaria integrada para a producé&o de bioprodutos, biocombustiveis e energia

desponta como uma possibilidade no reaproveitamento integral dessa biomassa
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(FARIAS et al., 2022). A Figura 4 esquematiza o processo de aproveitamento e

possibilidades de metodologias e produtos a partir da cana-de-agucar.

Figura 4. Esquema de aproveitamento da cana-de-agucar e seu bagago em
processos integrados para a geragao de bioprodutos, combustiveis e energia.
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O uso de biomassa lignocelulésica oriunda de residuos agroindustriais
para a produgao biotecnolégica de diferentes compostos promove o conceito de
biobased economy. Isso acontece porque esse tipo de aplicagao induz a redugao do
uso de fontes fésseis, ndo renovaveis, como o petréleo, para a utilizagdo de um
recurso renovavel e de mais baixo custo na produgcao de combustiveis e quimicos de
alto valor agregado, reduzindo os impactos ambientais e promovendo a
sustentabilidade (MUSSATTO; DRAGONE, 2016).

Nesse contexto, o hidrolisado hemicelulésico do bagaco de cana-de-
acgucar, fonte de pentoses e hexoses que pode ser obtido a partir desse residuo,

representa um substrato em potencial para processos biotecnolégicos. A Tabela 1
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mostra a composi¢do de uma amostra de hidrolisado hemicelulésico de bagacgo de
cana de acgucar caracterizado no Laboratério de Engenharia Metabdlica e

Bioprocessos da Universidade Estadual de Campinas.

Tabela 1. Composicéo de hidrolisado hemicelulésico de bagago de cana

de acucar.

Componente Composigao (g.L") Composicao (%)
Xilose 48,209 79,53
Glicose 5,197 8,57
Arabinose 5,179 8,54

Acido acético 1,948 3,21
Furfural 0,043 0,07
Hidroximetilfurfural 0,038 0,06

Fonte: baseado em Travalia (2020)

Percebe-se que a xilose foi o principal constituinte, mas as concentracoes
de glicose e arabinose, apesar de menos presentes que a xilose, também
apresentaram percentuais significativos, acima de 8 %. Tais aspectos tornam essa
matéria prima um substrato potencial para a utilizacdo por leveduras assimiladoras
de pentoses, como é o caso das capazes de produzir xilitol e arabitol. Ressalta-se
que as proporc¢des de hemicelulose na biomassa lignoceluldsica e a composigao da
propria hemicelulose podem variar de acordo com a espécie, estagio de
desenvolvimento, condigdes de crescimento e as partes da planta que originaram a
biomassa. Além disso, o hidrolisado hemiceluldsico é obtido de um processo de
solubilizagdo em &acido diluido seguido de evaporagdo, logo, a concentracdo dos
componentes pode variar dependendo das condigdes em que 0S processos sao
realizados, principalmente a evaporacdo (HERNANDEZ-PEREZ; DE ARRUDA;
FELIPE, 2016; SHRESTHA et al., 2021).

iii. Xilitol e arabitol: definigoes, aplicagées e mercado
O xilitol é um polialcool composto de cinco carbonos que tem ocorréncia
na natureza e possui a capacidade de atuar como composto adogante de alimentos

e bebidas, tendo propriedades de docura similares a sacarose comercial, mas sendo
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40% menos caldrico (XU et al., 2019). Esse composto € obtido exclusivamente a
partir de biomassa, especificamente da D-xilose presente nela, e vem sendo
utilizado comercialmente como substituto da sacarose. Aplica-se o xilitol, por
exemplo, em alimentagdes especiais, como a de diabéticos, por seu metabolismo
independente da insulina e efeito de saciedade, e na nutricdo parenteral, por ser
inerte a aminoacidos e, portanto, mais estavel em tais produtos (ALBUQUERQUE et
al., 2014; XU et al., 2019).

Em relagdo aos seus efeitos benéficos a saude, estudos indicam que o
xilitol atua como um prebidtico, reduzindo o pH fecal, além de contribuir na
prevencgao da osteoporose e na protegdo dos dentes contra a formagao de caries e a
desmineralizagdo. Tais caracteristicas, junto a capacidade de retengcdo de umidade
e a sensacao de frescor, causada na boca pelo calor de dissolugdo endotérmico do
xilitol, fazem com que o produto seja amplamente utilizado em gomas de mascar
sem acgucar e em cremes dentais. Além disso, o xilitol pode ser utilizado como
matéria prima na industria quimica para a producdo de outros compostos, como
propilenoglicol, polietilenoglicol e acido xilarico (ALBUQUERQUE et al., 2014,
ARCANO et al., 2020; XU et al., 2019).

Em relagdo ao L-arabitol, trata-se de um polialcool de cinco carbonos, que
€ um estereoisdmero do xilitol. Além das semelhancas nas estruturas quimicas,
esses dois compostos compartilham de propriedades similares. O arabitol possui
capacidade de atuar como composto adogante, com dogura 70% menor que o xilitol,
mas possuindo um teor caldrico de 0,2 kcal/g, que é 12 vezes menor que o do xilitol
e 20 vezes menor que o da sacarose, fazendo com que, mesmo que adicionado em
maior quantidade para um mesmo dulgor, apresente menor valor calérico (AWUCI,
ECHETA, 2019; ZHENG et al., 2020).

Devido ao calor de dissolugao endotérmico, o arabitol gera a sensagao de
frescor na boca e, também de maneira similar ao xilitol, possui potencial para a
aplicacdo em produtos de saude bucal por propriedades anticariogénicas, podendo
ser utilizado em alimentacdes para diabéticos por seu metabolismo independente da
insulina. Do mesmo modo, esse composto pode auxiliar na manutengdo de
bactérias probidticas no organismo e pode ser utilizado pela industria quimica para a
sintese de farmacos e outros compostos como xilitol, propilenoglicol e etilenoglicol,

sendo apontado como um composto alvo para o desenvolvimento de pesquisas em
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biotecnologia industrial (ERICKSON; NELSON; WINTERS, 2012; KORDOWSKA-
WIATER, 2015; KORDOWSKA-WIATER; KUBIK-KOMAR; TARGONSKI, 2013). O
esquema da Figura 5 sumariza as principais aplicagées em potencial e propriedades

de interesse do xilitol e do arabitol.

Figura 5. Principais propriedades e aplicagdes potenciais do xilitol e do arabitol
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Fonte: adaptado de Farias et al. (2022).

Com o aumento da demanda por produtos mais saudaveis e funcionais, o
mercado de alcoois de agucar esta em constante expansao, tendo sido estimado em
3.42 bilhdes de dolares em 2021 e com previsao de aumento para até 5.14 bilhdes
até 2028 (GRAND VIEW RESEARCH, 2022b). Especificamente em relagao ao xilitol,
o mesmo foi responsavel pela circulacado de 880 milhdes de dblares em 2019, com
previsdo de aumento da circulagdo no setor para valores superiores a 1 bilhdo de
dolares até 2026 (GLOBAL MARKET INSIGHTS, 2020).

A Figura 6 apresenta a distribuicdo do mercado de xilitol por area de
aplicacdo. Percebe-se, como ressaltado anteriormente, que a principal aplicacdo
atual no mercado para o xilitol esta no setor de gomas de mascar, correspondendo a
mais de 50 %. Além disso, o setor de alimentos apresenta um grande destaque,

sendo responsavel por mais de 75 % do mercado de xilitol.



24

Figura 6. Mercado de xilitol por aplicagdes, baseado no mercado de $ 447,9 milhdes

avaliados em 2019
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Fonte: adaptado de Grand View Research (2022a)

Quanto ao arabitol, apesar do mercado n&o ser tdo expressivo, evidencia-
se que, caso o custo de produgcdo do arabitol fosse reduzido, o mesmo teria
potencial para concorrer diretamente com o xilitol, por possuir propriedades
semelhantes associadas a um menor valor calérico (LOMAN, A. A.; ISLAM; JU,
2018; LOMAN, ABDULLAH Al; JU, 2013). Além disso, uma das principais lacunas
associadas as industrias que utilizam xilitol € a nao disponibilidade de uma
alternativa viavel de substituicdo do mesmo (GLOBAL MARKET INSIGHTS, 2020).

Em relagdo ao conhecimento de producao de xilitol e arabitol pelo
mercado, a Figura 7 apresenta a distribuicdo de patentes associadas a tais
conteudos por paises. Nota-se que ha um numero mais de dez vezes menor de
patentes associadas a produgédo de arabitol em comparagdo com o xylitol, apesar
disso, as patentes associadas ao arabitol apresentam ampla distribuicdo, indicando

oportunidades em diferentes regides geograficas.

Quanto ao xilitol, percebe-se que ha uma relacdo entre os principais
mercados produtores e o dominio regional de patentes, tendo em vista que a China
€ um dos principais produtores de xilitol, ja tendo sido responsavel por mais de 50 %
da producdo mundial em 2012 e, consequentemente, detém historicamente o maior

numero de patentes. Além disso, outro pais que tem aumentado o potencial
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produtivo de xilitol € os Estados Unidos, que passaram a explorar a biomassa

lignoceluldsica de eucalipto para tal fim. No cenario atual, portanto, as principais

companhias responsaveis pela produgao de xilitol sdo a DuPont, cuja sede esta

localizada nos Estados Unidos, e a Futaste Pharmaceutical, cuja sede esta
localizada na China (GLOBAL MARKET INSIGHTS, 2020; RAVELLA et al., 2012).

Figura 7. Distribuicdo de patentes associadas a produgao de xilitol ou arabitol por

paises em 2021.
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Fonte: adaptado de Farias et al. (2022)

. Produgao quimica e biotecnolégica de xilitol e arabitol

O xilitol e o arabitol podem ser produzidos por vias quimicas e

biotecnolégicas, como mostrado no fluxograma comparativo da Figura 8. Apesar

disso,

comercialmente, tanto o xilitol como o arabitol vém sendo produzidos

majoritariamente por meio de processamentos quimicos (XU et al., 2019; ZHENG et
al., 2020).
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Figura 8. Comparacao entre os processos de producao quimica e biotecnolégica

para a obtengao do xilitol.
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Fonte: adaptado de Hernandez-Pérez et al. (2019).

No processo quimico de obtencdao do xilitol, apés o tratamento da
biomassa lignoceluldsica a fim de obter o hidrolisado hemiceluldsico, é necessaria
uma onerosa etapa de purificagdo da xilose, uma vez que a presenca de impurezas
pode reduzir a eficiéncia do processo de catalise quimica. Esse processo é
constituido, entdo, de diferentes etapas que incluem, inclusive, o fracionamento
cromatografico até a obtencdo da xilose purificada. A partir dai, € promovida uma
reagcao por meio de catalisadores metalicos, como ligas de niquel e aluminio, em
temperaturas entre 70 e 140 °C e pressdes acima de 40 atm (HERNANDEZ-PEREZ
et al., 2019; MUSSATTO; ROBERTO, 2004; ZHANG et al., 2013). Em relagdo ao
arabitol, ele € quimicamente é obtido a partir de lactonas do acido arabindnico, em
um processo similar ao do xilitol, em que etapas de purificacdo inicial s&o
necessarias, com o uso posterior de um catalisador metalico em temperaturas de
cerca de 100 °C (KORDOWSKA-WIATER, 2015; KUMDAM; MURTHY; GUMMADI,
2013). Tanto em relagdo ao xilitol quanto ao arabitol, sdo necessarias etapas
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posteriores de separagcao e purificagao a fim de obter o produto final separado do
excedente de reagentes (HERNANDEZ-PEREZ et al., 2019).

Percebe-se que o processamento quimico dos dois produtos demanda
condigbes drasticas (elevadas pressao e temperatura), aplicam metais onerosos
como catalisadores e possuem etapas de separacao e purificacdo com elevados
custos. Esses fatores sdo responsaveis por tornar o processo mais dispendioso,
com elevados consumo de energia e agressdo ao meio ambiente, ndo contribuindo
para a sustentabilidade do planeta (XU et al., 2019; ZHENG et al., 2020).

Nesse contexto, vem ganhando destaque a via de producao
biotecnolégica, que utiliza o metabolismo de microrganismos, como a levedura
Candida tropicalis, para converter agucares como a xilose e a arabinose, presentes
no hidrolisado hemicelul6sico, em xilitol e arabitol. O processo biolégico desperta o
interesse por utilizar condigdes de operagao brandas, gerando um menor impacto
ambiental, além de ser biosseletivo, ou seja, o hidrolisado hemicelulésico pode ser
utilizado de forma concentrada e destoxificada, mas dispensando etapas de
purificacdo da xilose ou da arabinose, pois 0s microrganismos s&o capazes de
assimilar as pentoses de interesse no proprio meio complexo. Apesar disso,
algumas dificuldades também sao evidenciadas, como o elevado custo dos meios de
cultivo, o baixo rendimento do processo e os custos e eficiéncia ndo satisfatorios dos
processos de separagdo e purificagdo (XU et al. 2019; ALVES et al. 2021). O
esquema da Figura 9 sumariza as diferengas e desafios entre os processamentos

por via quimica ou biotecnoldgica para a produgao de xylitol ou arabitol.
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Figura 9. Esquema comparativo entre as vias quimica e biotecnolégica de produgao
de xilitol e arabitol.

/‘9
~=
-l =
-l L:
2 ) .
- m Temperaturaalta
Biomassas Alto custo  Catalizadores metalicos Pressdo alta
lignoceluldsicas /—D Purificacdo das pentoses —  Processo catalitico =————=\ ; ;
Xilitol e
Pentoses < 2 - >" arabitol
E & v W
. . Sem purificagdo Condigdes brandas Baixo
Econdmico = prévia deoperagdo  rendimento
k——o Processo fermentativo e

Fonte: elaboragao prépria.

Em relagdo ao alto custo associado aos meios de cultivo, trata-se de uma
consequéncia tanto do preparo do hidrolisado hemiceluldsico, quando este é
utilizado, quanto da adicdo de outros componentes ao mosto fermentativo. Nesse
sentido, estudos de otimizagdo de composicdo do meio nesses processos
biotecnolégicos sao relevantes como forma de promover o menor custo inicial com
as matérias primas. Em relacdo a composicdo de nitrogénio, por exemplo, ha
trabalhos que avaliam o efeito de diferentes fontes do nutriente no rendimento do
processo, inclusive de fontes alternativas, como o farelo de arroz, como forma de
reduzir ainda mais os custos atrelados a producdo (KORDOWSKA-WIATER, 2015;
LU et al., 1995; MORAIS JUNIOR et al., 2019; PALLADINO et al., 2021; RACHWAL
et al.,, 2020; WU et al.,, 2018). Além da redugdo de custos, o uso de residuos
agroindustriais em bioprocessos pode contribuir com a diminuigdo dos impactos do
homem ao meio ambiente e agrega valor a subprodutos, tornando as cadeias
produtivas mais sustentaveis (SADH; DUHAN; DUHAN, 2018).

Quanto ao rendimento do processo, diversos fatores permitem a obtencao
de uma maior quantidade de bioprodutos, como o aperfeicoamento da composi¢ao
do meio e a otimizacdo das condicbes de fermentacdo, como a temperatura e a
oxigenagao do mosto, fatores relacionados a manutencéo das vias metabdlicas dos
microrganismos (CHENG et al., 2014; LOMAN, A. A.; ISLAM; JU, 2018; MORAIS
JUNIOR et al., 2019).
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Ressalta-se que, devido a similaridade quimica dos compostos, € obtida
uma mistura de dificil e onerosa separagao, em que o arabitol € geralmente tratado
como uma impureza do xilitol (SAHA & KENNEDY, 2020). Apesar disso, as
propriedades e aplicabilidades bastante equivalentes desses bioprodutos indicam
uma possibilidade de utilizacdo simultdnea dos mesmos, embora n&o haja citagbes
na literatura quanto a tal uso. Metodologias de produgdo e separagdo vém sendo
estudadas e, principalmente em relagdo ao arabitol, a literatura necessita de
progresso em relagdo aos processos aplicados desde a obtengcdo do bioproduto
(KORDOWSKA-WIATER, 2015; XU et al., 2019).

v. Vias metabdlicas de assimilagdo de pentoses

O xilitol e o arabitol, quando produzidos a partir da xilose e da arabinose
por fungos filamentosos e leveduras, sdo gerados no meio celular como
intermediarios em vias metabdlicas energéticas, de autorregulagéo e de aumento da
biomassa celular dos microrganismos (FARIAS et al., 2022; FRANCOIS; ALKIM,;
MORIN, 2020; HERNANDEZ-PEREZ et al., 2019). A Figura 10 esquematiza as vias
metabodlicas de assimilacdo dos agucares de hidrolisados hemicelulésicos por
leveduras e a Figura 11 particulariza a etapa de sintese do xilitol e do arabitol.

Em relacdo a Eubacteria, como Escherichia coli, apesar de serem
capazes de assimilar pentoses, as vias metabdlicas ndo geram xilitol ou arabitol,
seguindo por vias catalisadas por L-arabinose e D-xilose isomerases (Figura 11),
com raras excegdes, como Mycobacterium smegmatis.

Na via metabdlica dos fungos filamentosos e leveduras assimiladoras de
pentoses (Figura 11), a assimilagdo das pentoses ocorre por processos de
oxirreducdo, dependentes dos cofatores NAD(P)" (oxidante) e NAD(P)H (redutor).
Apos a assimilagdo das pentoses para o meio intracelular por estruturas
transportadoras de acucar na membrana, uma enzima aldose redutase NADPH
dependente (L-arabitol ou D-xilose redutase) reduz L-arabinose ou D-xilose a,
respectivamente, L-arabitol ou xilitol. Em seguida, o L-arabitol ou o xilitol sintetizados
podem ser oxidados a L-xilulose ou D-xilulose por acdo das enzimas NAD?*
dependentes L-arabitol desidrogenase ou xilitol desidrogenase, respectivamente
(BETTIGA et al., 2009; FARIAS et al., 2022; JAGTAP; RAO, 2018). A L-xilulose

produzida a partir do L-arabitol é entdo reduzida a xilitol pela enzima NADPH
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dependente L-xilulose redutase e, entdo, como descrito anteriormente, o xilitol &
oxidado a D-xilulose. A D-xilulose produzida pelos processos de assimilagao de L-
arabinose e D-xilose pode, entdo, ser fosforilada em um processo irreversivel que
consome ATP, a D-xilulose 5-fosfato, molécula que sera introduzida no Ciclo das
Pentoses Fosfato (PPP) para a continuidade do metabolismo celular (FARIAS et al.,
2022; FRANCOIS; ALKIM; MORIN, 2020; GUO et al., 2019; SEIBOTH; METZ,
2011).

Figura 10. Esquema do metabolismo envolvido na assimilagao dos principais

carboidratos do hidrolisado hemiceluldsico.
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Fonte: adaptado de Hernandez-Pérez et al. (2019).
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Figura 11. Via metabdlica de assimilagdo de D-xilose e L-arabinose por bactérias
(linha tracejada) e por fungos filamentosos e leveduras com geragao intermediaria

de xilitol (linha cheia).
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Fonte: adaptado de Farias et al. (2022).

Destaca-se que, através da via respiratéria, com o consumo de oxigénio,
o NAD* é constantemente reconstituido a partir do NADH, promovendo a
continuidade da via metabdlica. Isso faz com que o L-arabitol e o xilitol sintetizados
sejam consumidos pelas vias enzimaticas, como explicado anteriormente.
Entretanto, em condi¢des de baixa oxigenacdo, a regeneragdo de NADH a NAD" é
dificultada, fazendo com que o NADH seja acumulado nas células. Assim, as
enzimas que utilizam o NAD* como cofator, como as desidrogenases do xilitol e do
L-arabitol, ttm a acgao reduzida, fazendo com que o L-arabitol e o xilitol ndo sejam

convertidos a D-xilulose e, portanto, sejam acumulados no meio intracelular e
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excretados pelas células (BETTIGA et al., 2009; FARIAS et al., 2022; HERNANDEZ-
PEREZ et al., 2019; JAGTAP; RAO, 2018).

Percebe-se, portanto, que a disponibilidade de oxigénio durante o
processo fermentativo pode determinar se o xilitol e o arabitol permanecerdo no
meio ou se serdo utilizados para a obtengao de energia e crescimento da biomassa
celular, fazendo com que a quantidade de oxigénio seja um fator chave no controle
do bioprocesso (ARCANO et al., 2020; BETTIGA et al., 2009; JAGTAP; RAO, 2018).
Ressalta-se que ha estudos indicando que leveduras assimiladoras de pentoses,
como Candida tropicalis, sdo capazes de sobreviver em anaerobiose, mas a
quantidade de xilitol gerado no meio nesse caso € inferior ao obtido com o
fornecimento controlado de oxigénio, pois nesses contextos a via de assimilagao das
pentoses € limitada, sendo este um fator chave na produgao biotecnoldgica desses
polidlcoois (CHENG et al., 2014; HERNANDEZ-PEREZ et al., 2019; KORDOWSKA-
WIATER, 2015).

vi. Xilitol e arabitol por Candida tropicalis e outras leveduras

Candida sp. € uma espécie de levedura que apresenta diversas espécies
conhecidas por serem capazes de produzir compostos de interesse biotecnoldgico.
Candida tropicalis, apesar de ser um microrganismo oportunista de classe de risco 2,
€ relatada como uma espécie capaz de sintetizar diferentes acidos carboxilicos,
além de assimilar xilose e arabinose, convertendo-as em xilitol e arabitol. Em relagao
a producédo dos polialcoois a partir de pentoses, principalmente quanto ao xilitol, C.
tropicalis é relatada como uma levedura que possui um elevado rendimento de
conversao, com valores superiores a 90 % (BERNARD et al., 1981; DALLI; PATEL,
RAKSHIT, 2017; JAGTAP; RAO, 2018; MCMILLAN; BOYNTON, 1994; SCHORKEN;
KEMPERS, 2009).

Em trabalhos prévios do grupo de pesquisa do Laboratério de Engenharia
Metabdlica e Bioprocessos da Faculdade de Engenharia de Alimentos da Unicamp,
especificamente na produgdo bioloégica do xilitol a partir de hidrolisado
hemiceluldsico de bagacgo de cana de agucar com a levedura C. tropicalis, percebeu-
se que, apos 86 h de cultivo, toda a arabinose do meio havia sido consumida
(ALVES, 2018; ALVES et al., 2021). Esse fator € um indicativo de que o arabitol
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pode estar sendo produzido no meio a partir da arabinose, gerando um meio com
presencga simultédnea de xilitol e arabitol.

Tal aspecto vem sendo explorado pelo grupo e pode representar um
potencial no reaproveitamento do bagago de cana de agucar. Na sequéncia, foi
identificada a producdo simultdnea de xilitol e arabitol na presenca de xilose e
arabinose pela mesma levedura (dados ndo mostrados). No entanto, um estudo
visando a otimizacdo do meio e das condicdes do processo fermentativo para a
coproducao de xilitol e arabitol por essa levedura, principalmente em relacdo a
oxigenacgao, ainda nao foi realizada pelo grupo e é necessaria.

A Tabela 2 sumariza estudos de producdo biotecnolégica de xilitol e
arabitol a partir de hidrolisados hemiceluldsicos de biomassas assim como a partir
de arabinose, xilose e glicose na forma purificada.

Em relagdo a produgéao de xilitol, nota-se que ha uma grande variedade
de modos de operagao e escalas, indo de erlenmeyers a biorreatores, assim como
de microrganismos, geneticamente modificados ou n&o, e biomassas
lignoceluldsicas. Além disso, os resultados atuais levam a valores de produtividade
de até 7,9 g/L.h e rendimentos de até 90 % do valor tedrico (0,917 g/g) (DOS
SANTOS et al., 2011; FARIAS et al., 2022; OU et al., 2020; SASAKI et al., 2010; SU
et al., 2015). Ressalta-se também que um dos maiores rendimentos identificados foi
obtido a partir de C. tropicalis em hidrolisado de bagago de cana de agucar, 0,86 g/g
(MORAIS JUNIOR et al., 2019).

Em relagdo a producdo de arabitol, percebe-se que a diversidade de
estudos ndo é tdo ampla quanto a de xilitol, com os trabalhos limitados, em sua
maioria, a produgdo em Erlenmeyers e utilizando pentoses purificadas como
substrato. Nesse contexto, foi possivel atingir valores elevados de rendimento,
praticamente equivalentes ao tedrico (1,01 g/g) a partir de C. tropicalis (MCMILLAN;
BOYNTON, 1994). Em relagdo a produgao a partir de hidrolisados hemiceluldsicos,
destacou-se a produgdo do hidrolisado de farinha de soja, com a maior
produtividade encontrada na literatura, de 0,90 g/L.h (LOMAN, A. A.; ISLAM; JU,
2018).
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Tabela 2. Estudos de producgao de xilitol e arabitol a partir de xilose, arabinose e hidrolisados de biomassas lignoceluldsicas.

= Xol,
Microorganismo Substrato Concer)tragao de Tipo de processo Arol Yos Pr Referéncia
agucares (/L) (9/9) (g/L.h)
Producgéo de xylitol
Candida boidinii Hidrolisado de bagago de azeitona 24,0 g/L de xilose Batelada, Erlenmeyers de 100 mL 6,0 0,43 0,07  Lépez-Linares et al. (2020)
Candida guilliermondii Hidrolisado de palha de trigo 58,0 g/L de xilose Batelada, Erlenmeyers de 250 mL 41,0 0,71 0,94  Saravanan et al.(2021)
Candida guilliermondii Hidrolisado de madeira de choupo 50,0 g/L de xilose Batelada, Biorreatores de 1 L 46,0 0,92 0,88  Dalli etal. (2017)
Candida tropicalis Hidrolisado de bagaco de cana-de-agucar 41,0 g/L de xilose Batelada, Erlenmeyers de 1 L 19,3 0,55 0,21 Alves et al. (2021)
Candida tropicalis Hidrolisado de bagago de cana-de-agucar 177,0 g/L de xilose Batelada, Erlenmeyers de 125 mL 109,5 0,86 2,81 Morais Junior et al. (2019)
Candida tropicalis Hidrolisado de palha de arroz 45,0 g/L de xilose Biorreator continuo de 5 L com 31,0 0,78 0,21 Zahed et al. (2016)
unidade de microfiltragéo
Candida tropicalis Hidrolisado de espiga de milho 57,2 g/L de xilose Batelada, Erlenmeyers de 500 mL 445 73 043  Yewale etal. (2016)
com células imobilizadas
ﬁ:::elyn?imyces hansenii var Hidrolisado de palha de arroz 60,0 g/L de xilose Batelada, Erlenmeyers de 250 mL 40,0 0,72 0,83  Saravanan et al. (2021)
Kluyveromyces marxianus Hidrolisado de espiga de milho 32,0 g/L de xilose Batelada, Biorreatores de 5 L 24,2 0,82 0,4 Du et al. (2020)
Pachysolen tannophilus Hidrolisado de espiga de milho 60,0 g/L de xilose Batelada, Erlenmeyers de 250 mL 49,0 0,81 1,02  Saravanan et al. (2021)
MG Candida tropicalis Xilose purificada 300,0 giL Batelada alimentada, Blorreatores 2500 092 509  Lee etal. (2003)
MG Saccharomyces cerevisiae Oat and soybean hull hydrolysates 18,0 g/L de xilose Batelada, Biorreator de 2 L 8,2 0,45 0,08  Cortivo et al. (2018)
MG Ashbya gossypii Xilose purificada 20,0 g/L Batelada, Erlenmeyers 226 0,8 0,14  Diaz-Fernandez et al. (2017)
Producéao de arabitol
Candida parapsilosis L-arabinose purificada 20,0 g/L Batelada, Erlenmeyers de 100 mL 10,7 0,53 0,15  Kordowska-Wiater et al. (2017)
Candida tropicalis L-arabinose purificada 15,5 g/L Batelada, Erlenmeyers de 250 mL 8,0 1,02 0,09 McMillan & Boynton (1994)
Debaryomyces hansenii Hidrolisado de bagaco de sisal 2,9 g/L de xilose Batelada, Erlenmeyers de 1 L 1,1 0,99 0,01 de Medeiros et al. (2020)
Pichia manchurica L-arabinose purificada 150,0 g/L Batelada, Erlenmeyers de 250 mL 13,7 0,09 0,11 (Sz%q%a)ramoonhy & Gummadi
Pichia stiptis L-arabinose purificada 15,0 g/L Batelada, Erlenmeyers de 250 mL 8,2 0,57 0,09 McMillan & Boynton (1994)
gﬂn% 'S;%?:‘;g};gg S,cerevisiae | . rabinose purificada 32,5 giL Batelada, Erlenmeyers de 100mL 18,9 0,58 039  Kordowska-Wiater et al. (2012)
MG Saccharomyces cerevisiae L-arabinose, glicose e xilose purificadas 20,0 g/L de cada Batelada, Erlenmeyers de 1 L 17,5 0,95 0,145 Sanchez et al. (2010)

Arol — arabitol; MG: Modificado geneticamente; Pr — Produtividade; xol — xilitol; Yps — rendimento de substrato em produto.
Fonte: adaptado de Farias et al. (2022)
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Em relacdo a producdo simultdnea de xilitol e arabitol, apenas dois
estudos recentes foram identificados reportando tal coprodugdo a partir de
hidrolisados hemicelulésicos. De Medeiros e colaboradores (2020) observaram a
producao de xilitol e arabitol pela levedura Debaryomyces hansenii em hidrolisado
de sisal e, apesar de terem identificado valores elevados para o rendimento de
arabitol, a concentragao inicial dos agucares foi de apenas 2,84 g/L de xilose e 1,14
g/L de arabinose na composicéo, levando a valores de 1,1 g/L de arabitol e 0,1 g/L
de arabitol.

Um segundo estudo, proposto por Araujo e colaboradores (2021),
também promoveu a produgédo de xilitol e arabitol por Komagataella pastoris a partir
de hidrolisados hemicelulésicos de casca de banana, de residuos de graos de
cervejarias, de talos de uva, de espiga de milho, de serragem e de bagaco de uva.
Apesar de terem avaliado diferentes hidrolisados como potencial para a coprodugao
de xilitol e arabitol, as concentragbes maximas obtidas foram de 4,0 g/L de xilitol e
0,9 g/L de arabitol.

Nesse contexto, nota-se que o presente estudo € o primeiro a propor o
estudo da producao simultdnea de xilitol e arabitol a partir de fermentagcdo de
hidrolisado de bagago de cana pela levedura Candida tropicalis, principalmente no
que tange a otimizagao considerando a introdu¢ao de subprodutos industriais como
fonte de nitrogénio para o microrganismo, visando a otimizagdo do processo

fermentativo.

vii. Agua de maceragio de milho

No processamento do milho, uma das possiveis etapas realizadas é a
moagem umida. Esse processo consiste em umedecer os graos secos em uma
solucdo contendo acido latico e sulfitos por diferentes combinacbes de tempo e
temperatura. Com isso, o amido presente no gréo absorve a umidade, amolecendo-
0, € a matriz proteica que protege o grdo € rompida. Um dos principais objetivos
desta etapa é remover as proteinas soluveis do grao, que migram para a solugao, e
facilitar os processos subsequentes de moagem para extragdo do amido (SELIM et
al., 2021; ZHOU et al., 2022).

A agua utilizada nesse processo que, portanto, carrega consigo diversos

sélidos soluveis presentes nos graos de milho, é definida como agua de maceragéao
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de milho (corn steep water — CSW), um dos principais residuos das industrias de
processamento desse grao. Devido principalmente a fatores como a presencga de
graos danificados, sejam brocados ou danificados pelo calor, a agua de maceragéo
de milho pode conter também a presenga de acgucares redutores em diferentes
concentragdes. A sua composi¢cao pode variar de acordo com a variedade do gréao e
o tipo e a etapa do processamento, mas, de uma forma geral, define-se que esse
efluente € composto principalmente de proteinas, aminoacidos, minerais, acidos
organicos, vitaminas, agucares redutores e enzimas, 0 que o caracteriza como um
substrato em potencial para o crescimento microbiano (HULL et al., 1996; SELIM et
al., 2021; ZHOU et al., 2022).

Uma das principais aplicagées atuais de CSW é para a ragdo animal, ja
que ele pode ser concentrado e misturado a solidos, gluten e materiais fibrosos.
Contudo, CSW ja vem sendo aplicado também em pequenas quantidades como
fonte de nutrientes de baixo custo em processos fermentativos diversos, para a
producao de, por exemplo, enzimas, etanol, penicilina, acido glutamico e acido latico
(SELIM et al., 2021; ZHOU et al.,, 2022). Adicionalmente, CSW tem recebido
destaque recente devido a capacidade de gerar, a partir de processos fermentativos,
biossurfactantes, moléculas com aplicagbes diversas, que apresentam inclusive
potencial antimicrobiano, e que podem substituir os surfactantes de origem quimica
(LOPEZ-PRIETO et al., 2019; MARTINEZ-ARCOS; MOLDES; VECINO, 2021).

Selim e colaboradores (2021), em uma caracterizacdo de CSW,
identificaram a presenca de vitaminais e ions inorganicos, com destaque para
fésforo, magnésio e calcio, e concentragdes de 11,3 g/L de proteinas e 10,7 g/L de
aminoacidos livres, estando presentes 17 tipos de aminoacidos distintos, diversidade
relevante para o crescimento microbiano. Apesar disso, detectou-se também um teor
elevado de carboidratos, chegando a 250 g/L. Hull e colaboradores (1996)
realizaram a caracterizacdo de CSW em diferentes etapas do processamento e
obtiveram concentragbes de aminoacidos totais variando de 8 a 62 g/L e, para
carboidratos, de 5,6 a 17,2 g/L. Nota-se que ha uma grande variagdo dependendo
do processamento realizado com os graos e, portanto, o uso de CSW exige cautela,
tendo em vista que ele pode conter concentracdes relevantes de acucares ou
compostos inibidores diversos que podem alterar o comportamento esperado dos

microrganismos.
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Abstract

Xylitol and arabitol are sugar alcohols with similar properties and applications.
Although the biotechnological production of xylitol is already being explored, its
coproduction with arabitol is still in the early stages. This study aimed to
improve the coproduction of xylitol and arabitol by Candida tropicalis from
sugarcane bagasse hemicellulosic hydrolysate. The most promising results
were achieved with 2.2 g L' nitrogen, obtained by mixing 80% yeast
hydrolysate and 20% corn steep water. For fermentations conducted in a
bioreactor, the concentrations of xylitol (52.1 g L") and arabitol (4.2 g L™") were
65 and 3.7 times higher, respectively, than those reported in the literature for
similar processes, with productivities and yields of 0.24 g L' h™' and 0.74 g g™
for xylitol and 0.02 g L' h™' and 0.43 g g' for arabitol. These results show
promise for the coproduction of sugar alcohols from sugarcane bagasse
hemicellulosic hydrolysate by C tropicalis.

Keywords
biorefinery, fermentation, pentose-assimilating yeasts, polyols, sugar substitutes

Highlights
i. Optimum media for sugar alcohols production reduced media costs by 10

times

ii. Corn steep water can substitute 20 % of yeast hydrolysate as nitrogen
source

iii. Optimum media improved the production of xylitol by 450 % and arabitol
by 250 %

iv. Bioreactor fermentation produced 52.1 g L' of xylitol and 4.2 g L-! of
arabitol



Abbreviations

CSW - Corn steep water

SBHH — Sugarcane bagasse hemicellulosic hydrolysate
YH - Yeast hydrolysate

YE - Yeas extract

YPMG - Yeast peptone malt glucose
YP — Yeast peptone

PB12 — Plackett-Burman

DOE - Design of experiments

Yxolxyl — Xylitol yield

Yarol,arab — Arabitol yield

Yxs — Biomass yield

Pxy1 — Xylitol productivity

Parol — Arabitol productivity

&xyl — Xylose consumption

&arab - Arabinose consumption

Cxol — Xylitol concentration

Carol — Arabitol concentration
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1. Introduction

The sugar alcohol market is under constant expansion, forecast to increase
from US$3.42 billion in 2021 to US$5.14 billion in 2028 (Grand View Research
2022). Xylitol and arabitol are sugar alcohol sterecisomers that can be used as

sweetening agents in foods and beverages (Farias et al., 2022).

Xylitol has a sweetening potency similar to that of sucrose but with 40 %
less calories (2.4 kcal g™'). Additionally, it can help protect teeth against cavities
and impart a fresh sensation to the mouth, with major application in chewing
gums (Farias et al., 2022; Xu et al., 2019). Regarding arabitol, even though it
has a sweetening power of 70% to that of sucrose, its caloric value is 20 times
lower (0.2 kcal g™'), having also properties similar to xylitol, such as sensation of
freshness and protection against teeth cavities. Furthermore, arabitol, like
xylitol, is classified as one of the 12 biomass-derivable chemicals designated for
further research within biotechnology (Kordowska-Wiater et al., 2017; Farias et
al., 2022).

Arabitol, despite having similar properties, is not widely used as a food
additive, which consequently affects its cost in the market. While xylitol is
marketed for less than US$ 0.04 per gram, arabitol, a molecule with similar
synthesis and application, is marketed only in its purified form for more than
US$ 60 per gram, which increases the interest in the production of this
molecule. It should be noted, however, that if its production costs were reduced,
arabitol would compete directly with xylitol in food applications or could be
applied together for possible synergistic effects not yet explored (Loman and Ju
2013; Loman et al. 2018; Xu et al. 2019; Arcano et al. 2020, Farias et al., 2022).

Xylitol and arabitol can be chemically synthesized via processes that are
both expensive and environmentally harmful (Xu et al. 2019; Zheng et al. 2020).
On the other hand, biotechnological production is an ecofriendly route using
microorganisms, such as the yeast Candida tropicalis. This species has been
applied to metabolize pentoses into sugar alcohols, but current methods are
hampered by drawbacks such as expensive growth media and low yields (Xu et
al. 2019).
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The main substrates used in the bioproduction of sugar alcohols are
hemicellulosic hydrolysates derived from lignocellulosic biomasses, such as
sugarcane bagasse, which serve as sources of glucose, xylose, and arabinose
(Antunes et al. 2019). Xylitol and arabitol co-production is also a way of
promoting the full use of pentoses present in lignocellulosic biomass, since
xylose can be converted to xylitol and arabinose to arabitol (Murzin et al., 2020;
Farias et al., 2022). Also, valuing the application of a co-product of xylitol and
arabitol would reduce purification costs, since the separation of these molecules
is potentially not cost effective (Saha and Kennedy, 2020).

In these fermentative processes, the requirement for medium enrichment
with nitrogen is an important additional cost. Studies assessed the effects of
different nitrogen sources on biological fermentation, including rice bran and
other industrial wastes (Kordowska-Wiater 2015; Morais Junior et al. 2019;
Palladino et al. 2021). However, no studies were found with corn steep water
(CSW) in association with hemicellulosic hydrolysates for coproducing

polyalcohols.

CSW is an effluent resulting from corn milling. Its composition may vary but
it can be characterized as a source of nitrogen and other nutrients and is
commonly applied in animal feed. Due to the presence of sulfites and organic
acids, CSW should not be used directly in human food (Zhou et al., 2022; Xiao
et al., 2012). Despite this, this byproduct has been applied in processes of
interest to food industries that undergo further purification processes, such as
the growth of probiotics (Wu et al., 2020) and carotenoids (Rodrigues et al.,
2019), polysaccharides (Lee et al., 2018) and biosurfactants (Almeida et al.,
2021) production. It should be noted that valorization of agro-industrial wastes
via bioprocessing contributes to environmental sustainability and favors the

development of a circular economy.

Studies on the optimization of xylitol bioproduction are being developed,
including by our workgroup, also addressing the bioproduct purification stages,
separating it from residual sugars, colored compounds, organic acids and

generated co-products, such as ethanol, in which the optimization of the
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fermentation is also highlighted as a way to improve xylitol purification (Alves et
al., 2021; Cardoso and Forte, 2021). However, there is limited research on the
simultaneous production of arabitol. Even though both polyalcohols are
produced from pentoses present in the medium, arabitol is either not analyzed
or treated as a contaminant in xylitol production (Saha and Kennedy 2020).
However, xylitol and arabitol production through integral utilization of
hemicellulosic hydrolysates as substrates allows for combined application of
these compounds. Coproduction from synthetic media has been reported, and
recent studies have underscored the possibility of producing both sugar
alcohols from hemicellulosic hydrolysates (De Medeiros et al. 2020; Araujo et
al. 2021). Nevertheless, there is still a gap in our understanding of the possibility
of operating in bioreactors, scaling up the process and of the contribution of
process variables to fermentative coproduction, especially regarding C.

tropicalis.

In view of the above, this study aimed to investigate and optimize the
simultaneous production of xylitol and arabitol from sugarcane bagasse
hemicellulosic hydrolysate (SBHH) using a C. tropicalis strain isolated from
Brazilian sugarcane crops. The possibility of reducing process costs through the
use of less expensive protein sources, such as CSW, was evaluated.
Fermentations were evaluated at the bioreactor level, the first step of the scale-
up, and conversion parameters were optimized to ensure the feasibility of the

biotechnological process.

2. Materials and methods
Fig. 1 presents a flowchart illustrating the steps adopted in this research.
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2.1. Raw materials

CSW was kindly provided by Ingredion Brasil. The raw material was heat
treated (121 °C, 20 min), centrifuged (Andreas Hettich GmbH & Co, Rotanta
460r, Germany) (5000 rpm, 10 min), and filtered. Yeast hydrolysate (YH)
(NuCell, Procelys) was kindly provided by Procelys by Lesaffre. Yeast extract

(YE) was obtained commercially from Neogen®.

SBHH was produced by treatment of dried sugarcane bagasse with sulfuric
acid (0.5% v/v) at 121 °C for 20 min, followed by vacuum evaporation. Two
batches of SBHH (hereafter referred to as batches A and B) were obtained at
the facilities of the Brazilian Biorenewables National Laboratory (LNBR). Crude
SBHH was detoxified by overliming and activated carbon adsorption, according
to a method adapted from Antunes (2019). The process was carried out in three
stages, and, after each stage, the mixture was centrifuged at 5000 rpm for 15
min. In step 1, the pH was raised from 0.5 to 7.0 by adding sodium hydroxide
solution (45% wl/v). In step 2, the pH was reduced from 7.0 to 5.5 with
concentrated phosphoric acid. Finally, in step 3, activated carbon (2.5% w/v)
was added, and the mixture was incubated in a rotary shaker/incubator (New
Brunswick Scientific Co., Innova 4430, United States) at 30 °C and 200 rpm for
1h.

2.2. Yeast strain

The C. tropicalis strain, isolated from Brazilian sugarcane crops, was kindly
provided by the Laboratory of Genomics and Expression of the University of
Campinas, Institute of Biology, Campinas, Brazil. The microorganism was
activated on Yeast Peptone Malt Glucose (YPMG) medium (3 gL' YE, 5g L™’
peptone, 3 g L' malt extract, 10 g L™" glucose, and 10 g L' bacteriological
agar) in a bacteriological incubator at 30 °C for 48 h. For use in fermentation
processes, pre-inocula were prepared in 300 mL of Yeast Peptone (YP) media
(10 g L™ yeast extract and 20 g L™! peptone) added of 30 g L™ xylose to 1 L
shaker flasks in a rotary shaker/incubator (30 °C, 200 rpm, 24 h).
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2.3. Fermentations using different carbon sources

Fermentative processes were carried out in YP media supplemented with
one of the following carbon sources at 30 g L™": glucose, xylose, L-arabinose, D-
arabinose, glucose + L-arabinose (1:2), and glucose + D-arabinose (1:2).
Fermentations were performed in 125 mL shaker flasks containing 50 mL of

medium in a rotary shaker/incubator (30 °C, 200 rpm, 72 h).
2.4. Fermentations in SBHH supplemented with different nitrogen sources

The growth of C. fropicalis on different nitrogen sources was studied by
carrying out fermentative processes in diluted detoxified SBHH media (batch A,
30 g L™" xylose) added of KH2PO4 (2.7 g L") and MgSO0a4 (0.3 g L") at an initial
pH of 6.0. Four nitrogen sources were tested: (i) YE, (ii)) YE + ammonium sulfate
((NH4)2S04), (iii) YH, and (iv) CSW. The concentration of all media was
equivalent to 0.8 g L™ total nitrogen (Morais Junior et al., 2019; Antunes et al.,
2021). YE was treated as control because it is conventionally added to
hemicellulosic hydrolysates. The YE + (NH4)2SOs process contained 0.6 g L™
nitrogen from YE and 0.2 g L™ nitrogen from (NH4)2SOa4. Fermentations were
performed in 1 L flasks containing 300 mL of medium in a rotary
shaker/incubator (35 °C, 200 rpm, 120 h).

2.5. Fermentations using increasing SBHH concentrations

Fermentative processes were performed using detoxified SBHH media at
different concentrations (batch A, 30, 55, 75, and 85 g L™ xylose) added of
KH2PO4 (2.7 g L"), MgS04 (0.3 g L™), salts conventionally added to this culture
medium (Narisetty et al., 2021; Morais Junior et al., 2019), and 0.8 g L™
nitrogen from the nitrogen source selected in the previous experiment (YH), at
an initial pH of 6.0. Fermentations were performed in 1 L shaker flasks
containing 300 mL of medium in a rotary shaker/incubator (35 °C, 200 rpm, 120
h). An additional fermentation was carried out in a 1 L baffled flask containing

medium at an initial xylose concentration of 75 g L™".

2.6. Plackett—-Burman experimental design
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The effects of fermentation conditions and medium composition on sugar
alcohol production were assessed using a Plackett-Burman (PB12)
experimental design with 12 runs, 6 factors at high (+1) and low (-1) levels, and
4 replications of the center point (0), totaling 16 tests (Rodrigues and lemma,
2014), in order to simultaneously and multivariately identify the effect of medium
composition parameters and define the most appropriate process conditions for
the production of sugar alcohols from SBHH. The six factors were initial
nitrogen concentration (x1), initial KH2PO4 concentration (xz), initial MgSOa4
concentration (x3), temperature (xa), initial pH (x5), and CSW percentage in the
nitrogen source (xs). Factor levels and runs are detailed in Section 3.5.
Fermentative processes were performed using detoxified SBHH (Batch A) at an
average concentration of 75 g L™ xylose in 1 L shaker flasks containing 300 mL
of medium in a rotary shaker/incubator (200 rpm, 96 h). The main nitrogen
source was YH. Data were analyzed using the online tool Protimiza

Experimental Design (experimental-design.protimiza.com.br).
2.7. Validation and extrapolation of Plackett—-Burman results

For validation (V-l to V-IV) of the most productive and least expensive
conditions, fermentations were performed under the beneficial conditions
identified from the results of the Plackett—-Burman design. Fermentation
processes were carried out using detoxified SBHH (batch B) at an average
concentration of 75 g L™" xylose in a rotary shaker/incubator (200 rpm, 96 h).
Fermentation conditions and medium compositions are described in Section
3.6. An additional test (CP) was performed under center point conditions using
crude (undetoxified) SBHH to assess the feasibility of eliminating the
detoxification step in subsequent reactions.

2.8. Bioreactor fermentations

After the best conditions were defined in the Plackett—Burman validation and
extrapolation step, a bench scale fermentation process was carried out using 1
L of diluted detoxified SBHH culture medium (batch B, 75 g L' xylose) added of
CSW (39.3 g L™") and YH (16.0 g L"), resulting in a nitrogen concentration of
2.2 g L, at an initial pH of 6.5. Fermentations were performed for 264 hina 2 L
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bioreactor without baffles (New Brunswick BioFlo 3000 Fermentor, Canada)
under compressed air aeration (0.7 L min™'/0.7 vvm) and constant agitation
(250 rpm) provided by a flat-blade turbine-type stirrer. Antifoam C emulsion

(Sigma, A8011) was added as needed to prevent excessive foaming.
2.9. Analysis

Medium components and fermentation products were quantified using a
high-performance liquid chromatography (HPLC) system (Thermo Fisher
Scientific Inc., Accela, United States) equipped with a refractive index detector
(Thermo Fisher Scientific Inc., Accela, United States). Xylose, arabinose,
glucose, ethanol, xylitol, and arabitol were separated, with the methodology
adapted from de Medeiros et al. (2020), by elution on an Agilent Hi-Plex Ca
column at 65 °C using ultrapure water at a flow rate of 0.4 mL min~'. Acetic
acid, hydroxymethylfurfural, and furfural were separated by elution on a Bio-Rad
Aminex HPX-87h column at 45 °C using H2SOa4 solution (pH 2.6) at a flow rate

of 0.6 mL min~".

Total nitrogen quantification of nitrogen sources (YE, YH, and CSW) was

performed using a PerkinElImer 2400 CHN elemental analyzer.

C. tropicalis suspensions were quantified by measuring the optical density at
600 nm (ODeoo) using a spectrophotometer (Beckman DU-640). Cell mass was
estimated by correlating gravimetric measurements of the same fermentative

processes with ODeoo values.
2.10. Fermentative process parameters

Product and biomass yields were calculated as the ratio of product formed to
substrate consumed. Xylitol (Yxoxy) and arabitol (Yarolarab) Yyields were
calculated considering xylose and arabinose as substrates, respectively.
Biomass yield (Yxs) was calculated from total sugars (glucose, xylose, and
arabinose). Xylitol (Pxy1) and arabitol (Parol) productivities at specific times were
calculated as the ratio of the quantity of product generated to the respective
time. Xylose (&xy1) and arabinose (garab) consumptions were calculated as the

percentage of substrate consumed in relation to its initial concentration.
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3. Results and discussion
3.1. Characterization of raw materials

Characterization of SBHH (Table 1) revealed variations in sugar
concentration between SBHH batches. This result was expected, given that
acid hydrolysis was followed by evaporation, which can lead to different sugar
concentrations depending on variations in operating conditions, especially
evaporation time. Despite this, sugar proportions were similar, with glucose and
arabinose corresponding from 9% to 12% of the total sugars’ concentration.

It was observed that the detoxification process efficiently removed furanic
compounds (furfural and hydroxymethylfurfural) from crude hydrolysate,
resulting in concentrations lower than 0.01 g L™ in detoxified SBHH. This result
is relevant because furanic compounds, generated during acid hydrolysis of
hemicellulose, are potent inhibitors of microbial growth. Additionally, it was
noted that detoxification caused a sugar loss of up to 20%, which was within the
expected range for an overliming process followed by activated carbon
adsorption (Antunes et al. 2019).

Acetic acid, generated during acid hydrolysis, remained at concentrations
greater than 4 g L' even after detoxification. This result raises some concerns,
because acetic acid may negatively affect the pentose metabolism of yeasts,
especially at more acidic pH (lower than its pKa, 4.76). It should be noted,
however, that the inhibitory effect of acetic acid is likely reduced by SBHH
dilution during preparation of the culture medium (Morais Junior et al. 2019;
Singh et al. 2022).



50

Table 1. Sugars, acetic acid, furfural and 5-hydroxymethylfurfural concentrations in raw and detoxified sugarcane bagasse
hemicellulosic hydrolysate.

Raw material Cxyl Coarab Couu Cac acid ChwF Crur
(gL") (g L") (gL") (L") (gL") (L")
SBHH-r (batch a) 114.82+1.95 15.33+0.34 14.16 £ 0.27 5.06 £0.12 0.57 £ 0.05 1.00 £ 0.07
SBHH -r (batch b) 153.22+1.38 21.86 + 1.56 20.60 £ 1.48 456 +0.21 0.06 + 0.02 2.64 + 0.08
SBHH-d (batch a) 92.74 + 3.49 12.16 £ 0.25 11.45+0.43 423 +0.23 <0.01 <0.01
SBHH d (batch b) 137.73+3.49 17.52+0.25 18.64 +£ 0.43 4.20 + 0.91 <0.01 <0.01

r - Raw sugarcane bagasse hemicellulosic hydrolysate
d - Detoxified sugarcane bagasse hemicellulosic hydrolysate
Ac acid — Acetic acid; Arab — Arabinose; FUR — Furfural; Glu — Glucose; HMF — 5-hydroxymethylfurfural; C — concentration
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As for nitrogen sources, the results showed that YH and YE had similar
concentrations of total nitrogen (0.10 and 0.11 g g™, respectively). YE is a
source of nitrogen and nutrients commonly used in culture media, being
produced from yeast growth, cell lysis and nutrient purification processes. YH is
a less purified variation of conventional YE with the aim of being applied on a
large scale in the food industry. Consequently, it has a reduced cost: while YE
is sold for, on average in the Brazilian market, US$ 150.00 kg, YH can be
acquired for 6.8 times less, US$ 22 kg™

CSW had a lower nitrogen concentration (0.01 g g™') but also some
advantages over the other nitrogen substrates. CSW is a liquid substrate with
an average density of 1.02 g cm™3, which translates into a nitrogen content of
about 9.80 g L™, confirming its potential as a nitrogen source. CSW is
considered an effective substrate for microbial growth because it contains
several amino acids and inorganic compounds required for cell growth.
However, its composition may vary according to the industry of origin and
processing method (Hull et al. 1996; Selim et al. 2021). It is also noteworthy that
xylose (1.2 g L™), arabinose (5.7 g L"), and acetic acid (2.2 g L") were
detected in CSW, but these compounds were likely to have had only a minimal
effect on the reaction because the substrate was diluted with SBHH, a more
concentrated carbon source used in greater amounts. Therefore, sugars
derived from SBHH have a more significant contribution to medium

composition.
3.2. Fermentations using different carbon sources

By analyzing the growth of C. tropicalis in synthetic media containing
different carbon sources (Table S1, Supplementary material), it was found that
the yeast was able to metabolize all the evaluated carbon sources. However,
consumption was minimal (&arab = 3.8% + 1.4%) in medium containing D-
arabinose only, as evidenced by comparison with medium containing glucose,
which resulted in 100% consumption. Interestingly, D-arabinose consumption
was more expressive (garab = 20.0% * 1.0%) in medium containing both glucose

and D-arabinose, possibly owing to the increase in biomass growth provided by
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glucose metabolism (100% consumption). The potential of obtaining products
from the metabolization of D-arabinose, due to it being a rarer sugar in nature, is
not yet fully explored (Ruchala and Sibirny 2021). There are studies in
butanetriol production (Wang et al., 2022) and identification of aldose
reductase, converting d-arabinose to arabitol in Pichia stipitis (Watanabe et al.,

2016). However, no reports on its metabolization by C. tropicalis were found.

Analysis of product formation showed that the medium containing
only glucose led to the production of ethanol, confirming that C. tropicalis is able
to metabolize hexoses. Media containing xylose, L-arabinose, or D-arabinose
resulted in the production of xylitol and arabitol. This fact attests to the
interrelation between metabolic routes for xylose and arabinose assimilation;
that is, regardless of the pentose used as substrate, C. fropicalis can generate

these two polyols.

It was possible to observe that xylose consumption was directed
toward xylitol formation and that L-arabinose consumption was directed toward
arabitol formation, given that these polyalcohols were the first to be formed in
the metabolic route of each respective substrate. In pentose assimilation routes
of C. tropicalis, xylose is directly converted to xylitol and L-arabinose is directly
converted to L-arabitol by the action of arabinose reductase enzymes with
preferably NADPH as cofactor. Then, for arabitol, two other enzymatic
processes can occur: the conversion of L-arabitol to L-xylulose and the
reduction of L-xylulose to xylitol. The xylitol formed by these metabolic pathways
can then be dehydrogenated to D-xylulose, which will be phosphated and
consumed via the pentose-phosphate pathway for cellular metabolism (Ruchala
and Sibirny 2021; Farias et al., 2022; Soares et al., 2022).
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Table S1. Parameters of xylitol, arabitol and ethanol production by C. tropicalis after 72 h of fermentation (30 °C, 200 rpm)
with different carbon sources (30 g L") in the composition of the synthetic medium (yeast extract — 10 g L', peptone —20 g L-

1
).
Ygol,glu or Yxol,xyl or Yarol,xyl or
22[]':22 Exyl OF Earab Yetoh,glu Ygol,xyl Y xol,arab Carol Y arol,arab
Egiu (%) (%) Ceon (9L") (99") Cou(gl”) (gg7) Cxoi(g L) (99" (gL (99
Glu 100.0 £ 0.0 5.81+0.82 0.26+0.03 0.35+0.10 0.02 £0.01 - - - -
Xyl - 100.0 £ 0.0 - - 0.93+0.03 0.04+0.01 15.11+0.75 0.57 +0.03 0.21 +0.11 0.01 +0.01
L-arab - 59.1+11.2 - - - - 0.99+042 0.06+0.04 527 +0.19 0.32+0.04
D-arab - 3.8+14 - - - - 0.06 +0.05 0.29+0.16 0.06 +0.10 0.06 +0.10
Glu + L-
arab (1:2) 100.0+0.0 59.7+56 - - - - 0.72+£0.04 0.06 £0.01 5.38 £+0.03 0.45 +0.01
Glu + D-
arab (1:2) 100.0x0.0 20.0+1.0 - - - - 0.15+0.04 0.13+0.07 0.18+£0.02 0.05+0.03

Arab — arabinose; arol — arabitol; etoh — ethanol; glu - glucose; xol — xylitol; xyl — xylose; Y — yield; € — substrate conversion; C — concentration.
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As a direct consequence of metabolic pathways, xylitol production
was highest in the medium containing xylose only (Cxoi =15.11 + 0.75g L™,
Yxolxyl = 0.57 £ 0.03 g g7'), with 100.0% xylose consumption. Similarly, arabitol
production was highest in the medium containing glucose and L-arabinose
(Caro =5.38 £ 0.03g L™, Yxoxy = 0.45 £ 0.01 g g™"), with 100% glucose
consumption and 59.7% + 5.6% arabinose consumption (Table S1,
Supplementary material). It should be noted that L-arabinose is the isomer of
arabinose that is mostly present in the hemicellulosic hydrolysate (Kordowska-
Wiater et al., 2017; Palladino et al., 2021).

The results confirmed the ability of C. tropicalis to convert pentoses into
polyalcohols, demonstrating its potential application in fermentation reactions
with hemicellulosic hydrolysates, which are renewable, low-cost sources of
xylose, glucose, and arabinose, contributing to the economic and environmental

feasibility of xylitol and arabitol production.
3.3. Fermentations in SBHH supplemented with different nitrogen sources

The kinetic profile of SBHH fermentative processes with different nitrogen
sources was used to determine xylitol (Pxol) and arabitol (Parol) productivities.
For the four nitrogen sources evaluated, the maximum combined productivity
(Pxol + Parol) occurred after 56 h of reaction. The parameters of compound
production and yeast growth in different nitrogen sources were therefore
assessed at this reaction time (Table S2, Supplementary material) (Fig. 2).
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Table S2. Parameters of xylitol and arabitol production by C. tropicalis after 56 h of fermentation (35 °C, 200 rpm) with
different nitrogen sources (0.8 gL' of total nitrogen) in the medium composition using diluted sugarcane bagasse
hemicellulosic hydrolyzate as carbon source (30 g L™ of xylose).

Nitrogen Crxol Carol Yxol.xyl Yarol.arab Pxol Parol Yx.s Exyl €arab
source (gL (g L) (997 (997) (gL' h7) (gL h7) (99 (%) (%)

YE 9.80+1.19a 1.23+0.30a 0.40 £ 0.02a 0.41+0.13ab 0.18 £0.01a 0.02 £ 0.01a 0.23 £ 0.05a 84.9 +10.1a 59.1 + 8.6a

YE+NH 9.62+1.17a 1.63 +0.28a 0.35 £ 0.07a 0.49 £ 0.06a 0.17 £ 0.01a 0.03 £0.01a 0.19 +0.08a 96.7 + 3.0ab 78.0 + 19.4ab

YH 1517 +1.73b 1.80+0.15a 0.53 £ 0.06b 0.46 £ 0.06ab  0.27 + 0.03b 0.03 £ 0.01a 0.21 £ 0.07a 100.0 £ 0.1b 82.2 £ 5.9ab

CSwW 4.86 + 1.53c 1.33+0.21a  0.19+0.01c  0.33+0.06b  0.09 + 0.02c 0.02+0.01a  0.23 +0.04a 100.0+0.1b  0.92 + 0.6b

Different letters in the same column indicate a statistically significant difference by the Tukey Test at the 5% level.
xol — xylitol; xyl — xylose; arol — arabitol; arab — arabinose; x — biomass; s — total sugars (glicose, xylose and arabinose); Y — yield; P — productivity; € —
substrate conversion; C - concentration
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Fig. 2. Xylitol and arabitol production from different nitrogen sources (0.8 g
L~ total nitrogen) after 56 h of fermentation (35 °C, 200 rpm) by C. tropicalis in
media containing diluted sugarcane bagasse hemicellulose hydrolysate (30 g

L™" xylose) as carbon source. YE, yeast extract; YE + NH, yeast extract + ammonium
sulfate (80:20); YH, yeast hydrolysate; CSW, corn steep water; xol, xylitol; xyl, xylose; arol,
arabitol; arab, arabinose; C, concentration; Y, yield; P, productivity

YE and YE + (NH4)2SO4 assays did not differ statistically (p > 0.05) in any
parameter, revealing that partial replacement of yeast extract with ammonium
sulfate (inorganic nitrogen source) did not significantly affect conversion factors
or substrate consumption. Arabitol concentration, yield, and productivity were
not significantly influenced by nitrogen source. Therefore, any of the four
evaluated nitrogen sources can be used under the appropriate fermentation

conditions.

Xylitol production, on the other hand, was influenced by nitrogen source.
The use of CSW as the sole nitrogen source, although providing cost benefits
because of the material's low cost, was the least attractive in terms of
production, affording the lowest xylitol yield and productivity. The final xylitol
concentration was 50% lower than that of the control (YE). YH provided the
highest xylitol concentration, productivity, and yield (Cxo = 15.17 + 1.73 g L™,
Pxol = 0.27 £ 0.03 g L' h™", Yxoxy = 0.53 £ 0.06 g g'), being about 1.4 times
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higher than the values obtained with the control nitrogen source (YE).
Furthermore, xylitol productivity and yield were 2.8 and 2.4 times higher,
respectively, than that obtained with CSW. In this context, YH was used as the

main nitrogen source in subsequent experiments.

These findings support that not only total concentration but also nitrogen
source is relevant in the production of sugar alcohols by yeasts. Nitrogen
assimilation can be facilitated or hindered depending on the nitrogen source.
Some microorganisms have preferences for inorganic sources, others for
organic sources, such as C. fropicalis (Morais Junior et al. 2019). Regarding
organic sources, their assimilation is made possible at the cellular level from
molecules of low molecular weight, such as amino acids. The amino acid profile
can affect the growth of the microorganism and, if the medium contains
peptides and soluble proteins, proteases must first be released to promote
hydrolysis and subsequent assimilation (Hofer et al., 2018; Zhu et al., 2019). In
the studied context, CSW may present a higher fraction of nitrogen in molecules
of higher molecular weight, including lipopeptides and phospholipids
(Rodriguez-Lopez et al., 2020; Zhou et al., 2022), therefore, the growth of
microorganisms may be hindered using it as the only nitrogenous source when

compared to the other evaluated sources.

It was possible to achieve xylitol concentrations, yields, and productivities in
SBHH medium that were statistically equivalent to those obtained in synthetic
medium containing 30 g L™ xylose. Arabitol concentration and productivity in
SBHH medium containing YH (Carol = 1.80 £ 0.15 g L™, Paro = 0.032 £+ 0.003 g
L™" h™') were lower than those obtained in synthetic medium. This result was
expected given that the initial arabinose concentration in diluted SBHH was four
times lower than the initial concentration in synthetic medium. Nevertheless,
arabitol yield did not differ between complex (Yarol,arab = 0.46 + 0.02 g g~') and
synthetic media. These results demonstrate the good adaptability of the
microorganism to the complex medium, which has SBHH as carbon source.
Similar results of polyalcohol production from pentoses were obtained in media

with synthetic carbon source.
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3.4. Fermentations using increasing SBHH concentrations

An increase in the initial concentration of the carbon source resulted in a
longer time to reach maximum productivity (Fig. 3) (Table S3, Supplementary
material). The yeast requires more time to convert a greater mass of substrates.
In medium containing more than 45 g L™" xylose, the biomass yield remained
below 0.10, without significant differences between runs. Biomass yield was
highest (Yxs =0.21 £ 0.07 g g7") at the lowest initial SBHH concentration (30 g
L-" xylose). This result possibly occurred because of the increased substrate
consumption (&xyi = 100.0%, €arab = 82.2% £ 5.9%), which might be associated
with the reduced concentration of inhibitory compounds, such as acetic acid and
phenolics (Soares et al., 2022).

Arabitol concentration and yield did not differ according to initial SBHH
concentration. Productivity, however, decreased with increasing initial SBHH
concentrations, attributed to the increase in time needed to convert the same
amount of arabitol. Arabinose consumption was less than 50% at the highest
substrate concentration, although it can be expected to increase with time,

increasing arabitol formation.

With the increase in initial SBHH concentration from 30 to 75 g L' xylose,
xylitol concentration and productivity increased, but yield was not significantly
influenced. Xylitol productivity was lower at 85 g L™" xylose compared with 75 g
L~ xylose, given the increase in the time needed for substrate conversion. This
factor further confirms the possibility that compounds derived from SBHH inhibit
fermentation and that such effects are potentiated at higher initial SBHH

concentrations.

Moreover, different studies report substrate inhibition in xylitol production
(Winkelhausen et al., 1998; Bedo et al., 2021). Regarding C. tropicalis, a study
in synthetic medium with initial xylose concentration between 15 and 300 g L™
found substrate inhibition in both cell growth and xylitol formation. Optimal
concentrations were obtained between 60 and 80 g/L of xylose, similar to our

study. It was also observed that, beyond this range, a greater proportion of the
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substrate was directed towards cellular respiration and ATP formation,
balancing the high osmotic pressure associated with higher substrate

concentration (Tamburini et al., 2015)
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Fig. 3. Xylitol and arabitol production by C. tropicalis from fermentations (35
°C, 200 rpm) in media containing different initial concentrations of sugarcane
bagasse hemicellulose hydrolysate (30, 55, 75, or 85 g L™ xylose) at the time of
maximum productivity (f*). xol, xylitol; xyl, xylose; arol, arabitol; arab, arabinose; x,

biomass; s, total sugars (glucose, xylose, and arabinose); C, concentration; Y, yield; P,
productivity
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Table S3. Parameters of xylitol and arabitol production by C. tropicalis in fermentations (35 °C, 200 rpm) with different
concentrations of sugarcane bagasse hemicellulosic hydrolysate as carbon source.

Initial nyl Cxol Carol Yxol,xyl Yarol,arab Pxol Parol Yx,s sxyl €arab
(gL ¢ (g L) (g L) (997 (9g?) (gL'h7) (g L"h7) (997 (%) (%)
30 56 15.17 +1.73a 1.80+0.15a 0.53 +0.06a 0.46+0.06a 0.27+0.03a 0.03+0.01a 0.21+0.07a 100.0 £0.1a 82.2+5.9a
55 72 32.92 +2.61b 1.95+0.16a 0.61+0.05a 0.42+0.10a 0.46+0.04bc 0.03+0.01a 0.05+0.01b 96.6 +09a 49.7 £6.8b
75 96 47.79 +5.59¢ 1.56 +0.52a 0.67 +£0.08a 0.30+0.06a 0.50+0.06c 0.02+0.01b 0.09+0.01b 93.1+49a 42.6+13.2b

85 120 4518 +7.84bc  1.32+053a 0.69+0.07a 0.32+0.14a 0.38+0.06ab 0.01+0.01b 0.05+0.02b 77.6 +19.4a 36.0+18.1b
Different letters in the same column indicate a statistically significant difference by the Tukey Test at the 5% level.

arab — arabinose; arol — arabitol; s — total sugars (glicose, xylose and arabinose); t* — time of maximum productivity; xol — xylitol; xyl — xylose; x —
biomass; P — productivity; Y — yield; € — substrate conversion; C - concentration
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In view of the greater effect of xylitol concentration on combined productivity
(Pxol + Parol), we chose to use an initial SBHH concentration of 70-80 g L™
xylose in subsequent experiments. It should be noted that these changes to
substrate concentration led to 3.1 and 1.8 times increase in xylitol concentration
and productivity (Cxo=47.79+559g L' Pxa=050+£0.06g L' h™)

compared to the less concentrated media (xylose 30 g L 7).

After definition of the initial SBHH concentration, the influence of baffles, if
present, and, consequently, of a higher oxygen transfer rate, was tested in
baffled flasks. Biomass yield was higher in baffled flasks (Yxs=0.34 £ 0.07 g

g™"), being up to 6.8 times higher than under the other conditions.

It should be noted that pentose metabolism by C. tropicalis is closely
associated with medium oxygenation. As highlighted earlier, xylitol and L-
arabitol produced by the initial assimilation of pentoses are converted to D-
xylulose or L-xylulose by dehydrogenase enzymes, following the yeast
metabolic pathway. These dehydrogenase enzymes require the cofactor NAD",
which is consumed and converted to NADH. Under conditions of high
oxygenation, the generated NADH is constantly regenerated to NAD" in the
respiratory chain, favoring the enzymatic reaction for the consumption of
polyalcohols. In oxygen limitation, the regeneration of NADH to NAD+ is
impaired, generating an imbalance of NAD+/NADH. This imbalance means that,
despite being produced, xylitol and arabitol are not preferentially consumed by
the following metabolic stages. So, the higher the oxygenation, the greater the
utilization of xylose and arabinose for cellular metabolism and growth. On the
other hand, under low oxygen conditions, there is a reduction in the activity of
enzymes that metabolize the sugar alcohols, consequently, xylitol and arabitol
are produced but only partially metabolized, leading to their accumulation
(Farias et al., 2022).

Therefore, high biomass growth and low polyalcohol accumulation are
expected in baffled flasks. This hypothesis was confirmed by the reduction in
xylitol concentration (Cxol = 23.00 + 0.45 g L™), yield (Yxoxy =0.32 £ 0.45gg™"),
and productivity (Pxol =0.32 = 0.01 g L™" h™) in baffled flasks compared with
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normal flasks under the same conditions. By contrast, arabitol concentration
(Carol = 2.66 £ 0.07 g L") and yield (Yarolarab = 0.62 + 0.04 g g~') were higher in
baffled runs. These findings may be due to the greater use of glucose and
xylose for biomass production and cellular metabolism, with greater
regeneration of NADPH, necessary for the conversion of arabinose to arabitol
(Farias et al., 2022). Possibly, given enough time, the arabitol formed would
also be consumed for biomass and metabolism. Considering the effects of
process parameters on the combined production of xylitol and arabitol and the
higher concentration of xylitol in the medium, it was decided to use baffle-free

flasks in subsequent assays.
3.5. Plackett—-Burman experimental design

The influence of the factors initial nitrogen concentration (from 0.8 to
3.6 gL™) (x1), initial KH2PO4 concentration (from 0.4 to 5 gL™") (x2), initial
MgSOs concentration (from 0.1 to 0.5 g L—-1) (x3), temperature (from 28 to 36
°C) (x4), initial pH (from 6 to 7) (xs), and CSW percentage in the nitrogen source
(from 0 to 20 %) (xs) in the fermentation process of C. tropicalis aiming to
produce xylitol and arabitol was studied using Design of Experiments (DOE)
with Plackett-Burman (PB12) experimental design. It is worth clarifying that,
even though CSW did not provide the best results as a nitrogen source, it was
included in the experimental design because of its low cost and environmental
friendliness. The results of tests carried out according to the DOE PB12 are
described in Tables 2 and 3 and Table S4 (Supplementary material). A reaction
time of 96 h was adopted, because this period corresponded to the highest
combined productivity for medium containing an initial xylose concentration of
75 g L' (as described in Section 3.4). Due to this, the effects related to
"concentration" and "productivity" responses are similar, therefore, only the

effects related to productivity are presented

Center point runs (runs 13-16, Table 2) compared with the other runs,
afforded the highest concentrations, yields, and productivities for xylitol
parameters and intermediate values for arabitol. Runs 11 and 12, which had

high nitrogen source concentrations and lacked or not 40% CSW, respectively,
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afforded the highest arabitol concentrations (Table 2). Furthermore, xylitol
concentration and productivity of runs 11 and 12 were close to those of center

point runs, with higher xylose and arabinose conversions.

Runs carried out at pH (6.0) and nitrogen (0.8 g L™") levels provided the
least promising results for combined production of sugar alcohols (runs 5, 6,
and 10). In runs 6 and 10, there was no substrate consumption or significant
product or biomass formation. These tests, in addition to having low nitrogen
concentration and pH, were carried out at high temperatures (36 °C). These
combined factors might have potentiated the action of inhibitors, derived from

SBHH, particularly acetic acid, which remained even after detoxification.

It is noteworthy that acetic acid is a weak acid (pKa 4,756 at 25 °C) and
lower pH favors the balance to keep it in the undissociated form. In this
chemical form, acetic acid, like other organic acids, is more permeable to the
cell membrane and, when in contact with the cytoplasm with a pH generally
closer to neutrality, it dissociates, reducing the intracellular pH (Palmqvist and
Hahn-Hagerdal, 2000; Chaves et al., 2021). The presence of intracellular acetic
acid mainly affects the conformation of protein structures. This can structurally
and functionally alter cytoplasmic organelles and cause a reduction in the
activity of enzymes, such as xylose reductase, which converts xylose to xylitol
and is inhibited at relatively low concentrations of acetic acid (5.4 g L") (Rafiqul
et al.,, 2015; Morais Junior et al., 2019; Chaves et al., 2021). Moreover,
increasing the temperature may favor the effect of acetic acid, even at low
concentrations. An increase of 30 to 40 °C reduces the acidity constant (Ka) of
this acid (Paabo et al., 1965), favoring its undissociated form and entry into
cells. The combination of acetic acid in concentrations below 4.8 g L' with
higher temperatures (37-40 °C) can also cause the fragmentation of
mitochondrial membranes, affecting cellular respiration and resulting in the so-
called high enthalpy cell death (Chaves et al., 2021).
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Table 2. Plackett—Burman experimental design for assessing the effects of medium composition and process variables on
xylitol and arabitol production from sugarcane bagasse hemicellulose hydrolysate (75 g L™ initial xylose) fermentation (96 h,

200 rpm) by Candida tropicalis.

KH2PO4

MgSO4

N _ _ T °C CSW % Cxol Carol Yxol,x | Yarol,arab Pxol Parol &arab Yx,s
R0 L) R m P T O TN @eh e L) Loy 00 Gy
1 08(1) 5(1) 01(1) 36(1) 7(1) 40(1) 43810 1540 0611 0.156 0456 0.016 972 585 0.074
2 08(-1) 04(-1) 05(1) 28(-1) 7(1) 40(1) 12258 2442 0300 0.323 0.128 0.025 567 457 0.286
3  36(1) 04(-1) 01(-1) 36(1) 6(-1) 40(1) 42520 1.900 0575 0249 0443 0020 942 516 0.055
4 8(-1) 5(1) 041(-1) 28(-1) 7(1) 0(-1) 24612 0576 0410 0061 0256 0.006 744 542 0.145
5 8(-1) 04(-1) 05(1) 28(-1) 6(-1) 40(1) 11.860 0900 0.371 0217 0.124 0009 400 360 0.192
6 8(-1) 04(-1) 01(-1) 36(1) 6(-1) 0(-1) 0.000 0.000 0.000 0.000 0.000 0.000 0.0 0.0  0.000
7  36(1) 04(-1) 01(-1) 28(-1) 7(1) 0(-1) 45246 2088 0670 0234 0471 0022 887 51.0 0.151
8 36(1) 5(1) 01(-1) 28(-1) 6(-1) 40(1) 21420 1970 0.665 0.392 0223 0.021 388 306 0.131
9 36(1) 5(1) 05(1) 28(-1) 6(-1) 0(-1) 41940 2440 0573 0.306 0437 0025 876 484  0.110
10 08(-1) 5(1) 05(1) 36(1) 6(-1) 0(-1) 0000 0000 0.000 0.000 0000 0.000 0.0 0.0  0.000
11 36(1) 04(-1) 05(1) 36(1) 7(1) O0(-1) 46660 3.750 0.626 0.301 0.486 0.039 1000 734  0.072
12 36(1) 5(1) 05(1) 36(1) 7(1) 40(1) 43280 3240 0591 0274 0451 0034 975 701  0.088
13 22(0) 27(0) 03() 32(0) 65(0) 20(0) 50960 1.620 0.759 0.182 0531 0017 845 547  0.071
14  22(0) 27(0) 03() 32(0) 65(0) 20(0) 53000 2200 0736 0234 0552 0023 903 572  0.081
15  22(0) 27() 03() 32(0) 65(0) 20(0) 4409 1970 0.702 0.182 0459 0.021 861  64.1  0.097
16 22(0) 27(0) 03(0) 32(0) 65(0) 20(0) 48.040 1960 0726 0223 0500 0.020 884 538  0.057

N, added nitrogen concentration; T, temperature; CSW, corn steep water percentage in the nitrogen source; xol, xylitol; xyl, xylose; arol, arabitol; arab,
arabinose; x, biomass; s, total sugars (glucose, xylose, and arabinose); C, concentration; Y, yield; P, productivity; €, substrate conversion. Theoretical
Yxolxti = 0.917 g 9‘1 and Yarol,arab = 1.01 g g'1.
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Tabela S4. Statistical parameters per response from the Plackett-Burman
experimental design for the study of medium composition and process variables
on xylitol and arabitol production from sugarcane bagasse hemicellulose
hydrolysate (75 g L™ initial xylose) fermentation (96 h, 200 rpm) by Candida
tropicalis.

Response Variables Effect Standard error calculated t p-value
Mean 0.290 0.033 8.817 < 0.001
Curvature 0.442 0.131 3.363 0.010
Nitrogen source (x,) 0.258 0.066 3.925 0.004

S KH2PO4 (xz) 0.029 0.066 0.434 0.676
o MgSO. (xs) -0.037 0.066 -0.566 0.587
Temperature (x,) 0.033 0.066 0.500 0.631

Initial pH (xs) 0.170 0.066 2.591 0.032

CSW (xe) 0.029 0.066 0.444 0.669

Mean 0.449 0.033 13.725 < 0.001
Curvature 0.563 0.131 4.298 0.003

_ Nitrogen source (x,) 0.335 0.065 5.111 0.001
X KH2PO4 (x2) 0.051 0.065 0.784 0.456
>’.':é MgSOs (x3) -0.078 0.065 -1.196 0.266
Temperature (x,) -0.098 0.065 -1.492 0.174

Initial pH (xs) 0.171 0.065 2.607 0.031

CSW (xe) 0.139 0.065 2.123 0.067

Mean 64.592 6.908 9.350 < 0.001
Curvature 45.467 27.634 1.645 0.139
Nitrogen source (x,) 39.750 13.817 2.877 0.021

Ey KH2PO4 (x3) 2.650 13.817 0.192 0.853
w MgSOs (xs) -1.917 13.817 -0.139 0.893
Temperature (x,) 0.450 13.817 0.033 0.975

Initial pH (xs) 42.317 13.817 3.063 0.016

CSW (xe) 12.283 13.817 0.889 0.400

Mean 0.209 0.015 14.080 < 0.001
Curvature -0.008 0.059 -0.140 0.892

a Nitrogen source (x,) 0.166 0.030 5.597 0.001
& KH2PO4 (x;) -0.023 0.030 -0.756 0.471
5 MgSO. (xs) 0.055 0.030 1.843 0.103
> Temperature (x,) -0.092 0.030 -3.098 0.015
Initial pH (xs) 0.031 0.030 1.037 0.330

CSW (xe) 0.118 0.030 3.973 0.004

Mean 0.018 0.001 15.092 < 0.001
Curvature 0.004 0.005 0.904 0.392
Nitrogen source (x,) 0.017 0.002 7.302 <0.001

3 KH2PO, (x5) -0.002 0.002 -0.904 0.392
o MgSO0s (x3) 0.008 0.002 3.269 0.011
Temperature (x,) < 0.001 0.002 0.070 0.946

Initial pH (xs) 0.011 0.002 4.660 0.002

CSW (x6) 0.006 0.002 2.295 0.051
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Tabela S4. (continued).

Response Variables Effect Standard error calculated t p-value
Mean -0.468 -0.027 -17.135 < 0.001
Curvature -0.212 -0.109 -1.942 0.088
Nitrogen source 0.147 -0.055 2.683 0.028

£ KH2PO4 (x2) -0.002 -0.055 -0.038 0.971
W MgSO. (x3) 0.037 -0.055 0.679 0.516
Temperature (x,) 0.051 -0.055 0.927 0.381

Initial pH (x;5) 0.239 -0.055 4.377 0.002

CSW (xe) 0.038 -0.055 0.694 0.507

Mean 0.109 0.005 23.849 < 0.001
Curvature -0.064 0.018 -3.530 0.008
Nitrogen source -0.015 0.009 -1.646 0.138

2 KH2PO, (x5) -0.035 0.009 -3.804 0.005
> MgSO. (xs3) 0.032 0.009 3.512 0.008
Temperature ()(4) -0.121 0.009 -13.278 < 0.001

Initial pH (xs) 0.055 0.009 5,999 <0.001

CSW (x¢) 0.058 0.009 6.365 < 0.001

arab — arabinose; arol — arabitol; CSW — corn steep water; P — productivity; s — total sugars
(glicose, xylose and arabinose); xol — xylitol; xyl — xylose; x — biomass; Y — yield; € — substrate
conversion.

In assessing the effects of process parameters on production variables
(Table 3), in the range studied and considering 90 % of significance (p < 0.10),
it was found that the results of previous assays were confirmed: nitrogen source
concentration (x1) had a positive effect on all parameters except Yxs and the
most significant effect was exerted on sugar alcohol yield and productivity. It
was observed that the curvature had a significant effect on most of the
evaluated responses, showing that inflection points (maximum or minimum) are
included between the lower and upper levels studied (Rodrigues and lemma,
2014), indicating, in this case, adequate ranges for the study. As demonstrated
by the significant positive effect of the curvature, center point runs provided

superior results of xylitol production.

Xylitol variables were not significantly influenced by factors x2, x3 or xa. In
other words, added salt concentration and process temperature did not
significantly influence xylitol yield, xylitol productivity, or xylose consumption. All
variables, except for x2, significantly influenced at least one of the arabitol
parameters (Yarolarab, Parol, and €arab). Based on these effects, it can be inferred

that the insertion of CSW in the nitrogen source can be beneficial for the
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production of both sugar alcohols; the variation in KH2PO4 concentration did not
have significant effects; the high temperature can negatively affect the
production of arabitol and the central point presented the best results for the
production of xylitol.

Table 3. Summary of the standardized effects (calculated t) of medium
composition and process variables on xylitol and arabitol production from
sugarcane bagasse hemicellulose hydrolysate (75gL™" initial xylose)
fermentation (96 h, 200 rpm) by C. tropicalis.

Variable Pxol Yxol,xyl Exyl Parol Yarol,arab Earab Yx,s
N (x1) + ++ + +++ + +
KH2PO4 (x2) -
MgSOx (x3) + +
T (xa) -
pH (xs) + + + ++ ++ +
CSW (xs) + + + 7
Curvature + ++ = -

N, added nitrogen concentration; T, temperature; CSW, corn steep water percentage in the
nitrogen source; xol, xylitol; xyl, xylose; arol, arabitol; arab, arabinose; x, biomass; s, total
sugars (glucose, xylose, and arabinose); Y, yield; P, productivity; €, substrate conversion.

Statistical significance was set at p < 0.10. Significant effects are indicated in green
(positive) or red (negative). Gray cells represent non-significant effects.

Biomass yield was negatively affected by factors. The main factor positively
influencing sugar alcohol production, x1, had no significant effect on biomass
yield. Center point conditions did not favor biomass yield. These results confirm
the expectation that the higher the value of Yxs, the greater the amount of
polyalcohols consumed and directed toward metabolic pathways of cell growth

(Hernandez-Pérez et al. 2019).

This experiment provided a similar xylitol concentration and productivity to
the initial SBHH concentration experiment (Section 3.4) as well as higher xylose
conversion (up to 7.4% higher), arabitol concentration and productivity (up to

2.4 times higher), and arabinose consumption (up to 72.3% higher).
3.6. Validation and extrapolation of Plackett—Burman results

Fermentation conditions and medium compositions for validation of Plackett-
Burmann design experiments are presented in Table 4 and Table 5 presents its
results. Center point runs conducted with different SBHH batches (CP-a and

CP-b) did not differ significantly in arabitol variables or xylitol concentration and



68

productivity. There were, however, differences in xylitol yield and xylose
consumption. Such differences between batches can be attributed to
differences in substrate composition regarding micronutrients, organic acids,

and phenolic compounds. These factors may affect yeast metabolism.

We found no significant differences between experiments carried out using
the same SBHH batch (CP-b, V-I, V-Il, V-lll, and V-IV), demonstrating that any

of the culture media conditions can be applied for sugar alcohol production.

The V-l run was conducted under the same conditions as that of the center
point of the Plackett—Burman design but without addition of KH2PO4 or MgSO4
salts. These salts are commonly added to culture media for xylitol production
from hemicellulosic hydrolysates (Kordowska-Wiater et al. 2017; Morais Junior
et al. 2019). CSW is known to contain different minerals, such as phosphorus,
magnesium, calcium, zinc, manganese, and aluminum, with phosphorus being
one of the major minerals (Selim et al. 2021). These minerals, together with
mineral components already present in YH, might have contributed to meeting
the micronutrient demands of yeast, precluding the need for potassium and

magnesium salt addition for bioprocess optimization.

Table 4. Fermentations carried out to explore different processing conditions
based on the results of the Plackett—Burman experimental design.

Run N(gL") KHPOs(gL") MgSOs(gL") T (°C) pH CSW (%)
CP 2.2 (0) 2.7 (0) 0.3 (0) 32(0)  6.5(0) 20 (0)
V-l 2.2 (0) 0(-) 0(-) 32(0)  6.5(0) 20 (0)
V-l 3.6 (+1) 0.4 (-1) 0.5 (+1) 32(0)  7(+1) 40 (+1)
YAl 5 (+2) 0.4 (-1) 0.5 (+1) 32(0) 7 (+1) 40 (+1)
VIV 3.6 (+1) 0(-) 0.5 (+1) 32(0)  7(+1) 20 (0)

N, added nitrogen concentration, T, temperature; CSW, corn steep water percentage in the
nitrogen source; CP, center point.

The center point run was performed using batches A and B of sugarcane bagasse
hemicellulosic hydrolysate. Coded values of the Plackett—-Burman experimental design are
indicated in parentheses. Level +2 represents a higher concentration than that used in the

original experiment. A hyphen (-) indicates absence of the nutrient in the culture medium.
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Table 5. Validation and exploration of Plackett—Burman experimental results for assessing the effects of medium composition
and process variables on xylitol and arabitol production from sugarcane bagasse hemicellulose hydrolysate fermentation
(96 h, 200 rpm) by C. tropicalis.

Yarol,arab (g

Run Cxol (g L) Carol (L") Yioixyi (9 97") g Pwi (gL h™") Paoi (@L'h™")  Yis(gg™) &xy1 (%) Earab (%)
CP (batch A) 49.02+3.87a 1.94+0.24a 0.73+0.02a 0.21+0.03b 0.51+0.04*® 0.020+0.002a 0.07+£0.01b 87.3+25b 57.5+4.7a
CP (batch B) 38.70+4.34ab 2.11+0.79a 0.56 + 0.07b (())(gaib 0.40 £ 0.05ab 0.022 +0.008a 0.15+0.04® 100.0 £ 0.00a 65.7 £ 9.0a
V- 39.09+490ab 2.61+0.14a 0.55+0.09b 0.40+0.10a 0.41 +0.05ab 0.027 + 0.001a 0.13 £ 0.04ab 100.0 + 0.00a 67.8 £ 15.1a
V- 37.38+0.58b 257+0.43a 0.52+0.01b 8536;) 0.39+0.01b 0.027 £0.004a 0.16 £ 0.03* 100.0+0.00a 68.2 +2.0a
V-1l 34.75+581b 296 +0.25a 0.45+0.07b (())(:)Sgaib 0.36 £+ 0.06b 0.031 £0.003a 0.11 £ 0.01ab 100.0 £ 0.00a 68.1 £4.7a

V-1V 43.56 +3.29ab 2.39+0.86a 0.61+0.06b 0.22+0.05b 0.45+0.03ab 0.025+0.009a 0.06 +0.01b 100.0 £0.00a 71.1 + 13.6a

N, added nitrogen concentration; T, temperature; CSW, corn steep water percentage in the nitrogen source; xol, xylitol; xyl, xylose; arol, arabitol; arab,
arabinose; x, biomass; s, total sugars (glucose, xylose, and arabinose); C, concentration; Y, yield; P, productivity; €, substrate conversion; CP, center
point.

Different letters in the same column indicate significant differences at p < 0.05 by Tukey's test
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Runs V-II and V-Ill, as compared with V-l, despite having higher CSW
addition (40%), had higher total nitrogen concentration. In V-IV, the percentage
addition of CSW was 20%, but there was also an increase in total nitrogen
concentration. In these runs, therefore, it was necessary to add more YH to the
medium, increasing process costs. Given the statistical equivalence of these
runs with CP-b, it can be said that the increase in total nitrogen concentration at
the evaluated levels did not contribute significantly to production parameters.
Furthermore, runs V-II, V-lll, and V-IV were performed at pH 7, indicated as
positive for arabitol production. However, as the results did not differ from those

of run VI, pH was found not to influence arabitol production parameters.

The medium conditions used in run V-1 (2.2 g L' of nitrogen with 20 % of
CSW, 32 °C, initial pH 6.5 and no MgSO4 or KH2PO4) were selected for the
subsequent experiment. This run combines the most economical and
environmentally friendly conditions, namely non-addition of salts, low YH
concentration (16 g L"), and addition of CSW to the medium (20% total
nitrogen, 39.3 g L™"). It is noteworthy that, in a cost estimate based on the
Brazilian market, this improved medium is equivalent to US$ 0.35 L', almost 10
times less than a standard medium with MgSO4, KH2PO4 and YE as the only

nitrogen source, which would cost US$ 3.58 L.

A further test was conducted using crude SBHH under center point
conditions. In this assay, substrate consumption or product formation did not
occur, demonstrating the need for hydrolysate detoxification for successful
fermentation by C. tropicalis. The high concentrations of inhibitory compounds

in crude SBHH inhibited microbial growth.
3.7. Bioreactor fermentations

Fermentation was conducted in a 2 L bioreactor with 1 L working volume
using medium composition defined in the previous experiment, namely SBHH
detoxified with about 75 g L™" xylose and 2.2 g L™" total nitrogen (80% YH and
20% CSW). The kinetic behaviors are depicted in Fig. 4.

Glucose was completely consumed in 12 h of fermentation, leading to the

formation of ethanol and biomass. During this period, xylose and arabinose
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concentrations also declined. Preferential glucose consumption at the beginning
is important for biomass growth and generation of NADPH, a coenzyme
regenerated from the pentose phosphate pathway that will act in the synthesis
of xylitol and arabitol with aldose reductase enzymes (Yuan et al., 2021; Farias
et al., 2022). Studies with C. tropicalis report that there is Carbon Catabolite
Repression (CCR) by glucose, so glucose in the medium reduces the
metabolism of pentoses due to repression of gene regulation and decreased
activity of pentose reductase enzymes (Oktaviani et al., 2021; Chattopadhyay et
al., 2020). This repression can occur with glucose, xylose, and arabinose
because they share common sugar transport systems in the cell and glucose is
more effective for cellular energy generation (Fonseca et al., 2007; Oktaviani et
al., 2021). Despite this, during these first 12 h period, xylose and arabinose

concentrations slightly declined.

After 24 h, xylose continued to be consumed by microorganisms, affording
xylitol, but arabinose concentration remained practically constant, with low
arabitol formation. Therefore, there was CCR in the metabolism of arabinose
due to the presence of xylose, a prioritized pentose that is assimilated in fewer
steps in the metabolic pathway compared to arabinose (Farias et al., 2022).
Similar xylose repression behavior was identified by Oktaviani group (2021)

evaluating xylitol production by C. tropicalis.

From 156 h onward, with xylose tending toward depletion, the rate of xylitol
formation decreased and arabinose consumption increased, leading to arabitol
formation. At this time, there was greater biomass growth, possibly due to the
occurrence of arabinose consumption concomitantly with sugar alcohol

formation for metabolism and cell growth.
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Fig. 4. C. tropicalis fermentation (0.7 L min”', 250 rpm) in a bioreactor using
diluted hemicellulosic hydrolysate as carbon source (75 g L™ initial xylose).

Glucose depletion in the first hours of the reaction and subsequent
prioritization of xylose consumption have also been reported in previous studies
using different yeasts for xylitol production in hemicellulosic hydrolysate
(Antunes et al. 2021; Narisetty et al. 2021), highlighting the possibility of
optimizing the process in two stages: consumption of glucose for cell growth
and consumption of pentoses for the production of sugar alcohols. This is the
first identified report of arabinose consumption and arabitol formation in
hemicellulosic hydrolysates with high initial concentrations of glucose, xylose,

and arabinose.
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It was possible to observe that, in experiments carried out in the bioreactor,
a longer time was required to obtain greater substrate conversion and xylitol
and arabitol formation than in experiments carried out in shaker flasks. Such a
finding is evidenced by the maximum productivity, which, for xylitol, was
reached after 144 h (Pxo = 0.34 £ 0.03 g L™ h™") and, for arabitol, only after 216
h (Paroi = 0.020 £ 0.001 g L' h™"). Such productivities were lower than those
obtained with the same culture medium in shaker flasks, possibly due to the use
of agitation and aeration conditions that did not adequately represent the

oxygen transfer rate of the shaker flasks.

Of note, some bioreactor parameters, such as agitation and aeration, were
not assessed. These factors affect the oxygen transfer rate of the process,
which, as previously highlighted, is fundamental for pentose metabolism and
polyalcohol accumulation by yeasts (Manjarres-Pinzén et al. 2022). These
operating parameters may hold potential for increasing the combined
productivity of xylitol and arabitol production in bioreactors and may have
caused the reduction in bioreactor productivity compared to shaker flasks. The
bioreactor experiment afforded the highest arabitol concentration
(Car =4.25+0.18g L") as well as a high xylitol concentration
(Cxol =52.12 £ 3.87 g L") after 216 h of fermentation compared with all other
experiments conducted in the current study, being 450 % for xylitol, and 250 %,
for arabitol, higher than the concentrations obtained in the first experiments with

standard nitrogen source and SBHH (Section 3.3).

Fig. 5 compares the results obtained in standard and improved culture
media in shaker flask and bioreactor through carbon mass balance using a
calculation basis of 100 kg of total sugars from SBHH. The determination of
CO2 generated was performed from stoichiometric balances of growth,
respiration and product formation by cells (each carbon mol for biomass, sugar
alcohols, ethanol and respiration generating, respectively, 0.095, 0.111, 0.500
and 1.000 mols of COz2) (Converti et al., 2002; Bonan et al., 2021). The
improved processes did not promote an increase in the mass conversion of
arabinose to arabitol, despite this, there was a reduction in the volume required

for the process, which leads to a more concentrated product, a relevant factor
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for downstream purification processes (Marques Junior and Rocha, 2021). For
xylitol, there was an increase in mass conversion of 57% with the change in the
medium and an additional 23% with the change in the mode of operation for
bioreactors.

|E| Shaker flask fermentation: standard medium

( Final products \

Xylose 80 kg Xylose 12 kg
Arabinose 10 kg Arabinose 4 kg
Glucose 10kg Glucose 0 kg
Xylitol 28 kg
Arabitol 3 kg
Ethanol 3 kg
Biomass 19 kg
561 CO, - final products
hers and CO, respiration
N V

Total volume: 2667 L

100 kg of sugars

E Shaker flask fermentation: improved medium

100 kg of sugars ‘ / Final products A

Xylose 80 kg

: Xylose 0 kg
Arabinose 10 kg Arabinose 3 kg
Glucose 10 kg Glucose 0 kg

Xylitol 44 kg
Arabitol 3 kg
Ethanol 5 kg
Biomass 13 kg
CO, - final products

96 h Qhers and CO, 1‘esph‘ati?

Total volume: 1067 L

Bioreactor fermentation: improved medium
100 kg of sugars B l - 7 { Final products A
= e
Xylose 80 kg Xylose 0 kg
Arabinose 10 kg Arabinose 3 kg
Glucose 10 kg Glucose 0 kg
Xylitol 57 kg
Arabitol 3 kg
Ethanol 0 kg
Biomass 20 kg
iEmp CO, - final products

|| 216 h . Others and CO, respiration

Total volume: 1067 L

Fig. 5. Carbon mass balance of xylose, arabinose, glucose, xylitol, arabitol,
ethanol, biomass (dry cell weight) and CO2 with 100 kg of total sugars as basis
of calculation for fermentations with C. tropicalis in SBHH with different media
composition and operation modes. a. Standard medium with YE, MgSO4 and
KH2PO4 b. Media with YH + CSW as nitrogen source ¢. Same media as “b” in
bioreactor operation mode.
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Comparing the conversions in terms of carbon mass, in the process with
standard media 30% of the initial carbon was converted to xylitol and arabitol. In
the same process with improved media this carbon conversion was 46%, while
in bioreactors it reached 59%. The increased conversion of carbon to products
reveals the better targeting of initial carbon sources for the production of sugar
alcohols. This fact can also be evidenced by the carbon mass expended for
other metabolites and in the generation of CO2 by cellular respiration, which
reduced from 7.6 kg to 2.0 kg in the process in bioreactors. A similar behavior
was evidenced by the Tamburini group (2015) who observed a reduction in CO2
used in cellular respiration of approximately 30% to 5% under conditions that

optimized C. tropicalis adaptation and xylitol production.

Table 6 presents a comparison of the results obtained in shaker flasks after
96 h of fermentation, bioreactor after 216 h of fermentation, and previous
studies reported in the literature conducted under similar conditions. Other
studies reported superior results, but the experiments were conducted with
addition of pure xylose or L-arabinose to the medium, a factor that can elevate

production costs, particularly when low conversion rates are obtained.

Palladino et al. (2021) investigated the effect of introducing an alternative
nitrogen source, rice bran, to SBHH for the production of xylitol by
Cyberlindnera xylosilytica. In the current study, addition of CSW as an
alternative nitrogen source in bioreactor processes afforded a 17% higher Yxolxyi
and 20% higher Pxo. Although shaker flask experiments had lower yields,

productivities were about 50% higher.

Arruda et al. (2017) produced xylitol under similar conditions in bioreactors
but without arabitol formation. In our study, we obtained comparable but

superior results for Cxol and Yxolxyi (44% and 14% higher, respectively).
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Table 6. Comparison of the results of the current study with similar works assessing xylitol and arabitol production by yeasts.

C | (g Carol Y, Lyl Yarol,ara P | (g Parol (g £yl €arab
Reference Feedstock Microorganism Reactor type < (9 AN (- I B Aot
This work?@ SBHH Candida tropicalis 1 L shaker flasks 391 2.61 0.55 0.40 0.41 0.027 100.0 57.5
This workP SBHH Candida tropicalis 2 L bioreactor 52.1 4.25 0.74 0.43 0.24 0.020 100.0 70.3
Alves et al. (2021) SBHH Candida tropicalis 1 L shaker flasks 19.3 ND 0.55 ND 0.21 ND 100.0 1%0'
Antunes et al. SBHH Candida tropicalis 20 M-Shaker o0 ND 061 ND 012  ND 1000 ND
(2021) flasks
Morais Junioretal. g1y wyiose  Candida tropicalis 120 M-SN3KeT 4095 ND 086 ND 281  ND 554 ND
(2019) flasks
Candida :
Arruda et al. (2017) SBHH . .. 2.4 L bioreactor 36.0 ND 0.65 ND 0.28 ND 92.0 715
guilliermondii
Palladino et al. SBHH Cyberllfvdllvera 125 mL shaker 14.1 ND 063 ND 0.20 ND ND ND
(2021) xylosilytica flasks
Kordowska-Wiater . ) 0 100 mL shaker 100.
etal. (2017) L-Arabinose Candida parapsilosis flasks ND 10.70  ND 0.53 ND 0.007 ND 0
Kordowska-Wiater . ) 0 500 mL shaker 100.
etal. (2013) L-Arabinose Candida parapsilosis flasks ND 1790 ND 0.48 ND 0.372 ND 0
McMillan and = L-Arabinose and o tropicalis 200 MEShaker o6 800 035 102 006 0087 970 210
Boynton (1994) xylose flasks
Medeiros et al. Sisal bagasse Debaryomyces 100.
(2020) hydrolysate hansenii 1 L shaker flasks 0.1 1.14  0.04 0.96 0.01 0.01 100 0
Aratjo et al. (2021)  Crape stalks Komagataella 250mLshaker 5o 434 025 085 0006 0003 564 21.0
hydrolysate pastoris flaks

a Fermentation in shaker flasks (V-I) for 96 h.

b Fermentation in a bioreactor for 216 h.

xol, xylitol; xyl, xylose; arol, arabitol; arab, arabinose; C, concentration; Y, yield; P, productivity; ¢, substrate conversion; SBHH, sugarcane bagasse
hemicellulosic hydrolysate; ND, not determined
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Only two recent studies highlighted the potential for simultaneous production of
xylitol and arabitol from hemicellulosic hydrolysates using different yeasts (Table 5)
(de Medeiros et al. 2020; Araujo et al. 2021). High values of Yaro,arab Were obtained,
but the scale of production was low, being limited to shaker flasks; consequently,
substrate consumption, as well as product formation, was lower than those found in
our study. In general, Cxol, Pxol, and Yxolxyi were up to 65, 24, and 3 times higher,
respectively, and Carol and Parol Were up to 3.7 and 2 times higher, respectively, in our
bioreactor experiment than in literature reports. Furthermore, in 216 h, Yxoxy and
Yarol,arab corresponded to, respectively, 80.7% and 42.6% of the theoretical yields of
0.917 g g for xylitol (Farias et al., 2022) and 1.01 g g™ for arabitol (McMillan and
Boynton, 1994).

It can be concluded that, even if optimization studies can be carried out to achieve
higher conversion parameters, the results for xylitol production alone were superior to
those reported in the literature, and, regarding coproduction of xylitol and arabitol
from hemicellulosic hydrolysate, our findings are the most promising to date. A
unique factor of our study was that processes were also carried out on a benchtop

bioreactor scale.

4. Conclusions

It was verified that xylitol and arabitol can be coproduced by C. fropicalis using
SBHH as substrate and increasing the initial concentration of SBHH from 30 to 75
g L' of xylose contributed to the formation of coproducts. Analysis of the culture
medium and the effects of variables showed that the nitrogen source and the added
amount of it represented the greatest influence on sugar alcohol production. In
addition, it was possible to define improved culture medium conditions in terms of
economic and environmental feasibility using YH as the main nitrogen source,
without adding salts and using 20 % of total nitrogen from CSW, enabling an almost
10-fold reduction in the cost of culture medium. It was also possible to perform
coproduction in a bioreactor reaching concentrations of xylitol and arabitol 65 and 3.7
times higher, respectively, than those reported in the literature for similar processes.
These results contribute to the viability of the bioproduction of xylitol and arabitol and
show promise for the coproduction of sugar alcohols from sugarcane bagasse
hemicellulosic hydrolysate by C. tropicalis.
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CONCLUSAO

Neste trabalho, a proposta de coprodugdo biotecnolégica de xylitol e
arabitol a partir de C. fropicalis usando hidrolisado hemiceluldésico de bagago de
cana de agucar como substrato foi validada. A partir da analise dos efeitos de
diferentes variaveis sobre a produgdo dos sugar alcohols, foi possivel desenvolver
condi¢gdes mais econbmicas e ambientalmente amigaveis para o meio de cultivo.
Para isso, utilizou-se um meio sem adigdo de sais e com a fonte nitrogenada
composta por um hidrolisado de levedura menos dispendioso associado a insergéo
de agua de maceracao de milho, um residuo agroindustrial.

Destaca-se, também, que foi possivel manter parametros de coproducao
de xylitol e arabitol a partir de hidrolisados hemicelulésicos em biorreatores de
bancada, passo inicial para a ampliagdo de escala do bioprocesso. Com isso, foram
encontrados valores de concentragao e produtividade conjuntas dos sugar alcohols
superiores ao evidenciado na literatura para processos fermentativos similares.
Nesse contexto, este trabalho é mais um passo no desenvolvimento de processos
sustentaveis que favorecem o reaproveitamento de residuos agroindustriais com
reducdo do impacto ambiental gerado, promovendo também os conceitos

associados a economia circular.
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ANEXO | - REALIZAGOES ACADEMICAS NO PERIODO

a. Participagao do “Programa de Estagio Docente” das disciplinas “TA332 —
Fundamentos de Calculo em Processos” em 2022.1 e “TA736 — Engenharia de
Bioprocessos” em 2023.1, disciplinas do curso de graduacdo em Engenharia
de Alimentos da Universidade Estadual de Campinas

b. Coautoria em artigo de revisao bibliografica “New biotechnological
opportunities for C5 sugars from lignocellulosic materials” publicado na
revista cientifica “Bioresource Technology Reports” classificada como B1 em
“Ciéncia de Alimentos” no quadriénio 2017-2020 pela Qualis Periédicos
CAPES.

Doi: https://doi.org/10.1016/j.biteb.2022.100956

Bioresource Technology Reports 17 (2022) 100956

Contents lists available at ScienceDirect

Bioresource Technology Reports

EFl1 SEVIER journal homepage: www.sciencedirect.comfjournal/bioresource-technology-reports

New biotechnological opportunities for C5 sugars from
lignocellulosic materials

Daniele Farias™ * , Allan H.F. de Mélo ", Marcos Fellipe da Silva ", Gabriel Cicalese Bevilaqua ™,
Danielle Garcia Ribeiro *, Rosana Goldbeck *, Marcus Bruno Soares Forte ™,
Francisco Maugeri-Filho ™

* Bingrocess and Membolic Engineering Laboratory, Departmenst of Food Engimeering, School of Food Engineering Uniwersity off Campines, Compinas, SF, Broxi
* Taulowse Bistechnology Institute (TBI), University of Toulouse, 135 Bangueil Avenue, Toulowse, Fronce

ARTICLEINFOD ABETRACT

Keywords: The transition to sustainable development with the replacement of gasoline and perroleum-based peoducts with
P"f“'_** biofsels and green chemicals is a common goal for current concepts of the biseconomy. In this sense, biorefinery
Hf_]"-'"'-'l*'”“l“' integration appears 45 a promising route to replace chemical technologies. Moreover, there is the passibility of
:LLI:\?MI using existing first-generation (1G) bicethanol plants facilities as the host for the development of new processes

using the huge amount of lignocellulosic biomasses available in the world. In order (o maximize profitability, all

Xylo-oligosaccharides
Protein - sugars released afler biomass pre-treatment and hydrolyses must be converted into target products. Regarding
Biaprocesses the pentose (raction, sugar conversion by microorganisms 8 not optimally performed, compared o glucose, o

give rise 1o the production of bioproducts in a sustainable and comperitive manner. Thus, this review focuses on
the recent progresses and emerging strategies aiming towards pentose urilization, efficient assimilation and
conversion into industrially relevant bioproduces.
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Apresentagcao do trabalho “Xylitol and arabitol: biotechnological trends for

C.

the reuse of lignocellulosic biomass” na modalidade pdster no evento XXIlI
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d. Apresentagao do trabalho “Identification of the biotechnological production

potential of sugar alcohols by Candida tropicalis” na modalidade po6ster no

evento 2nd International Congress on Bioactive Compounds realizado de 9 a

10 de novembro de 2022.
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CCBY NC ND: The CC BY-INC-ND license allows users to copy and distribute the Article,
provided this is not done for commercis]l purposes and further does not penmit distmibution of
the Article if it is chansed or edited in any way, and provided the user gives appropriste
credit (with a link to the formal publication through the relevant DMOT), provides a link to the
license, and that the icensor is not represented as mﬂ.uismg ﬂ:ememadent'mewurk_m
full details of the license are available at ik

Any conmiercial rense of Open Access articles published with a CC EYM'_ SA.ur DC B’i"
W WD license requires permizsion from Elsevier and will be subject to a fee

Commerrial rense includes:
» Associaing advertising with the full text of the Article

105



106

IO2023 1818 RigntsLink Printable License

» Charging fees for dooument delivery or access
» Amicle aggregation
« Systematc distibution via e-msail lists or share buttons

Posting or linking by commerrial companies for use by customers of those companies.

20, Other Conditions:

v1.10

Crestions? (gstomercarewcopvrieht com or +1-855-230-3415 (toll free in the US) or
+1-975-646-2777.



ID2023 1418

ELSEVIEE. LICENSE

TERMS AND CONDITIONS

Tan 31,2023

RigntsLink Printable License

This Agresmeant between TUniversidade Estadual de Campinas - Gabriel Bevilagua (" You™)
and Elsevier ("Elsevier") consists of your license details and the terms and conditions
provided by Elsevier and Copyright Clearance Center

License Number

Licenze date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Awthor

Lirenzed Content Date

Licensed Content Volume

Licensed Content Issue

Lirenszed Content Pages

Start Page

End Page

Type of Use

Portion

Fumber of
fimres tables illnstra tions

Fommat

Are you the author of this Elsevier

articla’

Will you be anslating?

5470430034345

Tan 31, 2023

Elsevier

Sustzinable Energy Technologies snd Assessments

Mult-stage pre-oestment of limecellulosic biomass for
il ti-product biorefinery: A review

Aditi Wagle Michael T. Angove, Asmita Mahara_Amrita
Wagle, Bandita Mainali Menoela Mertins, Fosana
Goldbeck, Shukra Paj Pandel

Feb 1, 2022

40

101702

renss in 3 thesis/dissenation

figres tables Mlisratons

baoth print and electronic

“Yes, withowt English rights

107



108

IO2023 1418 RignisLink Printabie License

MNumber of languages 1

POLIOLS; UM ESTUDO DA PRODUGCAD
Title SIMULTAMEA DE XILITOL E ARABITOL A PARTIR
DE RESIDUOS AGROINDUSTRIALS

Institution name Universidade Estadual de Campinas
Expected presentation date Mar 2023
Portions Fizurs 3
Specific Lansnages Pormuignss
Universidade Estadual de Campinas
Baea Monteira Lobato, 30
Pequestor Location
Canpinas, 530 Peulo 13083862
Brazil

Arm: Universidade Estadual de Campinas

Publisher Tax ID GB 494 6272 12
Total 000 USD
INTRODUCTION

1. The publisher fior this copyrighted material is Elsevier By clicking “accept” in connection
with completing this licensing transaction, you agree that the following terms and condifions
apply to this wansacton (along with the Billing and Payment terms and conditons
established by Copyright Clearance Center, Inc ("CICC™), at the time that you opened your
Pightslink account and that are available at any time 2t higo avaccountcopypizht.oom).

GENEEAL TERMS

2 Elsevier hereby zrants you permission to reproduce the aforementioned material subject 1o
the terms and conditions indicated.
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"Feprinted from Publication title, Vol Jedition mumber, Author(s), Tide of article / tifle of
chapter, Pages Mo, Copyright (Year), with permdssion from Elsevier [OR. APPLICABLE
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7. Feservation of Fights: Publisher reserves all nghts not specifically sranted in the
combinaton of (1) the license details prowided by you and sccepted in the course of this
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eranted. Use of materials as described im a revoked license, as well as any use of the
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material.
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their respective officers, directors, employees and agents, from and against any and all
claimes arising out of your use of the licensed material other than as specifically suthorized
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11. Mo Transfer of License: This license is personal to yon and may not be sublicensed,
assigmed or ransferred by you to any other person without publisher's written permuission

12. Mo Amendment Except in Writing: This license may not be amended except in 4 writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf)

13. Ojection to Contrary Temms: Publisher hereby objects to any terms contaimed in any
parchase order, ackmowledsment. check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditons. These terms and conditions, together with CCC™s Billing and Paymsnt
termes and conditions (which are incorporated herein), comprise the enfite agTesmant
between you and publisher {and CCC) concerning this licensing ransaction. In the event of
amy conflict between your oblizations established by these terms and conditions and those
established by CCC"s Billing amd Payment terms and conditions, these termms and condigons
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14. Fevocation: Elsevier or Copyright Clearsncs Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refind payable
to you Motice of such denial will be made nsing the contact information provided by youw.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for amy costs, expenses or damage
incwrred by you as a result of 3 denial of your permission request, other than a refimd of the
amouni(s) paid by you to Elsevier and'or Copyright Clearance Center for denied
Permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This penmission is granted for non-exchsive world English rights onky
mmless your license was granted for ranslation ghts. If you licensed translation nights you
may only translate this content into the Languages you requested. A professional mranslator
mmst perform all translations and reproduce the content word for word preserving the
integrity of the article.

14. Posting hcensed content on any Website: The following temms and conditons apply as
follows: Licensing material from an Elsevier journal: All comtent posted to the web site nmst
maintain the copyright information line on the bottom of each image; A hyper-text mnst be
inclnded to the Homepage of the jommal ﬁ'umv-hlchvmmhl:eusmgat

Lutp:/ ey sciencediTect com'scjenicej or the Elsevier homepage for books at
L eareeelsender com: Central Storage: I‘IJ.lsLl.cens& does not inchnde permission for a
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scanmed version of the material to be stored in & central repository such as that provided by
Heron/XanEdn.

Licensing material from an Elsevier book: A hyper-text link moust be incloded to the Elsevier
homepage at fpwoanyelserjeroom - All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electromic reserve: In addition to the shove the following
clauses are applicable: The web site must be password-protected and made available only o
bona fde stadents regtstered on a relevant course. This permission s granted for 1 year only.
You may obtain @ new License for fuure website posting.

17. For journal auwthors: the following clauses are applicable in addition to the above:
Freprimfs:

A preprint is an anthor's own write-up of resesrch results and analysis, it has not been peer-
reviewed, nor has it had amy other valoe added to it by a publisher (sach as formatting,
copyright. technical enhancement etc.).

Authors can share their preprints amywhers at any time Preprints should not be added to or
enhanced in any way in order to appear more like, or to subsonee for, the final versions of
articles however suthors can update their preprints on ar’iv or FePEc with their Accepted
Author Mamcript (see below).

If accepted for publication, we encourage sushors to link from the preprint to thedr formal
publication via its DHOT. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some socisty-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Awthor Manuscripts: An accepted suthor mammscript is the mannscript of an
article that has besn accepted for publicaton and which typically includes andor-
incorporated changes suggested during submission, peer review and editor-author
COMIMINICATons.

Authors can share their sccepted swthor mamescript:

» immediately
o via their non~commercial person homepage or blog
o by updating a preprint in arfiv or BePEc with the sccepted manunscript
o via their research instte or instmdonal repesitory for internal instmgonal
uses or 35 part of an imvitafion-only research collabormaton work-group
o directly by providing copies to their stadents or to research collsborators for
their personal wse
o for private scholarly sharing as pant of an mvitadon-only work group on
commercial sites with which Elsevier has an agresment
» After the embargo period
o via non-commercial hosting platforms such as their mstiutional repository
& Via conunercial sites with which Elsevier has an agpreement

In all cases accepted mannscripts should:

« link to the formsl publication via its DOI

# bear 3 CC-BY-INC-ND license - this is easy to do

» if ageTegated with other manuscripts, for example in a repository or other site, be
chared i alizmrment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substinme for, the published journal ardcle.

Fobliched journal article (JPA): A published journal articls (PTA) is the definitive final
record of published recearch that appears or will appesr in the joumal snd embodies all
value-adding publishing acdvities inchuding peer review co-ordinaton, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Puolicies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If yon are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDiirect,
and so links will help your users to find access, cite, and use the best svailable version

Thezes and dissertafions which contain embedded PTAs as part of the formal submission can
be posted publicly by the awarding insanmion with DO links back to the formal
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I you are affiliated with a library that subscribes to ScienceDirect you have additonal
private sharing nghts for others' research accessed under that agresment. This inchodes use
for classToom teaching and internal training at the instimdon (inchading use in couwrse packs
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Gold Open Access Arficles: May be shared according o the anthor-selectad end-user
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13. For book awthors the following clanses are applicable in sddition to the above:
Authors are permitted fo place a brief summeary of their work online only. You are not
allowed to download and post the published elecronic version of your chapier, nor may you
scan the printed edition to create an elecimonic version. Pesting to a repository: Anthors are
permitted to post 3 summary of their chapter only in their instinfion's repository.

19. Thesis/Dissertation: If your license is for use in & thesis/disserttion your thesis may be
submitted to your nstinbon in either print or electronic form. Should your thesis be
puablished commercially, pleass reapply for permdssion. These requirements includs
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest TUMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PTAs as part of the
formeal submission can be posted publicy by the swarding nstinition with IMOT links back to
the fiormal publications on Sciencelhrect.
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You can publish open access with Elsevier in himdreds of open access journals or in nearly
200040 established subscription jowrmals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the suthor's cholce of Creative
Commons nser license. See our open socess license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the arficle nmst not represeat the author s endorsing the adaptaton of the
article nor should the article be modified m such a way as to damage the swthor's honour or
reputation If any changes have been made, such changes must be clearly indicated

The swthor(s) mmst be appropriately credited and we ask that you include the end user
license and a DO link to the formal publication on ScienceDhrect.

I anmy part of the material to be used (for excample. fizures) has appeared in our publication
with credit or acknowledrement to another source it is the responsibility of the wser to
ensure their rense complies with the tenms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons nser license:

CCBY: The CC-BY license allows users to copy, fo create exiracts, absracts and new
works from the Arficle, to alter and revizse the Article and to make commercial use of the
Article (incloding reuse and'or resale of the Article by commercisl entities). provided the
UEET Zives appropriate credit (with a link to the formal publication through the relevant
DT, provides a link to the license, mdicates if changes were made and the licensor is not
represanted as endorsing the use made of the work. The fll details of the license ars
available at bt ‘Creatvecommeons o= Ticenses by/'d O

CCBY NC 5A- The CC BY-MC-5A license allows nusers to copy, to cTeate exiracts,
abstracts and new works from the Amcle. to alter and revise the Artcle, provided this is not
dione for conmnercial purposes, and that the user gives appropriste credit (with a link to the
formal publication through the relevan: DOT), provides a link to the license, indicatas if
changes were made and the licensor is not represented a: endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The fall

details of the license are available at Qiipocraativecomumons otz Jicepees bv-pecsa/' 4.0

OC BY NC ND: The CC BY-MC-ND license allows usars to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit dismibution of
the Article if it is changed or edited n any way, and provided the wser gives appropriste
credit (with a link to the formal publicagon through the relevant DOT), provides a link to the
license, and that the Hcensor is not represented as endomsing the wse made of the work. The
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full details of the license are available at L
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