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RESUMO

O presente trabalho refere-se ao uso da técnica de adsor¢io em leito
expandido para recuperar e purificar enzimas. Aspectos fundamentais da adsor¢fo
em leito expandido sfio abordados, utilizando lisozima e soro albumina bovina
como proteinas modelo, e as enzimas, gliceraldeido-3-fosfato desidrogenase de
Saccharomyces cerevisae, xilanase (extrato comercial) e quitosanase produzida

por Bacillus cereus.

A avaliagdo da influéncia do uso de dois distribuidores, poroso e do tipo
prato perfurado, mostrou que o distribuidor do tipo prato perfurado favoreceu mais
a adsorgdo em leito expandido e que os adsorventes Streamline® SP e
Streamline® DEAE possuem uma ampla distribuicio de tamanho de particulas

favorecendo ao fendmeno de segregacdo (Capitulo 2 — Artigo publicado no IEX
2000 (Cambridge/UK)).

O uso de um processo integrado para recuperar e purificar a enzima
intracelular Gliceraldeido 3-fosfato desidrogenase mostrou-se bem sucedido. O
desempenho hidrodindmico e cromatogréfico foi estudado usando um adsorvente
de estrutura pelicular (Pellicular) e dois adsorventes porosos comerciais
(Streamline e Macrosorb) . Os resultados mostraram que o adsorvente Pellicular
apresentou as melhores propriedades hidrodindmicas e cromatograficas. (Capitulo

3 — Artigo em parceria e que sera submetido a periddico internacional).

O estudo da influéncia do uso de uma altura do leito empacotado, de 0,050
m e de 0,075 m na ALE operando-se em 10% da curva de ruptura, mostrou que
uma altura de 0,075 m foi mais eficiente. Para o sistema lisozima - Streamline®
DEAE o rendimento aumentou com o aumento da velocidade linear enquanto que
para o sistema BSA - Streamline® SP esse fato ndo foi observado. Neste caso,
para o sistema BSA - Streamline® SP, a transferéncia de massa parece ser limitada

pela menor densidade de carga acarretando assim em menores valores de
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eficiéncia em 10% de ruptura. (Capitulo 4 — Artigo aceito para publicagio no

periddico Bioseparation).

O estudo da influéncia do contettddo de células na adsor¢do em leito
expandido mostrou que guando foi utilizado o extrato com o conteudo de 5% de
células (peso nmido), em leito expandido, o desempenho da purificacdo foi
comprometido. {Capitulo 5 — Artigo aceito para publica¢do no periddice Journal of
Chromatography A).

A adsorgio de quitosanase de um caldo de fermentacdo de Bacillus cereus
em leito empacotado permitiu & obtengio de um pico com um fator de purificagéo
de 7,6 e uma recuperagio de 67,4% que eluiu com 0,51 M de NaCl. Valores muito
proximos a estes foram obtidos com o uso da adsor¢do em leito expandido com
ambos os caldos, bruto e clarificado. Eletroforese em gel de poliacrilamida (SDS-
PAGE) realizada para o tubo que exibiu a maior atividade, quando o leito foi no
modo expandido e com células, mostrou a presenca de duas bandas. Este fato
sugere trés possibilidades, a existéncia de duas quitosanases, a presenca de um
proteina contaminante ou a existéncia de uma quitosanase com duas sub-unidades
(dimera). Entretanto, grande parte dos contaminantes foram separados da
quitosanase em uma unica etapa. (Capitulo 6 — Artigo que sera submetido a um

periddico internacional).

Palavras-chaves: Adsorcdo em leito expandido; fluidizacfo; enzimas; downstream

processing
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ABSTRACT

This work deals with the application of Expanded Bed Adsorption (EBA) to
recovery and purify enzymes. Model proteins, lisozyme and bovine serum albumin
(BSA), as well as some enzymes, glyceraldehyde 3-phosphate dehydrogenase
(G3PDH) from baker’s yeast, xylanase (from a commercial extract) and
chitosanase from Bacillus cereus were used to study the EBA background and

application.

The influence of two distributor (porous and perfurated plate) showed that
the perfurated plate distributor was more favourable for the EBA. The
Streamline® SP and the Streamline® DEAE adsorbents have a wide size
distribution favourable for the segregation phenomena. (Chapter 2 — article
published in IEX 2000 (Cambridge/UK)).

An integrated process was successful to recover and to purify an
intracellular enzyme, Glyceraldehyde 3-Phosphate Dehydrogenase (G3PDH).
Performance of the hydrodynamic and chromatographic properties using a
pellicular adsorbent (Pellicular) and two porous commercial adsorbents
(Streamline and Macrosorb) showed that the former presented the best
hydrodynamic and chromatographic properties. (Chapter 3 — paper that will be

submmited to an international journal).

The influence of two settled bed height, 6.050 m and 0.075m, respectively,
in the EBA operating at 10% of the breaktrough curve, showed that the former was
more efficient. For the lisozyme - Streamline® DEAE system yield increased
with the increase of the velocity while for the BSA - Streamline® SP system this
behaviour was not observed. In this case, mass transfer seems to be limited
problably due to its lower charge density. (Chapter 4 - paper accepted for

publication in the Bioseparation Journal).
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The influence of cell contents in the EBA using a 5% (wet weight) cell
content showed that the purification performance was hampered. (Chapter 5 -
paper accepted for publication in the Journal of Chromatography A).

The chitosanase adsorption of fermentation broth from Bacillus cereus, in
packed mode, showed a chitosanase peak that eluted with 0.51 M NaCl, in this
case a 7.6-fold purification factor with 67.4% of activity recovery were obtained.
Similar values were obtained for both clarified and unclarified fermentation broth
~ using the bed in the expanded mode. Experiment in expanded mode showed that
two bands were present in the peak showing the highest activity, this suggests
three possibilities, the existence of two chitosanases, the existence of a
contaminant protein or the existence of a chitosanase with two sub-umits.
However, it was possible to separate the chitosanase from the-main contaminants
in just one step. (Chapter 6 — paper that will be submmited to an international
journal).

Key-words: Expanded bed adsorption (EBA}; fluidisation; enzymes; downstream

processing
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Introducéo 1

INTRODUCAO

Atualmente tem-se observado um interesse crescente nos produtos de
origem biotecnoldgica, principalmente devido & sua ampla aplicagdo, como por
exemplo, na indistria de farmacos, Dentre esses produtos pode-se destacar as
proteinas, interferons, insulinas, hormonios de crescimento, vacinas, cujas técnicas
de isolamento (separagio) e purificacdo podem ser agrupadas no downstream

processing.

As técnicas atuais para purificagdio de uma proteina intracelular usando
cromatografia, envolvem pelo menos uma etapa de filtragfo ou centrifugacfio, para
coleta do material particulado (células), seguida por uma etapa de rompimento
celular. Apds o rompimento, tem-se uma mistura de células rompidas contendo a
proteina de interesse e contaminantes como, proteases, acidos
desoxirribonucléicos, etc., que deve ser centrifugada ou filtrada para remogio do
material particulado. Em se tratando de uma enzima extracelular, a etapa de
rompimento obviamente ndo se faz necessiria. A necessidade de se usar uma
solugdo clarificada ocorre principalmente, para que ndo ocorra o bloqueic da
coluna cromatografica pelo material particulado, aumentanto assim a queda de

pressdo na coluna e acarretando perda do escoamento do fluido (comaltagem).

Por outro lado, a maioria dos processos existentes e de interesse para o setor
industrial utiliza alguma forma particulada na corrente de alimentacfio. Como
dependendo-do produto de imteresse, de 50 a 80% do custo total do produto se
refere a etapa do downstream processing (Spalding 1991, Sadana e Beelaram,
1994), qualquer técnica que permita a reducdio das etapas do “downstream
processing” deve ser vista com grande interesse, principalmente pela redugéo de

custos e de tempo que a mesma proporcionara.

Nesse contexto, um renovado interesse vem sendo dado aos leitos
fluidizados nos 1ultimos anos, na drea de recuperagdo de biomoléculas,

principalmente pela sua aplicagio em processos cuja alimentagdio apresenta
material particulado.



Introducio 2

A técnica de adsorgdio em leito expandido (ALE) esta sendo usada com esse
intuito, podendo ser a mesma aplicada em processos com alimenta¢do contendo
células (material particulado) estando ou n#o rompidas. Desde que o leito opere na
forma expandida, nfio existe o bloqueio da coluna pelo material particulado em

suspensdo, e esses passardo preferencialmente pelos espagos vazios do leito.

Assim, a utilizagio da técnica de adsorgdo em leito expandido vém se
destacando como uma técnica promissora para o desenvolvimento industrial de
recuperaciio e purificaco de biomoléculas., Dessa forma, o presente trabalho
estuda alguns aspectos fundamentais da adsorgio em leito expandido (ALE), bem

como sua aplica¢do na recuperacdo e purificacéo de enzimas.
Este trabalho esta organizado da seguinte forma:

Capitulo 1: Apresenta-se uma revisdo da literatura em portugués. Enfase ¢ dada

para o dowstream processing e para a ALE.

Capitulo 2: Apresenta-se em inglés o artigo “Distributor Effect on Expanded Bed
Adsorption”, apresentado no congresso IEX 2000 em Cambridge (Inglaterra) e
publicado no livro IEX 2000.

Capitulo 3: Nesse capitulo é apresentado em inglés o artigo com o titulo
provisorio “Integrated Process for the Purification of an Intracellular Enzyme”
que foi desenvolvido em parceria com o Biochemical Recovery Group da
Universidade de Birmingham (Inglaterra) e que serd submetido ao periddico ..
Biotechnology & Bioengineering.

Capitulo 4: Nesse capitulo apresenta-se, em inglés, o artigo “Effect of Settled Bed
Height on Expanded Bed Adsorption”, apresenﬁado na terceira conferéncia sobre
adsor¢do em leito expandido (EBA2000) em Karmichen-Partenkirchem
(Alemanha) e aceito para publicagdo no periddico Bioseparation.

Capitulo 5 — Apresenta-se, em inglés, o artigo “Preparative Chromatography of
Xylanase Using Expanded Adsorption (EBA)”, apresentado no prepsymposium
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2001 em Washington (Estados Unidos) e aceito para publicagdio no periddico
Journal of Chromatography A.

Capitulo 6 — Nesse capitulo apresenta-se, em inglés, o artigo “Chitosanase
Extraction and Purification by Expanded Bed Adsorption (EBA)”, que sera

submetido a periddico internacional.
Capitulo 7 - Nesse capitulo apresenta-se as conclusdes do trabalho.

O trabalho “Estudo da expansdo de resinas usadas para adsor¢do em leitos
expandidos (ALE)” apresentado no XXVI Congresso Brasileiro de Sistemas
Particulados (XXVI Enemp) realizado na cidade de Teresopolis/R] em 1998 é

apresentado em anexo.
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CAPITULO 1 - REVISAO BIBLIOGRAFICA

1.1 DOWNSTREAM PROCESSING

Embora o desenvolvimento da tecnologia do DNA recombinante (r-DNA)
tenha possibilitado a obtengio de bioprodutos, como enzimas (celulases, lipases,
acilases, etc.), hormdnio de crescimento humano, agentes anti-cancer (citostéticos)
em grandes quantidades, tais desenvolvimentos necessitam de processos de

isolamento e purificagdo (downstream processing).

Downstream processing refere-se aos diferentes tipos de operagdes unitarias
utilizados para recuperar e purificar o produto de um bioreator, com o nivel de
pureza desejado e com um custo minimo. Nos anos 60 € 70 o objetivo principal da
inddstria biotecnolégica referia-se a redugfo de custos de produciio uma vez que o
custo de desenvolvimento e fermentacdo (upstream processing) correspondia a até
80% do custo total do processo. Atualmente, devido as técnicas de manipulagio
genética e dos procedimentos de fermentacdo bem planejados e bem controlados
houve uma redugfio consideravel no custo do upstream processing (VAN DER
WILEN, 1999). Entretanto, devido & crescente necessidade de obtencdo de
produtos com elevada pureza, como por exemplo, para os produtos usados na
terapia génica, grande esforco tem sido realizado no sentido de methorar e tornar
mais econdmicas as etapas referentes ao downstream processzng, uma vez que 0s
processos de separag:ao do bloproduto de seus contammantes € as respectivas |

etapas de purificacdo podem, dependendo do caso, representar aproximadamente
80% do custo total do processo.
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1.1.1 -~ Desafios

Se a tecnologia do DNA recombinante (r~-DNA) favoreceu a indistria
biotecnolégica por um lado, por outro ela tornou a etapa de separagfo um pouco
mais delicada. A purificagdo de moléculas de células recombinantés pode ser
fortemente influenciada pela biologia molecular dos genes isolados e expressos
(DYR e SUTTNAR, 1997). Nesse caso, a purificacio das proteinas recombinantes
difere um pouco da purificagdo convencional pois, devido & presenca de corpos de
inclus8o, pode ser necessario o uso da técnica de proteinas de fusio com caudas,
como por exemplo o uso de cauda de histidina ligada ao carbono terminal da
cadeia peptidica, que facilitard a purificagdo da proteina alvo visto que a histidina
interage com o complexo metal-IDA ligado ao adsorvente substituindo o metal,
técnica de separagdo conhecida como adsorgio por metal imobilizado (CHONG et
al., 1997, KAUFMANN (1997); ALLONSO ef al., 1999; STEFFENS et al., 2000;
SOUSA (2001)). Em certos casos, uma etapa de renaturacio também se faz
necessaria para que se obtenha a proteina em um estado bioativo (DYR e
SUTTNAR, 1997). Um dos grandes desafios do downstream processing € a
reducdo do tempo de producio, com respectiva redugdo dos niveis de residuos
(CHAUDHURI, 1995). Com relagdo a redugdo no tempo de processamento, a
técnica de adsor¢do em leito expandido, surge como uma forte ferramenta
principalmente para produtos recombinantes (RAYMOND erf al., 1998; FEUSER
et al., 1999; LEVISON et al., 2000). Um outro parimetro também importante € o

al., 1996; LEVISON et al., 1997; CONDER e HAYEK (2000); PAI ef al., 2000;
PALSSON et al., 2000).

1.1.2 — Tendéncia

A tendéncia atual para o downstream processing refere-se principalmente ao
uso do chamado “processo integrado™ que trata a cultura de células (fermentacéo)
¢ a etapa de purificagfio ndo mais como duas unidades distintas e sim como uma s6
unidade. Nesse caso, o desenvolvimento das etapas de fermentacdo e purificagio

em pararelo melhoraria a comunicagdo dentro da industria e permitiria a
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visualizagdo completa do processo (CHAUDHURI, 1995). Um exemplo de
aplicacdo do processo integrado foi relatado por JONASSON et al. (2000) para a
obtengdo do hormonio proinsulina humana a partir de técnicas recombinantes
usando E. coli como microrganismo hospedeiro. VAN DER WIELEN (2001)
menciona que as leis atuais de mercado, traduzida em uma necessidade de se
conseguir ou compartilhar um determinado mercado para um produto, em um
curto espago de tempo, impde uma competitividade de prego na qual o projeto
racional do bioprocesso é fator essencial na reducfio do custo total deste. Esse

autor classifica os produtos biotecnologicos em trés classes, sfo elas:

(1) biofarmacéuticos (anticorpos monoclonados, vacinas, insulina e produtos
aplicados a terapia génica) que sdo em sua maior parte produzidos em uma escala

modesta (de 1 a 10 toneladas/ano) porém com um alto prego de venda, usualmente
acima de U$ 10.000/kg.

(2) farmacéuticos (antibidticos) que sfo produzidos em média escala (de 100 a
1000 toneladas/ano) e prego médio de vendas na ordem de U$ 10 a 100/kg, sendo

esse atrativo mercado alvo de uma concorrida disputa de pregos.

(3) Commodities tais como etanol (13.000.000 toneladas/ano), dcidos orgénicos
(100,000 — 300.000 toneladas/ano) e amino acidos (10.000 — 800.000
toneladas/ano). Nesse caso, grandes quantidades de biomassa residual de
plantagbes de agricultura, bem como, de agticares advindos de fermentacfo de
~ baixo custo, estdo sendo considerados como matéria-prima para a obtengdo de

produtos quimicos por fermentagao.

SCHUGERL (2000) menciona que a recuperagdo de produtos usando um
processo integrado, principalmente para o etanol e o butanol, oferece uma
desvantagem econdmica, tomando-os nfo competetitivos com os produtos de
origem petroquimica. O uso do processo integrado para a recuperacdio de acido
latico usando eletrodidlise pode ser bem sucedido em nivel industrial. Porém, o
processo integrado para a recuperacgio de proteinas pode ser caro, necessitando

assim que sejam desenvolvidos e implementados métodos mais econdmicos.
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Com relagdo aos produtos, sem duavida alguma, a tendéncia atual é a
obteng¢do de biomoléculas a serem aplicadas a terapia génica, como por exemplo, a
purificagdo de plasmideo de DNA para producio de vetores € a produgfo de
vacinas de DNA (YASUKAWA ef al., 1997, BARNTHOUSE ef al, 1998;
LEVISON et al., 1998; PRAZERES er al., 1998; BRAAS ef al., 2000; CRUZ et
al., 2000, FERREIRA et al, 2000; LEVY er al, 2000), a produgdo da
glicoproteina fator IX (BRANOVIC ef al, 2000), horménio de crescimento
humano (BAILEY e MEAGHER (2000)), imunoglobulina A (IgA) (LUELLAU et
al., 1998) e do fator tecidual ativador do plasminogénio (t-PA) (ROUF et al,
2000).

1.1.3 - Downstream processing de algumas enzimas existentes na literarura

PRICE e STORCK (1975) obtiveram uma quitosanase extracelular a partir
de Streptomyces sp N° 6. A enzima foi purificada usando seis etapas, dentre elas
trés cromatograficas, usando sephadex G-100, CM-celulose e dietilaminoetil-
celulose, respectivamente. O processo final resultou em um fator de purificacio de
2,1 e uma recuperacdo de 28%. A massa molar da enzima purificada foi estimada
por SDS-page (26000 Da) e por permeacdo em gel Sephadex G-100 (29000 Da).

PELLETIER e SYGUSCH (1990) obtiveram trés enzimas com atividade
quitosanolitica usando o Bacillus megaterium P1 e quitosana e D-glicosamina
como meio indutor. Estas enzimas foram identificadas por esses pesquisadores
como quitosanase A, B e C. A quitosanase A foi purificada usando apenas trés. .
etaj}as: u:ma preciﬁitagéo com sulfato de amonio (50 a 90% de saturacgio) seguida
por uma cromatografia de troca catidnica (com o adsorvente Mono S e eluigdo
com 0,06-0,08 de KCI) e por uma filtracdo em gel. Um fator de purificagio (FP)
final de 499 com urma recuperacido de 35% foram apresentados para a quitosanase
A. As massas molares das trés enzimas determinadas por SDS-page foram de
43000, 39500 e 22000 Da, para as quitosanases A, B e C, respectivamente.

YOSHIHARA et al. (1992) produziram e purificaram uma quitosanase
usando um género Pseudomonas. A bactéria denominada Psewdomonas sp. H-14

produziu uma quitosanase que foi purificada em trés etapas, com fator de
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purificac@o final de 1,6 e rendimento de 55,2%. A enzima apresentou uma massa

molar de 35000 Da obtida por SDS-page e ponto isoelétrico (pl) de 10,1.

ALFONSO et al. (1992) produziram e purificaram duas quitosanases usando
umn género Mucor rouxii, Duas quitosanases identificadas como quitosanase A ¢ B
foram purificadas em quatro etapas, com fator de purificacio final de 54,0 e
rendimento de 72,0% para a quitosanase A e com fator de purificacio final de
130,0 e rendimento de 25,0% para a quitosanase B. A quitosanase A apresentou
uma massa molar de 76000 Da e a quitosanase B de 58000 Da. O pl das enzimas
determinadas por SDS foram 4,9 e 4,7, para as enzimas A e B, respectivamente.

SHIMOSAKA et al. (1993) produziram e purificaram uma quitosanase a
partir do microrganismo Fusarium solani nomeado Fusarium solani f. sp. phaseoli
SUF386. Um procedimento com seis etapas foi utilizado para purificar a enzima.
Um fator de purificagdo de 35,6 e uma recuperacdo de 10% foram obtidos no final.
A enzima, caracterizada como uma endo-quitosanase, apresentou massa molar de

36000 Da, com pH de méxima atividade de 5,6 a 40 °C.

YAMASAKI ef al (1993) purificaram uma enzima com atividade
quitosanolitica obtida de Enferobacter sp. G-1. Esses pesquisadores utilizaram trés
etapas para purificar a enzima, sfo elas: precipitagdo com sulfato de amonio {(30%
de saturacdo), seguida por uma focalizac3o isoelétrica e por filtragdio em gel. A
enzima apresentou uma massa molar de 50000 Da com um pl de 5,5. Um fator de
purificagfio de 11 e uma recuperagio de 25,8% da atividade inicial foram obtidos.
no final do processo.

OKAJIMA et al (1994) purificaram uma quitosanase produzida por
Amycolatopsis sp. CsO-2. Um procedimento em trés etapas foi utilizado para
purificar esta enzima. Inicialmente uma precipitagiio com sulfato de aménio (30-
80% de saturagdo) foi utilizada como etapa de concentracdo, seguida de uma
didlise e cromatografia de troca catidnica. A enzima apresentou um fator de
purificagio de 64,7 vezes com uma recuperacdo de 63%. A massa molar

determinada por SDS-page e permeagio em gel foi de 27000 Da e ponto
isoelétrico (pl) de 8.8.
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SHIMOSAKA ef al. (1995) produziram e purificaram duas quitosanases
usando um género Acinetobacter sp. linhagem CHBI101. Duas quitosanases
identificadas como I e II foram purificadas em quatro etapas, com fator de
purificagfo final de 6,4 e rendimento de 17,0% para a quitosanase I e com fator de
purificacdo final de 154 e rendimento de 16,0% para a quitosanase II. A
quitosanase I apresentou uma massa molar de 37000 Da e a quitosanase II de
30000 Da.

HYEAN-WOO et al. (1996) purificaram uma quitosanase produzida por
Bacillus sp. HW-002. Um procedimento em oito etapas foi utilizado para purificar
esta enzima. A enzima apresentou um fator de purificagdo de 251,0 vezes com
uma recuperagdo de 21%. A massa molar de 46000 Da foi determinada por SDS-
page enquanto que um valor de 23000 Da foi obtido por permeacio em gel.

AK ef al. (1998) produziram e purificaram uma quitosanase a partir de um
fungo o Penicillium spinulosum. Um procedimento com duas etapas foi utilizado
para purificar a enzima, consistindo basicamente de uma precipita¢io com sulfato
de amoénio seguido por uma cromatografia de troca i6nica usando CM-sephadex.

Um fator de purificaciio de 49,97 vezes e uma recuperacdio de 8,57% foram
obtidos no final.

ABDEL-AZIZ (1999) produziu e purificou duas quitosanases usando um
género Bacillus alvei. Duas quitosanases identificadas como A e B muito embora
etapas, a quitosanase A foi purificada com banda Gnica no gel de SDS com fator
de purificaciio final de 49,0 vezes e rendimento de 19,0%.
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1.2 ADSORCAO EM LEITO EXPANDIDO

O desenvolvimento de técnicas que reduzam o nimero de etapas do
“dowstream processing” € de grande interesse na area biotecnologica, uma vez que
o mesmo pode comprometer em até 80% do custo do processo de recuperagio de
um bioproduto. A Figura 1 mostra um diagrama de um processo de purificagéo de

um bioproduto com os diferentes estagios do “downstream processing”.

. Bioreator ou. .

o eupacticuday

‘Alimentagio

POLIMENTO  Cromatografiade

Alia E&mmxa m_- :
Estagio do Téendca
Proceszso Becomendada

Figura 1 —Diagrama de um processo de purificacio de um bioprodute

A adsor¢do em leito expandido € uma técnica baseada na fluidizacgo.
Embora utilizados inicialmente na década de 70 como ferramenta para a
recuperagdo de proteinas, os leitos fluidizados nfo mostraram na época muito
interesse principalmente pelas dificuldades técnicas existentes, como por exemplo,
a limitagio das propriedades fisicas das matrizes adsorventes (DASARI ef al,
1993). F notavel, porém, o crescente interesse recente dos pesquisadores (CHASE,
1994; CHASE ¢ DRAEGER, 1992; CHANG e al., 1993; DASARI et af., 1993;
DE LUCA et al., 1994, McCREATH ef al., 1995; FREJ et al., 1994; BATT et al.,
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1995; CHANG e CHASE, 1996 (a); FREJ er al., 1997, KARAU et al., 1997,

PEREIRA ef al., 1998; ANSPACH et al., 1999; FEUSER ez af., 1999; LEVISON
et al., 2000, SANTOS er al., 2000) na aplicacio da técnica de adsorgdo em leito

expandido para recuperar e purificar proteinas de solugdes contendo ou néo
material particulado. Conforme se observa na Figura 1 a adsor¢do em leito
expandido permite a captura, a recuperacgio e a purificagio inicial da biomolécula

alvo em uma tnica etapa.

A Figura 2 ilustra o principio de funcionamento de um processo de
adsor¢do em leito fixo e expandido. Pode-se observar que operando em leito fixo o
material particulado bloqueia a coluna (Figura 2a). Entretanto, ao ser operado de
forma expandida o material particulado passa pelo leito sem haver a obstrugdo da

coluna (Figura 2b).

Material particulada .
gque passa pelo
leito

Particulas
adsotventes

(a) LEITO FIXO (k) LEITC EXPANDIDO

Figura 2 - Processos de adsorgio: (a) leito fixo (b) leito expandido. (CHASE e
DRAEGER, 1992)
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BUIJS e WESSELINGH (1980) tentaram estabilizar o leito num processo
tipo “cascata”. Nesse estudo, o leito foi dividido em um nimero de pequenos
compartimentos, cada um trabalhando como um leito fluidizado. Quando estes
compartimentos foram considerados juntos, houve um aumento na eficiéncia
global do leito. Qutras técnicas de estabilizagio do leito sdo encontradas na
literatura, sendo que a maior parte baseia-se no uso de particulas adsorventes
levemente magnetizadas (CHETTY e BURNS, 1991; TERRANOVA e BURNS,
1991) havendo, porém, dificuldades para aumento de escala pelo uso de
equipamentos caros (HJORTH ef al., 1995).

A principal vantagem da utiliza¢do da adsorg@o em leito expandido, sobre a
técnica cromatografica convencional em leito fixo, é que a coluna pode ser
alimentada com solugio contendo células ou residuos celulares em suspensdo (Ex.
caldos de fermentagdo ou homogenizados celulares) sem a necessidade de
remocdo prévia das mesmas, reduzindo assim a etapa do processo referente a
filtrag@o ou centrifugacgfio, ou seja, reduzindo o nimero de etapas no processo €
evita-se a perda da atividade da biomolécula alvo devido a presenga de proteases,

acidos nucléicos, etc.

As particulas adsorventes utilizadas na adsorgio em leito expandido
possuem uma distribui¢io de tamanho e de densidade. Essa distribuigdo de
tamanho e de densidade provoca o fendmeno de segregacdo no leito, que nada

mais € que um gradiente de concentracdo dentro do leito, com as particulas

particulas maiores ou mais densas posicionando-se na parte inferior. Dessa forma,
o leito expandido pode ser considerado como composto por diversos leitos fixos
agrupados formando o leito total. E esse comportamento que da estabilidade ao
leito e faz com que na adsor¢io em leito expandido o fluido apresente um
comportamento mais proximo de um regime empistonado (plug flow) que o de
completamente misturado. WEN e YU (1966) definem como condigdo para a
existéncia de um leito classificado que a razdo de didmetro seja maior que 1,3

(dp/ds > 1,3), enquanto AL DIBOUNI ¢ GARSIDE (1979) definiram que a razio
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de didmetro seja maior que 2,2 (dg/ds > 2,2), para que se obtenha um Ieito

classificado.

O desempenho de um método cromatografico para a purificagio de proteinas
pode ser caracterizado pela sua capacidade e resolugdio. No caso de uma operagio
de recuperagdo priméria acrescenta-se ainda a eficiéncia de clarificacdo e a
redugdo do volume do processo (THOMMES, 1997). Considerando a adsor¢io em
leito expandido, o desempenho giobal € influenciado pelos pardmetros do sistema
e pelos pardmetros de operaco. Dessa forma, existe uma gama de parametros que
influencia a adsor¢do de proteinas em leito expandido, conforme pode ser
observado na Figura 3. A seguir far-se-4 uma anélise dos principais pardmetros,
dentre aqueles que sdo mostrados na Figura 3, que influenciam o desempenho da
adsor¢io de proteinas em leito expandido. Antes, porém, comenta-se sobre o modo

e o principio de operagdo usando a adsor¢do em leito expandido.

-

Parimetres do Sistema Parametros de Operagio
- equilibrio e cindtica da brteragio - tamanho da partienla e densidade
proteina-ligante do adsorvente
- dispersBo da fase Hquida - altara do leito
~ dispersio da fase sdlida - velpcidade linear
- irarsferéneia de massa xeferente - viscosidade e demsidade da
& fase fhaida alimentacio
- i‘:ramf'e‘zém.a. de massa refevente - concentracdo de sdlidos e de
& partionls proteinas na abmentagio
X \

Figura 3 — Parmetros que influenciam a adsor¢do em leito expandido (ALE)
(THOMMES, 1997)
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1.2.1 — Principios e Operacio

A adsorgio em leito expandido baseia-se na fluidizagdo. Dessa forma,
partindo-se de um leito fixo e aumentando-se a vazdo de fluido atinge-se uma
velocidade na qual a forca de arraste iguala-se ao peso das particulas, ou seja, a
forca de arraste iguala-se a queda de pressdo em uma determinada area transversal.
Entdo, um leito fluidizado estavel é formado quando as particulas adsorventes sdo
suspensas devido ao equilibrio entre a velocidade de sedimentacéo e a velocidade
do fluido ascendente. Diferente da técnica de fluidizagiio convencional, que €
caracterizada principalmente pela ocorréncia de mistura, resultando assim em uma
baixa eficiéncia de ligagdo adsorvente-proteina, essa técnica opera em condigOes
“suaves” de fluidizagdo, ocasionado pela segregacdo das particulas adsorventes e
caracterizado por um baixo Rer (Reynolds da particula) da ordem de 0,5-1,

aumentando entdo a eficiéncia da ligagdo adsorvente-proteina.

O equipamento utilizado na adsor¢do em leito expandido consiste
basicamente de uma coluna com um distribuidor e um pistdo, que permite a
mudanga de posicionamento durante O processc € 0Ss acessOrios CoOmuns aos

processos cromatograficos como bombas, registradores, etc.

O modo de operagio da adsor¢do em leito expandido difere um pouco dos
processos cromatograficos convencionais (leito fixo) uma vez que se opera com
uma maior porosidade do leito, da ordem de 0,7 a 0,8 (para velocidade linear
(superficial) na ordem de 300,0 a 400,0 cm/h), quando comparado. com oS .
processos em leito fixo cujos valores tipicos de porosidade do leito € de
aproximadamente 0,4. E baseado nesse fato que se utiliza o leito expandido como
alternativa para os processos biotecnologicos que contém material particulado,

uma vez que as células rompidas ou ndo, podem passar pelo leito sem obstruir a

coluna.

Na adsorggio em leito expandido o equilibrio entre o sistema tamponante e
o adsorvente ¢ realizado com o fluxo ascendente ¢ com o leito na forma
expandida. Ou seja, nessa etapa o pistio € posicionado na parte superior da coluna

permitindo assim a expansdo do leito. No equilibrio, o volume de fluido aplicado
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ao leito € geralmente cinco vezes o volume do leito empacotado do adsorvente.
Apbds a etapa de equilibrio segue-se a etapa de aplicagfio do material. Essa etapa
também ¢ realizada com fluxo ascendente ¢ com o leito na forma expandida, ou
seja, com uma maior porosidade do leito. Aplicada a amostra, realiza-se a
lavagem, também com o fluxo ascendente, para se retirar do leito o material
fracamente ligado ao adsorvente, tais como células residuais, outros tipos de
materiais particulados e moléculas nfo adsorvidas. Em seguida, o fluxo de solugio
tamponante para o leito € interrompido, espera-se a sedimentagio do adsorvente ¢
o pistdo € abaixado até a superficie do adsorvente. Nessa etapa o sentido do fluxo €
invertido e a elui¢3o ¢ realizada com o sentido do fluxo descendente com o leito
fixo. Pode-se utilizar a elui¢io da proteina alvo com o leito expandido, porém
aumenta-se 0 volume de eluigdo, diluindo-se a proteina alvo na solugdo, o que ndo
¢ interessante. Apos a eluigdo, a regeneragéo do adsorvente € realizado in situ, por
um procedimento chamado clean-in-place. CHANG e CHASE (1996 {a)) propdem
o uso de cloreto de sodio (NaCl, 1M) ou hidréxido de sodio (NaOH, 0,5 a 1M).
Como na eluigdo, o clean-in-place pode ser realizado tanto na forma expandida
como em leito fixo, sendo que o procedimento de limpeza no modo fixo € mais

comum. A Figura 4 ilustra as etapas usadas na adsor¢éo em leito expandido.

\ 4

i H 3 fracn da Amasira
Lefio Fion Expatisdo e Equiltdxie %Im:gm

Figura 4 — Etapas usadas na adsorg@o em leito expandido (EBA HANDBOOK,
AMERSHAM PHARMACIA BIOTECH, 1997)
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1.2.2 - Hidrodinamica do leito expandido

O conhecimento do comportamento do leito em fungdo das propriedades
fisicas das particulas e do fluido ¢ de fundamental importincia para as operagdes
usando leito expandido. Essa caracterizacio ocorre principalmente medindo-se a
expansfio do leito em func¢io da velocidade do fluido, ou observando-se a
influéneia de outros fatores como distribuigio de tamanho de particulas,
viscosidade do fluido, presenca de células, condutividade do caldo, na ligacio
proteina-adsorvente. CHASE e DRAEGER (1992) mencionam que o sucesso da
purificagdo de proteinas, usando a adsorcio em leito expandido, depende
crucialmente da habilidade do sistema em produzir um leito com expansdo estavel.
Essa condigdio € fundamental para que se possa realizar um aumento de escala,

partindo-se de resultados obtidos em pequena escala no laboratorio.

Como enfatizado anteriormente, a obtencio de um leito com expansio
estavel € uma condigfo sine qua non para a aplicagio da adsorgio em leito
expandido, estando a estabilidade do leito ligada diretamente ao distribuidor
utilizado (SANTOS et al., 2000).

No estudo da estabilidade do leito deve-se conhecer qual o efeito da
velocidade do fluido na expansdo. Dessa forma, como a adsor¢io em leito
expandido é baseada na fluidizago, é pratica correlacionar a expansio leito devido

& vazgo usando a equacdo de Richardson e Zaki.

RICHARDSON e ZAKI (1954) estudaram a sedimentagdo e fluidizacio de
vidro, divinil-benzeno e balas de chumbo usando solugBes como cloreto de sodio,
M-cresol, bromoformio e glicerol e obtiveram uma equagio que relaciona a
velocidade do fluido (U) e a velocidade terminal da particula (U), com a

porosidade do leito (g) na forma:

sendo que o indice de expansdo (ou indice de Richardson-Zaki) n é uma fungio do

namero de Reynolds terminal (Re,).
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Re, = 4P Ur )

J7,

A velocidade terminal de uma particula isolada (Ur) no regime de Stokes
(Rep < 0,1) é dada por;

. 8PP

3
r 185 3)
sendo Rep dado por:
Re, = %2 Y 4)
y7,

Para situagbes em que o didmetro das particulas é muito menor que o

didmetro da coluna, pode-se obter n a partir das equagdes:

n=435Re % para 0,2 <Re;<1 (5)
n=443Re* para 1 <Re <500 (6)
n=239 para 500 > Re; )

sendo que a porosidade do leito (&) é relacionada com a altura do leito (H) por:

V.......J*. VS._;J-— _mp.... . . L ()
. 4H P AH

Sendo Vs o volume do adsorvente, Vi o volume do leito, At a area da secio
transversal da coluna. A Equag8o 1 relaciona a velocidade superficial do fluido
(U) com a velocidade terminal de uma particula isolada em um fluido infinito
(Ut), a porosidade do leito (g) e um coeficiente (n), conhecido como coeficiente
de Richardson e Zaki, sendo (n) fungdo do nimero de Reynolds da particula
(Rep). A principal informacgio que esta equagfio nos fornece € que a velocidade

terminal de uma particula isolada € reduzida pela presenga de outras.
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Pode-se determinar experimentalmente a velocidade terminal de uma
particula isolada (Ut) e o coeficiente de Richardson e Zaki (n) para um dado leito
se forem conhecidos os valores da porosidade para uma dada velocidade do
fluido. Linearizando a Equagdo (1) obtém-se uma relagdo entre a velocidade

superficial do fluido (U) e a porosidade do leito () na forma:
LogU= LogU, +nloge )

sendo o coeficiente angular igual a {(n) e o coeficiente linear igual a logaritmo de
Ur.

O trabalho de RICHARDSON e ZAKI (1954) ¢ sem duvida uma referéncia
para o estudo da hidrodindmica dos leitos fluidizados sélido-liquido que motivou
outros trabalhos na area (WEN e YU, 1966; VOLPICELLI et al., 1966; WALLIS,
1977, GIBILARO e al., 1984, THOMAS e YATES, 1985, ROWE, 1987; DI
FELICE, 1995). A Equagdo (1) € usada sem modificagio na literatura para
descrever o comportamento de leito expandido, ajustando bem os dados obtidos
(DASARI ef al., 1993; DE LUCA et al, 1994; THOMMES ez al, 1995 (a)).
Entretanto, existem algumas obje¢Bes na comparagdo de alguns sistemas com 0s
pardmetros propostos por RICHARDSON e ZAKI (1954). THOMAS e YATES
(1985) questionam em seu trabalho a aplicacdo direta da Equagiio 1 e apresentam
algumas correlagSes Gteis para as aplicacdes biotecnologicas, principalmente para
o calculo de Re, DASARI er al (1993) apresentam valores para o indice de
Richardson e Zak: {m) superiores aos apresentados por RICHARDSON e ZAKI
(1954) fluidizando silica porosa com diol-Lichroprep (d, = 40-60pm) em &gua

(n=3,02) e com um fluido aminidtico bovino (n=7,75).

Considerando ainda a formagdo de um leito estavel, existem trés modos de

se avaliar a estabilidade do leito, sdo elas:
* Observacio visual

A observacio visual da estabilidade do leito é utilizada mais com o carater

confirmativo, por ser esta rapida e ndo dispendiosa. Um fato desfavoravel para o
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uso desse modo é que nfo se garante a reprodutibilidade dos resultados (EBA
HANDBOOK, AMERSHAM PHARMACIA BIOTECH, 1997).

= Grau de expansio (H/H,)

Este € o modo mais pratico e utilizado na caracterizaciio de um leito
expandido. O grau de expansdo € um niimero adimensional, 0 mesmo consiste da
medida relativa da altura do leito expandido, para uma determinada vazdo, com a
altura do leito fixo do adsorvente. A Figura 5 ilustra um exemplo do calculo do

grau de expansio do leito.

Grau de Expansdo do Leito (HHy

==
)
o]
g

|

m
)

8
g

H10om |

Lesie Fixy Leiin expandide

Grande parte dos trabalhos existentes na literatura carateriza a expansio do
leito utilizando o grau de expansio, cita-se como exemplo, os trabalthos de
CHANG e CHASE (1996 (2)) e de KARAU ez ol (1997).

* Distribuicio do tempo de residéncia (DTR)

A distribui¢do do tempo de residéncia (DTR) € obtida utilizando-se uma

técnica de estimulo e resposta (LEVENSPIEL, 1972), usando-se um tracador e
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caracteriza o tipo de escoamento existente dentro da coluna. O conhecimento do
tipo de escoamento existente, ou seja, se o mesmo € empistonado (plug flow), de
mistura perfetta (back mixing), ou se intermedidria entre estes dois, ¢ de
fundamental importdncia, pois as diferentes caracteristicas destes influenciam a
cinética de adsor¢io proteina-adsorvente. Outro fator importante é que, a partir dos
pardmetros obtidos da distribui¢io do tempo de residéncia (DTR) pode-se avaliar a

possibilidade, ou ndo, de se aplicar a amostra ao leito.

Dentre as técnicas de estimulo e resposta existentes, as técnicas conhecidas
como pulso e frontal, sendo esta ultima a mais utilizada na industria, também €
aplicada no estudo da expansdo do leito. A DTR ¢ caracterizada a partir do namero
de Peclet (Pe) (CHANG e CHASE, 1996 (a)), ou de um numero adimensional
similar, como por exemplo, o nimero de Bodenstein (Bo) (THOMMES ef al.,
1995 (a); KARAU et al., 1997). Usando-se a técnica frontal com sinal negativo e
comparando as varidncias dos modelos de dispersio axial com os de tanques em
série (FREJ et al.,1997) valores do coeficiente de dispersdo axial (D)), nimero de
pratos (N) e altura de pratos tedricos podem ser obtidos. Dessa forma, a relagio

entre 0 niimero de pratos teodricos e o coeficiente de dispers@o axial € dado por:

_UH

= 10
2eD_, (19)

(U) a velocidade do fluido, (D.q) o coeficiente de dispersZo axial da fase liquida,

Nesse procedimento de determinagdo da DTR (Frej ef al.,1997), a solugho
contendo o tragador ¢ bombeada para o leito até que a leitura no detector seja
maxima (100%) (esta etapa refere-se ao sinal positivo). Uma vez que o tragador
esteja produzindo uma resposta maxima, marca-se no papel um tempo de
referéncia (tempo zero) e espera-se que a resposta chegue a linha de base (esta
etapa refere-se ao sinal negativo). Define-se entdo o tempo de residéncia médio (1)
como sendo a distdncia no papel, do tempo zero até a leitura (absorbéncia) de

50%. O desvio padrio (o) é definido como a metade da distincia entre os pontos
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de leitura 15,85% e 84,15% da absorbincia maxima. O nimero de pratos tedricos

(N) € determinado, da técnica de sinal negativa, por:

N== (11)

A Figura 6 mostra um esquema da utilizagdo da técnica frontal na

determinagio do tempo de residéncia (DTR).

Os dados da literatura mostram que ¢ escoamento em leito expandido
aproxima-se do empistonado (BATT ef al, 1995; KARAU et al., 1997), valores
do coeficiente de dispersio da fase liquida para a adsor¢io em leito expandido
variam da ordem de 10 a 10” cm®/s, porém a maior parte dos dados descritos na

literatura mostram o valor da ordem de 0,1 cm?/s.

Sinal positivd Sinal negativo

R

. L . Tempo

Figura 6 — Determinacio do tempo de residéncia (DTR) (EBA HANDBOOK,
AMERSHAM PHARMACIA BIOTECH, 1997)

1.2.3 - Adsorventes

A escolha do adsorvente € um pardmetro muito importante quando se usa
um leito expandido. Dessa forma, a capacidade fisica e quimica dos adsorventes
deve ser considerada, uma vez que, a propria expansio do leito pode provocar a
atricio das particulas adsorventes comprometendo assim o processo. Dentre os
adsorventes existentes, os que se baseiam na troca idnica sio mais utilizados,

muito embora nio tenham uma alta especificidade quando comparados com os
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adsorventes de afinidade, porém o seu reduzido custo e seus ligantes mais robustos
os tornam mais atrativos. Os adsorventes de troca idnica estdo sendo usados nos
processos de purificacfo de proteinas, sejam em escala laboratorial ou na produgéo
em planta industrial. A principal caracteristica que um adsorvente deve apresentar
para que possa ser usado em leito expandido € que o mesmo apresente uma maior
massa especifica que o meio de fluidizacio e uma distribui¢do de tamanho que
favoreca a segregaciio do leito. Para o aumento da massa especifica pode-se
utilizar quartzo como os produzidos pela Amersham Pharmacia Biotech, ou
qualquer outro tipo de material denso, como por exemplo, ago inoxidavel como os
adsorventes fabricados pela companhia Up Front. Um nove adsorvente de
estrutura pelicular (Pellicular), baseado em mnucleo de zircdnia revestido por
agarose que lhe confere uma maior massa especifica, permitindo que uma maior -
produtividade seja obtida sem comprometer as propriedades hidrodindmicas e
cromatograficas, foi desenvolvido no Biochemical Recovery Group (BRG) da
Universidade de Birmingham (UK). No capitulo 3 desta tese estd apresentada a
comparagdo entre o adsorvente Pellicular e dois adsorventes comerciais

(Streamline ¢ Macrosorb).
* Adsorcio por troca idnica

A adsorgfio de proteinas por troca ibnica é baseada na distribuicdio de carga
das proteinas (SCOPES, 1988). As proteinas sdo adsorvidas nas resinas trocadoras
de ions por ligagdes eletrostaticas entre as cargas opostas da superficie da proteina
¢ 0 grupo carregado do adsorvente. Nesse contexto, as cargas sdo balanceadas por
contra-ions, como por exemplo, ions cloreto, ions metdlicos ou mesmo ions
existentes na solug@o tampao. O resultado ¢ a neutralidade do adsorvente e o saldo

de carga da proteina seré de mesmo sinal que os contra-ions deslocados.

Atualmente, existem poucas resinas de troca i0nica disponiveis
comercialmente para usc em leito expandido. Na Tabela 1 estdo apresentadas as

principais resinas disponiveis comercialmente.
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Tabela 1 - Matrizes usadas na adsor¢éo em leito expandido

Nome Comercial Caracteristica Uso
Streamline® SP Trocadora de cations (forte) Troca idnica
Streamline® DEAE Trocadora de dnions (fraca) Troca i6nica
Streamline® Q XL~ Trocadora de anions (forte) Troca iGnica
Streamline® SP XL Trocadora de cations (forte) Troca idnica
UFC High exchange media  Alimentacio com baixa forga Troca iGnica
idnica

* - Segundo os fabricantes, estas resinas oferecem maior capacidade dindmica de

ligacdo, assim como maior produtividade.
1.2.4 - Distribuidores

Os distribuidores sdo utilizados como suporte para o leito estatico, e para
assegurar uma distribui¢do uniforme do fluido dentro do leito. Os distribuidores
devem evitar a eros&o das particulas, operar sem obstruir € com a menor queda de
pressdo possivel, para minimizar o consumo de energia (GELDART, 1985). Os

tipos de distribuidores mais utilizados nos estudos biotecnologicos sdo 0s porosos

e o tipo multi-orificio, Um dos principais parimetros. que caracteriza um. . ...

distribuidor € a fragfo de area livre (F) (KUNII e LEVENSPIEL, 1991). Esse
pardmetro relaciona a area disponivel para passagem do fluido com a area total do
distribuidor, na forma:

N_ A4

F = o 12
p (12)

d

Nor € 0 nimero de onificios do distribuidor; A, a area do ornificio; Ay a area do
distribuidor. A Figura 7 ilustra um distribuidor tipo multi-orificio com os dois
tipos de arranjos mais utilizados para a distribuigdo dos orificios. Na parte superior

destaca-se o arranjo quadratico e na inferior o arranjo triangular. GELDART
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(1985) sugere o uso do distribuidor com arranjo triangular ao invés do distribuidor

com arrajo quadratrico.

Figura 7 - Distribuidor muiti-orificio (prato perfurado) e arranjos. (a) quadratico

{b) triangular

Como enfatizado anteriormente, o sucesso da adsor¢do em leito
expandido depende da formacdo de um leito estivel. Dessa forma, o distribuidor
possui um papel fundamental, junto com o adsorvente, na formacio da
estabilidade do leito. Por outro lado, nota-se uma escassez de dados na literatura
sobre as caracteristicas dos distribuidores utilizados na adsorgdo em leito
expandido. O principal motivo desse fato talvez seja porque, a maioria dos
trabalhos existente utiliza colunas produzidas para fins comerciais, sendo os dados
da caracteristica do distribuidor omitidos nos catdlogos. Ao nosso conhecimento,

somente no trabalho de DE LUCA ef al. (1994) e SANTOS e al (2000) pode-se
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encontrar dados a respeito do distribuidor usado para a adsor¢io em Ieito

expandido.
1.2.5 — Equilibrio da adserc¢io

THOMMES (1997) menciona que ao se utilizar leitos fluidizados para
adsor¢@o de proteinas do caldo de fermentagdio bruto, as propriedades do caldo
influenciam na capacidade proteina-ligante, principalmente devido a presenca de
acidos nucléicos, lipideos e células rompidas. CHASE e DRAEGER (1992)
estudaram a influéncia de diferentes tipos de células no equilibrio de ligagio
usando proteinas modelos adsorvidas em particulas de agarose convencional. Estes
pesquisadores verificaram que a presenga de células (3% peso seco) de
Saccharomyces cerevisiae reduziu a capacidade de ligago no equilibrio da BSA
(soro albumina bovina) para a resina Q-sepharose Fast Flow em 49%. A
capacidade de uma resina de troca de céations a S-sepharose Fast Flow teve uma
reducdo de apenas 8%. A possivel interacdo das cargas negativas presentes na
superficie das células com os sitios ativos do adsorvente resultou, segundo esses
pequisadores, em uma maior reducio na resina de troca anidnica comparada com
a catibnica. CHASE e DRAEGER (1992) também mostraram que a capacidade
méxima de adsorg@o da imunogiobulina humana G (higG) para a resina Protein A
sepharose Fast Flow, um adsorvente de afinidade, foi reduzida em 17% quando na
presenga também de células de Saccharomyces cerevisiae nas mesmas condigdes
que utilizadas no trabalho anterior. Usando adsorventes Streamhne@ DEAE em
leito expandido, CHANG e CHASE (1996 (a)) ndo encontraram diferengas
significativas na adsor¢io de glucose-6-fosfato desidrogenase usando o caldo
clarificado e ndo clarificado. Com uma aplicacio de 25% em peso do
homogenado, esses autores encontraram uma capacidade maxima de ligacio
enzima-adsorvente de 17 U/ml e 15 U/ml, para o caldo clarificado e ndo

clarificado, respectivamente, para um Rep igual a 0,04,

De maneira similar aos processos cromatograficos em leito fixo, fatores
como, concentracio de proteina, condutividade e pH do caldo, além da presencga
de células podem interferir na capacidade de ligacio proteina-adsorvente quando

se utiliza a técnica de adsor¢do em leito expandido.
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1.2.6 — Dispersio da fase liquida

A importancia do estudo da dispersdo da fase liquida na adsor¢do em leito
expandido deve-se ao fato da distribuigio do tempo de residéncia (DTR)
influenciar ¢ processo de adsor¢do. A medida da mistura axial da fase liquida ¢
realizada através da anilise da distribuicdo do tempo de residéncia (DTR),
conforme procedimento mostrado anteriormente, para o modo frontal. Devido 4
mobilidade das particulas, os leitos fluidizados possuem uma tendéncia de
comportarem-se como sistemas misturados. E possivel também torna-los similares
aos leitos empacotados (fixos), controlando a disperso axial da fase liquida, sendo

este um dos principais fatores almejados e na qual se baseia a adsorgdo em leito

expandido.

No estudo da distribuicio do tempo de residéncia (DTR) utiliza-se
tracadores. Dessa forma, dependendo do tamanho das moléculas do tracador
utilizado, estas podem sofrer retardamento ao passar pelos poros do adsorvente.
Uma forma de se avaliar esse retardamento € comparando-se o tempo médio
obtido a partir da distribui¢gio com ¢ tempo espacial (tempo de residéncia
hidrodindmico), que ¢ funcio da vazio volumétrica, da porosidade do leito e do
volume da coluna. Os principais tragadores utilizados no estudo da distribui¢do do
tempo de residéncia sdo acetona, triptofano, cloreto de sédio (NaCl), tragadores

radiativos e azul de dextrana.

O coeficiente de dispersdo axial ¢ geralmente obtido-a partir- do nimero de
Peclet (ou Bodenstein) que relaciona o transporte convectivo do liquido com o

difusivo na forma:

Pe =

= (13)

axi

U ¢ a velocidade do fluido, H a altura do leito expandido e D,yg o coeficiente de

dispersdo axial da fase liquida.
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Uma outra forma de caracterizar a mistura de liquido € a que nfio considera o
efeito da altura do leito expandido (H) na dispersdio da fase liquida. Nesse caso

define-se o Peclet da particula, na forma:

(14

sendo U e a velocidade intersticial, dp o didmetro médio da particula e Dug ©

coeficiente de dispersdo axial.

Existem muitas correlagdes na literatura de fluidizagio que relacionam a
mistura axial com o numero de Peclet da particula, com uma ampla faixa de
vazdes. Segundo THOMMES (1997), a correlagio proposta por TAN e FAN
(1990) € a que tem apresentado melhores resultados para o caso de adsorgiio de
proteinas. Estes pesquisadores utilizaram particulas de baixa densidade (1040-
1300 kg/m®) e com tamanho um pouco maior que as utilizadas em processos

cromatograficos, e propuseram a seguinte correlaggo:

~2,637
Pe,=0,23 (—E&J g2 (15)
1

1.2.7 — Dispersio da fase sélida

O conhecimento da dispersdo da_fase solida ¢ mmito importante na
avaliacio da adsorgiio ligante-proteina. THOMMES (1997) menciona a falta de
dados descrevendo a mistura de s6lidos para particulas disponiveis para a adsor¢ido
de proteinas. Entdo, a avaliagio € sempre realizada em funciio das correlagdes
existentes para a fluidizagdo convencional. Na fluidizac8o convencional, o leito ¢
caracterizado por apresentar uma mistura uniforme, comportando-se de forma
similar a adsorcdo em tanques de mistura. Tal comportamento diminui © processo
de adsorgdo ligante-proteina. Como mencionado anteriormente, o modo ideal de
operacio do leito, para a adsorgiio em leito expandido, deve ser o tipo que se

aproxima do tipo empistonado.
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CARLOS e RICHARDSON (1968) mostraram que o movimento de
particulas em um leito fluidizado é aleatério e pode ser descrito por um modelo
difusivo. Porém, sabe-se que existe uma significante contribuigdo convectiva na
mistura dos solidos. Nesse caso, estes pesquisadores mostraram que as particulas
ascendem pelo centro do leito e descem proximo as paredes. E atualmente aceito

que, o coeficiente de dispersdo do sdlido € fungdo da porosidade (AL DIBOUNI e
GARSIDE, 1979).

VAN DER MEER ef al. (1984) propuseram uma correlagdo para a dispersdo
do sblido, usando duas fragbes de diferentes tamanhos em um leito fluidizado
segregado, contendo resinas de troca idnica similares as usadas para purificacio de

proteinas, na forma:
D,, =004U" (16)

A Equac8o 16 ¢ aplicada nas condigdes: 0,5 <£<0,9¢ 0,002 <U <0,02 m/s, e

D..p sendo expresso em m*/s.

Estes pesquisadores também propuseram uma outra correlaco, baseada no

ajuste de dados existentes na literatura, ampliando a farxa de velocidade, na forma:

D,, =025U% (17)

A Equagio 17 ¢ aplicada nas condigBes: 0,5 < <0,9¢ 0,002 <U <0,30 m/s, e

Daxp sendo expresso em m’/s.

THOMMES (1997) obteve uma diferenga menor que 10% entre o
coeficiente de dispersao da fase liquida (9,0x10°® m%/s) e o coeficiente de dispersdo
da fase sélida (1,1x10”7 m?s), sugerindo que somente uma pequena mistura de

sélido influi no desempenho da adsorgio de proteina.
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- Transporte de massa no fluido

Antes de se difundir para a superficie interna dos poros, a proteina deve ser
transferida da solugdo para a superficie do adsorvente. Dessa forma, ¢ comum
expressar o coeficiente de transporte de massa (kf) em termos do numero de
Reynolds e do niimero de Schmidt, que se baseia na existéncia de um filme, ou
seja, de uma pelicula formada na superficie externa da particula. Para os processos
com leitos fluidizados é importante considerar o efeito da expansdo do leito, que
por sua vez é fungio da velocidade. THOMMES (1997) apresenta uma correla¢io
para o céalculo do coeficiente de transferéncia de massa na fase liquida, que

considera o efeito da expansfo do leito, na forma:

k

=22 vas01-6)Re, 2507 )] (18)

IS

O valor de kr pode variar com os parimetros de operagio e de processos,
cita-se como exemplo, a vazio, a viscosidade da alimentagdo e o tamanho das
particulas. Finalizando, THOMMES (1997) enfatiza que na adsor¢do de proteinas
usando leito expandido a influéncia da expansio do leito com a velocidade linear
ndo deve ser desprezada, assim como o transporte de massa da fase fluida deve ser
considerado sob certas condigdes, como pardmetro do sistema governando a

adsorcéo.
~ Transporte de massa na particula

Na adsor¢do de proteinas os. adsorventes sio porosos com sitios ativos na
sua superficie interna. Entdo, uma proteina de grande tamanho pode ser impedida
de penetrar através dos referidos poros. Sabe-se que a adsorgiio de proteinas em
colunas cromatograficas ¢ um processo cuja taxa de difusdo para os poros dos
adsorventes € fator limitante (SKIDMORE et al., 1990). HIORTH et al. (1995)
determinaram a capacidade dindmica da lizosima e de soro albumina bovina para a
resina Streamline® SP, usando leito expandido. Estes pesquisadores observaram
uma reducio da capacidade de adsor¢io com o aumento da velocidade. Sendo o

eferto da BSA maior que o da lizosima, devido ao seu maior tamanho. Entfo, os
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parimetros que influem na cromatografia usando leito fixo também influem na
adsorgdo usando o leito expandido, entre estes se destacam a difusividade efetiva e

o tamanho da particula.

1.2.8 — Aplicacies

Adsor¢do em leito expandido pode ser usada para processar praticamente
todos os tipos materiais como, por exemplo, proteina recombinante de
homogenados de bactéria (FREJ et al., 1994; HANSSON er al., 1994), corpos de
inclusdo (FREJ ef al., 1997), purificagdo de anticorpos monoclonais (THOMMES
et al, 1995 (b), THOMMES et al, 1996, BORN et al, 1996), caldos de
fermentagfio ndo clarificados de bactérias e leveduras (CHANG e CHASE, 1996
(b); McCREATH et al, 1995), na extragio de proteinas do leite (NOPPE erf al.,
1996) e extrato de tecido animal (GARG et ai., 1996).
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1. INTRODUCTION

Expanded bed adsorption is a new key tool used in biotechnology processes.
It is based on fluidisation; mainly exploring the classification (segregation)
property of the fluidised bed. The main advantage in using the expanded bed
adsorption rather than conventional chromatography methods is the possibility of
submitting feedstock containing particulate to the column. Conventional packed
bed chromatography usually requires a step of centrifugation or filtration to
eliminate the particulate material. As cells suspension can enter directly in the

expanded bed, the yield can be raised and process time is reduced.

Although columns and resins for expanded bed adsorption have been
marketed for some time, there are still some aspects of expanded bed adsorption
which require investigation, particle attrition, distributor design, as well as mass

transfer effect.

This work has studied the distributor effect on expanded bed adsorption. The
adsorption of lysozyme to Streamline SP™ using two different distributors is

shown.

2. EXPANDED BED ADSORPTICN

Expanded bed adsorption is based on the fluidisation unit operation. Once the
bed is packed, the increase in the flow-rate of the fluid, when there is no restraint
to the expansion of the particles, generates a situation in which the pressure drop
in a given cross area is equal to the friction force. That is, particle-fluid interaction
forces must balance the particle weight. Once this situation is reached, a further
increase in fluid velocity (flow-rate) leads to a bed expansion. This velocity is
called the minimum fluidisation velocity (Umyg) and once fluidisation happens, an

increase in the bed voidage is observed. When the bed operates in a situation in
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which a low Reynolds number is obtained, that is, in laminar regime, the Stokes’

equation, shown as Equation 1, estimates the isolated particle settling velocity.

__d; (PS”PL)g
T 18 i

)

According to Thommes (1997), the particles in a fluidised bed can
not be treated independently, but in fact they interact with each other due to
adhesion forces. Thus, further considerations of the fluidisation of
adsorbents particles are always required. According to Chang and Chase
(1996) and Karau et al. (1996), the Richardson and Zaki (1954) correlation,
shown in the Equation 2, is used to represent the bed expansion behaviour.
The main information from this equation is the reduction in the isolated

particle settling velocity due the other particles.
U, =Ug &" 2

The bed expansion is usually represented by two parameters (Ure) and (n),
obtained from Equation 2. The knowledge of bed voidage as a function of fluid
superficial velocity allows the calculation of both parameters by linear regression
in a log-log graph. The bed voidage was calculated using the Equation 3 and is

given by:

———— (3
Acop Hexp Pr

£=1

2.1  Classification (Segregation)

The adsorption of protein in an expanded bed is carried out by adsorbents
showing a size/density distribution. The advantage of using a bed with particles
containing different size and/or density is that it generates the classification
(segregation) phenomenon. That is, the smaller/lighter particles tend to remain in

the top region, while the larger/heavier ones tend to stay at the bottom of the bed,
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in the region of the distributor. This fact reduces the particles mobility into the bed

thereby improving the adsorption performance.

Wen and Yu (1966) have reported as a condition for the existence of
classification (segregation) phenomenon that the ratio between larger and smaller
particles (ds/ds) in the bed must be above 1.3. However, Al-Dibouni and Garside
(1979) have suggested an approach in which dg/ds must be larger than 2.2 for that

classification to exist.
2.2  Distributor

Geldart (1985) has reported that the most important distributor function is
working as a support to the static bed and preventing solids back-flow. Most
studies on expanded bed adsorption have used manufactured distributors.
However, De Luca et al. (1994) have shown that there is an influence of the
distributor in the expansion characteristics for the adsorbent used to expanded bed
adsorption. They have concluded that the Richardson and Zaki correlation
described well the bed expansion, though the fluidisation parameters values were

function of the distributor design.

3. MATERIAL AND METHODS
3.1 Model protein

Lysozyme (EC 3.2.1.17) from chicken egg white was used as a model
protein. The enzyme was purchased from Sigma (St. Louis, MO, USA),
catalog number L-6876. It has a relative molecular mass of 14,500 Daltons
and an isoelectric point at pH 11, as cited by Skidmore et al.(1990).

3.2 Chromatography adsorbent

Streamline™ SP strong cation exchange adsorbent was purchased from
Amersham Pharmacia Biotech, Uppsala, Sweden. The adsorbents particles are

composed of a crystalline quartz core covered by 6% cross-linked agarose. The
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particles are spherical with a particle density (p,) of 1.18 kg/m’ and a particle size
distribution from 1.0x107™* to 3.0x107* m. Its size distribution behaviour was

assessed by laser using a Malvern Mastersizer/E equipment, shown in the Results

and Discussion Section,
3.3 Experimental setup

A house-column was especially designed for this work. The column is made
from acrylic, 0.25m tall, with an inner diameter of 0.025m (Acor = 4.9x107* m?). It
had a piston allowing change to different positions depending on the bed
expansion. The distributor was put at the bottom of the column. A net of mesh
equivalent to 6.0x10™> m was put below the perforated plate distributor and in the
inner part of the piston. This avoided the loss of adsorbent by elutriation or by
back-flow. For the porous distributor, the net was not necessary. The column was
coupled to a Gradifac™ system that allows the monitoring of both flow-rate and
optical density of the protein solution at the exit of the column. The characteristics

of the two distributors used are shown in the Table 1 below.

Table 1 Distributor characteristics

Type Raw Material Nor dor (m) ¢ (%)
Porous glass —— -— —
Perforated plate . steel 50 ... 0001 .. .. 08

3.3.1 Expansion study: Initially, a bed volume (Vi) of 36.8x10° m’® was
poured into the column. This volume produced a packed bed height (H) of 0.075
m. At this stage, the adsorbent weight put in the column was known. This allowed
the calculation of the bed voidage for each height. During the equilibration, the
column was irrigated at the bottom in order to expand the bed with Tris/HCI (50
mM, pH 7.5) at room temperature (25°C). At the beginning, the liquid flow-rate

(Q) was gradually increased until 1.5 times the flow-rate was achieved. Then it
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was reduced to the experiment flow-rate. Once the bed height was not changed, it
was recorded. The liquid flow-rate (Q) ranged from 6.8x10°® to 6.1x107 m’s,
giving a liquid superficial velocity ranging from 1.4x10™ to 1.2x107 m/s. The
expansion parameters (Urg and n) were obtained for each distributor, using the
Richardson and Zaki correlation, from a liquid superficial velocity against bed

voidage graph (given by Equation 2) by linear regression in a log-log scale.

3.3.2 Breakthrough curve The same volume of adsorbent, as shown in
Section 4.3, was assessed for adsorption performance. Initially, the bed was
equilibrated with buffer until five bed volumes had been irrigated through it. Once
the bed height was not disturbed the adsorption stage, using frontal mode, was
carried out in the expanded mode. In this stage, the optical density of lysozyme
solution (C, = 1.0 kg/m3) at the column exit was monitored at 280nm. In the
washing step, the protein solution entering into the bed was changed by the initial
buffer until the baseline had returned to the initial position. In the elution stage, 1.0
M NaCl was irrigated in packed bed mode with reverse flux. After each run a

clean-in-place procedure was carried out as described by Chang and Chase (1996).

For each flow-rate, the breakthrough curve was obtained and the operating
capacity (Qop) was estimated using a given distributor. The liquid flow-rate (Q)
used in the breakthrough curve ranged from 2.0x1077 to 4.1x10”7 m’/s. The results

are shown as the operating capacity (Qcr) against the volume of lysozyme solution

applied.

4., RESULTS AND DISCUSSION
4.1 Adsorbent size distribution

Figure 1 shows the accumulated and retained size distribution for the

adsorbent ysed.
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Figure 1-  Streamline”™ SP adsorbent size distribution

It can be seen in Figure 1 that the adsorbent presents a log-normal
distribution with average diameter of 1.95x10™* m. From the adsorbent size
distribution, it can be seen that both conditions of Wen and Yu (1966) and Al-
Dibouni and Garside (1979) for (dp/ds) ratio are satisfied. Hence, the presence of

this adsorbent in the bed leads to the classification (segregation) phenomenon.

4.2 Expansion analysis

Figures 2 and 3 show the height expansion and bed voidage as a function of
the fluid linear velocity. In terms of expansion data, after data regression using the
Richardson and Zaki correlation, there was a good agreement between both
distributors as shown in Table 2. In this table, the most important expansion
parameters are shown. It can be seen that the settling wvelocity obtained
experimentally (Urg) is close to the settling velocity of an isolated particle (Ur) as

calculate by the Stokes equation, shown in the Equation 1. In this case, both
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distributors have showed standard deviations smaller than 10%. Tt is important to
emphasise that the results for the Richardson and Zaki parameter (n) are in

agreement with those shown by De Luca et al. (1994).
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Table 2 Expansion parameters

Type Urg (m/s) Ut (Eq.1)(m/s) Rep n
Porous 3.4x107 3.8x107 0.7 34
Perforated plate 3.9x107° 3.8x107 0.8 3.7

4.3 Breakthrough analysis

The breakthrough curves using both distributors, for the highest and the

lowest liquid superficial flow-rates investigated, are represented in Figure 4.
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Figure 4 - Breakthrough curves (black symbols used for the perforated distributor)

In this figure the influence of the distributor design on the adsorption
performance is easily observed. It can be seen that, for both distributors, a lower

fluid superficial velocity made the adsorbents more efficient. Since adsorption
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processes using ionic exchanger are limited by diffusion, these results were
expected. However, an increase in fluid superficial velocity using the porous
distributor does not change the adsorbent operating capacity sensibly, as shown in
Table 3 and Figure 4. In general, the perforated plate distributor showed better
results than the porous distributor, in terms of the adsorbent operating capacity
(Qcr). A possible reason for this fact might be the back-mixing presence in the bed
when the porous distributor was used. Though it had shown similar expansion, in

general, poorer adsorption performance was obtained.

Table 3 Adsorbent operating capacity (Qqp) (protein mass (kg)/ m’ adsorbent)

U (m/s) Porous Distributor ~ Perforated Plate Distributor
4.2x107* 33.5 52.0
5.5x107* 27.1 38.2
6.9x107* 23.0 34.2
8.3x10™ 27.3 23.8

5. CONCLUSIONS

Streamline ™

SP adsorbent has a size distribution wide enough to lead to bed
classification (segregation). For both distributors assessed, the bed expansion was
well adjusted to the Richardson and Zaki correlation. The expansion parameters

were a function of the distributor design.

The breakthrough analysis showed that for the perforated plate distributor, a
higher adsorbent operating capacity was obtained than for the porous distributor,

suggesting the importance of distributor design on expanded bed adsorption.
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Nomenclature

AcoL column cross-sectional area

C solution concentration at column exit
Co  initial solution concentration

dg  larger adsorbent particle diameter
ds  smaller adsorbent particle diameter
dp  adsorbent pgrticle diameter

dor orifice diameter

F open area ratio

g gravitational constant

H  bed height

H.., expanded bed height

m, adsorbent mass

n Richardson and Zaki parameter
No  orifice number

Q  liquid flow-rate

Q. adsorbent operating capacity
beads

Rep particle Reynolds number (pr. dp Ut/ 1)
U,  linear velocity (L. / Aoy )

Ups minimum fluidisation velocity

kg/rn3 adsorbent
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@ (ps - p,) g]

Ur  isolated adsorbent bead settling velocity (

18 2 m/s
Ure experimental adsorbent settling velocity m/s
Veep resin bed volume including voids o’
V  volume of protein solution m’
VL bed volume m>
Greek Symbols
€ bed voidage
u  liquid viscosity kg/m s
pr  liquid density kg/m’
pp  adsorbent density kg/m’

¢ open area ratio

The authors are grateful to FAPESP (Fundaciio de Amparo a Pesquisa do
Estado de 8o Paulo) for financial support.
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Pagina 43: No primeiro paragrafo na quarta linha leia-se adsorbent ao invés de

adsorbents.

Pagina 43: No terceiro paragrafo na sexta linha leia-se particle ao invés de

particles.

Pagina 44: No segundo paragrafo na sétima linha leia-se parameter ao invés de

parameters.
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adsorbents .
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Pagina 50: Na sexta linha leia-se occurrence ao invés de presence.
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ABSTRACT

This paper deals with the use of an integrated system using EBA. A
pellicular adsorbent and two commercial adsorbents, Streamline and Macrosorb,
were used to adsorb the G3PDH enzyme from baker’s yeast. Hence, 1t was
necessary to immobilise the Cibracon Blue 3FG-A dye in the adsorbents.
Adsorption kinetics as well as hydrodynamics experiments showed that the
Pellicular adsorbent provided better performances overall. The highest quantities
of the G3PDH (1,273 U/ml of adsorbent) as well as a highest theoretical plate
number (N=55.5) were obtained for the Pellicular adsorbent. When this adsorbent
was used the effect of mass transfer seemed to be reduced. Moreover, the
adsorption process, using a 20% (w/v) milled feedstock, reached the equilibrium in
about 40 minutes. Integrated process showed that, for the Pellicular adsorbent, it
was possible to purify G3PDH. In this case, a 3.5-fold purification factor and
63.3% yield were obtained. These overall performances make the Pellicular

adsorbent a quite good alternative for the downstream processing.
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1- INTRODUCTION

Expanded bed adsorption (EBA) has been used for recovery and purification
of biomolecules (Dasari et al., 1993; Chase (1994); De Luca et al., 1994; Hansson
et al., 1994; Batt et al., 1995; Thommes et al, 1995; Hjorth et al., 1995; Finette et
al., 1996; Griffith et al, 1997; Santos et al., 2000). Chang and Chase (1996);
Johansson at al, 1996, Frej (1996): Pessoa et al, 1996; Karau et al, 1997).
Furthermore the use of an integrated process makes the process more efficient,
once it has the potential to minimise product degradation and increase overall yield
(Hamilton et al., 2000; Jonasson et al., 2000; Schugerl (2000)). Then, this paper
deals with the use of an integrated process for recovery and purification of the
glyceraldehyde 3-phosphate dehydrogenase (G3PDH), from baker’s yeast
exploiting the capacity of this enzyme to bind to Cibracon Blue 3 FG-A (Dean and
Watson (1979); Kopperlschlager and Johansson (1982); Chase and Draeger
(1992)). A study of the hydrodynamics was carried out as well.

2 - EXPERIMENTAL
2.1 - Maierials
Reagents and Chemicals

Bicine, NAD", sodium arsenate and substrate D-G3P were purchased from

Sigma Chemical Co. (Poole, UK). All other chemicals were of analytical grade.
Enzyme and microorganism

Glyceraldehyde 3-Phosphate Dehydrogenase (G3PDH), an intraceliular
enzyme that shows a key function in the glycolytic conversion of glucose to
pyruvic acid which represents an important pathway of carbohydrate metabolism

in most organism, was obtained from Saccharomyces cerevisae.
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Adsorbents

Pellicular: This adsorbent was manufactured at the laboratory of the Biochemical
Recovery Group (BRG) at University of Birmingham (UK). It is spherical and

pellicular. It has an average diameter of 260.0 um and specific mass of 1.8 g/l.

Streamline™: A non-derivatised Streamline™

adsorbent was purchased
from Amersham Pharmacia Biotech (Uppsala, SWeden). It is spherical and porous

with a quartz core. It has an average diameter of 240.0 um and specific mass of 1.2

g/l

Macrosorb K4AX: It is an adsorbent based on Kiesulguhr material
purchased from Whatman Co. (Kent, UK). It is non-spherical and porous with an

average diameter of 360.0 pm and specific mass of 1.4 g/1.
2.2 - Procedures
Preparing of stock solutions

Bicine buffer: Bicine [N N-bis (2-hydroethyl) glycine] was dissolved in
deionised water containing 1.0 M sodium acetate and 1.0 mM EDTA to a
concentration of 0.05M. The pH was adjusted to 8.5 with IM NaOH and the

solution was stored at 4 °C.

NAD': NAD" was dissolved in deionised water to form a 10.0 mM solution
and the pH was adjusted to pH 4.0. Aliguots of the solution were stored at 0 °C.

Sodium arsenate: Sodium arsenate (Nap;HAsQ,) was dissolved in deionised
water to a concentration of 0.5 M. The pH was then adjusted to pH 8.5 with HC1

The solution was stored at 4 °C.

Substrate D-G3P: A mixture of DL-Glyceraldehyde 3 -~ phosphate (DL-G3P)
was obtained by the supplier. The concentration of D-G3P enantiomeric form was
determined enzymatically by oxidation in Bicine buffer containing 1.0 mM NAD",
25.0 mM sodium arsenate sufficient pure G3PDH (Sigma Chemical Co., Poole,

UK) to completely oxidise the D-enantiomer in 3 minutes. The substrate solution
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was then diluted with deionised water to yield a 20.0 mM solution of D-G3P. The

substrate solution was divided into aliquots (2.0 ml/aliquots) and stored at -20 °C.
Adsorbent cross-linking

Adsorbent cross-linking was carried out with epichlorohydrin. First, 10.0 ml
of dried adsorbent was poured into a flask with 10.0 ml of a 1.0 M NaOH solution
containing 0.4 ml of epichlorohydrin. Next, the flask was incubated for 5 hours at
room temperature. Further a washing step was carried out with deionised water.

The system was then autoclaved at 121 °C for 45 minutes.
Immobilisation of Cibracon Blue 3 FG-A

The three adsorbents were derivatised with the monochlorotriazine dye,
Cibracon Blue 3 FG-A. First, 100.0 ml of each adsorbent was suspended into
100.0 m! of deionised water then 3.0g of Cibracon Blue 3 FG-A was added and
gently mixed for 15 minutes to dissolve the dye powder fully. Next, 30.0 g of
NaCl was added and mixed for a further 30 minutes. At this stage 1200 ml of 1.0
M sodium carbonate was poured into the mixture and the agitation continued for 5
minutes. The mixture was transferred to a round bottom flask (semi-submerged in
a bath at 65 °C) which was subsequently attached to a rotary mixing unit and
rotated for mixing during 24 hours. Further a filtration step using a 125.0 um
metal mesh was carried out in order to separate the adsorbent particles from the
spent reactants. Several steps of washing with cold and hot water, respectively,
were carried out to remove the unbound dye. Next, to remove completely the
weakly bound dye it was used a cycle of protein adsorption and subsequent
chaotropic elution. In this case, the adsorbents were poured into a chromatography
column and 100.0 ml of a 1.0 mg/ml of BSA solution in 50.0 mM Tris/HCI {(pH
7.5) was loaded to this column. Further, a elution step was carried out using 100.0
ml of a 3.0 M potassium thiocynate (KSCN) solution in 50.0 mM Tris/HCI (pH
7.5) to elute the weakly bound dye and protein. The adsorbents were finally
equilibrated in 50.0 mM Tris/HCI (pH 7.5) containing 0.02% (w/v) sodium azide
and stored at 4 °C.
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Estimation of the dye concentration

At this stage 0.5 ml of the each settled adsorbent particles was suspended in
25.0 ml of 6.0 M HCl. The mixture was incubated in water bath at 95 °C and
shaken for 30 minutes. The hydrolysed solution was diluted into a flask of 500.0
ml. The absorbance of the samples were recorded against a blank generated from
the non-derivatised matrix treated in the same manner. The dye concentration was

estimated from a standard curve generated from free dye.
Estimation of the agarose content

For the estimation of the agarose content 2.0 ml of each settled adsorbent
particles dried and weighed were put in a burner at 900 °C for 30 minutes. Next,
the particles were weighed again, and assuming that all organic material present in

the adsorbent was agarose it was possible to estirnate the content of agarose.

Cell disruption

Saccharomyces cerevisae required for each experiment was thawed
overnight in 50.0 mM Tris/HCI buffer (50% w/v) containing 1.0 mM EDTA, pH
7.5, at 4 °C. This 50% suspension was milled using a Dyno mill KDL-TI. If

necessary the homogenate obtained was diluted.

Kinetics assay

~ For the kinetics assay 5.0 ml of a milled feedstock (20% w/v) was poured ...
into a Erlenmyer containing 2.0 ml of each adsorbent. Hence, these Erlenmyers
were shaken at 25 °C for 1 hour. Next, supernatant samples were drawn along the
time during 1 hour in order to assay both total protein and G3PDH activity. A

mass balance was camried out to determine the G3PDH uptake onto each

adsorbent.

Isotherms

Isotherms were obtained for the three adsorbents using dilution from original

50% (w/v) milled feedstock In this case, 25%; 15%; 10%: 5%: 2.5% and 1.5%
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(w/v) solutions (9.0 ml) were poured into an Erlenmyer containing 1.0 ml of
adsorbent and shaken for 5 hours. After equilibrium, a mass balance was carried

out to determine the G3PDH uptake onto each adsorbent.
Bed expansion

These experiments were carried out using a 1.0 cm (i.d.) glass column with a
bed of glass beads (2.0 cm in height) working like a distributor. Tris/HCI buffer
(50.0 mM, pH 7.5) was irrigated to the column containing a 21.0 cm settled bed
height of the adsorbent at linear velocity ranging from 50.0 cm/h to 600.0 cm/h.
The bed expansion is shown as the ratio between the expanded height and the
settied bed height (Hpyp/H,).

Residence time distribution

Residence Time Distribution {RTD) experiments for the three adsorbents
were carried out using a 1.0 cm (1.d.) glass column with a bed of glass beads (2.0
cm in height) working like a distributor. A 21.0 cm settled bed height was used in
these experiments. RTD assays were carried out in order to determine the axial
liquid dispersion coefficient at 280.0 cm/h. In this case, 1.0% (v/v) acetone in
Tris/HCI (50 mM, pH 7.5) at 25° C was used as a tracer in a negative-step input
UV signal in order to obtain the number of theoretical plates (N), as described in

EBA handbook (1998). The procedure for RTD determination is described below.

_The buffer (50 mM Tris/HCI, pH 6.9) was pumped upwards through the

bed at a chosen velocity until bed expansion had stopped. Then the piston was
moved down to about 1.0 cm above the expanded bed surface. When the signal
from the UV monitor was stable, the solution was changed to buffer-acetone (1.0%
v/v), 1.e. the positive-step input signal. The solution was then changed to buffer
when the UV signal was stable at maximum absorbance (100%), 1.e. the negative-
step input signal. The change was marked on the chart recorder paper and the UV
signal was allowed to stabilise at the baseline level (0%). The number of

theoretical plates (N) was calculated from the negative-step input signal as:

N =t¥/c’ (1)
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where t is the mean residence time, i.e. the distance from the “mark™ on the chart

recorder paper to 50% of the maximum absorbance, and o is the standard
deviation, i.e. half the distance between the points for 15.85% and 84.15% of the

maximum absorbance. The relation between the axial liquid dispersion coefficient
(D) and N is:

Dy =(U.Hgxe)/(2.€.N) (2

where U is the superficial velocity, Hexp is the expanded bed height, and ¢ 1s the
bed voidage in expanded mode, calculated as € = 1 — ((1-€,).(Ho/Hexp)). In the
packed bed the bed voidage (e,) is approximately 0.4. H, is the packed bed height.

Integrated process

These experiments were carried out using a 4.5 c¢m (i.d.) glass column and
1.0 m in height with a bed of glass beads of 2.0 cm in height working like a
distributor. A 20% (w/v) milled feedstock (1.0 L) that had just left the bead mill
was submitted to a bed of 21.0 cm in settled height, previously equilibrated, at
280.0 cm/h linear velocity. The washing step was carried out using a 700.0 mi of
equilibrium buffer solution. Elution was carried out with 0.5 M NaCl in Tris/HCI
buffer (50 mM, pH 7.5) in an isocratic mode. In this case both the Pellicular and
Macrosorb K4AX adsorbents were used. Figure 1 illustrates the integrated process.
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Figure 1 — Integrated process: (a) yeast feedstock (b) pump {c) bead mill (d)
expanded bed

2.3 - Assays
G3PDH enzyme activity

An assay mixture containing 10.0 pl of the enzyme solution, 100.0 pl of the

NAD', 50.0 pl of the sodium arsenate and 790.0 ul of the bicine buffer was )

incubated at 25 °C for 3 minutes and the reaction was initiated by the addition of
50.0 ul of the D-G3P solution [20]. The mixture was immediately poured into a
quartz cuvette and the conversion of NAD"™ to NADH was monitored by a

spectrophotometer (340 nm) connected on-line with a computer.

The unit of enzyme activity was defined as the number of pmoles of NADH
produced per minute at 25 “C, pH 8.5in 1.0 ml of solution (U/ml). The specific
activity was defined as the number of imoles of NADH produced per minute at 25

°C, pH 8.5 per mg of total protemn (U/mg).
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Determination of protein

The determination of protein was carried out using the Bradford (1976)

method using Bovine Serum Albumin (BSA) as the standard protein.
3 - RESULTS AND DISCUSSION
3.1 - Estimation of the dye concentration

Table 1 presents the estimation of the dye concentration obtained for the

three adsorbents.

Table 1 — Dye concentration immobilised in the adsorbents

Adsorbent Cibracon 3 FG-A (mmol/mi)
Pellicular 5.0
Streamline 4.8
Macrosorb 5.0

It can be seen in Table 1 that there was a successful dye immobilisation. In
this case, practically the same dye concentration was immobilised in the

adsorbents.

3.2 - Estimation of the agarose content

Table 2 shows the agarose content of each adsorbent. It can be seen in Table
2 that the Pellicular adsorbent presented a reduced percentage of agarose (3%).
Therefore, as the dye concentration among the three adsorbents is practically the
same the highest ligand density is observed for the Pellicular adsorbent. The
Streamline adsorbent presented the highest content of agarose, therefore this

adsorbent showed the lowest ligand density.
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Table 2 — Agarose content in the adsorbents in percentage

Adsorbent (%)
Pellicular 3.0
Streamline 34.0
Macrosorb 8.0

3.3 - Adsorption kinetics assay

Figure 2 shows the results obtained by the adsorption kinetics experiments.
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Figure 2 — Kinetics assay for the three adsorbents investigated

It can be seen in Figure 2 that the adsorption of G3PDH onto the Pellicular
adsorbent is faster than the Streamiine and Macrosorb adsorbents. This can be
explained by the difference on structure of the adsorbents as well as by the higher
ligand density of the pellicular adsorbent once both Streamline and Macrosorb are

porous adsorbents. Hence, effect of resistance to mass transfer happens easily in
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the porous adsorbents that in the former. Since the enzyme should move through

the pores of the adsorbent (diffusion) to the adsorption site and this process 1s
usually quite slow. It can be seen as well that one hour is enough for all systems to
reach the equilibrium. Macrosorb showed higher uptake for the G3PDH enzyme
than Streamline.

3.4 - Isotherms

Figure 3 illustrates the isotherms obtained for the three adsorbents.
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- Figure 3 ~ Isotherms for the three adsorbents investigated ...

Figures 3 shows that the adsorption of G3PDH onto the Pellicular adsorbent
is higher than Streamline and Macrosorb. However, comparing G3PDH adsorption
on Streamline and Macrosorb it can be seen that the latter was more efficient. All
adsorbents fitted quite well to the Langmuir isotherm. Table 3 shows the
parameters of the isotherm obtained for the three adsorbents studied, namely, the
maximum adsorption capacity (qn) and the dissociation constant of the adsorption
interaction (Kg). It can be seen in this table that Streamline and Macrosorb

adsorbed only 59.0% and 69.0%, respectively, of the total capacity of the
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Pellicular adsorbent. Then, the Pellicular adsorbent, with its higher ligand content,

seems to be more favourable to adsorb G3PDH.

Table 3 — Isotherm parameters

Om K4
Adsorbent
(U/ml of adsorbent) {U/ml)
Pellicular 1,273.0 23
Streamline 705.7 122
Macrosorb 885.0 93

3.5 - Bed expansion

Figure 4 illustrates the expansion degree for the three adsorbents. It can be
seen that both the Macrosorb and Pellicular adsorbents showed good results
concerned to the expansion degree. This characteristic is quite good, once
throughput can be improved, that is, a higher flow-rate can be used to obtain the
same bed expansion. Comparing the expansion degree of the Pellicular adsorbent,
using the highest flow-rates, with the Macrosorb adsorbent it can be seen that the
former showed the lowest expansion degree. On the other hand, the behaviour of

Streamline showed that this adsorbent expanded a lot even for lower flow-rates.
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Figure 4 — Expansion degree for the three adsorbents studied

3.6 - Residence time distribution

Table 4 presents the values obtained from the RTD experiments. Pellicular

70

adsorbent showed higher number of theoretical plates than both the Streamline and

Macrosorb adsorbent. The higher specific mass of the Pellicular adsorbent seems

to be responsible for such behaviour mainly by producing a most stable bed as

discussed previously. Hence, a 2-fold difference of N was obtained for this

.adsorber.tt when compared to those obtained by the two other adsorbents.
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Table 4 — Parameters obtained from the RTD experiments

Adsorbent Dy (m/s%) N

Pellicular 3.8x10° 555

Streamline 6.3x10° 21.6

Macrosorb 8.9x107% 23.1
3.7 - Integrated process

Results obtained in integrated process are presented in Table 5. The
Pellicular adsorbent again showed better results regarding purification factor and
yield than Macrosrob adsorbent. Using the former adsorbent it was possible to
obtain a 3.5-fold purification factor and a 63% yield while a 3.0-fold purification
factor and a 55.6% yield was obtained to the latter. It is important to ghlight that
the elution step was carried out using 0.5 M NaCl in Tris/HCI buffer (50 mM, pH
7.5) in an isocratic mode. Integrated process was successful to recover the target

enzyme. However, better results could be obtained if a gradient elution was used.

Table 5 — Purification parameters obtained from the integrated process

Adsorbent Purification Factor Yield

Peliicular 35 633

Macrosorb 30 55.6
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4 - CONCLUSIONS

Adsorption kinetics as well as hydrodynamics experiments for Pellicular and
two commercial adsorbents, Streamline and Macrosorb, showed that the former
provided better performances overall. The highest amounts of G3PDH (1,273
U/ml of adsorbent) as well as the highest number of theoretical plate (N=55.5)
were obtained for the Pellicular adsorbent. All adsorbents fitted well to the
Langmuir isotherm. The resistance to mass transfer seemed to be reduced when
the Pellicular adsorbent was used. This fact was evidenced by the short time
required for the adsorption process to reach the equilibrium (about 40 minutes).
The good performance makes the Pellicular adsorbent a good alternative to be
used in the downstream processing since throughput can be improved. An
integrated process was successful in the recovery as well as in purifying the
G3PDH enzyme.
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ABSTRACT

This paper describes the settled bed height effect on the expanded bed
adsorption. Two commercial adsorbents commonly used in downstream
processing (Streamline SP™ and Streamline DEAE™) showing a log-normal
distribution as well as capacity to produce the segregation phenomenom were used
to adsorb lysozyme and bovine serum albumin (BSA), respectively. A bed
expansion study showed that expansion behavior approached to a linear trend
when 0.075 m (7.5 cm) settled bed height was used rather than 0.050 m (5.0 cm)
settled bed height.

Rational operation of the dynamic binding capacity was obtained with 0.075
m settled bed height. For the lysozyme-Streamline™ SP and BSA-Streamline™
DEAE systems the highest values were 60% and 25%, respectively. For lysozyme,
the increase in the velocity led to higher values of efficiency factor as long as
0.075 m height was used. For the BSA system this fact was not observed and less

expressive results were obtained due to mass transfer effect.
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1. - INTRODUCTION

Expanded bed adsorption technique (EBA) has appeared as a powerful tool
for the biotechnology industry mainly because it can be used in processes in which
feedstock containing particulate, e.g., fermentation broth and cell homogenates are
processed. Since clanification steps can be omitted the number of unit operations
are reduced. Finally, there is generally a reduction on the processing time as well

as in the overall process costs.

Even though there are some papers in the literature dealing with application
of expanded bed adsorption using fermentation broth (Thommes et al., 1995) and
cell homogenate (Chang and Chase, 1996a) it is interesting to study the expanded
bed adsorption fundamentals. For example, we remind here that attention should
be paid to the influence of the distributor design on the bed expansion (Santos et
al., 2000) as well as the particle attrition of adsorbents used for expanded bed
adsorption. In the present work the effect of settled bed height, using expanded
bed, upon binding dynamic efficiency has been studied. Emphasis is given mainly

on the fundamentals of expanded bed adsorption.
1.2 - Classification (Segregation)

The adsorption of protein in an expanded bed is carried out by adsorbents
with a size/density distribution. The advantage of using a bed with particles of ..
different size and/or density is that it generates the classification (segregation)
phenomenon. That is, the smaller/lighter particles tend to remain in the top region,
while the larger/heavier ones tend to stay at the bottom of the bed, in the region of
the distributor. This fact reduces the particles mobility into the bed thereby

improving the adsorption performance.

Wen and Yu (1966) have reported that the condition for the existence of
classification (segregation) phenomenon is that the ratio between larger and

smaller particles (d;/ds) in the bed must be above 1.3. However, Al-Dibouni and
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Garside (1979) have suggested an approach in which di/ds must be larger than 2.2

for that classification to exist.
1.3 - B parameter

In order to investigate the effect of settled bed on expanded bed adsorption it
was used an efficiency factor (B) like suggested by Thommes (1999). This
dimensionless factor allows to quantify the dynamic binding capacity, that is, to
investigate the rational use of the resin. B is defined as the ratio of breakthrough
binding capacity at 10% (Qor) and equilibrium dynamic binding capacity (Q.q), as
depicted in Equation 1:

VCIC =01
COVC/C =0.1 - IV ) C dV
B (%)= Vadé, x 100
Covcfc: =1 N JVCICO:l C dV (1)

Vads

C, 1s the initial protein concentration, Vcice-p: and Veco=1 are the irrigated
solution volume in which the outiet protein concentration is 10% of inlet and equal
of initial protein concentration, respectively. Vg is the used adsorbent bed volume

and integral terms are masses not adsorbed.

2. - MATERIAL AND METHODS
2.1 - Model protein

Bovine serum albumin (BSA) fraction V was adsorbed on Streamline™
DEAE. It was purchased from Sigma (St. Louis, MO, USA), catalog number A-
6919. It has a relative molecular mass of 67,000 Daltons and an isoelectric point at
pH 4.9, as cited by Chang and Chase (1996b).
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Lysozyme (EC 3.2.1.17) from chicken egg white was used as second model
protein for the adsorption on Streamline™™ SP. The enzyme was purchased from
Sigma (St. Louis, MO, USA), catalog number L-6876. It has a relative molecular
mass of 14,500 Daltons and an i1soelectric point at pH 11, as cited by Skidmore et
al. (1990).

2.2 - Adsorbents

Streamline™ SP and Streamline™ DEAE, a strong cation exchanger and a

weak anion exchanger adsorbent, respectively, were purchased from Amersham

~ Pharmacia Biotech (Uppsala, Sweden). Both adsorbents are composed of a
crystalline quartz’ core covered by 6% cross-linked agarose. Streamline™ SP
particles are spherical with a particle density (p,) of 1,180 kg.m™ and a particle -
size of 194.5 x 10° m (194.5 um). Streamline™ DEAE particles are spherical as
well, with a particle density (p,) of 1,190 kg.m™ and a particle size of 199.7 x 10°°

m (199.7 um), as shown by size distribution assays.
2.3 - Adsorbent size distribution

Size distribution assays to both Streamline™ SP and Streamline™ DEAE
were carried out by light scattering using a Malvern Mastersizer/E at Instituto de

Pesquisas Tecnologicas (IPT, Sdo Paulo, Brazil).

2.4 - Experimental setup

A customacryhcmade column (0025 m in inner diameter, 0.25 m in
height) was especially designed for this work. It was fitted with an adjustable
piston in order to minimize headspace over the fluidized bed. A perforated
distributor was put at the bottom of the column (see Fig. 1). It consisted of a
stainless steel perfurated plate with five holes (N, = 5.0) of 1.0 mm in diameter
{dor = 0.001 m) giving 0.8% of open area ratio (F = 0.8%). A 60 um mesh was put
below the perforated plate distributor and on inner piston’s surface in order to
avoid loss of adsorbent by elutriation or by backflow. The column was coupled to

a Gradifac™ system in order to obtain the breakthrough curves.
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Figure 1 - Column used in the experiments. (a) rubber gasket (b) screen (c)

perforated distributor (d) screw () ruler (f) piston

2.5 - Bed expansion measurements

The effect of settled bed height upon the degree of bed expansion was
mvestigated. Beds were irrigated using buffer Tris/HCl (50 mM, pH 7.5). Two
settled bed heights were used in the experiments, namely 0.050 m (5.0 cm) and
0.075 m (7.5 cm) corresponding to settled bed volumes of 24.5x10° m® (24.5 ml)
and 36.8x10° m® (36.8 ml), respectively. Nine superficial velocities ranging from
1.39x10™ m/s (50 em.h™) through 1.25x10° m/s (450 cm.h?) were investigated.
Bed expansion measurements were performed initially expanding the bed at 1.5

times the flow-rate to be tested at room temperature (25 °C) . After 10 minutes the
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flow-rate was lowered to desired value. The height of the expanded bed was
recorded when no further change in bed height could be observed. Bed expansion

results are presented in terms of the bed expansion degree (H/H,,).

2.6 - Breakthrough curve

Adsorption performance was investigated from breakthrough curves using
four linear velocities 4.2x10™ m.s™ (150 cm.h™), 5.5x10* ms' (200 cmh™),
6.9x10™* m.s? (250 cm.h™) and 8.3x10™ ms™ (300 cm.h?). Initially, five bed
columns of equilibrium buffer were used to equilibrate the bed. Once a stable
expansion had been reached, the adsorption stage was carried out in the expanded
mode, using frontal mode (see Fig. 2). During the loading step the optical density
of protein solution (C, = 1.0 kg.m™) at column exit was monitored at 280nm until
saturation (C/C, = 1.0). Next the initial buffer changed the protein solution
entering into the bed until the baseline had returned to the initial position (washing
step). Hence, elution was performed using 1.0 M NaCl in buffer Tris/HCI (50 mM,
pH 7.5) at 1.7x107 m.s™ (60 cm.h™) under reversed flow in packed bed mode (Fig.
4.2). From the breakthrough curves both the dynamic binding capacity at 10% and

the adsorbent equilibrium capacity were calculated.
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T T T
a) Equilibrium  b) Adsorption  ¢) Washing d) elution

Figure 2 - Bed operating mode. The three initial steps were carried out using the
bed on expanded mode (at linear velocity of the experiment) using Tris/HCI buffer
(50 mM, pH 7.5) while elution step was carried out on reversed packed bed mode
using 1.0 M NaCl in Tris/HCI buffer (50 mM, pH 7.5) at 1.7x10* m.s™ (60 cm.h™)

3. - RESULTS AND DISCUSSION
3.1 - Adsorbent size distribution

Figure 3 and 4 show the accumulated (full line) and retained (dark) size
distribution for the two. ac.i.s.orbents ﬁséd. It can be seen that both adsorbents present
a log-normal distribution with average diameter in the range of 2.00x10™* m (200
um). From the adsorbent size distribution, it can be seen that both conditions of
Wen and Yu (1966) and Al-Dibouni and Garside (1979) for (dp/ds) ratio are
satisfied either to Streamline™ SP and Streamline™ DEAE, i.e. there are particles
present in the bed as smaller as 100.0x10° m (100 um) and as larger as 600.0x10°
m {600 um) Hence, the presence of these adsorbents in the bed lead to the

classification (segregation) phenomenon.
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Figure 3 - Size distribution of the Streamline™ SP. Accumulated (full line) and

retained (dark) size distribution for the two adsorbents used
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Figure 4 - Size distribution of the Streamline™ DEAE. Accumulated (full line)

and retained (dark) size distribution for the two adsorbents used

3.2 - Bed expansion

Figure 5 depicts the expansion degree obtained using the anionic adsorbent
(Streamline™ DEAE) for both settled bed height (0.050 m and 0.075 m). It can be
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seen that there is a difference in the expansion shape for both situations. At first
one, 0.050 m settled bed height has fed to the lowest bed expansion degrees. It is
important to observe the linear tendency of the bed expansion degree showed
when 0.075 m settled bed height was used. In the Figure 5 can be seen a slightly
slope changing in the bed expansion for the linear velocity between 5.5x10% m.s™
(200 cmh™) and 8.3x10™ m.s (300 cm.h™) equivalent to bed porosity (¢) between
0.63 and 0.7, respectively. The settled bed height reduction, leads to a higher
mixing on both liquid phase and solid phase. The distributor presence itself might
alter the expansion behavior mainly using lower settled bed heights. Experiments

to Streamline™ SP showed the same behavior (data not shown).

3.0
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| Figui‘é 5 - Bed ek.pa.n.éion degfeé.ﬁsing nine different linear velocities for both
0.050 m and 0.075 m settled bed height, respectively. Experiments were carried
out using Tris/HCI buffer (50 mM, pH 7.5) at 25 °C

3.3 - Breakthrough curves

Figures 6 and 7 exhibit the breakthrough curves obtained for lysozyme on
Streamline™ SP using both 0.050 m and 0.075 m settled bed height, respectively.
Breakthrough curves of the BSA on Streamline™ DEAE not shown.
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Breakthrough curves for both settled bed heights exhibited a disturbance at
the beginning of the adsorption process. This effect is even more pronounced
using higher flow velocities with 0.050 m settled bed height. A considerable
particle mixing could be observed by visual inspection in both cases. Residence
time distribution (RTD) experiments showed higher mixing fluid for 0.050 m
settled bed height than for 0.075 m settled bed height. Higher flow velocities
resulted, in gemeral, in a decrease in dynamic binding capacity. However, this
effect was again more pronounced for 5.0 cm settled bed height. A possible
explanation for this behavior is that, a stable bed is performed for 0.075 m settled
bed height than for 0.050 m one.
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Figure 6 - Breakthrough curves of lysozyme onto Streamline™ SP for four
different linear velocities using a 0.050 cm settled bed height (24.5 ml).
Experiments were carried out using 1.0 kg.m™ protein concentration in Tris/HCI
buffer (50 mM, pH 7.5) at 25 °C. In all experiments the optical density at column
exit was monitored at 280nm until saturation (C/C, = 1.0). Both loading and
washing steps were carried out at linear velocity chosen for the experiment.
Elution step was carried out using 1.0 M NaCl in Tris/HCI buffer (50 mM, pH 7.5)
at 1.7x107* m.s? (60 cm k™)
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Figure 7 - Breakthrough curves of lysozyme onto Streamline™ SP for four
different linear velocities using a 0.075 m settled bed height (36.8 ml).
Experiments were carried out using 1.0 kg.m™ protein concentration in Tris/HCI
buffer (50 mM, pH 7.5) at 25 °C. In all experiments the optical density at column
exit was monitored at 280nm until saturation (C/C, = 1.0). Both loading and
washing steps were carmied out at linear velocity chosen for the experiment.

Elution step was carried out using 1.0 M NaCl in Tris/HCI buffer (50 mM, pH 7.5)
at 1.7x10* m.s™ (60 cm.h™)

3.4 - Analysis of B Parameter

Figures 8 and 9 show the obtained results for the B parameter for both model
proteins. It is important to point out that the equilibrium value used for the
calculation of B parameter is that of individual experiments. In these figures, the
influence of the settled bed height on the B parameter based on the previous

breakthrough curves is depicted.
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Figure 8 - Analysis of B parameter for lysozyme to Streamline™ SP
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Figure 9 - Analysis of B parameter for BSA to Streamline™ DEAE
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it can be seen that a more efficient use of the dynamic binding capacity of
the adsorbent at 10% were obtained for 0.075 m settled bed height. For instance,
considering the lysozyme-Streamline™ SP system a B value as high as 60% was
obtained when a 0.075 m settled bed height was used. In this case, 6.9 x 10™ m.s™
(250 cm.h™") linear velocity was need to reach such condition. Overall, for the four
velocities investigated for this system 54.3% average value of B was found that is
higher than 25.9% found to 0.050 m settled bed height. In later, the highest B
value (40%) was obtained for the 5.5 x 10™ m.s™ (200 cm.h™) linear velocity.
Thémmes (1999) presents a B value of 72.5% for a lisozyme-Streamline™ SP XL
system (C, = 1.0 kg.m”) using a 0.095 m settled bed height, 0.020 m inner
diameter column, with experiment carried out on packed mode with Glycine/HCl
buffer (50 mM, pH 9.5) at 300 cm.h™”". Comparing the 58.9 % of B value of our
study, obtained for 7.5 cm settled bed height at 300 cm.h™ linear velocity, with the
result obtained by Thémmes (1999) it can bee seen a reasonable agreement
whether one considers that a different buffer as well as a different adsorbent, a
higher settled bed height and a lower diameter column was used. In our case, for
the BSA-Streamline™ DEAE system, a maximum B value of about 25% was
obtained using the lower superficial liquid velocity (150 cm.h™) with 0.075 m
settled bed height. Average values of B were higher for 0.075 m settled bed height
(19.8% average B value) as compared with 11.1% average value of B obtained for
0.050 m settled bed height. It is important to point out that a clear reduction on B
values were obtained increasing the linear velocity when 0.075 m settled bed
height was used. This behavior was no observed for the 0.050 m settled bed height
system. Karau et al. (1997) have used a BSA-Streamline™ DEAE system (Co =
1.0 kg.m™) with 0.140 m settled bed height, 0.020 m inner diameter column, with
experiment carried out on expanded mode with phosphate potassium buffer (10
mM, pH 7.5) at 300 cm.h™ using the same linear velocity range used in our work
(from 150 to 300 em.h™). These authors found B value higher than 43 % when the
lower velocity (150 cmh™) was investigated. This value is significantly higher
than 22% obtained in our study. However, for the higher velocity (300 crah™) a
not significant difference can be observed. In such case, the authors present 22%
to B value against about 15% of our study. It is important point out that a different

distributor as well as a different buffer system was used in both studies. It can be



Capitulo 4 — Effect of the Settled Bed Height on Expanded Bed Adsorption 91

seen that for 0.050 m settled bed height there is no significant change in the B

values with flow velocity.

By comparing both systems, it can be observed that mass transfer appears
to be more restricted for the BSA-Streamline™ DEAE system than for the
lysozyme-Streamline™ SP one. Considering that the molar mass of lysozyme is
4.6 fold lower than the one of BSA, at pH studied its charge density is higher than
that of BSA (Andrews et al.,1994). Therefore electrostatic interactions between the
cationic adsorbent (Streamline™ SP) and lysozyme are stronger than for anionic
adsorbent (Streamline™ DEAE) and BSA. Similar results, namely, a decrease in
the breakthrough capacity with increasing flowrates as a function of the protein

molecular size have been obtained by Hjorth et al (1995).

4. - CONCLUSIONS

Particle size distribution assays have shown that Streamline™ SP and
Streamline™ DEAE have a size distribution wide enough to lead to bed

classification (segregation) fulfilling either Wen and Yu and Al-Dibouni and
Garside conditions.

An investigation on the adsorption performance in expanded bed, using

two different settled bed height was performed. A 0.050 m settled bed height

resulted in a non-linear bed expansion behavior whereas for a 0.075 m seftled bed

height a linear response was obtained.

The 0.075 m settled bed height was more favorable to obtain a more efficient
use of the dynamic binding capacity at 10% breakthrough, even though particle
mixing could be observed. The highest B values were 60% (at 250 cmh™) and
25% (at 150 cm.h™) obtained to lysozyme-Streamline’™ SP system and BSA-
Streamline™ DEAE system, respectively, using 0.075 m settled bed height. For
lysozyme, the increase in the velocity showed higher B values when 0.075 m

settled bed height was used. For the BSA system, this fact was not observed. In
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addition, mass transfer appeared to be limited due to its lower charge density,

leading to lower B values.

Acknowledgements

Authors would like to thank FAPESP (Fundagio de Amparo a Pesquisa do

Estado de S&o Paulo, Sio Paulo, Brazil) and CNPq (Brazil) for financial support.

Nomenclature

B  efficiency parameter

C  protein concentration at column exit kgm™
C,  initial protein concentration kgm”
dp  adsorbent particle diameter m

di.  larger adsorbent particle diameter m

ds  smaller adsorbent particle diameter m

dr orifice diameter m

F open arearatio

H  expanded bed height m

H, settled bed height m

N  orifice number

Qu:  breakthrough binding capacity at 10% kgm™”
Q., equilibrium dynamic binding capacity ke.m”
V  volume of protein solution applied to the column m’
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Vs adsorbent volume m
Veco-o.1volume of outlet protein concentration need to equal to 10%
of imitial protein concentration m
Veico-t volume of outlet protein concentration need to equal to initial

protein concentration ot

Greek symbols
£ bed porosity

pp  adsorbent density - kg.m’
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ABSTRACT

EBA was used to purify a marketable xylanase often used in the kraft puip
bleaching process. Experiments in packed and expanded beds were carried out
mainly to study the adsorption of xylanase onto a cationic adsorbent (Streamline
SP™) in the presence of cells. In order to study the presence of cells, a Bacillus
pumilus mass (5% wet weight) was mixed with the enzyme extract and submitted
to an EBA system. One xylanase was purified to homogeneity in the packed bed.

However, the 5% (wet weight) cell content hampered purification.
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1. - INTRODUCTION

Xylanases are enzymes able to hydrolyse xylan, an abundant biopolymer
mainly composed of heteropolysaccharides, which can be found in plant tissues as
a major component of the cell wall. A variety of applications in the bioconversion
and food industries have been suggested for xylanases, and one of their major
potential applications is in the pulp and paper industry. In this case, commercial
xylanases have been used in the bleaching process under alkaline conditions
showing great potential by reducing the quantity of polluting organic chlorine
compounds required. Xylanase prebleaching technology is now in use at several
mills around the world; the main motivating factors for this technology are the
economic and environmental advantages that xylanase offers to the bleach plant
(Bajpai, 1999). The optimum enzyme for this process should be active at high
temperatures and under alkaline pH conditions, hence it could be introduced at
different stages of the bleaching process without requiring changes in pH or
temperature (Shoham et al., 1992; Bim and Franco, 2000; Munck, 1993).

On the other hand, the characteristics of biotechnological systems make
purification the most expensive part of biomaterials process production. Spalding
(1991) has commented that values as high as 50% of overall costs in the
biotechnology industries are related to downstream processing. Thus, the
development of new and economically advantageous purification methods is a-
challenging area. Purification of target proteins requires their separation from the
media or from the raw extract used for the maintenance of the biomolecules.
Expanded Bed Adsorption (EBA) (Chase, 1994; Frej et al., 1994; Chang et al.,
1998; Raymond et al., 1998, Hamilton et al., 2000) 1s a quite good alternative to be
used in initial steps of downstream processing since it allows that particulate
containing feedstock to be submitted directly to the column without need for a
prior clarification step (centrifugation or filtration). Hence, it generally leads to a
reduction in processing time, preventing harmful molecules like proteases, nucleic

acids, etc., can interact with the target biomolecule, thereby reducing its biological
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function. Moreover, EBA offers an overall cost reduction, since there is no need

for clarification equipment.

Even though EBA is playing an important role in downstream processing,
some questions are presently arising, such as for instance, what is the effect of
cells on EBA performance? Is there a cell content limit for using EBA without

hampering mn any way bed hydrodynamics?

The amm of this work was to purify a xylanase from a commercial extract
(PulpzymeTM HC, Novonordisk) used in the kraft pulp bleaching process using

EBA as well as to study the effect of cells on this purification process.
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2. - EXPERIMENTAL
2.1 Materials
2.1.1 Pulpzyme™ HC and reagents

Pulpzyme™ HC was a kind gift from Novonordisk (Brazil). All other
chemicals were purchased from Sinthy (S&o Paulo, Brazil) and were of analytical

grade.
2.1.2 Microorganism

In order to simulate the presence of cells, a mass of Bacillus pumilus (5%
wet weight) previously isolated in our laboratory was mixed with the Pulpzyme™
HC extract and submitted to a EBA system. The wild strain was maintained on

slants containing xylan from corn.
2.1.3 Adsorbent

Streamline™ SP, a strong cation exchanger, was purchased from
Amersham Pharmacia Biotech, Uppsala, Sweden. Streamline™ SP particles are
spherical with a particle density of 1180 kg.m™ and a particle size of 194.5 um,

composed of a crystalline quartz core covered by 6% cross-linked agarose.

2.2 Equipment

 An écrylic cusfom made column (2.5 c.m. in inner diéméfer, 25.0 cm in
height) was fitted with an adjustable piston in order to minimise headspace over
the fluidised bed. A perforated distributor was put at the bottom of the colurnn. It
was made of stainless steel with five orifices 1.0 mm in diameter giving a 0.8%
open area ratio. A 60 pum mesh was used both below the perforated plate
distributor and on the inner piston surface in order to avoid loss of adsorbent by
backflow or by elutriation, respectively. A ruler was put on the column wall in
order to help the bed height record. Figure 1 iilustrates a diagram of the column
used in this work. The column was coupled to a Gradifac™ system (Amersham

Pharmacia Biotech, Uppsala, Sweden). This system consists basically of a mixer, a
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UV monitor, a chart record and a controller as well as a peristaitic pump (P-50)

that allows flow rates from 0.1 ml.min"' to 50.0 ml.min™ to be obtained.

Figure 1 - Drawing of the column used in this work: (a) rubber gasket (b) screen
(60um) (c) distributor (perforated plate) (d) screw (&) ruler (f) piston

2.3 Procedures
2.3.1 Residence time distribution (RTD)

RTD experiments for the bed expanded without cells were carried out in
order to determine the axial liquid dispersion coefficient for the range of flow rates
used in this work. In our case, 0.5% (v/v) acetone in Tris/HCI (50 mM, pH 6.9) at

25° C was used as a tracer in a negative-step input UV signal in order to obtain the
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number of theoretical plates (N), as described in the EBA Handbook [11]. The

procedure for RTD determination is described below.

The buffer (50 mM Tris/HCl, pH 6.9) was pumped upwards through the
bed at a chosen velocity until bed expansion had stopped. Then the piston was
moved down to about 1.0 cm above the expanded bed surface. When the signal
from the UV monitor was stable, the solution was changed to buffer-acetone (0.5%
v/v), 1e. the positive-step input signal. The solution was then changed to buffer
when the UV signal was stable at maximum absorbance (100%), i.e. the negative-
step input signal. The change was marked on the chart recorder paper and the UV
signal was allowed to stabilise at the baseline level (0%). The number of

theoretical plates (N) was calculated from the negative-step input signal as:
N = t¥/c? (1)

where t is the mean residence time, i.e. the distance from the “mark” on the chart
recorder paper to 50% of the maximum absorbance, and o is the standard
deviation, 1.e. half the distance between the points for 15.85% and 84.15% of the

maximum absorbance. The relation between the axial liquid dispersion coefficient
(Dp) and N is:

‘Dy=(U.Hexp)/(2.6.N) (2)

where U is the superficial velocity, Hexp is the expanded bed height, and ¢ is the

bed voidage in expatided mode, calculated as € = 1 = ((1-25).(Ho/Hexp)). In the

packed bed the bed voidage (e.) is approximately 0.4. H, is the packed bed height.
2.3.2 Preparation of cells containing extract

B. pumillus was grown in Erlenmeyer flasks containing xylan medium
according to Duarte et al. (1999). Inoculated flasks were shaken continuously at
200 rpm and 40° C for 24 hours. After centrifugation supernatant was discarded
and the whole cells were weighed and shaken overnight with Tris/HCI buffer {50
mM, pH 6.9) followed by addition of the Pulpzyme™ HC extract.
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2.3.3 Packed bed experiment

In this experiment the column contained a packed bed 5.0 cm in height, i.e.
a column volume (CV) of 25.0 m] of Streamline™ SP. The column was
equilibrated with 5 CV of Tris/HCIl (50 mM, pH 6.9). Both the loading (20.1
mg.ml” total protein and 94,726 U.mi total activity) and the washing steps were
carried out at 4.9 ml.min” (60 cmh™) using 1.8 CV and 3.0 CV, respectively.
Linear gradient elution was carried out using 2.6 CV at 2.5 ml.min” (30 cmh™)
with Tris/HCI (50 mM, pH 6.9) as buffer A and 1.0 M NaCl in Tris/HCI (50 mM,
pH 6.9) as buffer B.

2.3.4 Expanded bed experiments with and withont celis

In these experiments the column contained a packed bed 5.0 cm in height
(H,= 5.0 cm; 25.0 ml) of Streamline™ SP. Both the loading (70.4 mg.ml™ total
protein and 111,796 U.ml™ for the experiment without cells; 19.6 mg.ml™ total
protein and 192,738 U.ml” for the experiment with cells) and the washing steps
were carried out at 8.2 mlmin' (100 cmh™) using 1.8 CV and 3.0 CV,
respectively. Linear gradient elution was carried out using 2.6 CV at 4.9 ml.min"
(60 cm.h™) with Tris/HCl (50 mM, pH 6.9) as buffer A and 1.0 M NaCl in
Tris/HCI (50 mM, pH 6.9) as buffer B. In both cases, a degree of expansion
(Hexp/H,) of 1.3 was observed.

2.4 Assays
2.4.1 Assay of xylanase activity

Xylanase activity was assayed according to Bailey et al. (1992) with 1%
Birchwood xylan solution in glycine-NaOH buffer (100 mM, pH 10.0) at 55°C.
The amount of reducing sugars was determined according to Miller (1959). One
unit of xylanase activity was defined as 1 pmol of xylose produced per minute

under the given conditions.
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2.4.2 Determination of protein

Determination of total protein was carried out according to the Sedmak and
Grossberg (1977) modified method, which is based on the drop in absorbance at
595 nm compared to the maximum dye absorbance recorded (465 nm) due to
protein-dye binding. Using the modified method, one hundred microlitres of the
sample (or any value up to 1500 pl) was added to 1400 pi (or any value depending
on sample volume) of water and 1500 pl of Coomassie blue solution in a cuvette.
Then, the contents of the cuvette were mixed well and the Asos/Asgs ratio was
recorded using a spectrophotometer (UV/VIS 911A, GBC Scientific Equipment,
Victoria, Australia). A Ases/Ass protein curve had previously been obtained for
several protein contents using Bovine Serum Albumin (BSA) as the standard

protein.
2.4.3 Purification factor and yield

Purification factor (PF) is defined as the mass (specific activity) of xylanase
pooled in the elution step divided by the mass (specific activity) of xylanase in the
feedstock, 1.e. Purification Factor = (specific activity of xylanase)s.urion/(specific

activity of xylanase)reepstock.

Yield (%) is defined as the concentration of xylanase pooled in the elution
step divided by the concentration of the xylanase in the feedstock, ie. Yield =

(activity of xylanase)er yron/(activity of xylanase)rzepstock.

2.4.4 Electrophoresis

SDS electrophoresis (SDS-PAGE) was carried out in 15% homogeneous
gel (Laemmli, 1970). The molecular mass (M;) markers were phosphorilase b
(94,000), BSA (67,000), ovalbumin (43,000), carbonic anhydrase (30,000),
soybean trypsin inhibitor (20,000) and a-lactalbumin (14,400), available as a
standard kit (Amershan-Pharmacia Biotech, Uppsala, Sweden).
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3. - RESULTS AND DISCUSSION

3.1 - Packed bed experiment

The experiment in packed bed mode was carried out in order to study the
behaviour of Pulpzyme™ HC adsorption onto Streamline™ SP under plug-flow
conditions. Figure 2 shows that two peaks showed xylanasic activity (probably,
iso-enzymes) when a linear salt gradient was used. The first one was eluted with
about 0.18 M NaCl and the second one was eluted with 0.85 M NaCl, indicating
that the latter rather than the former interacted more strongly with the adsorbent.
However, only the first peak was purified to homogeneity, as can be observed by
SDS-page (Figure 3). In fact, 6.6 mg of total protein and 930,013 U of xylanasic
activity were present in the tubes that showed the purified enzyme (peak 1) with a
purification factor of 30 and a 21.8% vield (Table 1). 129.4 mg of total protein and
2,834,684 U of xylanasic activity with a purification factor of 4.7 and a 66.5%
yield were found for peak 2.
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Figure 2 - Xylanase purification using packed bed. Dotted line shows the salt
linear gradient as the percentage of the 1M NaCl in Tris/HC] (50 mM, pH 6.9}
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Figure 3 - SDS page Stajned with Coomassie blue. (a) markers, (b) purified
xylanase (peak 1), (c) total elution, (d) total washing, (e) total loading, (f)
feedstock. (1) phosphorilase b (94,000), (2) BSA (67,000), (3) ovalbumin
(43,000), (4) carbonic anhydrase (30,000), (5) soybean trypsin inhibitor (20,000)
and (6) a-lactalbumin (14,400)
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Table 1 - Purification in packed bed

Step  Volume Protein Activity Sp. Activ. Purification  Yield

(ml) (mg) () (U/mg) Factor (%)

Feedstock 45 906 4,262,428 4,705 1.0 100
Loading 45 171 109,755 641
Washing 75 591 388,872 658 - -

Peak 1 16.4 6.6 930,013 140911 299 21.8

Peak 2 29.1 1294 2.834,684 21906 47 66.5

3.2 - Expanded bed experiments with and without cells

The previous experiment, using a packed bed in a plug-flow mode, was
successful in purifying a xylanase from a commercial extract. However, one
knows that the hydrodynamics in the EBA is mainly influenced by the axial liquid
dispersion coefficient (Chang and Chase, 1996; Chang and Chase, 1996; Batt et
al, 1995; Goto et al., 1995) as well as the column distributor (Santos et al., 2000).
This means that previous knowledge of the residence time distribution (RDT) is
sufficient t_o-know whether a plug flow or a ég;_/;—;gz:_’xz_‘}_eg mode is present in the
bed. .'Fi'guré ‘;fﬂillﬁst.r.atés; .the..tjf.p.i.c.al éxiai liquid dispersion coefficient values for
our system (using Tris/HCI (50 mM, pH 6.9} as fluidising liguid), including the
flow rate used in this work. It can be seen that for the 100 cm.h™ (8.2 ml.min™)
linear velocity used there is a low axial liquid dispersion coefficient (5.3x10° m’ s
", i.e. there is no significant deviation from plug flow. On the other hand, there are
few papers dealing with the effect of cells on purification in EBA. Fernindez-
Lahore et al. (1999) have studied the effect of cells on the hydrodynamics of EBA.
It has been shown that a 5% (wet weight) cell content is enough to alter the
hydrodynamics of an expanded bed as well as that an anionic exchanger rather

than a cationic one can interact strongly with celis due to its surface charges
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(negative charges are present on the cell surface). Based on this fact, we have

chosen to study the effect of a 5% (wet weight) cell content on the purification of

™
Pulpzyme ™ HC.
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Figure 4 - Axial liquid dispersion coefficient for different linear velocity

Chromatograms for the experiments without and with cells are shown in
Figures 5 and 6, respectively. For the expanded bed without cells 76.2 mg of total
protein and 1,667,440 U of xylanasic activity were found, giving a 13.8-fold
purification factor and a 21.8% yield for peak 1. Peak 2 showed 232 8 mg of total
protein and 1,193,318 U of xylanasic activity with a 3.2-fold purification factor
and a 23.7% yield (Table 2).
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Table 2 - Purification in expanded bed without cells

Step Volume Protein Activity Sp. Activ. Purification Yield

(ml) (mg) {U) (U/mg) Factor (%)

Feedstock 45 3,169 5,030,838 1,587 1.0 100
Loading 45 1,458 1,137,845 780 --- —-
Washing 75 1,402 1,032,235 736 -—- -
Peak 1 29.0 76.2 1667440 21,882 13.8 33.1
Peak 2 29.1 232.8 1,193,318 5,126 32 23.7

The effect of the presence of cells in the bed can be observed in Figure 6. It
can be seen that, in fact, the presence of cells itself is enough to change the
chromatogram completely. Even though a cationic adsorbent was used in this
experiment, a non-uniform performance was obtained. This fact becomes most
evident when salt is applied to the column. This may be the reason why it is quite
difficult to obtain with confidence a DTR curve using a salt (eg. NaCl, KCl) as
tracer [11], mainly for a high cell content. In this case, other properties like
fluorescence are helpful We would like to highlight that as a plug flow mode
exists under the conditions of the experiment, only the presence of cells justifies =
the difference between both experiments. When a 5% (wet weight) cell content
was present in the bed there was a decrease in both purification factor and the
yield (Table 3) with some xylanase activity leaving the column in the washing step
(peak 1). Xylanase activity of the second enzyme (peak 2) was widely distnbuted
in the elution. In this case, just a 1.7-fold purification factor and a 21.8% vyield

were obtained for this peak.
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Table 3 - Purification in expanded bed with cells

Step Volume Protein Activity Sp. Activ. Purification  Yield

(ml) (mg) (U) (U/mg) Factor (%)
Feedstock 45 883 8,673,210 9,822 1.0 100
Loading 45 414 2,928,180 7,073 - -
Washing 75 354 3,853,150 10,885 1.1 e
Peak 1 242 50.7 1,148,180 22,646 23 13.2
(in washing)
Peak 2 65 115 1,891,880 16,451 1.7 21.8

4. - CONCLUSIONS

We have studied the effect of cells on the purification of a commercial
xylanase applied to kraft pulp bleaching At least one iso-xylanase was purified to
homogeneity in the packed bed. In this case, it was possible to obtain a 30-fold
purification factor as well as a 21.8% yield for peak 1 and a 4.7-fold purification
factor as well as a 66.5% yield for peak 2. For the experiment in the expanded bed
peak 1. A 3.2-fold purification factor and a 23.7% yield were obtained for peak 2.
On the other hand, a 5% cell content (wet weight) was enough to alter the bed
hydrodynamics even though a cationic adsorbent had been used. In this case, peak
1 was eluted in the washing step (a 2.3-fold purification factor and a 13.2% yield)
and peak 2 was widely distributed during the elution step, in this case a 1.7-fold

purification factor and a 21.8% yield were obtained.
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ABSTRACT

This work deals with the purification of a fermentation broth of chitosanase
using expanded bed adsorption (EBA). Initial batch uptake experiments with
unclarified and clarified fermentation broth of chitosanase showed that equilibrium
was reached in half an hour, with adsorbent capacity of 0.119 U/ml of adsorbent
and 0.133 U/ml of adsorbent, respectively. The packed bed purification using
clarified chitosanase fermentation broth allowed to obtain a chitosanase peak with
a 7.6-fold purification factor and a 67.4% yield. These values were slightly higher
than the values found for the expanded bed purification using both clarified and
unclarified fermentation broth of chitosanase, respectively. Namely, a 6.9-fold
purification factor and a 68.5% yield was obtained for the former and a 6.9-fold
purification factor and a 67.9% yield was obtained for the latter. EBA using
unclarified fermentation broth of chitosanase was successful to separate the

chitosanase from the main contaminants of the broth.
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1. - INTRODUCTION

Chitosan is a [B-1,4-linked glucosamine polymer which, unlike chitin,
contains few, if any, N-acetyl residues (Gooday, 1990; Lee et al. 1996; Ak et al.
1998). It has been currently obtained by deacetylation of chitin, and N-
acetylglucosamine polymer extract from shellfish exoeskeletons. There is no
ocorrence in nature of fully deacetylated chitosan (Fink et al., 1991). Chitosanase
are enzymes able to hydrolyse chitosan producing chitooligossacharides
(oligomers) even though chitosan chitooligossacharides can be obtained by acid
hydrolysis as well. The former hydrolysis is more specific, able to control and
reproducible (Muzarelli, 1993). For treatment of industrial waste water, chemical
hydrolysis of chitosan costs more than enzymatic one (Yamasaki et al, 1992).
Chitosan and its oligomers have anti-bacterial, anti-fungal and anti-tumour
activities being for these reason applied to industrial, medical and agricultural

{Shimosaka et al., 1993; Stoyachenko et al., 1994; Abdel-Aziz, 1999).

However, downstream processing costs play an important role in the
biotechnology industries. It is known that downstream processing accounts for
50%-80% of overall costs (Spalding 1991, Sadana and Beelaram, 1994). Based on
this fact, alternative techniques able to reduce costs in downstream processing are

welcome. Expanded Bed Adsorption (EBA) appears such as a quite good

alternative since it allows that particulate containing feedstock can be submitted

directely to the column without need of prior centrifugation or filtration step
(Thommes et al., 1995; Chang and Chase, 1996 a b, Hamilton et al., 2000; Santos
et al., 2000). In this work we have used EBA in order to purify a chitosanase

fermentation broth from Bacilhis cereus.
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2. - MATERIALS AND METHODS
2.1 - Microorganism

An isolated wild strain identified as Bacillus cereus was maintained on
CDA (Chitosan Detector Agar), as described by Boucher et al. (1992).

2.2 - Enzyme preparation

B. cereus was first pre-incubated in Tripticase Soytone (TSB) medium
(Pelletier and Sygush, 1990) for 16 hours at 30° C and 200 rpm. Followed by

- growth in Erlenmyer flasks containing chitosanase medium (0.31 g.I”" KH,PQ,, 0.5

gl MgS0,7H:0, 1.7 glI! NaH;PO,, 0.0005 gl’ ZnSO,7H,O, 0.001 gI’
MgS04.7H,0, 0.001 g1’ FeSO,, 0.0001 g CuS04.5H,0, 40.0 gI' (NH,),SO0s,
20.0 gl” chitosan (Sigma, St. Louis, MO, USA)). Inoculated flasks were shaken
continously at 200 rpm and 30° C for 20 hours. The fermentation broth containing
whole cells was kept in freezer, whether necessary aliquots were thawed,

centrifuged and the supernatant utilised.
2.3 - Chitesanase activity assay

Chitosanase activity was assayed by using a 0.2% chitosan solution
substrate (w/w) in 50.0 mM of sodium acetate/acetic acid buffer (pH 5.6). The
released reducing sugars in 20 min at 54 °C was measured by Somogyi and Nelson
method (Spiro, 1966). One unit of chitosanase activity (U) is defined as the

glucosamine equivalent per minute at given assay conditions.
2.4 - Determination of protein

Determination of total protein was carried out according to the Sedmak and
Grossberg (1977) modified method, which is based on the drop in absorbance at
595 nm compared to the maximum dye absorbance recorded (465 nm) due to
protein-dye binding. Using the modified method, one hundred microlitres of the
sample (or any value up to 1500 pui) was added to 1400 ul (or any value depending

on sample volume) of water and 1500 ul of Coomassie blue solution in a cuvette.
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Then, the contents of the cuvette were mixed well and the Asos/A4gs ratio was
recorded using a spectrophotometer (UV/VIS 911A, GBC Scientific Equipment,
Victoria, Australia). A Ases/Ases protein curve had previously been obtained for
several protein contents using Bovine Serum Albumin (BSA) as the standard

protein.
2.5 - Adsorbent

Streamline™ SP, a strong cation exchanger, was purchased from
Amersham Pharmacia Biotech (Uppsala, Sweden). Streamline™ SP particles are
spherical, with a particle density of 1180 kg.m™ and a particle size of 194.5 um,

composed of a crystalline quartz core covered by 6% cross-linked agarose.
2.6 - Experimental Setup
2.6.1 - Batch uptake

The rates of unclarified and clarified chitosanase fermentation broth uptake
were measured using Erlenmyers in a shaker. At the beginning, unclarified
chitosanase fermentation broth had its pH equilibrated to pH 6.9 using Tris/HCI
(100 mM, pH 6.9). Next unclarified chitosanase fermentation broth was diluted in
order to obtain the same conductivity of the equilibrating buffer (about 8.4
mS/cm), then in order to obtain the clarified chitosanase fermentation broth,
aliquots were centrifuged using a MR 18.12 Jouan Centrifuge at 10000 rpm for 10
min. At the next step, 1.0 m! of Stre:_mﬂingw_ SP, previously equilibrated in
Tris/HCI (100 mM, pH 6.9), was poured into the Erlenmyers containing 18.0 ml of
both unclarified and clarified chitosanase broth. Hence, these Erlenmyers were
shaken at 25° C and supernatant samples were drawn along the time in order to
assay both protein and activity levels. A mass balance was carried out to determine

the chitosanase uptake onto Streamline™ - SP.
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2.6.2 - Equipment

An acrylic custom made column (2.5 cm in inner diameter, 25.0 cm in
height) was fitted with an adjustable piston in order to minimise headspace over
the fluidised bed. A perforated distributor was put at the bottom of the column. It
was made of stainless steel with five orifices 1.0 mm in diameter giving a 0.8%
open area ratio. A 60 um mesh was used both below the perforated plate
distributor and on the inner piston surface in order to avoid loss of adsorbent by
backflow or by elutriation, respectively. A ruler was put on the column wall in
order to help the bed height record. Figure 1 illustrates a diagram of the column
used at this work. The column was coupled to a Gradifac™ system (Amersham
Pharmacia Biotech, Uppsala, Sweden). This system consists basically of a mixer, a
UV monitor, a chart record and a controller as well as a peristaitic pump (P-50),

that allows flow rates from 0.1 ml.min™ to 50.0 ml.min" to be obtained.
2.6.3 - Packed bed experiments

In this experiment the column contained a packed bed of 5.0 cm in height,
i.e. a column volume (CV) of 25.0 ml of Streamline™ SP. The column was
equilibrated with 5 CV of Tris/HCI (100 mM, pH 6.9). Both the loading (0.281
mg.ml™” total protein and 0.048 U.ml™ total activity) and the washing steps were
carried out at 8.2 mi.min™ (100 cm.h™) using 9.0 CV and 2.0 CV, respectively.
Linear gradient elution was carried out using 5.0 CV at 4.9 ml.min™ (60.0 cm.h™)
with Tris/HCI (100.0 mM, pH 6.9) as buffer A and 1.0 M NaCl in Tris/HCI (100.0

- mM, pH 6.9) as buffer B.
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Figure 1 - Drawing of the column used at this work: (&) rubber gasket (b) ) screen

(60um) {c) distributor (perforated plate) (d) screw (e) ruler (f) piston

2.6.4 -Expanded bed experiments with clarified and unclarified chitosanase

fermentation broth

In these experiments the column contained a packed bed of 5.0 ¢cm n
height (H, = 5.0 cm, i.e. 25.0 ml) of Streamline™ SP. Both the loading (0.071
mg.ml" total protein and 0.025 U.ml”* for the experiment without cells and 0.072
rng.ml'1 total protein and 0.022 U.ml’ for the experiment with cells) and the
washing steps were carried out at 8.2 ml.min™ (100.0 cm.h™) using 9.0 CV and 2.0
CV, respectively. Linear gradient elution was carried out using 5.0 CV at 49
ml.min” (60.0 cm.b™) with Tris/HCI (100.0 mM, pH 6.9) as buffer A and 1.0 M
NaCl in Tris/HC1 (100 mM, pH 6.9) as buffer B. For the former case, an expansion
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degree (Hpxp/H,) of 1.3 was observed while for the latter the expansion degree
was 1.4, ie. the height changed from 5.0 cm (packed bed) to 7.0 cm in the
expanded bed mode.

2.6.5 - SDS-PAGE Electrophoresis

SDS electrophoresis (SDS-PAGE) was carried out in 15% homogeneous
gel using Laemmli (1970) buffer system. The molecular mass (M;) markers were
phosphorilase b (94,000), BSA (67,000), ovalbumin (43,000), carbonic anhydrase
(30,000), soybean trypsin inhibitor (20,000) and o-lactalbumin (14,400), availatle
as a standard kit (Amershan-Pharmacia Biotech, Uppsala, Sweden).

3. - RESULTS AND DISCUSSION
3.1 - Batch uptéke

Figures 2 shows both unclarified and clarified chitosanase uptake upon
Streamline™™ SP. As can be seen in this figure an equilibrium step was reached in
half an hour. Chitosanase uptake was slightly reduced when fermentation broth
containing cells was used rather than the clarified fermentation broth. At the
equilibrium, 0.119 U/m! of adsorbent and 0.133 U/ml of adsorbent were obtained
for the unclarified fermentation broth and the clarified fermentation broth,

respectively.
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Figure 2 - Unclarified and clarified chitosanase uptake upon Streamline™ SP

3.2 - Packed bed experiments

Experiment was carried out in order to investigate the purification protocol
of clarified chitosanase broth omto Streamline’™ SP. Figure 3 shows that
chitosanase was purified using a linear salt gradient with 5 CV. As shown in
Figure 3, a large peak showing chitosanase activity was observed at elution step.
This peak eluated with 0.51 M NaCl, i.e. 51% of buffer B (see arrow in Figure 3).
Data on chitosanase’s isoeletric point (pl) obtained by isoeletric focusing (Piza et
al., 1999) showed a value of 8.8. Hence, at the pH 6.9 the enzyme shows a positive
charge density, therefore binding strongly to the adsorbent. For this reason was
necessary a high salt content to elute the enzyme. Table 1 describes the
purification of the clarified chitosanase fermentation broth using a packed bed. As
can be seen a 7.6-fold purification factor and a 67.4% vield were obtained for this
case. It is important to highlight that the results shown is concerned to all tubes
eluted. It can be seen in Table 1 that most protein leaves the column without being

adsorbed (5.22 mg at the column exit) at the loading step. However, most of the
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chitosanase activity adsorbs upon the adsorbent at this step (8.95 U at the column
exit). Comparing the adsorbent capacity in the packed bed (0.293 Umi?! of
adsorbent (7.31 U eluted using a bed of 25.0 ml (Table 1)) with the value obtained
in the batch experiment without cells (0.133 U.ml” of adsorbent) it can be seen a
2.2-fold increase in the adsorbent capacity. This result can be explained due to

chromatography is a typical multi-stage process while batch uptake is a typical
one-step one.
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Figure 3 - Purification of clarified chitosanase fermentation broth in packed bed.

Dot line represents the salt linear gradient as the percentage of the IM NaCl
solution in Tris/HCI buffer (100 mM, pH69%y -~
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Table 1 - Purification of clarified chitosanase fermentation broth in packed bed

Step Volume Protein Activity Sp. Activ. Purification Yield

(ml) (mg) (L8]] (U/mg) Factor (%)

Feedstock 225.0 6.32 10.84 1.71 1.0 100.6
Loading  225.0 5.22 1.89 —— — —

Washing 500 0.54 1.64 — — —
Elution i25.0 0.56 7.31 13.05 7.63 67.43

3.3 - Expanded bed experiments with and without cells

Figures 4 and 5 show the clarified and unclarified chitosanase fermentation
broth using the bed in the expanded mode. For the clarified chitosanase
fermentation broth the peak eluted with 0.59 M NaCl. In this case, a 6.9-fold
purification factor with 68.5% yield was obtained (see Table 2). It is important to
highlight that the results shown is concerned to all tubes eluted. The adsorbent
capacity was only 1.16-fold increased when compared with the batch experiment
without cells. For the unclarified chitosanase fermentation broth the peak eluted
with 0.57 M NaCl. A 6.87-fold purification factor with 67.93% yield was obtained
using such condition (see Table 3). The adsorbent capacity was only 1.15-fold

increased when compared with the batch experiment with cells.
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Figure 4 - Purification of clarified chitosanase fermentation broth in expanded bed.
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Table 2 - Purification of clarified chitosanase fermentation broth in expanded bed

Step Volume Protein Activity Sp. Activ. Purification  Yield
{(ml) (mg) (U) {U/mg) Factor (%)

Feedstock  225.0 16.08 5.62 0.35 1.0 100.0
Loading 2250 12.94 1.30 -— e -—
Washing 50.0 1.54 0.47 --- e —-

Elution 125.0 1.60 3.85 241 6.89 68.50

Table 3 - Purification of unclarified chitosanase fermentation broth in expanded

bed
Step Volume Protein Activity Sp. Activ. Purification Yield
(ml) (mg) (U) (U/mg) Factor (%)
Feedstock 2250 16.20 5.02 0.31 1.0 i00.0
Loading 225.0 12.96 123 - “en ---
Washing 50.0 1.64 0.38 — — —
Elution 125.0 1.60 341 2.13 6.87 67.93

Comparing the three cases, it can be seen that reasonable values for both

purification factor and yield were obtained overall. Just a slight reduction in vield

was obtained when the bed was operated in the expanded bed mode rather than in

the packed bed one. SDS-Electrophoresis gel showed that two bands were present

in the tube showing the highest activity (see Figure 6), in this case the bed was

operated in an expanded mode. This fact suggests three possibilities, namely, the
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existence of two chitosanases, the existence of a contaminant protein or the
existence of a chitosanase with two sub-units. It can be seen in Figure 6 that a
reasonable purification was obtained, in just one step, with the most contaminants

separated from the chitosanase.

Figure 6 - SDS page stained with Coomassie blue for the peak of chitosanase. (1)
markers, (2) feedstock (chitosanase fermentation broth), (3) peak of chitosanase
activity. (a) phosphorilase b (94,000), {b) BSA (67,000), (¢) ovalbumin (43,000),
(d) carbonic anhydrase (30,000), (e) soybean trypsin inhibitor (20,000) and (f) o~
lactalbumin (14,400)

4. - CONCLUSIONS

A purification process for a chitosanase fermentation broth using a strong
cationic exchanger was showed. Batch uptake experiment showed that equilibrium
step was reached in half an hour. A 0.119 U/(ml of adsorbent) and a 0.133 U/(ml
of adsorbent) adsorbent capacities were obtained for the unclarified fermentation

broth and the clarified fermentation broth, respectively.
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Packed bed purification using clarified chitosanase fermentation broth
allowed to obtain a chitosanase peak with a 7.63-fold purification factor and a
67.43% yield that eluted with 0.51 M NaCl. Adsorbent capacity was 2.2-fold
higher than the adsorbent capacity obtained for the batch uptake using the clarified

fermentation broth.

Expanded bed purification using clarified chitosanase fermentation broth
showed a 6.9-fold purification factor and a 68.5% yield with the peak eluting at
0.59 M NaCl. Adsorbent capacity was only 1.16-fold increased when compared
with the batch experiment without cells. Expanded bed purification using
unclariﬁed chitosanase fermentation broth showed a chitosanase peak with a 6.87-
fold purification factor and a 67.93% vield. In this situation, the adsorbent capacity
was only 1.15-fold increased when compared with the batch experiment with cells.
An experiment in expanded mode showed that two bands were present in the peak
showing the highest activity. This fact suggests three possibilities, the existence of
two chitosanases, the existence of a contaminant protein or the existence of a
chitosanase with two sub-units. However, it was possible to separate most of

contaminants using just one step.
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CONCLUSOES

O estudo da influéncia do uso de dois diferentes distribuidores, poroso e do
tipo prato perfurado, na adsor¢io em leito expandido de duas proteinas modelo,

lisozima e BSA, usando a resina de troca catidnica Streamline® SP mostrou que:

O adsorvente comercial Streamline® SP tém uma distribuiciio de tamanho de

particula suficiente para que o leito apresente o fendmeno da segregacio.

Para ambos os distribuidores a expansdo do leito se ajustou bem a correlagio
de Richardson e Zaki, porém, os pardmetros da expansio obtidos
experimentalmente se aproximaram mais do valor tedrico usando o distribuidor do

tipo prato perfurado.

Maiores capacidades dindmicas de operagdo foram obtidas para o
distribuidor do tipo prato perfurado mostrando que o distribuidor € realmente um

fator importante na ALE.

O uso de trés adsorventes, um pelicular e dois adsorventes porosos
(Streamline ¢ Macrosorb) usados para adsorver a enzima intracelular gliceraldeido
3-fosfato desidrogenase, mostrou que o primeiro adsorvente apresenta melhor
desempenho com relagdo a cinética de adsorcio e hidrodindmica. Nesse caso, foi
possivel adsorver 1.273 U/ml de adsorvente, com uma altura de prato tedrico (N}
igual a 55,5. Quando comparado com os dois adsorventes porosos (Streamline ¢
Macrosorb) a resisténcia a transferéncia de massa parece ser reduzida. Os trés
adsorventes se ajustaram bem a isoterma de Langmuir. O uso de um processo
integrado permitiu recuperar e purificar enzima intracelular gliceraldeido 3-fosfato

desidrogenase em uma Unica etapa.

O estudo da influéncia da altura do leito empacotado na adsorgdo em leito
expandido, para o sistema BSA- Streamline® SP e lisozima- Streamline® DEAE

mostrou que:
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O uso de um leito empacotado com 0,050 m de altura, usando um
distribuidor do tipo prato perfurado com fraco de 4rea livre de 0,8%, mostrou que
o leito apresenta uma expansdo nfo linear, porém, o uso de uma altura de leito
empacotado de 0,075 m é suficiente para que uma expansio linear seja obtida. Tal
altura de leito € também mais favoravel com relagdo a eficiéncia da capacidade

din&dmica & 10% da curva de ruptura.

(s maiores valores para o parimetro B foram de 60% (para uma velocidade
linear de 250,0 cv/h) e 25% (para uma velocidade linear de 150,0 cm/h) obtidos
para os sistemas lisozima- Streamline® DEAE e BSA- Streamline® SP,
respectivamemte. Para o sistema lisozima- Streamline® DEAE, o aumento da
velocidade forneceu maiores valores para B, quando uma altura de leito
empacotado de 0,075 m foi usada. Para o sistema BSA- Streamline® SP este fato
ndo foi observado, além disso a transferéncia de massa foi limitada devido a menor

densidade de carga da BSA nas condigOes utilizadas, conduzindo a menores
valores de B.

Com relacio ao estudo da presenca de um alto conteido de células no leito,
usado um extrato comercial da enzima xilanase, s6 foi possivel purificar uma das
duas 1so-enzimas presentes no extrato, usando o leito fixo. Nesse caso, foi obtido
um fator de purificagdo de 30,0 com um rendimento de 21,8% para o pico puro e
um fator de purificacdo de 4,7 com um rendimento de 66,5% para o segundo pico.
Para o experimento que utilizou o leito expandido sem a presenca de células foi

_possivel obter um fator de purificagdo de-13,8 com uma-recuperagio de 21,8%
para o primeiro pico ¢ um fator de purificacio de 3,2 com um rendimento de
23,7% para o segundo pico. Entretanto, quando se operou em leito expandido com
uma alimentagdo contendo de 5% de células (peso umido) de Bacillus pumillus o

desempenho de purificaggdo foi comprometido.

Com relagio ao uso da ALE para a recuperacio e purificagio de um caldo de

fermentac@o de Bacillus cereus foi observado que:

Em batelada o equilibrio foi alcancado em meia hora, ambos para o caldo de

fermentacdo com e sem células, com uma pequena redugfio na capacidade de
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adsorgdo do adsorvente quando se utilizou o caldo de fermentagdio contendo

células.

O processo de purificacdo em leito fixo, usando um caldo clarificado de
fermentagdo contendo quitosanase, permitiu & obten¢do de um pico mostrando
atividade quitosanolitica com um fator de purificacdo de 7,6 e uma recuperagio de
67,4%, sendo que o pico eluiu com uma concentragio de aproximadamente 0,5 M
de Cloreto de Sédio. Foi observado também um aumento da capacidade de
adsor¢io, do adsorvente, de aproximadamente 2 vezes maior que a obtida em

batelada.

O processo de purificagdio em leito expandido usando caldo clarificado de
fermentagio permitiu & obtengdo de um pico apresentando atividade
quitosanolitica com uma fator de purificagdo de 6,9 ¢ uma recuperagio de 68,5%,
sendo que o pico eluiu com uma concentracio de aproximadamente 0,6 M de
Cloreto de Sodio. Nesse caso, a capacidade de adsor¢io do adsorvente foi

aproximadamente 1,2 vezes maior que a obtida em batelada.

O processo de purificagio em leito expandido usando caldo de fermentaciio
bruto mostrou comportamento similar aquele usando o caldo clarificado. O mesmo
permitiu & obteng@io de um pico apresentando atividade guitosanolitica com uma
fator de purificagio de 6,9 e uma recuperagio de 67,9%, com a capacidade de
adsor¢iio do adsorvente aproximadamente 1,1 vezes mator que a obtida em
batelada.

Eletroforese em gel de poliacrilamida de uma amostra retirada do tubo que
apresentou a major atividade quitosanolitica mostrou a existéncia de duas bandas.
Este fato sugere a existéncia de duas quitosanases, a presenca de uma proteina
contaminante ou a existéncia de uma Unica quitosanase composta por duas sub-

unidades (dimera). Entretanto, foi possivel separar a quitosanase da maior parte

dos contaminantes em uma unica etapa.
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SUGESTOES PARA TRABALHOS FUTUROS

Sugere-se os seguintes topicos para trabalhos futuros:

- Estudar o sistema operando com mais uma coluna acoplada (colunas em série),

para aumentar os rendimentos globais da proteina alvo.

- Realizar uma analise econdmica para ver quanto pode ser economizado em um

processo substituindo a etapa de clarificacdo pela ALE.

- Modelagem dos dados obtidos nesse trabaiho.
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ANEXO
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RESUMO -- Neste trabalho € realizado um estudo do grau de expansio do
leito contendo resina de troca idnica, especifica para a purificagdo de
proteinas em leito expandido, Streamline® SP e Streamline® DEAE,
trocadoras de cétions e &nions, respectivamente. Os resultados mostraram
que as resinas apresentam uma distribuicdo de tamanho de particulas
suficiente para produzir um leito classificado (segregado). A expansdo do
leito, usando agua deionizada, tampéo tris/HC] (pH =8,0) e acetato/acido
acético (pH = 4.2), ambos 0,050 M, mostrou que as resinas se ajustam bem a
equacdo de Richardson e Zaki, com (Uy) variando de 0,256 a 0,407 cmo/s e
(n)de23a4y2.

INTRODUCAO

Os processos atuais de extragdo e purificacdo de proteinas intracelulares
envolvem pelo menos uma etapa de filtragio ou centrifugagfio para a remogéo do
material particulado (McCreath et al., 1995; Thommes et al.,, 1995; Chang e
Chase, 1996; Karau et al., 1997). Técnicas alternativas que permitam eliminar as
etapas iniciais de retirada do material tém sido alvo de estudos, principalmente
pela necessidade de reducio dos custos de purificacdo de biomoléculas, os quais

podem assumir até 80% do custo total da sua producgo (Spalding, 1991).

Existem no mercado algumas resinas adsorventes de troca ibnica,
Streamline® SP e Streamline® DEAE, trocadoras de cations e &nions,
respectivamente, especialmente manufaturadas para serem aplicadas aos leitos
expandidos por possuirem uma maior densidade e uma ampla distribuicdo de

tamanhos, possibilitando assim uma expansio mais estavel (Karau et al., 1997).

Chang e Chase (1996) enfatizam a importincia do conhecimento das
caracteristicas da expanséo do leito como etapa inicial de sua operagio; deve-se

conhecer por exemplo, como a altura do leito expandido varia com a vazdo do



Anexo — Estudo da Expansio de Resinas Usadas para Adsorgio em Leito Expandido 138

liquido e como a expansdo € afetada pelas propriedades fisicas do liquido

aplicado.

No presente trabalho, faz-se uma abordagem da expansdo do leito, como
etapa inicial de um projeto que utilizard a adsorc@o em leito expandido (ALE)

para a recuperagio e purificagfio de enzimas.
Adsorventes

Os adsorventes utilizados s@io constituidos por uma matriz macroporosa de
agarose, com 6% de ligaces cruzadas, incorporando um nucleo de quartzo que
lhes conferem uma distribuicdo de tamanho de particulas e densidade propria
para aplicagdo em leitos expandidos. Streamline® SP possui o grupo
sulfapropil  (-O-CH>CHOHCH:0-CH,CH,CH,S0s-), que € um forte trocador
de cétions. Streamline® DEAE possui umn grupo que lhe confere o caratér de
um fraco trocador de anion, o dietilaminoetil (-O-CH>CH,-N"(C,Hs),H).
Segundo o fabricante, ambos adsorventes possuem uma faixa de tamanho entre
100 - 200um e estabilidade de pH na faixa de 2-11.

Leito Expandido

A principal caracteristica de um leito expandido € a possibilidade de
combinar as propriedades hidrodindmicas de um leito fluidizado com as
propriedades cromatograficas de um leito fixo ocasionado pelo fenémeno da
classificacdo (segregacdo). =~ Os adsorventes utilizados . nos = processos . -
cromatograficos, na sua grande maioria, nfo sdo constituidos por particulas
uniformes, porém apresentam uma distribui¢do de tamanhos de particulas. Entdo,
tais leitos estdo sujeitos a classificagdo (segregacdo) que ocorre quando as
particulas presentes no leito diferem em tamanho ou densidade (Wen e Yu, 1966).
Nessa situagdo, as particulas menores ou menos densas situam-se na parte superior
do leito, enquanto as maiores ou mais densas predominam na regifc inferior. Essa
segregacdo restringe a mobilidade das particulas, de tal forma que em casos

extremos, o leito apresenta camadas de particulas que estdo estritamente
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separadas. Wen e Yu (1966) definem como condigio para a existéncia de um leito

classificado que a razfo de tamanho seja maior que 1,3 (dg/ds> 1,3).

Estabilidade: A estabilidade de um leito pode ser verificada de trés formas: atraves
da observacéo visual; medindo o grau de expansdo (H/H,), ou seja, a razdo entre a
altura do leito expandido e a altura do leito fixo para uma determinada vazéo;
determinando a distribui¢Bo do tempo de residéncia (DTR) (Amersham Pharmacia
Biotech, 1997).

Expansio do leito

A expansdo dos leitos fluidizados é caracterizada pela classica equagéo de
Richardson e Zaki (1954), dada na forma:

U=U,¢" 1)

A equagBo (1) relaciona a velocidade superficial do fluide (U} com a
velocidade terminal de uma particula isolada em um fluido infinito (Ug), a
porosidade do leito (g) e um coeficiente (n), conhecido como coeficiente de
Richardson e Zaki, sendo (n) fung8o do niimero de Reynolds da particula (Rep). A
principal informacdo que esta equagio nos fornece € que a velocidade terminal de

uma particula isolada é reduzida pela presenca de outras.

A velocidade terminal de uma particula isolada (Ur) no regime de Stokes
(Rep < 0,1) € dada por:

_8di(p: —py)
18u

@

T

sendo Rep dado por:
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Re, = 222U G)
n

Pode-se determinar a velocidade terminal de uma particula isolada (Ur)
experimentalmente e o coeficiente de Richardson e Zaki (n) para um dado leito,
se forem conhecidos os valores da porosidade para uma dada velocidade do fluido.
Aplicando o logaritmo nos dois lados da equagio (1) obtém-se uma relacdo linear

entre a velocidade superficial do fluido (U) e a porosidade do leito (¢) na forma:

LogU=LogU,+nLoge 4)

sendo o coeficiente angular igual a (n) e o coeficiente linear igual a logaritmo de
Us.

A porosidade do leito, ou fragio de vazios, € dada por:

__________ Vs : R
sm1~v =1- (5)

Na Tabela 1 s3o apresentados alguns valores da velocidade terminal (Ut) ¢
do coeficiente de Richardson e Zaki (n) para os dois adsorventes Streamline® SP

e Streamline® DEAE existentes na literatura.
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Tabela 1 - Velocidade terminal (Ur) e (n) para as resinas existentes na literatura

. dP pPr PL FIUidG DC FAL UT n
Autor Resina
(um) (kg/m’) (kg/m’) (m) (%) (cms)
De
Luca ~
DEAE 1850 12200 10000 4gua 0050 @13 0231 3,55
et al. 0,29 0,240 3,97
(1994) £ 0295 49
tampdo
Chang acetato
e Chase SP 2470 1143,0 10040 de sadio 0,050 — 0,44 471
(1996)
(100 mMD
pH=5,0

* - Distribuidor poroso

MATERIAIS E METODOS

Caracterizacio das Particulas

Didmetro: A distribuico granulométrica das resinas, Streamline® SP ¢
Streamline® DEAE foi determinada no Instituto de Pesquisa Tecnologicas
(IPT/SP) usando a técnica de difragiio por raios laser utilizando um Malvern

Mastersizer/E. As distribui¢Oes granulométricas das resinas sfio apresentadas nos

resultados e discussdes.

Densidade: As densidades das resinas foram obtidas por picnometria usando agua

como meio fluido. Os testes foram realizados em triplicata & temperatura

ambiente,

Esfericidade: Para as resinas usadas neste trabalho foram utilizadas as

informag¢des do fornecedor que afirma se tratar de esferas (¢ =1,0).
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Propriedades do fluido

Foram utilizados trés fluidos, agua deionizada, tampdo tris/HCI (pH = 8,0) e
acetato de sodio/acido acético (pH = 4,2) ambos 0,050 M.

Densidade: As densidades dos fluidos foram determinadas a temperatura de 25
°C, pesando-se um volume conhecido da solugdo, os valores obtidos foram: agua
deionizada {(p;, = 997,0 £ 2,0 kg/m3); tampdo tris/HC] (pr. = 1015,0 £ 7,0 kg/ms);

tampdo acetato/acido acético (pL = 1008,0 + 6,0 kg/m’).

Viscosidade: As viscosidades das solucGes foram determinadas através de um
viscosimetro tipo Cannon-Fenske (50 X537) & temperatura de 25 °C, os valores
obtidos foram: agua deionizada (u = 0,9023 + 0,0045 mPa); tampdo Tris/HCI (u
= 0,9355 & 0,052 mPa), e para o tampdo acetato/acido acético (u = 0,9977 =+
0,0105 mPa).

Procedimento experimental

Os experimentos foram realizados em uma coluna cilindrica de acrilico de
segdo circular de 0,025 m de didmetro interno (d.i) € 0,250 m de altura. A coluna
possui um pistdo que possibilita variar a altura interna do leito. Na base da coluna
existe uma placa distribuidora em ago inoxidavel do tipo multi-orificio com uma
frac8o de area livre (FAL) de 0,8% que foi usada para expandir o leito. Acima da
placa distribuidora e na base do pistdo existe uma tela com malha de 400 mesh
elutriagdo. Uma bomba tipo pistdo (P-50) foi utilizada para bombear a solugéo
para o leito, a vazdo da bomba era controlada pelo sistema do GradiFrac®

(Amersham Pharmacia Biotech).
Na parede da coluna foi anexada um escala para medir a expansdo do leito.

A Figura 1 mostra um esquema do arranjo experimental utilizado.
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1 - Coluna -H\
2 - Suporte i
3 - Recipiente i
4 — Bomba P-50 u
1 2

Figura 1 — Arranjo experimental

As vazdes utilizadas nos experimentos foram de 3; 6; 9; 12; 15; 18 e 21
ml/min que correspondem as velocidades superficiais de 0,0102; 0,0204; 0,0305;
0,0407; 0,0509; 0,0611 ¢ 0,0713 cm/s, respectivamente.

No micio de cada experimento, foram colocadas quantidades conhecidas da
resina, previamente embebida com o fluido. Esperava-se que a resina
sedimentasse e a altura do leito comespondente era anotada. Em seguida,
aumentava-se gradualmente a velocidade até¢ 1,5 vezes a maior velocidade
(0,10695 cm/s = 31,5 ml/min), entdo reduzia-se a velocidade para o valor
desejado, esperava-se que o leito atingisse o regime estacionario, em torno de 15
minutos, ¢ fazia-se a leitura do leito expandido. As leituras das alturas, para as

outras velocidades, foram obtidas de forma decrescente.

Os experimentos foram realizados em duplicata e um desvio de 5 a 10% foi

observado entre as leituras.
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RESULTADOS E DISCUSSOES

Distribuicio de Tamanhos

As distribuigdes granulométricas acumulativa e retida das resinas
Streamline® SP e Streamline® DEAE sdo apresentadas nas Figuras 2 e 3,
respectivamente. Observa-se que a distribuicdo das mesmas tende para a uma
distribuicio do tipo normal, com os didmetros variando na faixa de 100 a 300 um,

podendo formar assim, um leito classificado, segundo o critério de Wen e Yu

(1966).
100 — . 100
50 L [ NEY
sl ¢ Sireamlbine™ SP ‘| / 3 20
! | 4=195x10"m [ / ]
70 - Lk i 470
6o {.F" 160
50 / Js0
% [ i %
anl j 140
30 £ / 430
b Ja20
10F i‘ 110
o . A o 0
1 10 100 1000
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Figura 2 — Distribuig8o de tamanhos (Streamline® SP)
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Figura 3 - Distribuigdo de tamanhos (Streamline® DEAE)
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Expansio do leito

Em todos os experimentos realizados os leitos apresentaram, visualmente,
uma boa estabilidade sem que nenhum movimento caracteristico de turbilhdes
fossem observados, embora em alguns deles uma regido mais dindmica préximo
ao distribuidor tenha sido notada, isso ocorreu devido ao aumento da velocidade

do fluido ao passar pelos orificios do distribuidor.

Estabilidade: Para os trés fluidos utilizados uma grande estabilidade dos leitos foi
verificada (Figuras 4, 5 e 6), com o fator de expansio (H/H,) variando linearmente
com a velocidade do fluido, produzindo elevados coeficientes de regressdo da reta
(R), na ordem de 0,99.

26
244 ™ Syeamline SP
52 O Steamline DEAE 2
: o]
2.0+ "
o
[ |
- ,H01.8-_ o
16 o ®
E [ ]
o
1.4 et
4 O
124 m
1.0

T T T T T T ¥ P 13 T v )
0.00 001 002 0.03 004 0.05 006 0.07 008 009 0.10
U {em/s)

Figura 4 — Agua deionizada
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Figura 5 — Tampao Tris/HCl
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Figura 6 — TampZo acetato/acido acético

Pardmetros da expansdo: Nas Figuras 7, 8 e 9 sdo mostradas a expansdo do leito,

obtida na forma de Log de U em fungdo do Log de . Os valores dos pardmetros,

velocidade terminal (Ur) e do coeficiente de Richardson e Zaki (n) s&o mostrados

na Tabela 2, juntamente com os desvios dos valores tedricos calculados a partir da

equagdo (2).
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Nestas figuras sdo observadas a tendéncia da resina Streamline® SP de

expandir mais que a Streamline® DEAE conduzindo & valores maiores do

coeficiente de Richardson e Zaki (n)

«1.6 T T T T T T
O m
.12 B Streamline SP ™ -
O Streamline DEAE c n
=14 o B
LogU [s] L 1
-1.6- i
4 s E B
1.8 -
-2.0 - o | .
"2.2 T ] T T T T T T
-8 07 06 65 .04 03 02 -0
Toge
Figura 7 — Expansfo em agua deionizada
'1 0 T ¥ El T T T
o]

-1.2 1 B Streamline $P = -

© Stremline DEAE o n
1.4 4 o} ] 4
Log U | 1
g% - 4
o [ ] 4
1.8 - -
W20 o n 4

"2.2 El T T T T I3 T

-0.8 0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.

Figura 8 — Expansdo em Tris/HCI
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Figura 9 — Expansio Acetato/Acido acético

Tabela 2 — Pardmetros da Expansio (Ur) e (n)

Resina  dp (um) pp pL n Fluido Ur(Teo) Ur (Exp) n  Desvio*
(kg/m’) (kg/m’) (mPa) (c/s)  (cms) (%)

997.0  0,9023  Agua 0,309 0,330 3,6 6,80

SP 166,28 11820 19150 09355 Trs/HCI 0,269 0,278 3,6 335

1008,0 09977  Acetato 0,263 0,407 4.2 54,75
997,0  0,9023 Agua 0,317 0,316 2.8 -0,31

DEAE 1§197 ..11.9&0 . 1015’(} .979.355.. - TrsfHEL 07.279. o 0736'5' . 30" 30','82'

1008,0  0,9977  Acetato 0,270 0,256 23 5,18

* Desvio relativo: (Uexp — Uteo)/Urro

A Tabela 2 mostra que os valores dos coeficientes de Richardson e Zaki (n)
para as resinas estudadas apresentam mesma ordem de grandeza que as
apresentadas na literatura (Tabela 1), e considerando que nesse trabalho foi
utilizado um distribuidor que apresenta caracteristicas, dada na forma da fracdo de
area hvre (FAL), diferentes daqueles distribuidores, assim como diferentes

fluidos, as diferengas nos valores calculados de (Ut) e (n) pode ser justificada.
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Os valores elevados da velocidade terminal (Ur) obtidas experimentalmente
para a resina Streamline® SP — acetato/acido acético (pH baixo) e Streamline®
DEAE - tris/HCI (pH alto) juntamente com os elevados valores de {n) mostram
que estes sistemas sdo ideais para serem aplicados aos leitos fluidizados,
principalmente pela elevada expansfo. Uma possivel explicagdo para esse
comportamento € que por ser um forte trocador de cations a resina Streamline®
SP apresenta maior estabilidade em pH baixo, enquanto que a resina Streamline®

DEAE por ser um fraco trocador de anion € mais estavel em pH alto.

CONCLUSOES

No presente trabalho a expansdo de duas resinas utilizadas para a adsorgio
de proteinas em leito expandido foi investigada. A analise da distribuigio
granulométrica mostrou que as resinas apresentam uma distribuicdo de tamanhos
de particulas, suficiente para produzir um leito classificado (segregado), sendo

portanto ideal para uso em leitos expandidos.

A expansdo do leito em trés fluidos diferentes mostrou que as resinas
Streamline® SP e Streamline® DEAE ajustam-se bem a equago de Richardson e
Zaki (1954).

Os valores do coeficiente de Richardson e Zaki (n) e da velocidade terminal
da particula (Ur) apresentaram mesma ordem de grandeza que os valores

existentes na literatura.

O pH do fluido utilizado para expansio do leito parece interagir com a
distribuigdo de carga na superficie do adsorvente alterando a caracteristica da

expansio.
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NOMENCLATURA

AT

Dc

de

dp

ds

Uy

Vi

Vs

Area transversal da coluna (L%
Diametro da coluna (L)

Didmetro das particulas maiores (L)
Didmetro das particulas (L)
Didmetro das particulas menores (L)
Fragdo de area livre do distribuidor (-)
Altura do leito expandido (L)

Fator de expansio do leito (-)
Altura do leito fixo (L)

Coeficiente de Richardson e Zaki (-)
Coeficiente de regressdo da reta (-)
Reynolds da particula ()

Velocidade superficial do fluido (LT)

 Velocidade terminal de uma particula isolada (LT™)

Volume do leito (L?)

Volume de solidos (L*)

Simbolos gregos

£

¢

Porosidade do leito {-)

Esfericidade das particulas

150
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m Viscosidade do fluido (ML'T™)
oL Densidade do fluido (ML)

Pp Densidade das particulas (ML?)
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