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RESUMO

Heparina imobilizada em suportes sélidos tem sido utilizada como ligante de afinidade em
processos de identificacdo e purificacdo de diversas proteinas. No presente estudo, foram
sintetizados e caracterizados dois  diferentes  suportes  magneéticos:  Dacron
(polietilenotereftalato) magnético (MDAC) e magnetita revestida com polianilina (MAG-
PANI). Esses materiais foram utilizados como suporte para imobilizacdo covalente de
heparina e 0os compdsitos magnéticos obtidos foram usados no fracionamento, deplecdo e
purificacdo de proteinas do plasma humano. Para produzir o suporte mDAC, o Dacron foi
tratado com hidrato de hidrazina, formando Dacron-hidrazida, e, em seguida, foi utilizado
para formar um compdsito com a magnetita, produzida por co-precipitacdo de sais de ferro Il
e Ill. O suporte MAG-PANI foi obtido a partir do revestimento da magnetita (obtida por
coprecipitagdo) com polianilina através da oxidacdo da anilina pelo permanganato de
potassio. Para imobilizar a heparina aos suportes foi necesséria a ativacdo dos seus grupos
carboxilicos com carbodiimida (EDAC) e N-hidroxissuccinimida (NHS). Anélise por
microscopia eletrénica mostrou que mDAC possui um tamanho de 1,5+ 0,5 ume 14,4 + 0,9
nm para MAG-PANI. Difratograma de raio-X indicou a presenca do Dacron nas particulas de
mDAC e da polianilina em MAG-PANI e em ambos a formacdo do cristal de magnetita.
Além disso, medidas de magnetizacdo demonstraram um comportamento superparamagnetico
para as duas particulas e uma saturagdo magnética de 23 e 66 emu/g para mDAC e MAG-
PANI, respectivamente, nas temperaturas de 293 K, 300 K e 313 K. A quantidade de heparina
imobilizada foi de 51 + 0,1 e 26,4 = 0,09 ug de heparina por mg de mDAC e MAG-PANI,
respectivamente. Plasma humano foi incubado nos compdsitos com heparina imobilizada
covalentemente (MDAC-HEP e MAG-PANI-HEP) e posteriormente foram lavados com
tampao fosfato com concentragdes crescentes de NaCl (0,25; 0,5; 1,0 M). Ap0s esse processo,
os eluatos obtidos foram submetidos a eletroforese SDS/PAGE de proteinas. Foram
observadas muitas proteinas nas primeiras fragdes que foram depletadas do plasma (albumina,
por exemplo) e as fracGes obtidas com NaCl 1,0 M demonstraram bandas com peso molecular
de 58 kDa que correspondem a antitrombina. Além disso, ao realizar a incubacdo com a
provavel antitrombina purificada com o plasma normal, o valor do teste de tromboplastina
parcial ativado (TTPa) se mostrou prolongado. 1sso ocorreu devido a acdo anticoagulante da
antitrombina que inibiu a formacao da trombina e assim o plasma ndo coagulou. Sendo assim,
0 método aqui proposto se mostrou util como ferramenta de deplecao de proteinas plasmaticas
e purificacdo da antitrombina humana apresentando as seguintes vantagens: facil sintese e
separacdo por afinidade magnética.

Palavras-chave: antitrombina; heparina; imobilizacdo; particulas magnéticas; proteinas
plasmaticas; purificacao.



ABSTRACT

Heparin immobilized on solid supports has been used as a ligand in affinity purification
processes and identification of several proteins. In the present study, two different magnetic
supports were synthesized and characterized: Dacron (polyethylene terephthalate) magnetic
(mDAC) and magnetite coated with polyaniline (MAG-PANI). These materials were used as
supports for covalent immobilization of heparin and these magnetic obtained composites were
used for the fractionation, depletion and purification of human plasma protein. To produce the
support mDAC, Dacron was treated with hydrazine hydrate forming Dacron hydrazide, and
then was used to form a composite with magnetite produced by co-precipitation of salts iron |1
and I1l. MAG-PANI support was obtained from the coating magnetite (obtained by co-
precipitation) with polyaniline by oxidation of aniline with potassium permanganate. To
immobilize the heparin on the supports it was necessary to activate its carboxyl groups with
carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Electron microscopy analysis
showed that mMDAC has a size of 1.5 £ 0.5 pm and 14.4 = 0.9 nm for MAG-PANI. X-ray
diffraction indicated the presence of Dacron in mDAC particles and polyaniline in PANI-
MAG and formation of magnetite crystal in both preparations. Furthermore, magnetization
measurements demonstrated a superparamagnetic behavior for the two particles and a
magnetic saturation of 23 and 66 emu/g to mDAC and MAG-PANI, respectively, at
temperatures of 293 K, 300 K and 313 K. The amount of heparin immobilized was 51 + 0.1
ug and 26.4 + 0.09 pg heparin per mg of mDAC and MAG-PANI, respectively. Human
plasma was incubated with the magnetic composites of heparin (MDAC-HEP and MAG-
PANI-HEP) that were subsequently washed with phosphate buffer containing increasing
concentrations of NaCl (0.25; 0.5; 1.0 M). After this process, the obtained eluates were
subjected to electrophoresis SDS/PAGE of proteins. Many proteins were observed in the early
fractions that were depleted of the plasma (albumin, for example) and the fractions obtained
from 1.0 M NaCl showed bands with a molecular weight of 58 kDa corresponding to
antithrombin. Furthermore, by performing incubation with this purified antithrombin from the
plasma the value of the activated partial thromboplastin time test (APTT) showed prolonged.
Therefore, the proposed method has proven useful as a tool depletion of plasma proteins and
purification of human antithrombin having the following advantages: facile synthesis and
magnetic affinity separation.

Keywords: antithrombin; heparin; immobilization; magnetic particles; plasma proteins;
purification.
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1 INTRODUCAO

A hemostasia € um processo fisiolégico que tem como objetivo manter o fluxo
sanguineo no interior dos vasos e cessar a perda sanguinea. Trata-se de um processo
multifuncional que envolve a participacdo de varios componentes celulares e acelulares,
incluindo a resposta vascular, agregacdo plaquetéria e a cascata de coagulacdo. Distlrbios da
hemostasia podem estar associados tanto com hemorragia ou com doencas tromboembdlicas
(BERGER et al.,, 2014). Esse processo pode ser afetado por anormalidades genéticas,
condi¢des patoldgicas e pela entrada de fatores exdgenos, tais como toxinas de origem animal,
alérgenos ou medicamentos (HIREMATH et al., 2016).

O mecanismo bioquimico do sistema hemostatico da coagulacdo gera enzimas tais
como a trombina, que precisam ser inibidas, apos exercer sua funcédo e se houver um distdrbio
desta inibicdo ocasiona coagulacdo sistémica descontrolada (MOORE et al., 2015). Desta
forma, o controle fisioldgico deste processo € determinado por anticoagulantes naturais, tais
como a antitrombina (AT) que inibe a trombina e outros fatores de coagulacdo
(FERNANDEZ e VILLAMEDIANA, 2012).

A heparina € um polissacarideo linear sulfatado pertencente a familia dos
glicosaminoglicanos, que tem sido utilizada na clinica devido a sua propriedade
anticoagulante (VISKOV et al., 2013). Além disso, € bastante conhecida por apresentar
afinidade com varias proteinas, as chamadas “proteinas de liga¢ao a heparina”, tais como o
fator de crescimento de fibroblastos basico, fator de crescimento endotelial vascular,
fibronectina e AT, além de desempenhar um importante papel na regulacdo da atividade e
estabilidade destas proteinas (ARISAKA et al., 2013). A interacdo da heparina com a AT foi
0 primeiro caso relatado de uma interacdo de significado fisioldgico entre a heparina e uma
proteina especifica (CAPILA e LINHARDT, 2002). Essas interacdes ocorrem devido a
presenca dos sitios de ligacdo nas proteinas que contém aminodacidos basicos (Lys e Arg)
cujas cargas positivas, provavelmente, interagem com os grupamentos sulfatos e carboxilatos
(carregados negativamente) presentes nas cadeias da heparina (ESKO et al., 2009).

Quando imobilizada, a heparina pode interagir com fatores da coagulacéo,
funcionando como um ligante de afinidade, capaz de interagir com proteinas, o que a
literatura descreve como “cromatografia de afinidade a heparina” (KRAPFENBAUER e
FOUNTOULAKIS, 2009). A heparina imobilizada em suportes solidos é amplamente
utilizada na cromatografia de afinidade para a purificacdo e identificacdo dessas proteinas que

sdo capazes de se ligar a glicosaminoglicano (MURUGESAN et al., 2008). Desta forma a
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heparina tem sido utilizada em processos de purificacdo e identificacdo de proteinas da
cascata da coagulacdo sanguinea (LI et al., 2009). Além disso, a elevada afinidade de ligacéo
da AT com a heparina tem sido utilizada em sistemas de cromatografia de afinidade para o
isolamento da AT a partir do plasma (HEGER et al., 2002). No processo de imobilizagdo €
comum o uso de suportes insollveis em agua que apresentem: resisténcia fisica, estabilidade
mecanica e térmica & biomolécula imobilizada (CARAMORI e FERNANDES, 2004). E,
quando magnetizados, a recuperacdo do composito suporte-biomolécula pode facilmente ser
obtida mediante a aplicacdo de um campo magnético externo (MACIEL, 2012).

Portanto, este trabalho propbe a sintese de compdsitos magnéticos com heparina
covalentemente imobilizada e sua aplicacdo no fracionamento e isolamento de proteinas do

plasma humano com base na cromatografia de afinidade a heparina.
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2 REVISAO DA LITERATURA

2.1 HEMOSTASIA

A hemostasia € um processo fisiologico que tem como objetivo manter o fluxo
sanguineo no interior dos vasos e cessar a perda sanguinea. Além disso, € um mecanismo
complexo de defesa, responsavel pelo controle da perda de sangue resultante de uma lesdo
vascular. Trata-se de um processo multifuncional e bem regulado que envolve a participagédo
de varios componentes fisioldégicos celulares e acelulares, incluindo a resposta vascular,
agregacdo plaquetéria e a cascata de coagulacdo. Distlrbios da hemostasia podem estar
associados tanto com hemorragia ou com doengas tromboembolicas (BERGER et al., 2014).

Sendo assim, a hemostasia é fortemente regulada, onde qualquer condicdo clinica
possibilita biomarcadores para o diagnéstico. Esse processo pode ser afetado por
anormalidades genéticas, condicOes patologicas e pela entrada de fatores exdgenos, tais como
toxinas de origem animal, alérgenos ou medicamentos (HIREMATH et al., 2016).

De uma forma geral, a cascata da coagulagdo consiste em uma serie de reacfes
proteoliticas através de serinas proteases geradas a partir de zimogénios. O evento final ¢ a
formacdo de um coagulo de fibrina que pode parar uma hemorragia em um vaso danificado.
Convencionalmente, estas reacfes foram divididas em trés vias (figura 1), a via extrinseca:
fator tecidual e fator VII; via intrinseca: fatores VIII, IX e XI e via comum: fatores Il, V e X
(CUGNO et al., 2014).

Figura 1 - Cascata da coagulagéo.

20— s )
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X _l_)'xa
-
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lia Xllia l'— X '
Fibrinogen (1) 'I > Fibrin 'I d Formagéo do coagulo

Fonte: Adaptado de OVERBEY et al., 2014.
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Quando ocorre um dano ao vaso, o fator tecidual (FT) € exposto e liga-se ao fator VII-
Vlla, assim a via extrinseca € ativada iniciando o processo de coagulacdo (FURIE e FURIE,
1988; REZENDE, 2010).

Enquanto que na via intrinseca, a ativacao do fator XII ocorre quando o sangue entra
em contato com uma superficie contendo cargas elétricas negativas. Tal processo €
denominado "ativagdo por contato” e requer ainda a presenca de outros componentes do
plasma: pré-calicreina (uma serinoprotease) e cininogénio de alto peso molecular (um cofator
nao enzimatico). O fator XII, assim ativado, ativa o fator XI que, por sua vez, ativa o fator IX.
O fator IX ativado, na presenca de fator VIl ativado por tragos de trombina e em presenca de
fons célcio (complexo tenase), ativa o fator X da coagulacdo desencadeando a geracdo de
trombina e, subsequentemente, formacéo de fibrina (DAVIE et al., 1991; REZENDE, 2010).

O mecanismo bioquimico do sistema hemostatico da coagulacdo gera enzimas tais
como a trombina, que precisam ser inibidas, apds exercer sua funcdo e, se houver um
disturbio desta inibigcdo, ocasiona coagulacédo sistémica descontrolada (MOORE et al., 2015).

Desta forma, o controle fisioldgico deste processo é determinado por anticoagulantes
naturais, tais como a antitrombina que inibe a trombina e outros fatores de coagulacdo; a
proteina C e S, as quais inibem os fatores V e VIII; e 0 mecanismo fibrinolitico responsavel
pela dissolucdo de fibrina (FERNANDEZ e VILLAMEDIANA, 2012). A figura 2 representa

todo 0 processo que ocorre na cascata da coagulagéo.
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Figura 2 - Representacdo esquematica da cascata da coagulacdo, anticoagulacao e fibrindlise. As grandes setas
azuis correspondem a via principal da coagulagdo, incluindo os complexos tenase e protrombinase (circulos em
vermelho). Linhas continuas e descontinuas representam vias de ativacao e inativacgao, respectivamente. As setas
vermelhas correspondem as diversas funcdes da trombina, as verdes as do TFPI, as azuis as da antitrombina,
alaranjado as da proteina Z e roxo as da proteina C. PC: proteina C; APC: proteina C ativada; PS: proteina S; FL.:
fosfolipidios; tPA: plasminogénio tissular; Ca*?: célcio; FT: fator tissular; i: inativo; EPCR: receptor endotelial
da proteina C; ZPI: protease dependente da proteina Z; TAFI: inibidor da fibrindlise ativado pela trombina.
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Fonte: REZENDE, 2010.

2.1.1 ANTITROMBINA
Antitrombina (AT) é o principal inibidor das proteases da cascata de coagulacdo tais
como fator Xa, trombina e fator IXa (AZHAR et al., 2016). Trata-se de uma glicoproteina do

plasma humano que pertence a familia dos inibidores de serina protease (serpina). Além do
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seu efeito anticoagulante, a AT também possui propriedades anti-inflamatorias, que é
observado quando hd uma elevada concentragdo deste inibidor presente no sangue (MARIE et
al., 2015). Com um peso molecular de 58 kDa, a AT é sintetizada no figado e circula no
plasma sanguineo em duas formas principais onde a isoforma predominante, a a-isoforma,
constitui cerca de 90% do total de antitrombina do plasma. A estrutura terciaria da AT (figura
3) baseia-se numa cadeia simples com cinco folhas a-p ¢ um loop central mével de reacdo
(HEGER et al., 2002).

Figura 3 - Estrutura terciaria da a-antitrombina.

Loop central
reativo

Fonte: Adaptado de:
http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Art
icleimage/2014/SC/c4sc01295j/c4sc01295j-f1.gif

Estima-se que a AT proporciona 80% do efeito anticoagulante natural contra a
trombina, e o seu amplo espectro de inibicdo a torna um regulador chave do sistema de
coagulacdo (ORNAGHI et al., 2014).

A inibicdo da trombina realizada pela AT é fortemente aumentada pela sua ligacdo a
sequéncias especificas de monossacarideos presentes na heparina (figura 4),
glicosaminoglicanos e outros proteoglicanos que estdo na circulacdo ou ao longo das
superficies endoteliais (KARLSSON e WINGE, 2004).
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Figura 4 - Acdo fisiologica de inibicdo exercida pela interagdo da antitrombina com heparina na cascata da
coagulacéo.
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Fonte: Adaptado de: http://www.nature.com/nrcardio/journal/v11/n3/images_article/nrcardio.2013.211-f1.jpg.

A deficiéncia da antitrombina esta associada com um risco aumentado de
tromboembolismo venoso principalmente durante a gravidez (KOVAC et al., 2014). A
deficiéncia hereditaria da AT € uma doenca trombdtica autossémica dominante e esta
associada com a incidéncia de tromboembolismo venoso (MARUYAMA et al., 2013).
Embora essa deficiéncia seja incomum, tem sido relatada entre 0,07% - 0,16% da populacédo
geral e esta presente em 1 a 8 % dos pacientes com trombofilia, por isso a necessidade da
determinacdo dos niveis de AT em todos os pacientes com trombofilia (MOORE et al., 2015).

A deficiéncia da antitrombina pode ser herdada ou adquirida e pode ser classificada
em dois tipos: tipo | e tipo Il. O primeiro é caracterizado pelas condi¢6es de deficiéncia na AT
e sua atividade. Esses valores sdo reduzidos para aproximadamente 50% nos heterozigotos e
mais de 80 mutacdes ja foram relatadas em pacientes com a deficiéncia do tipo I. Enquanto
que a do tipo Il é caracterizada por um nivel normal da AT, porém apresenta uma deficiéncia
funcional o que leva a sua baixa atividade (WAHED e DASGUPTA, 2015). Ha também um
subtipo de deficiéncia funcional que esta relacionado a um defeito no local de ligacdo da
heparina, a do tipo 1l HBS. Ao contrario das outras formas de deficiéncia de AT, a do tipo 1l
HBS representa um risco trombdtico menor na sua forma heterozigdtica, enquanto a
deficiéncia homozigotica é caracterizada pelo aparecimento precoce de trombose arterial e
venosa (KOVAC et al., 2014).
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2.2 PROTEINAS PLASMATICAS

O plasma humano contém proteinas com uma ampla gama de fung6es bioldgicas e é
um dos fluidos biolégicos mais comumente utilizados para o diagnostico clinico (KULLOLLI
et al., 2013). Este complexo de proteinas esta associado a diversos processos que ocorrem no
organismo, desta forma, no plasma é possivel encontrar proteinas relacionadas com a
progressao de doencas e que podem ser uma fonte de biomarcadores (AHN e KHAN, 2014).

Albumina, Imunoglobulina G (1gG), Imunoglobulina A (IgA), transferrina,
haptoglobina e a-1-antitripsina representam 90% da massa de proteina no plasma sanguineo
(JAVANMARD et al., 2014) e tendem a mascarar as proteinas de menor abundancia e esse é
0 maior problema para os estudos que envolvem, por exemplo, amostras de soro ou plasma
(KARATAS et al., 2007).

A capacidade de identificar e quantificar as proteinas de baixa abundancia no plasma
facilita sua analise protedmica e a busca de biomarcadores de doencas (KULLOLLI et al.,
2013).

2.2.1 DEPLECAO DE PROTEINAS PLASMATICAS

Nos ultimos anos, a protedmica tem auxiliado no desenvolvimento de métodos de
diagnostico para varias doencas. Com essas tecnologias € possivel detectar e identificar
compostos especificos que podem ser usados como marcadores de diagnostico, pois essas
substancias encontram-se presentes apenas em células e tecidos doentes ou secretadas para o
ambiente externo ou interno do organismo nas doencas (BORMOTOVA et al., 2015).

Nas amostras bioldgicas, tais como plasma ou soro ha milhares de proteinas diferentes
e um dos maiores desafios da analise dessas amostras é a elevada dinamica dos peptideos e
proteinas com concentracdes elevadas (FISCHNALLER et al., 2014). Dessa forma, a
protedmica € um campo de crescimento rapido que se dedica ao estudo e descoberta de
biomarcadores, no entanto se limita devido a presenca das proteinas de grande abundancia no
plasma. Como consequéncia dificulta a detec¢cdo das proteinas de baixa abundancia, que sdo
mais susceptiveis de serem biomarcadores (MAHN e ISMAIL, 2011).

Para analisar os componentes de baixa abundancia, as proteinas de alta abundancia,
em especial a albumina, devem ser removidas por adsorcéo a corantes imobilizados, através
de extracdo por imunoafinidade ou captura de afinidade via peptideos imobilizados (ANDAC
et al., 2013). Por isso, varios métodos e adsorventes tem sido desenvolvidos e aplicados para
reduzir a complexidade do plasma, essas técnicas apresentam desvantagens consideraveis, tais

como o alto custo, instrumentacao cara, etc.
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Nenhum método analitico estabelecido até hoje pode esclarecer completamente toda a
dindmica das proteinas presentes no plasma ou soro. Porém, existe um método disponivel
para fracionar ou remover as proteinas da amostra através de colunas de deplecdo, construidas
de modo a remover de uma forma geral as proteinas mais abundantes dos fluidos corporais.
As colunas existentes sdo baseadas em anticorpos, anticorpos variantes e recombinantes ou
outro tipo de matriz de afinidade modificada (SUNDEBERG et al., 2015). O maior
inconveniente € o volume da amostra limitada, 0 que requer passos pré-analiticos demorados
e resultando em amostras muito pequenas para a proxima andlise, limitando medicGes
repetitivas, intra e inter precisdo das amostras e geracdao de dados confidveis (UZUN et al.,
2013).

2.3 HEPARINA

A heparina foi descoberta em 1916 e sua aplicacdo como anticoagulante na clinica ocorre
desde 1935 (SAKIYAMA-ELBERT, 2014), alem disso, vem sendo amplamente utilizada no
tratamento de tromboembolismo (MOURIER et al., 2015).

Ao longo das Gltimas decadas, foi mostrado que a heparina esta envolvida em muitos
processos bioldgicos, através da sua interagdo com um elevado nimero de proteinas (LEVER
e PAGE, 2012) e que também estd envolvida na regulacdo de eventos importantes como a
sinalizacdo celular e o controle de uma variedade de funcdes bioldgicas (HANSEN et al.,
2013).

Sob o ponto de vista molecular, a heparina (figura 5) é um polissacarideo pertencente a
familia dos glicosaminoglicanos (GAGs) de cadeia linear polimérica altamente sulfatada,
formada por unidades repetidas de dissacarideos constituidos por um acido urdnico
(glucurdnico ou idurdnico) e uma glucosamina (MOURIER et al., 2015) seu peso molecular
varia de 5 kDa a 50 kDa, com peso médio de 15 kDa (VIEIRA, 2012).

Devido a esta estrutura a heparina possui a mais alta densidade de carga negativa, quando
comparada a qualquer outra macromolécula biologicamente ativa, (CAPILA e LINHARDT,
2002), o que permite sua interacdo com um alto namero de proteinas diferentes
(FLENGSRUD e ANTONSEN, 2015).
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Figura 5 - Estrutura molecular da heparina.
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Fonte: Adaptado de LEE et al., 2013.

2.3.1 INTERAQAO HEPARINA E PROTEINAS

Numerosos métodos e abordagens tém sido utilizados para estudar as interacdes entre 0s
glicosaminoglicanos e as proteinas, tais como: ensaios de fase sdlida e ligacdo a filtros,
cromatografia de afinidade, técnicas de eletroforese (POWELL et al., 2004); Ressonancia de
Plasmon de Superficie (SPR), cristalografia de raios X, espectroscopia de RNM (LAGURI et
al., 2011), afinidade proteémica (ORI et al., 2011) e ensaios com carboidratos (ROGERS et
al, 2011) incluindo matrizes de GAG sondados por imagens de SPR (FAYE et al, 2009).

Mais de 400 proteinas, por exemplo, proteinas extracelulares, fatores de crescimento,
qguimiocinas, citocinas, enzimas, lipoproteinas que estdo envolvidas numa variedade de
processos bioldgicos, tais como formacdo da matriz extracelular, desenvolvimento,
sinalizacdo e cancer sdo capazes de interagir com a heparina (PEYSSELON e RICARD-
BLUM, 2014). Os sitios de ligacdo dessas proteinas sempre contém aminoacidos basicos (Lys
e Arg) cujas cargas positivas, provavelmente, interagem com o0s grupamentos sulfatos e
carboxilatos (carregados negativamente) presentes nas cadeias da heparina (ESKO et al.,

2009) como demonstrado na figura 6.

Figura 6 - Interacdo das proteinas com a heparina carregada negativamente.
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Fonte: Adaptado de ESKO et al., 2009.
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Essas proteinas tais como fator de crescimento de fibroblastos basico, fator de
crescimento endotelial vascular, fibronectina e antitrombina séo descritas na literatura como
“proteinas de ligagdo a heparina”, pois apresentam uma elevada afinidade em interagir com a
heparina. Além disso, a heparina desempenha um importante papel na regulacéo da atividade
e estabilidade destas proteinas (ARISAKA et al., 2013).

A interacdo da heparina com a antitrombina (figura 7) foi o primeiro caso relatado de
uma interacdo de significado fisioldgico entre a heparina e uma proteina especifica (CAPILA
e LINHARDT, 2002). Uma eficiente regulacdo da atividade da antitrombina requer a
presenca da heparina que possibilita 0 aumento da atividade de inibicdo da AT em milhares de
vezes (MARIE et al., 2015).

Figura 7 - Ligacdo entre heparina e antitrombina.

Fonte: Disponivel em: http://en.academic.ru/pictures/enwiki/65/Antithrom%?2Bheparin.jpeg

2.3.2 IMOBILIZACAO DA HEPARINA

A imobilizacdo de biomoléculas consiste em um método pelo qual elas sdo fisicamente
ou quimicamente aprisionadas em um suporte insollivel em agua, porém as suas fungdes
biologicas sdo mantidas e podem ser utilizadas repetidamente e continuamente. Dessa forma,
a utilizacdo da biomolécula torna-se economicamente viavel e de grande interesse industrial.
Além disso, a fixacdo a matrizes inorganicas combina a alta seletividade das reacbes as
particularidades quimicas e fisicas do suporte (KONG e FUN HU, 2012).

O tipo de suporte, o processo escolhido para a imobilizacdo e as propriedades dos
derivados imobilizados depende muito da sua aplicacdo (GUISAN, 2006). Entre os varios
processos ja conhecidos para imobilizacdo de biomoléculas, o emprego da imobilizacdo por

ligagdo covalente é 0 que esti associado a uma estabilidade da biomolécula imobilizada.
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Nesse método ocorre uma reacdo quimica entre grupos funcionais da molécula e grupos
reativos presentes no suporte. Desta forma a imobilizacdo covalente da biomolécula
proporciona uma fixacdo mais duravel e evita a perda da biomolécula por meio de lixiviacédo,
quando estiver em contato com solventes durante a analise (PAGAN et al., 2015).

A heparina imobilizada em suportes sélidos € amplamente utilizada na cromatografia de
afinidade para a purificacdo e identificagdo nas chamadas “proteinas de ligacao a heparina”.
Por apresentar grupos funcionais (sulfatos e carboxilatos) reativos, a heparina é facilmente
imobilizada a uma matriz, por isso 0 seu uso tem sido alvo de pesquisas na area de
imobilizacdo de biomoléculas (MURUGESAN et al., 2008).

Para que ocorra a ligacdo covalente da heparina, primeiramente é necessario que seus
grupos carboxilicos passem por um processo de ativacdo através da adicdo de EDAC (1-etil-
3-(3-dimetilaminopropil carbodiimida). O EDAC ativa a os grupos carboxilicos da heparina
levando a formacéo do o-acilureia, um composto intermediario, que apresenta um grupamento
éster bastante reativo e facil de sofrer hidrolise. Para resolver esse problema é adicionado o
NHS (N-hidroxi-succinamida) que vai reagir com 0 grupo éster do composto intermediario
deixando-o mais estavel. Logo, em presenca de um grupamento amino do suporte, este ird
reagir com a carbonila do éster formando uma ligacdo amida (HERMANSON, 2008). A
reacao esta ilustrada na figura 8. Estudos realizados por Oliveira et al. (2003) avaliaram as
propriedades da heparina modificada com EDAC/NHS e relataram essa ativagdo como

importante processo para imobilizacdo da heparina em materiais.

Figura 8 - Esquema de ativacdo dos grupos carboxilicos por EDAC/NHS.
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2.4 CROMATOGRAFIA DE AFINIDADE A HEPARINA

Quando imobilizada, a heparina pode interagir com fatores da coagulagéo, funcionando
como um ligante de afinidade, capaz de interagir com estas proteinas (KRAPFENBAUER e
FOUNTOULAKIS, 2009), isso é o que a literatura descreve como cromatografia de afinidade
a heparina. Este método (figura 9) ocorre devido a interacdo (afinidade) entre as moléculas de
interesse e a heparina imobilizada ao suporte insolivel (FAROOQUI, 1980; XIONG et al.,
2008).

Figura 9 - Principios da cromatografia de afinidade a heparina. (a) representa a 12 etapa que corresponde a
imobilizacdo da heparina em um suporte ou coluna. (b) ilustra a incubacdo do suporte com as proteinas do
plasma humano e a interacdo das proteinas que tem afinidade com a heparina. (c) demonstra a formacao de um

complexo de ligacdo entre a heparina e proteina especifica com posterior eluicdo e purificagdo desta proteina.
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Fonte: Elaborado pela autora (2016).

Em geral, este método de cromatografia de afinidade é bastante utilizado para fracionar
ou purificar proteinas e outras substancias biolégicas que podem interagir com a heparina. A
elevada afinidade de ligacdo da AT com a heparina tem sido utilizada em sistemas de

cromatografia de afinidade para o isolamento da antitrombina a partir do plasma (HEGER et
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al., 2002). Embora a cromatografia de afinidade seja uma boa abordagem para estudar essa
interacdo entre a antitrombina e a heparina, até agora essa metodologia nao foi explorada para
determinar constantes de ligagéo entre estes dois ligantes (MARIE et al., 2015).

Cromatografia de afinidade a heparina tambem tem sido utilizada para purificar
lactoferrina a partir de leite de cabra, bovino e humano. Além disso, também é utilizada para
purificar alguns fatores de crescimento (fator de betacelulina e fator de crescimento de
fibroblastos basico) a partir do soro de leite bovino (OUNIS et al., 2008).

Recentemente, Bjarnadottir e Flensrud (2014) utilizaram cromatografia de afinidade a
heparina para detectar proteinas do plasma humano e foi observado que entre essas proteinas
muitas eram biomarcadores ja descritos na literatura. Hu et al. (2010) utilizaram a
cromatografia de afinidade a heparina para purificacdo do virus da sindrome reprodutiva e
respiratoria dos suinos em cultura de celula, chegando a remover das celulas cerca de 96%
desse virus. A separacdo de pequenos componentes proteicos presentes no soro do leite foram
isolados por Ounis et al. (2008) utilizando a cromatografia de afinidade a heparina.

A alta afinidade de ligacdo da heparina a varias proteinas, incluindo fatores de
crescimento, tem sido relacionada com a sua carga liquida negativa em pH neutro
(KAWAKAMI et al., 2006; FENG et al., 2004). Além disso, o0 uso da cromatografia de
afinidade a heparina pode ser aplicada como uma estratégia para remover seletivamente
algumas proteinas de grande abundancia, facilitando a analise de proteinas de baixa
concentracdo no plasma. J& foi demonstrado que a albumina pode ser removida, por exemplo,
através de técnicas de colunas de imunoafinidade, aprisionamento isoelétrico e cromatografia
de afinidade (LEI et al., 2008).

2.4.1 PURIFICACAO DA ANTITROMBINA

Como ja mencionado anteriormente, o uso da cromatografia de afinidade a heparina é
0 método mais utilizado no processo de isolamento ou purificacdo da antitrombina a partir do
plasma humano. De acordo com a tabela 1, a purificacdo da antitrombina baseada na sua
ligacdo por afinidade a heparina foi descrita ha quatro décadas e continua até os dias de hoje,

utilizando diferentes metodologias como mostrado nesta tabela.
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Tabela 1 — Trabalhos publicados na literatura sobre diferentes processos de isolamento, identificagdo e

purificagdo de antitrombina.

Titulo do Trabalho

Metodologia para purificacdo/
isolamento/ identificacéo

Autores/ Ano de publicacéo

A fast capillary electrophoresis
method to assess the binding
affinity of recombinant
antithrombin ~ toward  heparin
directly  from  cell  culture
supernatants.

Purification and characterization of

al-proteinase inhibitor and
antithrombin I11: major serpins of
rainbow trout (Oncorhynchuss

mykiss) and carp (Cyprinus carpio)
blood plasma.

Purification and characterization of
recombinant human antithrombin
containing the prelatent form in
Chinese hamster ovary cells.

A novel matrix for high
performance affinity
chromatography and its application
in the purification of antithrombin
I"i.

Separation of latent, prelatent, and
native forms of human
antithrombin by heparin affinity
high-performance liquid
chromatography.

Separation of active and inactive
forms of human antithrombin by
heparin affinity chromatography.

Affinity chromatography in the
industrial purification of plasma
proteins for therapeutic use.

The interactions between
antitrombin  Ill, thrombin and
surface immobilized heparin.

A Highly Purified Antithrombin I
Concentrate Prepared From Human
Plasma Fraction V-l by Affinity
Chromatography.

Isolation of plasma proteins from

Foi determinada a afinidade de
ligagdo entre uma nova geragéo de
recombinante de antitrombina e
heparina, com base no método de
electroforese capilar por afinidade
de equilibrio dindmico.

Uso de colunas comerciais de
cromatografia de afinidade.

Coluna de cromatografia de
afinidade a heparina comercial.

Cromatografia de afinidade de alta
eficiéncia baseada na imobilizacdo
da heparina em uma matriz de fibra
de viscose.

Colunas comerciais de heparina.

Duas etapas de cromatografia de
afinidade a heparina utilizando
colunas comerciais.

Revisdo sobre os
métodos  de

principais
purificacdo  das
proteinas plasmaéticas, onde
menciona a cromatografia de
afinidade a heparina como melhor
método para purificacdo da
antitrombina.

Heparina imobilizada em pérolas
de  poliestireno  carboxiladas;

cromatografia de afinidade a
heparina.
Colunas comerciais de
cromatografia de afinidade a
heparina

Uso de suportes a base agarose e

MARIE et al., 2015.

MICKOWSKA, 2009.

MOCHIZUKI et al., 2005

ZHAO et al., 2005

KARLSSON e WINGE, 2004.

HEGER et al., 2002.

BURNOUF e
2001.

RADOSEVICH,

VAN DELDEN, ENGBERS e
FEIJEN, 1996.

LEBING et al., 1994,

JOSIC, BAL e SCHWINN, 1993.
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the clotting cascade by heparin outros polimeros, como matriz de

affinity chromatography. afinidade, para purificacdo da
antitrombina via cromatografia de
afinidade.

Purification and  Large-Scale Cromatografia de afinidade a HOFFMAN, 1989.
Preparation of Antithrombin I11 heparina com Ultrogel de Heparina

Isolation and Characterization of Cromatografia com uso de plasma PETERSON e BLACKBURN,
an Antithrombin Il Variant with normal em Heparina-Sepharose. 1985.

Reduced Carbohydrate Content

and Enhanced Heparin Binding

Development of Large Scale Cromatografia de afinidade por WICKERHAUSER, WILLIAMS e

Fractionation Methods Heparina-Sepharose. MERCER, 1979.

VII. Preparation of Antithrombin

Il Concentrate

Purification Of Antithrombin IIl Cromatografia de afinidade a MILLER-ANDERSSON, BORG e
By Affinity Chromatography. heparina em gel de Sepharose. ANDERSSON, 1974.

2.5 SUPORTES MAGNETICOS

Na escolha de um suporte para uma determinada aplicacdo, devem ser analisadas suas
propriedades fisico-quimicas, além da possibilidade de regeneracdo do material (MACIEL,
2012). Os suportes utilizados para imobilizacdo de biomoléculas devem apresentar um bom
perfil como resisténcia fisica, insolubilidade, resisténcia a ataques microbianos, além de
estabilidade mecanica e térmica (CARAMORI e FERNANDES, 2004). E, quando
magnetizados, a recuperacdo do composito suporte-biomolécula pode facilmente ser obtida
mediante a aplicacdo de um campo magnético.

A literatura descreve o uso de diferentes particulas magnéticas como suportes para
imobilizacdo de biomoléculas, alguns exemplos sdo: Dacron magnético para imobilizacéo de
heparan sulfato (MERCES et al., 2015) e tripsina (AMARAL et al., 2006); terra de
diatoméaceas magnética e argila magnética para imobilizacdo de invertase (CABRERA et al.,
2014); levana magnética para imobilizacdo de tripsina (MACIEL et al. 2012); nanoparticulas
de magnetita modificadas com APTES (3-aminopropiltrietoxisilano) e funcionalizadas com
glutaraldeido para imobilizacdo de albumina (MALTAS et al. 2011); magnetita revestida com
polianilina para imobilizacdo de p-galactosidase (NERI et al, 2011 ) e tripsina (MACIEL et
al., 2016).
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2.5.1 PARTICULAS MAGNETICAS

As particulas magnéticas foram empregadas pela primeira vez na década de 1940
como uma nova tecnologia no tratamento de &gua poluida (ARIAS et al., 2001).
Nanoparticulas a base de oOxido de ferro podem ser sintetizadas por diferentes formas
(NICOLAS et al., 2013), por exemplo: co-precipitacdo dos fons Fe*?/Fe*® em uma solugéo
aquosa utilizando uma base como agente de precipitagdo (WU et al., 2007; FRIED et al.,
2001), técnicas de sol-gel (XU et al., 2007), métodos coloidais (MARTINEZ et al., 2007),
reacdo de pirdlise (CHIU et al., 2007) entre outros. O procedimento mais barato, simples e
ecologicamente correto é o método de coprecipitacdo (KANG et al., 1996; QU et al., 1999).

De acordo com Laurent et al. (2008), a técnica de co-precipitacdo é provavelmente a via
mais eficiente para obter particulas magnéticas. Os 6xidos de ferro tais como magnetita
(FesO4) ou hematita (yFe,O3) sdo geralmente preparadas por uma mistura estequiométrica de
sais férricos e ferrosos em meio aquoso. A reacdo quimica de formacdo de Fe;O,4 pode ser
escrita de acordo com a equacao abaixo:

Fe*? + 2Fe*® + 8OH > Fes04 + 4H,0

Ainda de acordo com o mesmo autor, a precipitacdo completa de Fe;O, deve acontecer a
um pH entre 8 e 14, com uma relacdo estequiométrica de 2:1 (Fe**/Fe?*) em um ambiente ndo
oxidante sem oxigeénio.

Recentemente, 0s nanomateriais magneticos (magnetita, hematita e metais de ferritina),
tém sido amplamente utilizados na area da biomedicina e de catalisadores devido as suas
excelentes propriedades magnéticas (CHINNARAJ et al., 2015). Nanoparticulas de 6xido de
ferro tém sido desenvolvidas como novos sistemas promissores para serem aplicados em
diferentes areas, tais como: agentes de imagem na ressonancia magnética; mediadores de
calor no tratamento do cancer por hipertermia; suporte sélido para catalise heterogénea;
biossensores; adsorventes para a remogao de corantes e metais; e em sistemas de entrega de
drogas: “drug delivery” (DEBRASSI et al., 2011).

As particulas magnéticas modificadas sdo constituidas por um nicleo de éxido de ferro
revestido com um polimero. Esse revestimento possui grupos ativos que podem ser
conjugados a biomoléculas tais como carboidratos, proteinas e enzimas (MA et. al, 2003;
YMAURA et al., 2004). As particulas de magnetita superparamagnéticas revestidas com
polimeros sdo usualmente formadas por nucleos magnéticos responsaveis por uma resposta
magnética forte e uma camada polimérica para fornecer grupos funcionalizaveis e
caracteristicos ( WUNDERBALDINGER et al., 2002).
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2.5.2 DACRON MAGNETICO

O Dacron ou Polietileno tereftalato (PET) € um poliéster insoldvel em &gua, obtido
comercialmente pela condensacdo do etileno glicol com o acido tereftalico (figura 10) e as
suas propriedades dependem do seu peso molecular, estrutura molecular, cristalinidade e a
presenca de impurezas (DUARTE et al., 2004).

Figura 10 - Estrutura do Polietinelotereftalato formado pela condensacéo do acido tereftalico e etileno glicol.
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Fonte: Disponivel em http://allchemy.ig.usp.br/agregando/ABQ/oqgsp07red/11a.gif

O PET é o material mais comumente usado para a producdo de garrafas plasticas de
agua, possui uma caracteristica bastante atraente que € o0 seu baixo custo de fabricacdo
(BABA et al., 2014). As matrizes fibrosas de PET podem ser aplicadas em diferentes areas na
biotecnologia. Além disso, esse poliéster tem sido muito utilizado em aplicacbes biomédicas,
tais como material para vasos sanguineos artificiais, tenddes, prétese de tecido duro, fio
cirargico (IRENA et al, 2009) e enxertos vasculares devido a sua bioestabilidade
(HADJIZADEH et al., 2010).

Como a maioria dos polimeros sintéticos, o PET ¢é relativamente inerte e hidrofébico
sem grupos funcionais Uteis para processos de imobilizacdo. Para resolver este inconveniente,
algumas modificacGes quimicas sdo realizadas para alterar as propriedades de superficie desse
material. Um dos métodos inclui a reacdo do PET com substancias de baixo peso molecular
contendo grupos hidroxila, carboxila ou amina, que apds a reacdo esses grupos funcionais se

incorporam na superficie do polimero. Os grupos funcionais criados durante os processos de
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modificacdo podem servir para imobilizagdo covalente de vérias biomoléculas como, por
exemplo, carboidratos, peptideos e proteinas (IRENA et al., 2009).

A sintese de particulas de Dacron ferromagnéticas inicialmente foi descrita por
Carneiro Ledo et al. (1991). Primeiramente, o Dacron sob a forma de folhas é submetido a
hidrazindlise, uma reagdo que consiste na adi¢cdo de grupamentos hidrazidas ao suporte. As
hidrazidas formadas sdo obtidas pela reacdo entre o hidrato de hidrazina e grupamentos
ésteres presentes no Dacron (figura 11). O pd obtido é mecanicamente resistente e ndo
biodegradavel. Essas propriedades o qualificam como um suporte adequado para
imobilizacdo. Sua magnetizacdo é realizada através da co-precipitacdo de sais de ferro em
meio aquoso e alcalino. Esse suporte quando magnetizado possibilita sua rapida separacdo de

uma mistura reacional.

Figura 11 - Formacdo de Dacron-hidrazida a partir da reacdo de hidrazindlise do Dacron. Em destaque
(vermelho) o grupo hidrazida formado.
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Fonte: Elaborado pela autora (2016).

A literatura descreve alguns trabalhos que utilizaram suportes de Dacron magnéticos
para imobilizacdo de biomoléculas, tais como: heparan sulfato (MERCES et al., 2015); a-L-
Rhamnosidase (SORIA et al, 2012); B-galactosidase (NERI et al., 2011); invertase
(CADENA et al., 2010); tripsina (AMARAL et al., 2006) e proteinas (OLIVEIRA et al.,
1989).
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2.5.3 MAGNETITA REVESTIDA COM POLIANILINA

As nanoparticulas de 6xido de ferro na forma cristalina de magnetita (FesO4) contém
propriedades supermagnéticas e ferromagnéticos e essas caracteristicas Unicas tém despertado
grande interesse em varios campos. Em particular, a magnetita é o material mais comumente
utilizado em aplicagdes biomédicas devido a sua baixa toxicidade, alta saturacdo magnética e
facil sintese (ZHANG et al., 2011).

A polianilina ou PANI é um polimero condutor que apresenta facilidade de sintese, baixo
custo e boa estabilidade ambiental, porém sua utilizacdo em aplicagdes bioldgicas é limitada
pela sua baixa capacidade de processamento (BALINT et al., 2014). A sua estrutura é
composta por dois segmentos: uma estrutura plana de dois grupos imina e um anel quindide e

segmentos tetraédricos de dois grupos amina que separam trés anéis benzénicos (figura 12).

Figura 12 - Estrutura da polianilina.

Fonte: Adaptado de BALINT et al., 2014.

A polianilina é obtida através da polimerizacdo da anilina, esse método pode ser feito
através de trés métodos de polimerizacdo: quimica, eletroquimica e fotoeletroquimica. O mais
utilizado e vantajoso é o de sintese quimica que possibilita uma reacdo a baixo custo. A
sintese quimica envolve a oxidacdo direta do monémero de anilina por oxidantes quimicos,
sendo realizada na presenca de um acido forte em meio aquoso (MOLAPO et al., 2012)

A estrutura da polianilina pode ser facilmente modificada mediante protonacdo. A figura
13 mostra as diferentes formas da PANI e a sua transformacdo por qualquer acido/base ou por
reacdes eletroquimicas (JARAMILLO-TABARES et al., 2012). Porém entre essas formas, a
PANI esmeraldina, é a mais estavel e condutora (BALINT et al., 2014).
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Figura 13 - Estruturas quimicas da polianilina em diferentes estados de oxidagéo.
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Fonte: Adaptado de JARAMILLO-TABARES, et al., 2012.

O revestimento de uma matriz magnética com polianilina, por exemplo, devido a sua facil
sintese (eletroquimicamente ou mediante uso de agentes oxidantes) a tornam atrativas em
aplicacdo como matriz para imobilizacdo de moléculas (FERNANDES et al., 2003;
NGAMNA et al., 2005; SINGH et al., 2006).

Alguns trabalhos descritos na literatura utilizaram particulas de magnetita revestidas
com polianilina como suporte para imobilizacdo de biomoléculas, tais como: heparan sulfato
(MERCES et al., 2015); creatininase, creatinase e sarcosina oxidase (YADAYV et al., 2012); B-
galactosidase (NERI et al., 2011) e tripsina (WANG et al., 2008).

2.6 SEPARACAO POR AFINIDADE MAGNETICA

Em 1792 a técnica de separacdo magnética foi descrita pela primeira vez por William
Fullarton, quando ele utilizou um ima para separar minerais de ferro (YAVUZ et al., 2009).
Desde entdo, diversas aplicacdes tém sido descritos na literatura. Na década de 1970 foram
introduzidas pequenas particulas magnéticas nas técnicas de separacdo magnética e com isso
houve um aumento de estudos voltados para o seu desenvolvimento e aplicagbes. As

particulas magnéticas estdo entre os materiais mais utilizados em técnicas de separacdo, com



37

aplicacOes na area de imobilizacdo de biomoléculas (proteinas, enzimas e outros), sistemas de
analise em medicina e na biotecnologia (AGUILAR-ARTEAGA et al., 2010).

O processo de separacdo por afinidade € um poderoso método utilizado na purificacéo
de proteinas e se baseia na formacdo de complexos especificos e reversiveis entre uma
molécula imobilizada e seus ligantes a serem purificados. O uso da cromatografia de
afinidade magnética possui algumas vantagens, como ser realizada de forma mais rapida e
utilizar processos de separagdo baseado em campo magnético (LAN et al., 2015).

Nesse tipo de separagdo, os materiais magnéticos funcionalizados exibem afinidade
para um ligante especifico e desta forma sdo misturados com uma amostra contendo essas
moléculas alvo. Dentro de um periodo de incubacdo, as moléculas alvo ligam-se as particulas
magnéticas. O complexo magnético inteiro é subsequentemente separado da amostra a partir
da aplicacdo de um campo magnético externo e, apos lavagens, as moléculas alvo séo isoladas

(HE et al., 2014). A figura 14 ilustra o processo de separacao por afinidade magnética.

Figural4 - Procedimento realizado na técnica de separacéo por afinidade magnética.
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Fonte: Adaptado de CHEN et al., 2011.

Atualmente, separa¢fes magnéticas das células, proteinas e &cidos nucléicos sao
rotineiramente utilizados em laboratorios (BORLIDO et al., 2013). Sendo assim € necessario
preparar, estabilizar e funcionalizar as particulas magnéticas para serem aplicadas no processo
de separacdo de analitos presentes em amostras biologicas. Esse procedimento esta

esquematizado na figura 15.
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Figura 15. Procedimento geral realizado na separacdo magnética para a realizacéo de andlises bioldgicas.
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Fonte: Adaptado de He et al., 2014.

A literatura descreve estudos que utilizam o processo de separacdo magnética na area
de biotecnologia para processos de separacdo de residuos e purificagdo de moléculas
especificas. Recentemente, Zhang et al. (2016) estudaram o uso de microparticulas
hidrofobicas com propriedades magnéticas para serem utilizadas na remocao eficaz do 6leo na
agua em diferentes vias. Gao et al. (2016) utilizaram nanoparticulas magnéticas “imprinted"
de alta eficiéncia para separacdo e identificacdo de 17b-Estradiol por afinidade magnética a
partir do leite.

Lan et al. (2015) realizaram um estudo sobre a purificacdo da enzima conversora de
angiotensina (ECA) através do processo de separacdo por afinidade magnética utilizando
microesfera de agarose magnética. Mercés et al. (2015) descreveram o uso de heparan sulfato
imobilizado em particulas magnéticas como matriz de afinidade para purificacdo de
antitrombina a partir do plasma humano.

Estudos realizados por Régo et al. (2014) relataram o uso da goma de sementes de
Parkia pendula magnética como matriz para imobilizacdo covalente da lectina
Concanavalina-A onde esse compdsito foi aplicado na purificacdo de glicoconjugados por
afinidade. Sennikov et al. (2013) utilizaram cromatografia de afinidade e separacdo magnética

para purificagdo de anticorpos para o fator de necrose tumoral a partir do soro humano.
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Angeli et al. (2009) demonstraram o uso de um compdsito de levana ferromagnético como
matriz de afinidade para purificar lectinas através de um procedimento rapido e facil baseado
na afinidade magnética. O uso de nanoesferas magnéticas de silica foi descrito por Ma et al.
(2006) no processo de separacdo por afinidade de uma mistura de proteinas.

Em resumo, a separacdo por afinidade magnética permite uma remocao rapida e facil
de compostos ligados as particulas magnéticas funcionalizadas a partir de misturas
heterogéneas. Além de outras vantagens tais como manipulacdo facil, suscetivel a
automatizacdo, miniaturizacdo e ndo ha necessidade de diluir a amostra ou perda de material
durante a lavagem. Ainda possui uma separacao rapida e eficaz das particulas magnéticas da
mistura reacional sem precisar utilizar métodos como filtracdo ou centrifugacdo. Isso faz com
que 0s materiais magnéticos sejam Uteis ndo sé na rotina diaria de trabalho no laboratério,

mas também na producéo pratica (HORAK et al., 2007).
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4 OBJETIVOS

4.1 OBJETIVO GERAL

Produzir dois suportes (Dacron magnético e magnetita revestida com polianilina)
imobilizar heparina nesses materiais e utilizar esses derivados magnéticos para o

fracionamento/purificacdo de proteinas plasmaticas.

4.2 OBJETIVOS ESPECIFICOS

= Imobilizar covalentemente heparina as particulas de Dacron magnético (MDAC) e
magnetita revestida com polianilina (MAG-PANI);

= Caracterizagdo fisico-quimica das particulas magnéticas sintetizadas;

= Determinar a quantidade de heparina imobilizada;

= Utilizar os derivados magnéticos para o fracionamento de proteinas plasmaticas;

= |dentificar as proteinas separadas ou purificadas;

= Realizar testes in vitro com as proteinas fracionadas mediante suas funcdes biologicas

especificas.
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SARTIGO 1

SYNTHESIS AND CHARACTERIZATION OF MAGNETIZED DACRON-HEPARIN
COMPOSITE EMPLOYED FOR ANTITHROMBIN AFFINITY PURIFICATION

Aurenice Arruda Dutra das Mercés', Ricardo de Souza Silva', Karciano José Santos Silva?,
Jackeline da Costa Maciel?, Givanildo Bezerra Oliveira*, Davian Martinez Buitragoz, José
Albino Oliveira de Aguiar®, Luiz Bezerra de Carvalho Janior™.

'Laboratério de Imunopatologia Keizo Asami, Universidade Federal de Pernambuco, Cidade
Universitaria, 50670-901 Recife, PE, Brazil.
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ABSTRACT

This works aimed to immobilize heparin onto magnetic Dacron-hydrazide (mDAC) and to use
for human antithrombin purification. Dacron was firstly converted to Dacron-hydrazide and
magnetized by co-precipitation method of Fe?*/Fe**. Heparin (HEP) was activated by
carbodiimide and N-hydroxysuccinimide and immobilized on mDAC yielding the mDAC-
HEP composite containing 51+0.1 pg heparin/mg of support. EDX and infrared spectra
analyses confirmed each synthesis step of mMDAC comparing to magnetite. mDAC exhibited
superparamagnetism and magnetic saturation equal to about 23 emu/g to 293 K, 300 K and
313 K. Human plasma was incubated with mDAC-HEP (zero time and 2 years stored
preparations) and washed with phosphate buffer (PBS) containing increasing NaCl
concentration. mDAC-HEP was capable to remove the plasma antithrombin activity (about
20%) using both zero time and 2 years stored preparations. Eluate obtained with 1.0 M NaCl
in PBS was also able to prolong coagulation time (aPTT) using both mDAC preparations.
Electrophoresis of the eluates revealed bands of antithrombin (58 kDa). These mDAC-HEP
properties were preserved even after 10 reuses. This method presents the following
advantages: easy synthesis of the composite at low cost, affinity purification steps with the
help of magnetic field and reuse.

Key words: antithrombin; heparin; immobilization; magnetic support; purification.
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1. Introduction

Heparin (Hep) is a highly sulfated linear polysaccharide pertaining to the family of
glycosaminoglycans (GAGSs), which has been used in clinic because of its anticoagulant
property [1]. Its structure is composed by linear chain with repeating disaccharide units
comprised of an uronic acid (iduronic or glucuronic) [2] and glucosamine that can be either
N-acetylated or N-sulfonated [3]. As a result of this structure Hep has the highest negative
charge density when compared to any other biologically active macromolecule [4]. The net
negative charge of Hep has been associated to its property of binding to various proteins
strongly [5]. Therefore, the literature describes several "heparin binding protein” such as the
growth factor basic fibroblast (bFGF), vascular endothelial growth factor (VEGF), fibronectin
(FN) and antithrombin (AT). Also it plays an important role in regulating the activity and
stability of these proteins [6]. Human AT is a plasma protein involved mainly in anti-
coagulation [7]. Hep has reactive functional groups (carboxylates and sulphates) that enable it
for covalent immobilization onto water insoluble matrices [8]. Immobilized Hep can interact,
for example with coagulation factors, acting as an affinity ligand capable of purifying proteins
[9]. This method is known as heparin affinity chromatography that is used to purify or
fractionate biological samples [10]. However, immobilized Hep on column containing resins
such as Sepharose has been more frequently used for human plasma AT purification [11].
Here, an alternative procedure is proposed based on immobilized Hep on ferromagnetic
Dacron. The advantages of this proposal are: the Hep derivative is easily synthesized using
low cost reagents; can be easily removed from the incubation mixture by applying a magnetic
field and it is reusable. In our laboratory, magnetic Dacron has been proposed for enzyme
immobilization [12, 13, 14]. Dacron or polyethylene terephthalate (PET) is a widely used
polymer derived from condensation reaction between terephthalic acid and ethyleneglycol and

has good mechanical and chemical properties [15].

2. Material and methods

2.1. Materials and reagents

Terphane Ltda. (Cabo de Santo Agostinho, PE, Brazil) kindly donated Dacron. Heparin was
purchased from Cristalia Chemicals & Pharmaceuticals Ltda (Sdo Paulo, Brazil).
Carbodiimide (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; EDAC), N-
hydroxysuccinimide (NHS), hydrazine hydrate, antithrombin [l from human plasma
(lyophilized powder, > 95% - SDS-PAGE), ferric and ferrous chloride were purchased from
Sigma-Aldrich  Ltda (S&o Paulo, Brazil). The antithrombin amidolytic activity kit
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(TriniCHROM™ Antithrombin I1a) was acquired from the Trinity Biotech SA (New Jersey,
USA), whereas the activated partial thromboplastin time (aPTT) kit was from Labtest
Diagnostica (Minas Gerais, Brazil). Human blood was collected from a volunteer under the
Ethical Committee of the Universidade Federal de Pernambuco approval.

2.2. Synthesis of magnetic Dacron-hydrazide (mDAC)

Dacron (polyethylene terephthalate) was converted to Dacron-hydrazide by hydrazinolysis
reaction according to Amaral et al. [12]. Briefly: Films of Dacron (4 g) were cut in strips and
incubated in methanol (100 mL) containing hydrazine hydrate (10 mL) at 40°C for 48 h with
stirring. Afterward, the Dacron-hydrazide obtained (white powder) was washed twice with
methanol and distilled water, successively. Then the Dacron-hydrazide was magnetized by co-
precipitation method of Fe?*/Fe** (mDAC). Briefly: Hydrazide-Dacron (2 g) was stirred in
deionized water (100 mL), after was added an aqueous solution (10 mL) containing
FeCl;.6H,0 (1.1 M) and FeCl,.4H,0 (0.6 M). This mixture remained under vigorous stirring
at 90°C for 30 min with pH adjusted to 10.0 using ammonium hydroxide.

2.3. Characterization of magnetic particles

The particle size, morphology and chemical composition of Dacron-hydrazide and mDAC
were established by scanning electronic microscopy (SEM) utilizing a QUANTA 200 FEG
electron microscope equipped with Energy Dispersive X-ray (EDX). The structural properties
were characterized by X-ray diffraction (XRD) performed at room temperature in the range
10° - 90°, in equal 26 steps of 0.02° , using Bruker D8 Advance diffractometer with CuKa
radiation (A = 1. 5406 A). Magnetization measurements were made as a function of applied
magnetic field (M x H) using a vibrating sample magnetometer (VSM), Versalab,
manufactured by Quantum Design. The measurements were obtained at 293 K, 300 K and
313 K, with magnetic fields in the -30KOe to +30 KOe range.

2.4. Immobilization of heparin on the mDAC

First, a solution of heparin (3 mg/mL) was treated with EDAC/NHS to activate heparin
carboxylic groups according to Oliveira et al. [16]. An aliquot of this functionalized heparin
(1 mL) was incubated with 30 mg of mDAC for 72 h with mild agitation yielding the
covalently immobilized heparin on the magnetic support (MDAC-HEP composite). The
composite were recovered under a magnetic field (6000 Oe) and washed ten times with

deionized water to remove non-immobilized heparin. Under this magnetic field the particles
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precipitation occurred in about 30 s but one minute was used to assure that all of them were
collected. The supernatant (SB), first washed (L1) and second washed (L2) were reserved for
heparin determination. This magnetic composite was stored in water at 4°C and used in two
moments: time zero (immediately synthesized) and 24 months stored (stored during two
years) in order to investigate the composite stability for purification of antithrombin.

2.5. Determination of heparin

Heparin was determined according to Oliveira et al. [16] based on the property of heparin to
form complexes with basic dyes such as methylene blue. The calibration curve was
constructed using heparin concentrations from 10 to 100 pg/mL. The amount of immobilized
heparin was estimated through the difference between the amounts of offered heparin with
that found in the supernatants (SB, L1 and L2).

2.6. Physical-chemical analysis
Infrared spectra of the 24 months stored magnetite (MAG), mDAC and mDAC-HEP were
analyzed using, respectively, a BRUKER instrument model IFS 66 (Central Analytical of the

Departamento de Quimica Fundamental, Universidade Federal de Pernambuco, Brazil).

2.7. Plasma antithrombin purification

Citrated human plasma (1.0 mL) was incubated with mDAC-HEP (30 mg) and kept under
stirring for 1 h at 4°C. Both time zero and 24 months stored preparations of mDAC and
mDAC-HEP were used in the plasma AT purification. Then, the magnetic composite was
collected by a magnetic field (6000 Oe) and the supernatant stored for further analysis. The
composite was washed out with 10 mM phosphate buffer, pH 7.2, containing 150 mM NacCl
(PBS) and subsequently; the composite was eluted with the same buffer containing an
increasing gradient of NaCl (0.25 M; 0.5 M; 1.0 M). Furthermore, both mDAC-HEP
preparations (time zero and 24 months stored) were reused ten times intercalating each

successive use with PBS washing fifty times.

2.8. Measurement of antithrombin activity
The plasma antithrombin activity was evaluated by its amidolytic inhibition using
chromogenic substrate assay (Tos-Gly-Pro-Arg-ANBA-IPA) and the aPTT. These procedures

were carried out according to the manufacturers instructions. The aPTT test for the plasma
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was performed adding 20 pL of eluate obtained with the gradient 1.0 M NaCl to the reaction
system Kit.

2.9. Electrophoresis SDS/PAGE

The eluates obtained by increasing gradient of NaCl (0.25 M; 0.5 M; 1.0 M) were analyzed by
gel electrophoresis sodium dodecyl sulfate (SDS-PAGE) 12,5% according to Laemmli [17].
The two mDAC-HEP preparations were used: time zero and 24 months stored.

2.10. Statistics

Statistical analysis was performed using OriginPro 8.5 (OriginLab, Northampton, MA 01060,
USA). All data are presented as the arithmetic mean + standard deviation of at least 3
independent replicates, except the data of reuse the material.

3. Results and Discussion

3.1. Morphology and size of particles

A white powder was obtained after Dacron hydrazinolysis reaction (Dacron-hydrazide) and a
dark one after being magnetized by the co-precipitation of Fe?/Fe** (mDAC). Images
obtained by SEM (Fig. 1) showed heterogeneous morphology and similar size for both
Dacron-hydrazide (Fig. 1a; 0.7 — 2.0 um) and mDAC (Fig. 1b; 1.0 — 2.0 um) microparticles,
whereas EDX analysis demonstrated the elements C, N and O in Dacron-hydrazide and the
additional presence of iron (Fe) in mDAC particles. These findings indicate the presence of

Dacron in the magnetic composite.
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Figure 1 SEM images and EDX of Dacron hydrazide (a) and mDAC (b).

3.2. X-ray analysis

Presence of magnetite phase in the Dacron-hydrazide particles was indicated by X-ray
analysis. The X-ray diffraction patterns of magnetite, Dacron hydrazide and mDAC particles
can be seen in Fig. 2. In magnetite XRD pattern the 20 peaks concerning to this phase appear
at 18.39°, 30.26°, 35.65°, 43.33°, 53.74°, 57.76°, 62.94°, 74.49° and 79.50°.

These peaks of magnetite also appear in mDAC’s XRD pattern in addition to the peaks
relative to Dacron hydrazide material. Corresponding to the Dacron hydrazide’s peaks:
11.24°, 13.10°, 17.57°, 19.25°, 22.35°, 22.58°, 23.44°, 25.33°, 26.54°, 27.49°, 28.51°, 30.33°,
32.66°, 34.43°, 35.49°, 36.76°, 38.71°, 39.23°, 41.17°, 45.54°, 45.75°, 48.42°, 50.64°, 52.18°,
54.24°, 56.75°. The magnetite diffractogram revealed values of cell parameter for the
magnetite phase of 8,37 A. In relation the cell parameter of the magnetite phase formed in

mDAC, its value is 8,36 A, very close to the value obtained by Jamarillo-Tabares et al. [18].
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The peaks corresponding to magnetite are according to Jamarillo-Tabares et al. [18] and
Cabrera et al. [23]. The mDAC particles XRD peaks are slightly broader than those of the
Dacron-hydrazide (powder), which is characteristic for amorphous materials and also of
ultrafine crystalline particles. It suggests the presence of the polyethylene terephthalate in
mDAC particles.
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Figure 2 X-ray diffraction patterns of magnetite (M), Dacron (D) and mDAC particles
(mDAC).

3.3. Magnetization measurements
The magnetization curves dependent on the magnetic field for pure magnetite and mDAC

particles are shown in Fig. 3a and 3b, respectively. The hysteresis curves revealed a magnetic
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saturation (Ms) to mDAC of 23.13 emu/g (293 K), 23.02 emu/g (300 K) and 22.67 emul/g
(313 K). As expected, the mDAC particles had a magnetic ordering but the degree of Ms was
lower (2.74 times) to temperatures of 293 K, 300 K and 313 K as compared to pure magnetite.
For all these temperatures, the decrease in saturation could be related to magnetite
modification in the mDAC particles due to the presence of polyethylene terephthalate.
Cabrera et al. [23] and Maciel et al. [24] synthesizing minerals composites and magnetic
levan, respectively, reported similar results. Furthermore, according to magnetization of MAG
and mDAC analysis neither remnant magnetization nor coercivity was observed suggesting
that both magnetic materials exhibited superparamagnetism. Nicolas et al. [25] also reported
that the magnetic particles produced by co-precipitation method modified by the addition of

stabilizers presented superparamagnetic behavior.
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Figure 3 Hysteresis curves at 293 K, 300 K and 313 K for MAG (a) and mDAC (b).

3.4. Heparin immobilization

The covalent immobilization of Hep was established between the Hep carboxyl groups with
and mDAC amino groups Yielding an amide bond. The mDAC-HEP presented an amount of
51 = 0.1 pg of heparin per mg of mMDAC, whereas 13 + 0.4 ug of heparin was adsorbed to
each mg of MAG. About half of heparin offered was covalently immobilized on the mDAC
particles. These quantities of immobilized heparin are comparable to those described in the
literature, disregarding the differences between the methods of restraint that were used [26,
27, 28]. However, Funahashi et al. [29] reported a preparation containing 16 pg of Hep per
mg of wet gel (Sepharose-4B modified to contain amine groups) using as a coupling agent

EDAC whereas this work yielded preparations with about 50 pg/mg of support.
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3.5. Assignment of infrared absorption bands

The infrared spectrum of mMDAC-HEP showed a pattern of bands in the region between 1700
and 1500 cm™ indicating the exit of the immobilization (Fig. 4). In this region one can point
to the amide | bands (1650 cm™, arrow 2) and amide 11 (1544 cm™, arrow 3) suggesting the
amide group formed by linking the carboxyl group of heparin with the hydrazide group of
Dacron. Dacron spectrum presents a band around 3300 cm™ (NH, group, arrow 1) that is
absent in mMDAC-HEP suggesting that the hydrazide groups were consumed during the
immobilization reaction. Infrared spectra of the three constituent particles: magnetite, Dacron-
hydrazide and heparin have been described in the literature. Yamaura et al. [30] observed
strong bands around 632 cm™ and 585 cm™ in their magnetic nanoparticles and attributed to
the presence of magnetite. Ma et al. [31] and Peng et al. [32] reported similar spectra. Yamaya
et al. [33] obtained terephthalate-hydrazide from Dacron as a method of plastic recycling.
They reported bands at 3330, 1630 and 1540 cm™ and characteristics of dihydrazide obtained
from the Dacron. Here, the infrared spectra of the composites did not denote any band
characteristic of heparin, probably because Dacron-hydrazide bands overlapped them.
Infrared of heparin should presents bands around 3400, 1624, 1425 and 1236 cm™ [16]. In
both derivatives: mDAC and mDAC-HEP were found the elements C, H and N as expected
because both have these elements. An indication that the immobilization occurred can be
suggested from the C: N ratio of the derivative that was higher (5.94) that for the mDAC
(4.55) and intermediate value of the heparin (10.0) [34, 35, 36].
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Figure 4 Infrared spectra of MAG, Dacron-hydrazide; mDAC and mDAC-HEP (In ascending
order). 1: Band of NH; group of the hydrazide; 2: Band of amide I; 3: Band of amide II.
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3.6. Plasma antithrombin purification.

Heparin chromatography is a powerful technology for separating various target biomolecules
and has been widely used to fractionate proteins from the extract of prokaryotic organism or
eukaryotic cells [19, 20]. The Hep affinity chromatography associated to elution increasing
concentrations of NaCl is the most common method for separating human plasma AT [21,
22]. Fig. 5 shows the plasma AT activity before and after being incubated with mDAC-HEP
and mDAC using time zero and after 2 years of storage preparations. AT was removed after
incubation with time zero mDAC-HEP preparation (Fig. 5a) at the 1% (approximately 20%) as
well as during all reuses keeping removing capacity at the 10™ reuse (approximately 10%).
Negligible removing properties were observed for the mDAC (Fig. 5b) as compared for the
fresh plasma antithrombin activity. Similar behavior was observed for the 2 years of stored

preparation employment.
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Figure 5 Activity removed of antithrombin present in fresh plasma and after direct contact

with the mDAC derivatives. Immediately synthesized (a) and 2 years stored (b).

3.7. In vitro anticoagulant assay and electrophoresis

Fig. 6 displays the aPTT for the eluates obtained from the mDAC-HEP-plasma antithrombin
complex washings with PBS containing 1 M NaCl. Higher aPTT values can be noticed for the
eluates from mDAC-HEP compared with the values for those tests of fresh plasma and
mDAC either using the zero time (Fig. 6a) or 2 years stored (Fig. 6b) preparations at the 1%
use and all reuses. Values for the mDAC eluates did not experience increase in coagulation
time and were close to the fresh plasma. Fig. 7 presents plasma proteins eluted from zero time
and 2 years stored mDAC-HEP-AT complex preparations (Fig. 7a) and MAG (Fig. 7b) using
0.25, 0.5 and 1 M NaCl solutions stepwise. No protein was eluted with higher NaCl
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concentrations (data not shown). The number of protein bands decreased as far as the NaCl
concentrations increased either for the eluates from zero time or 2 years stored preparations.
As displayed in Fig. 5 antithrombin activity was only demonstrated in the 1.0 M NacCl elution.
The electrophoresis of this elution showed a band at the same position of the standard
antithrombin (58 kDa) employing both preparations. It is important to notice that a strong
band is presented above and one can suggest that is corresponding to albumin (66.5 kDa).
Furthermore, the results for the mDAC preparation did not present protein band at
antithrombin position (Fig. 7b). The purification profile observed in the control can be
attributed to the presence of absorbed heparin. Nevertheless, this heparin was not capable to
purify antithrombin in detectable amounts.
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Figure 6 Activated partial thromboplastin time (aPTT) of fresh plasma performed by adding
small aliquot of the eluate (1.0 M) of mDAC derivatives. Immediately synthesized (a) and 2
years stored (b).
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Figure 7 Electrophoresis of protein fractions of plasma obtained with the use of magnetic
particles. Elutions were carried out using increasing NaCl concentrations (0.25; 0.5 and 1.0
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M) in the magnetic derivatives: mDAC-HEP (a) and mDAC (b). AT: Standard Antithrombin.
(0): Elutions performed in supports immediately synthesized. (24): Elutions performed in
supports stored for 24 months. Arrows: Antithrombin (58 kDa).

3.8. Application of MDAC-HEP composite

Fig. 8 schematically shows the mDAC-HEP synthesis. It is a simple procedure consisting of
the amide bond breaks of the Dacron by hydrazine hydrate introducing amine group essential
for the covalent linkage to the treated Hep (functionalization with EDAC/NHS). However,
before this step the Dacron-hydrazide was magnetized to facilitate the purification operations
under a magnetic field. Immobilized biomolecules onto magnetic particles offer conditions for
large-scale uses once reactors can be devised to separate them from the incubation mixture by
applying a magnetic field. This strategy could be an alternative to the use of columns.
Here, the main focus was AT purification due to its medical importance in the inactivation of
blood clotting [37]. The separation process of proteins from human plasma was carried by
elution using increasing NaCl concentrations of NaCl. The presence of AT was evaluated in
the eluates by its amidolytic inhibition, aPTT and SDS-PAGE. AT was eluted in the PBS
containing 1.0 M NaCl. Furthermore, the results also showed that mDAC-HEP stored for 2
years still presented capacity to complex to AT and both preparations (zero time and 2 years
stored) can be reused ten times preserving affinity properties. It is worthwhile to notice that
other plasmatic proteins complexed to the mDAC-HEP preparation and could be easily
removed from the magnetic particles under a magnetic field using step elution with increasing

ionic strength solutions.

Hydrazinolysis reaction with Dacron (polyethylene terephthalate) and magnetization process:
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Figure 8 Schematic route of mDAC-HEP composite synthesis. Dacron is firstly hydrolyzed
under hydrazine hydrate that introduces amino group and subsequently co-precipitated with
Fe”* and Fe**. Hep is simultaneously functionalized with EDAC/NHS. Finally, magnetic
Dacron-hydrazide and functionalized Hep are incubated to form mDAC-HEP.

4. Conclusion

According to the results presented in this contribution one can conclude that: mDAC
microparticles (1-2 um) showed good magnetic ordering and a suggestive superparamagnetic
behavior; magnetite and Dacron-hydrazide were demonstrated in mDAC by EDX and XRD
analyses; heparin was covalently fixed onto the mDAC as demonstrated by Infrared spectra;
this derivative (MDAC-HEP) showed to form complex to human plasmatic proteins, including
antithrombin, and to release these proteins under increasing ionic strength solutions; mDAC-
HEP preparations can be reused ten times at least and stored for 2 years preserving these
affinity properties.
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ABSTRACT

This works aimed to immobilize heparin (HEP) onto magnetite coated with polyaniline
particles (MAG-PANI) and to use for fractionation and isolation of proteins from human
plasma. Magnetite (MAG) was obtained by co-precipitation method of Fe2+/Fe3+ and then
the particles were coated with polyaniline by the oxidation reaction of aniline with potassium
permanganate. HEP was activated by carbodiimide and N-hydroxysuccinimide and
immobilized on MAG-PANI yielding the MAG-PANI-HEP composite containing 26.4 + 0.09
ug heparin/mg of support. TEM analysis showed that MAG-PANI has a spherical
morphology and size of 14.4 + 0.9 nm and XRD indicates the presence of polyaniline phase in
MAG. Besides that MAG-PANI exhibited superparamagnetism and magnetic saturation equal
to about 66 emu/g to 293 K, 300 K and 313 K. Human plasma was diluted (1:5) with
phosphate buffer (PBS) and incubated with MAG-PANI-HEP and washed with phosphate
buffer (PBS) containing increasing NaCl concentration and the fractionation process was
monitored at 280 nm. Electrophoresis of collected fractions 1 to 6 showed the presence of
proteins with 23.9 to 151.3 kDa. F9 collected with 1.0 M NaCl in PBS showed a single band
(58.8 kDa) corresponding to antithrombin, a protein with anticoagulant activity. APTT test
was performed and it was observed that the plasma does not clotted after being incubated with
F9. This method can be applied to the blood products industry since it proved useful as a tool
for the fractionation of human plasma being possible to make the depletion of plasma proteins

and also isolate human antithrombin.
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1. Introduction

Human plasma contains proteins with a wide range of biological functions and is one of the
most commonly used biofluids in clinical diagnostics. However, the complexity of plasma,
namely due to the wide dynamic range of protein abundance, has been a major obstacle to the
comprehensive analysis and understanding of the plasma proteome [1]. These high-abundance
proteins hinder the detection of low-abundance proteins which are potential biomarkers for
various diseases. To improve their detection, high-abundance proteins like 1gG and albumin
must be removed [2]. Different methods can be used to deplete these proteins in plasma
samples, being liquid chromatography the most popular one. A variety of stationary phases
are available for this purpose such as affinity columns containing lectins, peptides or
inorganic ligands. These methods are easy to use and to scale-up, but are relatively expensive.
Additionally, they have some disadvantages, such as non-specific interactions that lead to the
loss of some proteins [3]. Heparin is a linear polysaccharide of the glycosaminoglycan family,
has a highly sulfated chain formed by repeating disaccharide units consisting of a uronic acid
(iduronic or glucuronic) and glucosamine [4]. Due to this structure heparin has a higher
negative charge density, when compared to any other biologically active macromolecule [5],
allowing heparin to interact with a large number of different proteins [6]. Heparin when
immobilized may interact with the coagulation factors, acting as an affinity ligand capable of
interacting with these proteins [7], this method is known as heparin-affinity chromatography
and is also widely used to fractionate or purify proteins and other biological substances that
may interact with heparin. The high binding affinity of AT to heparin has been used in affinity
chromatography systems for the isolation of antithrombin from human plasma [8].
Furthermore, the use of heparin affinity chromatography can be applied as a strategy to
selectively remove some abundance proteins, facilitating the analysis of low concentration in
plasma proteins [9]. Magnetic particles are among the most commonly used materials in
separation techniques, with applications such as immobilization of proteins, enzymes, and
other bioactive agents used in medical analytical systems and biotechnology. The
paramagnetic properties of these particles allow the easy isolation of products in solution by
attracting them with the aid of an external magnetic field. Thus, suspended magnetic particles
tagged with analytes can be removed from large volume samples using a magnet and their
isolation and purification are easier and faster than with other methods [10]. The iron oxide

nanoparticles in the crystalline form of magnetite (FesO,) contain supermagnetic and
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ferromagnetic properties and these unique features are of great interest in various fields,
especially in the biomedical field due to its low toxicity, high magnetic saturation and easy
synthesis [11]. Polyaniline is a conducting polymer that is easily synthesized, low cost and
good environmental stability [12]. The magnetic matrix coating with polyaniline it is
attractive for immobilization of biomolecules. Some studies have used magnetite particles
coated with polyaniline as a support for the immobilization of heparan sulfate [13],
creatininase, creatinase and sarcosine oxidase [14], B-galactosidase [15] and trypsin [16]. In
this work the use of heparin immobilized on magnetite coated with polyaniline is explored as
an affinity column for fractionation, depletion and isolation of some proteins from human

plasma.

2. Experimental

2.1. Materials and reagents

Carbodiimide (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; EDAC), N-
hydroxysuccinimide (NHS), aniline (ACS reagent >99.5%), ferric and ferrous chloride were
purchased from Sigma-Aldrich Ltda (S&o Paulo, Brazil). The heparin was purchased from
Cristalia Chemicals & Pharmaceuticals Ltda (Séo Paulo, Brazil), whereas the activated partial
thromboplastin time (APTT) kit was from Labtest Diagnostica (Minas Gerais, Brazil). Human
blood was collected from a volunteer under the Ethical Committee of the Universidade

Federal de Pernambuco approval.

2.2. Synthesis and preparation of the magnetic particles

The magnetite was obtained by co-precipitation of ferric and ferrous chloride in aqueous
alkaline solution and then the obtained magnetic particles were coated with polyaniline
according to Maciel et al. [17] as follows: (a) A solution of 0.1 M KMnO4 (50 mL) was
incubated in 500 mg of magnetite under light stirring for 1 hour at room temperature. Then
washing was performed with distilled water then was added 50 mL of aniline (0.5 M in 1.0 M
HNO3), this mixture was in contact for 1 hour at 4 ° C. At the end the material was washed

with distilled water.

2.3. Magnetic matrix characterization
Images of morphology of magnetite (MAG) and magnetite coated with polyaniline (MAG-
PANI) were established by transmission electronic microscopy (TEM) utilizing a TECNAI 20

- 200kv and the size particles were obtained by analysis of the TEM images using the ImageJ
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1.48v (Wayne Rasband, National Institutes of Health, USA) software. The structural
properties were characterized by X-ray diffraction (XRD) performed at room temperature in
the range 10° - 90°, in equal 26 steps of 0.02°, using Bruker D8 Advance diffractometer
with CuKao radiation (. = 1. 5406 A). Magnetization measurements were made as a function
of applied magnetic field (M x H) using a vibrating sample magnetometer (VSM), Versalab,
manufactured by Quantum Design. The measurements were obtained at 293 K, 300 K and
313 K, with magnetic fields in the -30KOe to +30 KOe range.

2.4. Immobilization and determination of heparin

A solution of heparin with approximately 3.5 mg/mL was treated with EDAC/NHS to activate
heparin carboxylic groups according to Oliveira et al [18]. An aliquot (1 mL) of this
functionalized heparin solution was incubated with 30 mg of MAG-PANI for 72 h with mild
agitation yielding the covalently immobilized heparin on the magnetic support (MAG-PANI-
HEP composite). The composite were recovered under a magnetic field (6000 Oe) and
washed ten times with deionized water to remove non-immobilized heparin. Under this
magnetic field the particles precipitation occurred in about 10. The supernatant (SB), first
washed (L1) and second washed (L2) were incubated with methylene blue at room
temperature. This resulted in a complex of methylene blue with heparin. The solution was
measured at 664 nm using a spectrophotometer (Ultrospec 3000 Pro UV-VIS). The
calibration curve was obtained through measurement of the absorbance of a series of
standards at heparin concentrations of 10-100 pg/mL. The amount of immobilized heparin

was calculated from the calibration curve.

2.5. Fractioning of proteins by magnetic composite affinity

Human plasma was obtained from intravenous blood puncture using a citrate tube. The total
plasma was diluted (1:5) with 10 mM phosphate buffer, pH 7.2, containing 150 mM NaCl
(PBS). So, 1 mL of the diluted plasma was filtered through a membrane (0.22 pum) and
incubated at 30 mg MAG-PANI-HEP for 60 minutes at 4°C. Then, the magnetic composite
was collected by a magnetic field (6000 Oe) and the proteins that bind affinity to the magnetic
composite were eluted with the PBS containing an increasing gradient of NaCl (0.25 M; 0.5

M; 1.0 M; 1.5 M; 2.0 M). For each concentration gradient, 3 fractions were obtained.

2.6. Monitoring of eluted proteins
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During the elution process, the fractions collected with NaCl (0.25, 0.5, 1.0, 1.5 and 2.0 M) in
PBS were monitored at 280 nm (Ultrospec 3000 Pro UV-VIS spectrophotometer) and and
absorbance values were gathered to mount a chromatogram graph.

2.7. SDS-PAGE electrophoresis

Electrophoresis of proteins SDS/PAGE (sodium dodecyl sulfate/polyacrylamide gel
electrophoresis) 10.0% was performed to the fractions collected between 1 and 9
corresponding the eluates obtained with NaCl (0.25, 0.5, 1.0 M) in PBS. The molecular
weight corresponding to protein bands were analyzed according to their electrophoretic

mobility and compared with a standard molecular weight (260 kDa to 26 kDa).

2.8. Antithrombin activity test

The isolated antithrombin (AT) obtained in the fractionation process was incubated at a
normal plasma to check their in vitro activity as follows: (a) 100 uL of normal plasma was
mixed with 100 pL of third eluate obtained with the gradient 1.0 M NaCl for 5 minutes at

4°C; (b) the APTT test for this plasma solution was performed using the reaction system Kit.

3. Results and Discussion

3.1. Morphology and size of magnetic particles

Magnetic particles obtained by co-precipitation method showed a black powder aspect. The
treatment of the particles with KMnO, was important to oxidize the aniline and thus obtain
the coating with the polyaniline. From the analysis of images obtained with TEM, MAG
particles (Fig. 1A), and MAG-PANI particles (Fig. 1B) have a varied morphology like a
sphere. In addition, MAG-PANI have a size of 14.4 £ 0.9 nm while MAG showed a smaller
size (10.0 £ 1.4 nm). The particles of MAG-PANI have the coating with polyaniline which
increased its size when compared to bare particle (MAG). The increased particle size of
MAG-PANI when compared to MAG PANI may be attributed to the coating on the magnetite
particles with polyaniline The coating produced changes in the size particle according to
Maciel et al. [19] Silva et al. [20]. Similar results were shown by Chelminiak et al. [21] that
synthesized magnetite nanoparticles coated with poly (acrylic acid) and this material by TEM

analysis showed a size of about 13 nm, larger than compared to pure magnetite.
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(A) (B)
Figure 1. Images obtained by transmission electron microscopy of the synthesized magnetic
particles. (A) MAG. (B) MAG-PANI.

3.2. X-ray analysis

The magnetite was the dominant phase in the particles of magnetite coated with polyaniline.
X-ray diffraction patterns of magnetite and MAG-PANI particles can be seen in Fig. 2. In
MAG-PANI XRD pattern the 28 peaks concerning to magnetite phase appear at 35.6°, 43.3°,
54.0°, 57.6°, 62.9°, 71.6°, 74.2°, 79.7° and the presence of polyaniline phase was indicted by
peaks correponding of 18.6°. These results for MAG-PANI agree with the study by Jaramillo-
Tabares [22]. Neri et al. [15] reports that the differentiation between magnetite and magnetite-
polyaniline, their lines are close and it is difficult to distinguish them from one another by X-

ray diffraction pattern.
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Figure 2. X-ray diffraction patterns of MAG (magnetite bare) and MAG-PANI (magnetite
coated with polyaniline). (P) polyaniline phase. (M) magnetite phase.

3.3. Magnetization measurements

Magnetic measurements based on the magnetic field (M x H) of the synthesized magnetic
particles is shown in Figure 3. The magnetic saturation (Ms) of the MAG-PANI (Fig. 3A) at
293 K, 300 K and 313 K were 63.3 emu/g, 63.2 emu/g and 62.2 emu/g respectively. However,
for the same temperatures, MAG (Fig. 3B) obtained Ms values of 66.5 emu/g, 66.4 emu/g and
65.5 emu/g. The presence of a coating or polymer in magnetite crystal causes a reduction in
its magnetic saturation. In the hysteresis curves it was not observed remnant magnetization or
coercivity, so, the superparamagnetic behavior suggests that these temperatures [23]. Similar

results were obtained in studies of Neri et al. [15], the magnetic saturation of the MAG-PANI

was about 60 emu/g.
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Figure 3. Hysteresis curve obtained for the synthesized magnetic particles. (A) MAG-PANI.
(B) MAG.

3.4. Heparin immobilization

The magnetic coating of a matrix with polyaniline due to their easy synthesis makes it
attractive for application as a matrix for the immobilization of molecules [24]. Some studies
using magnetite coated with polyaniline supports for immobilization of biomolecules are
described in the literature such as heparan sulfate [13]; creatininase, creatinase and sarcosine
oxidase [14]; B-galactosidase [15] and trypsin [16]. Approach to covalently immobilize
heparin on biomaterials have been described in literature through covalently link it to a
support using  1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) [25]. So, in our studies the covalent immobilization of HEP was
established between the Hep carboxyl groups with and MAG-PANI amino groups yielding an
amide bond. The MAG-PANI-HEP presented an amount of 26.4 + 0.09 pg of heparin per mg
of MAG-PANI.

3.5. Proteins fractionated by affinity

Magnetic separation is used in biotechnology to be a quick, cost effective and highly efficient
technique. In addition, a magnetic field is used as the main force for the isolation, separation
and analysis of different types of molecules [26]. In this type of separation, the functionalized
magnetic materials exhibit affinity for a specific ligand and thus are mixed with a sample
containing these target molecules. Within a period of incubation, the target molecules bind to
the magnetic particles. The entire magnetic complex is subsequently separated from the

sample through the application of an external magnetic field, and after washing, the target
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molecules are isolated [27]. During the incubation period, some plasma proteins bind by
affinity to heparin present in the composite MAG-PANI-HEP. The literature already describes
the possibility of some proteins binding to heparin such as antithrombin [8], albumin [9],
growth factors, chemokines, cytokines, extracellular proteins and lipoproteins which are
involved in a variety of biological processes such as signaling and cancer [28]. Thus the
application of the external magnetic field (6000 Oe) enables the recovery of the magnetic
composite and elution of the protein through different concentrations of NaCl in PBS buffer,
then, the fractions (F) collected with 0.25M NaCl corresponds to: F1, F2 and F3; 0.5M: F4,
F5 and F6; 1.0 M: F7, F8 and F9; 1.5. M: F10, F11 and F12; 2.0 M: F13, F14 and F15.
During the elution process, the fractionated proteins were monitored at 280 nm [29, 30] in a
spectrophotometer, forming a chromatogram shown in Figure 4. Fractions 1 to 9 indicated a
probable presence of proteins that were investigated by SDS-PAGE.
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Figure 4. Elution of plasma proteins based on the affinity to the MAG-PANI-HEP composite.

3.5. Protein electrophoresis

The samples obtained from the plasma fractionation step were precipitated with 20%
trichloroacetic acid (TCA) and submitted to SDS-PAGE electrophoresis of proteins (Figure
5). The electrophoretic mobility of the bands obtained in fractions 1 to 9 was calculated and
compared to standard. It is observed the presence of high molecular weight plasma proteins

(like albumin) which probably caused a stain in F1 and F2 eluates. There is a pattern of bands
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obtained fractionated F3, F4, F5 and F6 having molecular weights of 151.3; 125.8; 123.0;
107.1; 89.1; 74.1; 54.9; 43.6; 32.3; 23.9 kDa. In F7 sample, it is not possible to observe
defined waves, there are some clear traces. There are two bands with molecular weight of
50.1 kDa and 58.8 in the sample F8. The only band present in F9 has a molecular weight of
58.8 kDa that probably corresponds to antithrombin [31].

Standard  Plasm F1 F2 F3 F4 F5 F6
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135 kDa il
95kDa e
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52kDa "
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26kDa TR “ i
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Figure 5. Electrophoresis performed from protein eluates obtained in plasma fractionation.
(A) Samples extracted with 0.25M NaCl (F1, F2 and F3); 0.5 M (F4, F5 and F6); (B) Samples
extracted with 1.0 M (F7, F8 and F9).

3.6. Antithrombin activity in vitro

The heparin affinity chromatography has been used as a main tool for the isolation of
antithrombin present in human blood plasma [8]. Antithrombin is the main inhibitor of the
clotting cascade proteases such as factor Xa, thrombin and factor 1Xa [32]. The interaction

between heparin and AT it is already well known because in the presence of heparin
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antithrombin activity inhibition increases a thousandfold [33]. Therefore as shown above in
protein electrophoresis (Fig. 5B), a protein of 58.8 kDa that probably corresponds to AT was
isolated in F9. The main activity of antithrombin is inhibits thrombin formation and
consequently inhibiting blood clotting. So, the eluate obtained with the protein investigated in
F9 was incubated with plasma and APTT was performed to verify the test plasma coagulation

time and the result is shown in Table 1.

Table 1. Activated partial thromboplastin time (APTT) measures of plasma

APTT values
Normal plasma 39.5 £ 7 seconds
Diluted plasma (1:2) 45.0 + 2 seconds
Plasma incubated with F9 eluate No clot in 15 minutes

In a time greater than 15 minutes the plasma incubated with 100 uL of the eluate F9 not
coagulated, it was probably due to the presence of AT. This indicates that the antithrombin
was isolated by immobilized heparin on MAG-PANI. The major application of this material is
the identification of antithrombin; useful for in vitro plasma AT monitoring tool in patients
with thrombophilia. Additionally, this purification procedure can be applied in the blood
products industry. Therefore, antithrombin purification proposed this work was carried out by
affinity to the MAG-PANI-HEP magnetic composite enabling quick and easy removal of this
protein bound to the functionalized magnetic particles. This magnetic property is useful not
only in daily routine laboratory work but also in large scale purification procedures [34].The
literature describes studies using magnetic separation process in biotechnology for residues
separation processes and purification of specific molecules. Recently, Zhang et al. [35]
studied the use of magnetic microparticles having hydrophobic properties for use in the
effective removal of oil in the water in different ways. Lan et al. [36] conducted a study on
purification of angiotensin-converting enzyme (ACE) through the magnetic separation
process using magnetic microshphere agarose affinity. Studies by Régo et al. [37] reported the
use of magnetic seed gum of Parkia pendula as matrix for the covalent immobilization of the
Concanavalin-A lectin where this composite was applied on glycoconjugate affinity
purification. Sennikov et al. [38] used affinity chromatography and magnetic separation for

purification of antibodies to tumor necrosis factor from human serum. Angeli et al. [39]
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demonstrated the use of a levan-ferromagnetic composite as affinity matrix for purifying

lectins through a quick and easy procedure based on magnetic affinity.

4. Conclusion

According to the above results, MAG-PANI nanoparticles exhibited a superparamagnetic
behavior when subjected to a magnetic field of +30 kOe to -30 kOe at temperatures of 293 K,
300 K and 313 K. In addition, the presence the phase magnetite and polyaniline have been
proven MAG-PANI through X-ray analysis. Moreover, the composite MAG-PANI-HEP can
be used as a tool for fractionation and depletion of plasma proteins and also in the purification
of antithrombin, an important protein in the blood coagulation cascade. The proposed method
based on the affinity magnetic separation is effective, easy and specific
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7 CONCLUSAO

As microparticulas de mDAC e as nanoparticulas de MAG-PANI sintetizadas
exibiram um comportamento superparamagnético ao serem submetidas a um campo
magnético com intervalo entre + 30 KOe e — 30 KOe nas temperaturas de 293 K, 300 K e 313
K. Além disso, a presenca das fases de Dacron e polianilina foram comprovadas em mDAC e
MAG-PANI, respectivamente, através das analises por raios-X. Esses revestimentos das
particulas magnéticas foram importantes para a efetivacdo do processo de imobilizacdo
covalente da heparina que precisou ser funcionalizada com EDAC/NHS.

Os compdsitos magnéticos com heparina covalentemente imobilizada (mDAC-HEP e
MAG-PANI-HEP) foram aplicados no processo de fracionamento das proteinas plasmaticas e
a partir disso foi realizada a deplecdo de proteinas e também a purificacdo da antitrombina
advinda do plasma humano.

As proteinas, em especial a antitrombina, foram capazes de interagir de forma
especifica com a heparina e foram fracionadas através do processo de separacao por afinidade
com aplicacdo de um campo magnético externo. Entre as vantagens em utilizar esse meétodo
podemos destacar o baixo custo, facilidade no manuseio e especificidade, que é baseada na ja

conhecida interacdo da cromatografia de afinidade a heparina com as proteinas.

8 PERSPECTIVAS

Considerando-se a grande quantidade de proteinas plasmaticas que podem se ligar a
heparina, entre elas alguns biomarcadores, esse estudo inicial permitird uma avaliacdo futura
do perfil de diferentes proteinas presentes em pacientes com cancer de prostata e mama, por
exemplo. Além da possibilidade de ser utilizada como ferramenta de monitoramento da
antitrombina em casos de pacientes com trombofilias e também em estudos clinicos de
cadeias de fibrinogénio e seus fragmentos na patogénese de doengas cardiovasculares.

Portanto, os compositos magnéticos com heparina imobilizada poderdo ser utilizados
como um sistema de triagem das proteinas do plasma humano, baseado no seu padrdo de

ligacdo a heparina.
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Abstract: Immobilization of biomolecules onto 1nsoluble supports 1s an important tool for the
fabrication of a diverse range of functional materials. It provides advantages: enhanced
stability and easy separation. In this work two different magnetic composites were synthesized
(MAG-PANI-HS and mDAC-HS) to human antithrombin purification. The magnetic particles
(MAG) were obtained by co-precipitation method of iron salts IT and I and subsequently
coated with polyaniline (MAG-PANTI particles). Dacron (polyethylene terephthalate) suffered a
hydrazinolysis reaction to obtain a powder (Dacron hydrazide) which was subsequently
magnetized (mDAC particles) also by co-precipitation method. Heparan sulfate (HS) was
immobilized to MAG-PANI and mDAC retamed respectively 35ug and 38.6ug per of support.
The magnetic composite containing HS immobilized (MAG-PANI-HS and mDAC-HS) was
incubated with human blood plasma (1mL) and then washed with NaCl gradients
Electrophoresis of proteins present in eluates showed bands of antithrombin (58kDa). A
reduction in the antithrombin activity was detected in plasma that were incubated in the
composites magnetic with HS immobilized, suggesting that the antithrombin was removed of
the human blood plasma and then purified. Therefore, the above results suggest that both
preparations: MAG-PANI-HS and mDAC-HS are able to affinity purify antithrombin, an
important component of blood coagulation.

Keywords: affinity, heparan sulfate, immobilization, magnetic pariicles, punfication.

1. Introduction

Different types of materials have been used as supports for the immobilization of
biomolecules, including the supports that exhibit magnetic properties. In addition to being
used as adsorbents in magnetic separation. these particles within the micrometer to the
nanometer scale. are being used in a growing number of medical applications due to non-
toxicity [1.2]. In general, the most suitable inorganic supports have high mechanical strength,
good thermal stability, resistance to organic solvents and to attack by microorganisms [3].
Biomolecules immobilized on magnetic supports may be used in the pre analyte
concentration, magnetic separation adsorbents, molecular identification of organie and
morganic molecules [4]. Magnetic particles as Dacron ferromagnetic [5] and magnetite coated
with polyaniline [6] has been used as supports for mmobilization of enzymes.

Biomolecules is immobilized to a solid support by adsorption physical. hydrogen bonding.
electrostatic interactions or covalently attached. Cowvalent immobilization is considered to

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
e of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOL
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result in higher biomolecule activity, reduce nonspecific adsorption. and greater stability of
immobilized biomolecules compared to that by physical adsorption. furthermore the
biomolecule immobilized covalently cannot be removed from the support by washing with
buffers and/or detergents [7].

Affinity separation is a good protein purification method which is based on the formation of
reversible and specific complexes between an immobilized molecule and the ligands to be
purified. When using a magnetic affinity chromatography has the great advantage of to get a
rapid process of separation [8].

Heparan sulfate (HS) is a type of proteoglycan and specific glycoproteins that containing long
and sulfated sugar chains that consist of repeating disaccharide units composed of D-
gluicosamine and D-glucuronic acid or L-iduronic acid. HS have a variety of funections,
affecting cell growth, cell adhesion. cell migration, angiogenesis and anticoagulation [9]. So,
the HS is able to interact with these and a wide variety of proteins. This work intends to
mmmobilize the heparan sulfate in magnetic particles to affinity purify human blood plasma
proteins.

2. Experimental Procedure

2.1. Synthesis of the magnetic particles

The synthesis of Dacron ferromagnetic according to Amaral et al. [5]. First, Dacron was
converted to Dacron-hydrazide and then magnetized by co-precipitation method of iron salts
IT and ITI. The magnetic particles (MAG) were obtained also by co-precipitation method of
won salts IT and TIT and subsequently coated with polyaniline (MAG-PANT) according to Neri
et al [6].

2.2. Immobilization of heparan sulfate on magnetic particles

First. a solution of heparan sulfate 3 mg/mL was functionalized carbodiimide (EDAC) and N-
hydroxysuccinimide (NHS). The carboxylic groups of heparan sulfate were activated with
EDAC and formed an intermediate compound (O-acylurea) which contains an ester grouping
quite reactive and easily undergo hydrolysis. So. was added the NHS that reacted with the
ester group of the intermediate compound. leaving it more stable. Thus, the amino group
present on the support reacted with the carbonyl of the ester and formed a covalent amide
bond [10]. Aliquot 1 ml of heparan sulfate functionalized solution was incubated in each 30
mg of MAG., MAG-PANI and mDAC under light stirring for 72 hours at 25 °C. The amount
of heparan sulfate immobilized to the supports was determined according to the methodology
used by Oliveira et al. [11].

2.3. Purification of antithrombin

The test of human antithrombin purification by affinity was conducted as follows: for each
30 mg of MAG-PANI-HS and mDAC-HS (magnetic particles with covalently immobilized
heparan sulfate) was added 1 mL of human plasma. This mixture was stirred for 60 minutes at
4 °C. Then, with the aid of a magnetic field. the supernatants were collected. Subsequently
successive washes with phosphate buffer pH 7.2 in increasing concentrations of NaCl (0.5 M,
1.0 M and 1.5 M) to remove non-adsorbed proteins. A solution of 2.0 M NaCl was added to
elute proteins complexed to HS. Electrophoresis of proteins SDS/PAGE (sodium dodecyl
sulfate/polyacrylamide gel electrophoresis) 12.5% was performed to the corresponding
fractions collected eluates 2M. These human blood plasmas that were incubated m the
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magnetic derivatives: MAG-PANI-HS and mDAC-HS. were subjected to the antithrombin
amidolytic activity kit (TriniC HROM™ Antithrombin Ia - Trinity Biotech SA - New Jersey,
USA).

3. Results and Discussion
The particles: Dacron-hydrazide ferromagnetic (mDAC) and magnetite coated with

polyaniline (MAG-PANI) had an excellent magnetic activity by their conduct through a
magnetic field of 6000 Oe using a magnetic separation system (Abraxis’ @ LLC). see Fig. 1.

Figure 1: Magnetic separation system with a magnetic field of 6000 Oe (Abraxis™ LLC). The magnetic
particles have been attracted by the magnet located on the lateral of the plate (indicated by arrows). A) MAG-
PANI: B) mDAC.

Approximately 35ng of heparan sulfate offered was inumobilized covalently on MAG-PANI
and 38.6 pg in mDAC-HS. An amount of 18 ug of HS was adsorbed in each mg of the MAG
particles, this value was lower (compared to MAG-PANI) becanse MAG particles were not
coated with polyaniline. After functionalization with EDAC/NHS [10] the covalent
immobilization of heparan sulfate happened by linking its carboxyl groups with the amino
groups present in MAG-PANT and mDAC. The electrophoresis of the purified proteins with 2
M NaCl (Fig. 2) in both magnetic supports showed bands corresponding to antithrombin
(58kDa) and other bands may be plasma proteins that interact with HS and are identified in
subsequent studies. The bands correspondmg to the antithrombm were more pronounced in
supports containing the covalently immobilized HS: MAG-PANI-HS (Fig. 2A) and mDAC-
HS (Fig. 2B). Therefore the other supports did not interact with the antithrombin due to
absence or small amount of HS. Heparin and heparan sulfate have structures gualitatively
similar [12] and the use of heparin affinity chromatography has been used to purify
antithrombin for the past four decades [13]. Here, we study the HS immobilized in magnetic
particles to use m the purification process of the AT because was already shown that heparan
sulfate also can interact with antithrombin [14].
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MAG-
P ATIN MAGHS  panius MAG P ATH mDAC-HS mDAC

Figure 2: Electrophoresis of proteins obtained in 2M eluates. SDS/PAGE 12.5%. A) MAG-HS (pure magnetite
with heparan sulfate adsorbed). MAG-PANI-HS and MAG (pure magnetite). B) mDAC-HS and mDAC (pure

ferromagnetic Dacron).

After the purification process, was performed the antithrombin activity of the human blood
plasmas that were incubated with MAG-PANI-HS and mDAC-HS. Fig. 3 showed a reduced
antithrombin activity of 88% to MAG and 82% to MAG-PANI-HS (Fig. 3A). and 79% in
mDAC-HS (Fig. 3B). These reductions suggest that the antithrombin was removed from the
human blood plasma and then fixed at HS. Comparing MAG-HS and MAG-PANI-HS. it can
be seen that the particle coated with polyaniline showed a more significant AT removal
performance. it was probably due to the HS is immobilized covalently on MAG-PANT and
only adsorbed (smaller amount) in MAG. So. the magnetic composites with HS have proven
useful in the purification of antithrombin process. but according to the results mDAC-HS was
a little better because has more HS covalently immobilized and then can removed a large
amount of AT when compared to MAG-PANI-HS and MAG-HS.

Antithrombin activity (%)

Antithrombin activity (%)

frash human MAG-HS MAG-PAN-HS

fresh human blood plasma mDAC
Samples Samples

Figure 3: Antithrombin Activity plasma after direct contact with the supports. A) pure magnetite (MAG). pure
magnetite with heparan sulfate (MAG-HS) and MAG-PANI-HS. B) pure ferromagnetic Dacron (mDAC) and
mDAC-HS.
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Angeli et al. [15] demonstrated the use of affinity matrix of ferromagnetic levan composite to
purify lectin. this composite used as matrix affinity makes a fast and easy procedure. We
obtained similar results, but use magnetic composites for purification of antithrombin human
blood plasma. Recently, Lan et al. [8] conducted a study on angiotensin converting enzyme
(ACE) purified through magnetic affinity separation, using a magnetic agarose microsphere.
In our study, the affinity matrix is represented by magnetic composite MAG-PANI-HS and
mDAC-HS which were capable of interacting with plasma proteins. especially antithrombin.
The specificity of these elements led to the removal and identification of specific proteins.
Moreover, these magnetic composites described in this work can be applied as affinity matrix
to be used in the area of materials science, blood products industry, biochemistry and
pharmacology. This is a single and innovative tool and can be exploited in the biotechnology
of biomaterials.

4. Conclusions

From the above displayed results one can conclude that the amount of HS immobilized on the
particles and the coating of magnetic particles can influence the performance of composites in
AT purification process. Thus when comparing the three preparations synthesized i this
work. we can see that mDAC-HS proved slightly more efficient because it contained more HS
covalently immobilized and so could remove more AT of human blood plasma. Another
mportant fact i1s that coating of MAG with polyaniline promoted a larger amount of HS
immaobilized in MAG-PANI particles and thus also more useful in the AT purification
process. So. according to the results presented these composites can be applied as magnetic
affinity matrices for purification of antithrombin. this human blood plasma protein has an

important biological value and the great advantage this method are: easy synthesis and low
cost.
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