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RESUMO 

 

MACIEL, Kátia Silva, D.Sc., Universidade Federal de Viçosa, fevereiro de 2022. 
Desenvolvimento de estratégias de purificação de Lactoferrina e Lactoperoxidase do 
soro de leite. Orientador: Luis Antônio Minim. Coorientadores: Lizzy Alcântara Verissimo e 
Valéria Paula Rodrigues Minim. 
 

Processos de purificação da lactoferrina e da lactoperoxidase têm sido relatados na literatura. 

No entanto, é apresentado um grande número de operações unitárias, alto custo dos suportes 

cromatográficos, baixa pureza e rendimento da molécula. Nesse sentido, a redução de etapas, 

a busca por novos adsorventes e, consequentemente, a redução de custos é crucial nesses 

processos. Além disso, a utilização de sistemas com maior porosidade oferecem alternativas 

por permitir a captura direta da molécula a partir de soluções particuladas e viscosas, sem a 

necessidade de tratamento prévio. Nesse sentido, estudar os parâmetros operacionais que 

afetam a porosidade do meio é determinante para otimizar as condições experimentais. A fim 

de melhor avaliar estes mecanismos, foram realizados estudos hidrodinâmicos e de 

capacidade adsortiva em colunas macroporosas de leito expandido e fixo, e posteriormente, a 

captura das proteínas alvo. Portanto, esse trabalho apresenta uma nova estratégia de 

purificação para as proteínas lactoferrina (Capítulo I) e lactoperoxidase (Capítulo II) a partir 

do soro de leite utilizando colunas de leito expandido e de criogel de afinidade, 

respectivamente. Os suportes cromatográficos analisados foram uma resina de troca catiônica 

Streamline SP XL e uma matriz polimérica esponjosa altamente interconectada ativada com 

p-aminobenzenosulfonamida para interação específica com a lactoferrina e a lactoperoxidase, 

respectivamente. Com o objetivo de avaliar a eficiência da separação das proteínas de cada 

processo, parâmetros de purificação foram investigados.  

 

Palavras-chave: Colunas macroporosas. Propriedades hidrodinâmicas. Capacidade adsortiva. 

Separação. Proteínas. 

 

 

 

 

 

 

 



 
 

ABSTRACT  

 

MACIEL, Kátia Silva, D.Sc., Universidade Federal de Viçosa, February 2022. Development 
of purification strategies for Lactoferrin and Lactoperoxidase from whey. Advisor: Luis 
Antônio Minim. Co-advisors: Lizzy Alcântara Verissimo and Valéria Paula Rodrigues 
Minim. 
 

Purification processes for lactoferrin and lactoperoxidase have been reported in the literature. 

However, a large number of unit operations, high cost of chromatographic supports, low 

purity and yield of the molecule are presented. In this sense, the reduction of steps, the search 

for new adsorbents and, consequently, the reduction of costs is crucial in these processes. In 

addition, the use of systems with higher porosity offer alternatives by allowing the direct 

capture of the molecule from particulate and viscous solutions, without the need for prior 

treatment. In this context, studying the operational parameters that affect the porosity of the 

environment is crucial to optimize the experimental conditions. In order to better evaluate 

these mechanisms, hydrodynamic and adsorptive capacity studies were performed in 

macroporous columns of expanded and fixed bed, and subsequently, the capture of the target 

proteins. Therefore, this work presents a new purification strategy for the proteins lactoferrin 

(Chapter I) and lactoperoxidase (Chapter II) from whey using expanded bed and affinity 

cryogel columns, respectively. The chromatographic supports analyzed were a Streamline SP 

XL cation exchange resin and a highly interconnected spongy polymeric matrix activated with 

p-aminobenzenesulfonamide for specific interaction with lactoferrin and lactoperoxidase, 

respectively. In order to evaluate the separation efficiency of the proteins from each process, 

purification parameters were investigated.  

 

Keywords: Macroporous columns. Hydrodynamic properties. Adsorptive capacity. 

Separation. Proteins. 
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INTRODUÇÃO 

 

O soro de leite é o co-produto da coagulação do leite durante a produção de queijo 

(KHAIRE; GOGATE, 2019), representa a porção aquosa após a remoção das caseínas e 

gorduras do leite, e apresenta-se como um líquido opaco e de cor amarelo-esverdeado 

(GUIMARÃES; TEIXEIRA; DOMINGUES, 2010). O tipo e a composição química do soro 

variam de acordo com o queijo produzido, bem como a alimentação, criação, diferença 

individual de cada animal, e o clima (ALVES et al., 2014). É composto por cerca de 93% de 

água e 7% de lactose, proteínas, gorduras e sais minerais. Pode ser obtido em indústrias de 

processamento de leite ou em laboratório por três operações principais: coagulação 

enzimática, precipitação ácida no ponto isoelétrico das caseínas (pH = 4,6) e separação física 

das micelas de caseína por microfiltração (SGARBIERI, 2004). 

As proteínas do soro de leite, que representam cerca de 20% das proteínas do leite, são 

solúveis numa vasta gama de pH, apresentam uma estrutura globular, e contêm ligações 

dissulfeto, que conferem um certo grau de estabilidade estrutural (AIMUTS, 2004). A 

qualidade nutricional das proteínas depende dos aminoácidos que as constituem, e por este 

critério, as proteínas do soro de leite são consideradas de elevado valor nutricional e 

biológico, pois são ricas em aminoácidos essenciais, sulfurados e ramificados (GALLO et al., 

2022). Estas são representadas por imunoglobulinas, α-lactoglobulina, β-lactalbumina, 

albumina de soro bovino, lactoferrina, lactoperoxidase e glicomacropeptídeo (NATH et al., 

2015). 

 As proteínas que estão em concentrações inferiores incluem albumina de soro bovino, 

lactoferrina, lisozima e lactoperoxidase (DONOVAN, 2019). Entre estas proteínas, pode-se 

destacar a importância da lactoferrina e da lactoperoxidase. 

A lactoferrina constitui aproximadamente 1% das proteínas do soro de leite (YADAV 

et al., 2015), possui massa molecular de 80 kDa, apresenta alto ponto isoelétrico (8,7) e 

encontra-se com carga positiva no leite (POCHET et al., 2018), podendo formar complexos 

por meio de ligações não covalentes com outras proteínas do leite carregadas negativamente, 

tais como a β-lactoglobulina, albumina sérica bovina e imunoglobulina (LAMPREAVE et al., 

1990), β-caseína (ANEMA; KRUIF, 2013), e com lipopolissacarídeos de membrana de 

glóbulo de gordura do leite (FONG; NORRIS; MACGIBBON, 2007). 

Existem estudos que mostram que a lactoferrina isolada possui múltiplas propriedades 

funcionais e biológicas, tais como nutritivas, antimicrobianas, antivirais, anti-inflamatórias, 
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antioxidantes, antitumorais, e imunomoduladoras (MAYEUR et al., 2016). Quanto às suas 

aplicações, além de ser utilizada como ingrediente em vários alimentos, também é relatado a 

sua utilização em cosméticos, tais como cremes e loções de limpeza da pele e produtos de 

higiene bucal, como os enxaguantes bucais, géis e pastas de dente. Da mesma forma, os 

produtos de higiene bucal são mais frequentemente combinados com outras proteínas de 

defesa da mucosa, como a lactoperoxidase e a lisozima (TOMITA et al., 2002; 

WAKABAYASHI; YAMAUCHI; TAKASE, 2006). 

A lactoperoxidase é encontrada em aproximadamente 0,5% das proteínas do soro de 

leite (YADAV et al., 2015), bem como nas secreções exócrinas, tais como saliva, lágrimas e 

vias respiratórias (MAHDI et al., 2018). Apresenta ponto isoelétrico em torno de 9,2 

(ATASEVER et al., 2013) e massa molecular de 78 kDa (VAN HOOIJDONK; 

KUSSENDRAGER; STEIJNS, 2000). É membro das peroxidases e tem a capacidade de gerar 

intermediários e produtos reativos com uma ampla atividade antimicrobiana, na qual catalisa 

a conversão de tiocianato (SCN¯ ) e iodeto (I-) por peróxido de hidrogênio (H2O2) em 

hipotiocianito antimicrobiano (OSCN¯ ) e hipoiodito (IO-) (SINGH et al., 2021). Esta reação, 

pode provocar à ocorrência de lesões ou modificações em várias estruturas da célula (parede 

celular, membrana citoplasmática, sistema de transporte, enzimas glicolíticas e ácidos 

nucleicos) e, consequentemente, causar a morte ou inibição do crescimento ou metabolismo 

dos microrganismos afetados. Também é considerada um eficaz antiviral e antifúngico 

(URTASUN et al., 2021). 

 Há estudos que têm usado a lactoperoxidase para combater vários microrganismos tais 

como bactérias, vírus HIV-1, bolores, leveduras, protozoários, bactérias deteriorantes, bem 

como microrganismos patogênicos (VAN HOOIJDONK; KUSSENDRAGER; STEIJNS, 

2000; SEIFU; BUYS; DONKIN, 2005; ARMENTEROS et al., 2007; PONCE, 2010). Assim, 

todas estas propriedades permitem que a lactoperoxidase seja utilizada em diferentes setores, 

tais como a indústria de leite, cosmética, farmacêutica, veterinária, agrícola, entre outras 

(SHARMA et al., 2013; URTASUN et al., 2017; NICOLÁS et al., 2019).  

Neste contexto, devido às inúmeras propriedades que estas proteínas possuem, a 

obtenção de frações proteicas com um elevado grau de pureza e com uma alteração mínima 

da sua estrutura nativa permite que as propriedades técnico-funcionais e biológicas 

específicas de cada biomolécula sejam exploradas de forma mais intensiva (NICOLAI; 

BRITTEN; SCHMITT, 2011; NICOLAI, 2016). 
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Com isso, diversos suportes têm sido explorados com a finalidade de separar ambas as 

proteínas a partir do leite e/ou soro de leite. Para isolar a lactoferrina Urtasun et al. (2021) 

utilizaram quitosana com corante triazina Orange R-HE pela cromatografia em leito fixo e 

reportaram um rendimento de 60% com eluição em 2 etapas. Du et al. (2015) usaram a 

cromatografia em leito expandido com uma resina de troca catiônica Fastline SP e obtiveram 

uma pureza de 88,5% e recuperação de 77,1%. Ravichandran et al. (2015) utilizando dois 

adsorventes mercapto etil piridina (MEP HyperCel™) e fenil propil amina (PPA HyperCel™) 

em modo misto pela interação hidrofóbica e tiveram uma recuperação de 91% e pureza de 

2.9. Teepakorn et al. (2015) usando cromatografia de troca catiônica Sartobind S75 e 

obtiveram uma recuperação de 80%. 

Em relação a lactoperoxidase Urtasun et al. (2017) utilizando cromatografia de 

afnidade imobilizaram corante triazina em Sepharose 6B e verificaram seu desempenho como 

possível ligante em modo leito fixo. Os autores obtiveram um rendimento de 86,5% e um 

fator de purificação de 46,1. Pan et al. (2015) utilizaram um criogel de troca catiônica ativado 

com ácido 2-acrilamido-2- metil-1-propanossulfônico e reportaram uma recuperação de 92% 

e pureza de 98% com eluição em 3 etapas. Atasever et al. (2013) imobilizaram L-tirosina e 

sulfanilamida em uma matriz de Sepharose 4B ativada por brometo de cianogênio para 

interação específica e obtiveram um rendimento de 62,3%. Mecitoğlu et al. (2007) testaram 

uma resina de troca catiônica Toyopearl-SP obtendo uma pureza de 31 e recuperação de 81%. 

Embora existam estudos de purificação destas proteínas, a maioria reporta um grande 

número de etapas, baixo rendimento e/ou pureza, alto custo do ligante e da coluna. Além 

disso, deve-se considerar os custos associados à natureza dos materiais que podem ser 

viscosos, particulados ou as proteínas estarem presentes em baixas concentrações, o que pode 

inviabilizar o processo, por demandarem etapas adicionais de preparo. Assim, em geral, os 

processos de purificação são responsáveis por cerca de 70% do custo total do processo (DYR; 

SUTTNAR, 1997). 

Uma alternativa a esses problemas seria a utilização de técnicas cromatográficas com 

o desenvolvimento de novos suportes nos processos de separação, tais como leitos com maior 

porososidade. Tais colunas permitem a captura direta de biomoléculas, mesmo utilizando 

soluções particuladas e viscosas, sem que ocorra a queda de pressão (DA SILVA et al., 2022). 

Além disso, a existência da estrutura macroporosa proporciona baixa resistência a 

transferência de massa predominando o transporte convectivo e melhorando a eficiência da 
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separação (COIMBRA et al., 2022). Entre os materiais de baixo custo disponíveis, o leito 

expandido e criogel macroporoso são de grande interesse.  

O leito expandido combina as propriedades hidrodinâmicas de um leito fluidizado com 

as propriedades cromatográficas de um leito fixo, apresentando alta porosidade depois da 

expansão das partículas (D’SOUZA et al., 2017), diâmetro entre 100 a 300 μm, permitindo o 

uso de maiores vazões. Além disso, a resina pode ser modificada em sua superfície para a sua 

funcionalização de acordo a adsorção da proteína alvo (ZHAO et al., 2010).  

O criogel é um adsorvente polimérico, possui biocompatibilidade, acessibilidade e 

estabilidade mecânica (SAYLAN; DENIZLI, 2019), apresentando poros estruturais grandes 

interconectados da ordem de 10 a 300 μm (NEVES et al., 2020). Com a funcionalização dos 

mesmos, novos materiais podem ser facilmente desenvolvidos através da incorporação de 

ligantes específicos na matriz, permitindo a adsorção de solutos específicos (MARCUZ et al., 

2021). 

Portanto, o objetivo geral desse trabalho foi estudar uma nova estratégia de purificação 

das proteínas lactoferrina e lactoperoxidase do soro de leite a partir de colunas porosas, tais 

como adsorção em leito expandido e criogel de afinidade. Tais colunas foram escolhidas de 

acordo com as características da molécula alvo e o princípio da cromatografia a ser explorada, 

bem como o baixo custo destes compostos. 

Além desta parte introdutória, a tese foi estruturada em 2 capítulos e as conclusões, 

visando o melhor detalhamento de cada um dos aspectos avaliados.   

No capítulo I é apresentado o desenvolvimento de um novo processo de purificação da 

lactoferina, integrando dois processos: a ultrafiltração por membrana e a adsorção em leito 

expandido. Estudos hidrodinâmicos e de capacidade de ligação dinâmica das partículas do 

leito foram investigados. Afim de determinar a eficiência da separação foram avaliados os 

parâmetros do processo de purificação. 

No capítulo II é relatado também um novo processo de purificação pelo 

desenvolvimento de uma nova coluna monolítica macroporosa de afinidade para captura da 

lactoperoxidase em uma única etapa. Estudos hidrodinâmicos e de caracterização morfológica 

do criogel produzido foram conduzidos. Parâmetros do processo de purificação também 

foram avaliados.  
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Development of an affinity cryogel for one step purification 

of lactoperoxidase from whey 
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Development of an affinity cryogel for one step purification of  

lactoperoxidase from whey  

 

Abstract: This study proposed the development of a monolithic supermacroporous affinity 

column (Sulf-cryogel) for direct capture of Lactoperoxidase (LPO) from whey. Cryogel was 

activated using p-aminobenzenesulfonamide as ligand for specific interaction with the LPO. 

The activated cryogel obtained hydrodynamic and morphological properties according to the 

usual characteristics in the literature. The adsorptive capacity of LPO was affected by the 

mobile phase flow velocity, which the best condition was 0.9 cm/min. A Face Centered 

Design (CFD) varying pH (6, 7 and 8) and salt concentration (20, 50 and 80 mmol.L-1) was 

used to the capture of the enzyme. Higher purification factor values were found when 

increasing the salt concentration and pH (p<0.05). There was no influence of the variables 

under study on the yield (p>0.05). These results indicate that Sulf-cryogel exhibited optimal 

properties as a promising chromatography support for use in high-throughput one step 

purification of LPO from whey. 

 

Keywords: Enzyme, adsorption, p-aminobenzenesulfonamide, specific interaction. 

 

1. Introduction 

LPO is a glycoprotein found in milk and other exocrine secretions such as saliva, 

tears, and airways (MAHDI et al., 2018). It has a peptide chain of 612 amino acids, with a 

molecular weight of 78 KDa, a 10% carbohydrate content (VAN HOOIJDONK; 

KUSSENDRAGER; STEIJNS, 2000), has an isoelectric point around 9.2 and composes 

approximately 0.5% of whey protein (YADAV et al., 2015). It contains a heme group with 

one iron molecule for each protein molecule, which forms its catalytic center, and is therefore 

a basic protein (ATASEVER et al., 2013). 

It is from the family of peroxidases (EC 1.11.1.7) (KUSSENDRAGER; VAN 

HOOIJDONK, 2000), which is one of the most prominent enzymes in milk and has the ability 

to generate reactive intermediates and products with a wide antimicrobial activity, because it 

catalyzes the oxidation of certain molecules, such as thiocyanate ion (SCN−), by hydrogen 

peroxide (SINGH et al., 2021). It is also an effective antiviral agent and antifungal 

(URTASUN et al., 2021).  
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 Due to numerous properties of this protein, obtaining its isolated form with minimal 

changes in its conformation and maintaining the biological activity of the molecule is 

essential to then be used in several applications such as food, pharmaceutical and cosmetic 

areas. There are studies that report the purification of this enzyme using different supports, 

such as chitosan with Orange R-HE triazine dye (URTASUN et al., 2021) triazine dye 

immobilized on Sepharose 6B (URTASUN et al., 2017), cation exchange composite cryogel 

embedded with cellulose beads (PAN et al., 2015), sulphanilamide and l-tyrosine to a 

cyanogen bromide (CNBr)-activated-Sepharose 4B matrix (ATASEVER et al., 2013) and SP-

Sepharose column (MORITA et al., 2011). 

Nevertheless, the enzyme purification in high level of purity and yield using minimal 

steps and inexpensive supports is still a chalenge. In addition, the most common difficulties 

result from its low concentration compared to other proteins. Moreover considering that the 

chromatographic techniques have high production cost, the search for the development of a 

new adsorbent has been oriented to the direct adsorption of the target protein, without the 

need for a pre-treatment of the source, such as clarification, concentration or depletion of 

others whey proteins prior and consequently, the operation time being reduced.  

Among the materials that could be used as solid supports in these processes, 

macroporous cryogels for use in purification of biomolecules has considerable advantages. It 

consists of large pore structures, which contributes to higher mass transfer rate by convective 

transport, low pressure and has reduced production cost (COIMBRA et al., 2022). These 

properties allow direct processing of crude extracts. 

Cryogels are polymeric materials synthesized by the polymerization of monomers 

under freezing conditions (MARCUZ et al., 2021). It presents epoxy groups on their surfaces 

by the addition of allyl glycidyl eter that are potential options for the immobilization of ligand 

groups due to theirs high reactivity and formation of covalent bonds with amine, thiol or 

hydroxyl groups (GONÇALVES et al., 2016). Its structure allows the immobilization of 

specific compounds, resulting in an affinity column. Sulphanamide compounds (R-SO2-NH2) 

contain an acidic nitrogen moiety, histidine and imidazole, which are heterocyclic aromatic 

imines (DREW, 2000). Its amino groups can react with the epoxy groups of the cryogel, 

becoming a ligand to LPO.  

The use of these cryogels as an affinity chromatographic matrix can be powerful and 

generally applicable technique that is distinctly advantageous for the rapid purification of a 

biomolecule from a complex protein feed. Thus, for this purpose, one step purification of 
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LPO from whey was performed using affinity cryogel as column material in a liquid 

chromatography system. Initially, an affinity cryogel was prepared by adding p-

aminobenzenesulfonamide as the ligand group for LPO capture. An adsorptive assay was 

performed in order to optimize the adsorptive capacity of LPO on the affinity cryogel, 

considering different flow velocities, pH and salt concentration. Studies were also conducted 

on the hydrodynamic and morphological characterization of the activated cryogel. 

 

2. Materials and Methods   

2.1 Materials  

Acrylamide (AAm, 99%), N,N’-methylene-bis-acrylamide (MAAm, 99%), ammonium 

persulfate (APS), N,NN’,N’-tetramethylethylene-diamine (TEMED), allyl glycidyl eter (AGE, 

99%), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, 98%) 

p-aminobenzenesulfonamide (99%) were purchased from Sigma-Aldrich (St. Louis, USA). 

LPO and bovine serum albumin standard proteins and others chemical reagents (all of 

analytical grade) were also obtained from Sigma Aldrich. Ultrapure water was used in all 

experiments (Milli-Q System, Millipore Inc., USA). 

 

2.2 Sulf-cryogel preparation 

AAm (1.175 g), MAAm (0.325 g) and AGE (1 mL) were dissolved in deionized water 

to a final volume of 25 mL. The mixture was degassed for 5 min in an ultrasound bath and 

cooled down in ice bath. Then, 24 µl of TEMED and 100 µl of APS (27.5% m/v) were added 

to start polymerization. The solution was poured into plastic syringes and kept in a 

thermostatic bath (Model 0214M2, Quimis, Brazil) containing ethanol at −12 ºC for 24 h 

(Model 0214M2, Quimis, Brazil). Afterward, the column was thawed at room temperature, 

washed with 100 mL of deionized water and oven dried at 60 °C for 12 h (VERÍSSIMO et al., 

2017).  

The Sulf-cryogel was prepared by immobilizing the p-aminobenzenesulfonamide 

ligand on the epoxy groups of the cryogel. Initially 40 mL of 1 M HCL solution was 

percolated through the cryogel at a flow rate of 0.1 mL/min. After that, 1 g of p-

aminobenzenesulfonamide was dissolved in 30 mL of 1 M HCL and was recirculated for 24 h 

utilizing the same flow rate. Subsequently, ultrapure water was pumped to remove residuals 

of activation agents. 
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2.3 Characterization of the Sulf-cryogel 

2.3.1 Sweeling capacity and degree of expansion 

The swelling capacity of the affinity cryogel was determined according to Savina et al. 

(2005). The dried cryogels of a certain weight (𝑚𝑑) were immersed in 50 mL of water for 24 

h. Excess water was removed from the matrices and the wet weight was measured (𝑚𝑤). The 

swelling capacity was determined using Eq. 1. 

 

                                                 𝑆 = 𝑚𝑤−𝑚𝑑𝑚𝑑                                                                (1) 

 

The degree of expansion (mL water/g dried cryogel) was calculated according to Eq. 

2. Hydrated cryogels were transferred to a graduate cylinder containing water (V1) and the 

final volume (V2) was determined (GONÇALVES et al., 2016).  

 

                                                   𝐸𝐷 = 𝑉2−𝑉1𝑚𝑑                                                                  (2) 

 

2.3.2 Porosity, axial dispersion and hydraulic permeability 

The analyses were performed on an Äkta Pure chromatographic system (GE 

Healthcare Bio-Sciences, Uppsala, Sweden) utilizing a Tricorn 10/50 glass column (GE 

Healthcare, Uppsala, Sweden). A UV detector monitored the corresponding peak (280 nm) at 

the column exit. 

Residence time distribution (RTD) was measured in different flow velocities (0.3-3.8 

cm/min) using acetone pulse (100 µL, 5% v/v) as a tracer and water as mobile phase. The 

mean residence time (𝑡𝑅 ) and variance (𝜎𝑡2 ) were obtained from the RTD curves by the 

momentum method using Eqs. 3 and 4, respectively. 𝐸𝜃  function was determined according to 

Eq. (5) and porosity (𝜀𝑇) was determined by linear regression of Eq. 6. 

 

                                         𝑡𝑅(𝑠) = ∫ 𝑡 𝐴𝑏𝑠 (𝑡)𝑑𝑡∞0∫ 𝐴𝑏𝑠 (𝑡)𝑑𝑡∞0                                                             (3) 

 

                                   𝜎𝑡2(𝑠2) = ∫ 𝑡2𝐴𝑏𝑠 (𝑡)𝑑𝑡∞0∫ 𝐴𝑏𝑠 (𝑡)𝑑𝑡∞0 − 𝑡𝑅2                                                      (4) 
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                                                      𝐸𝜃=𝑡𝑅 
𝐴𝑏𝑠 (𝑡)∫ 𝐴𝑏𝑠 (𝑡)𝑑𝑡∞0                                                                 (5) 

 

                                               𝑡𝑅 = 𝜀𝑇 𝐿𝑈                                                                       (6) 

 

where t represent the time (min), Abs is the absorbance, L (cm) is the column length and U 

(cm/min) is the superficial fluid velocity. 

The axial dispersion coefficients at different flow velocities were determined by non-

linear regression of Eq. 7 (LEVENSPIEL, 1999) using the 𝜎𝑡2 and the 𝜀𝑇 of the corresponding 

RTD curve under closed-vessel boundary conditions.                                                        

 

                         
𝜎𝑡2𝑡𝑅2 = 2 (𝐷𝑎𝑥𝑢𝐿 ) − 2 (𝐷𝑎𝑥𝑢𝐿 )2 [1 − 𝑒𝑥𝑝 (− 𝑢𝐿𝐷𝑎𝑥)]                                  (7) 

 

where 𝐷𝑎𝑥 is the axial dispersion coefficient and u is the interstitial fluid velocity through the 

column (𝑢 = 𝑈𝜀𝑇).  

Height equivalent to theoretical plate (HETP) was calculated according to Eq. 8 

(GUIOCHON, 2006). 

                                                              𝐻𝐸𝑇𝑃 = 𝐿 𝜎𝑡2𝑡𝑅2                                                               (8) 

 

The pressure drop of the column was estimated using degassed deionized water as 

mobile phase at different flow velocities (0.3-3.8 cm/min). Hydraulic permeability 𝐾𝑤 was 

determined by linear regression of the Darcy-Weisbach Equation in the laminar region (Eq. 

9). 

                                                
𝛥𝑃𝑤𝐿 = − µ𝑤𝐾𝑤 𝑈                                                             (9) 

 

where Δ𝑃𝑤 is the pressure drop through the column (Pa), µ𝑤 is water viscosity (Pa.s) at 25 ºC. 

 

2.4 Fourier-transform infrared (FTIR) spectroscopy   

The functional groups of the activated and pure cryogels were analyzed by Fourier 

transform infrared spectroscopy. Samples were read directly using the attenuated total 
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reflectance technique (ATR) in the infrared region of 4000 to 400 cm−1 with a resolution of 4 

cm·min-1, using a Vertex 70 FTIR spectrophotometer (Bruker, USA). 

 

2.5 Scanning electron microscopy 

Macroporous structure and pore sizes of the Sulf-cryogel were evaluated using an 

scanning electron microscope (LEO 1430 VP, Zeiss, Jena, Germany) operated at 15 kV. A 

small sample cut from the center of the dried cryogel was coated with a layer and the gel 

structure was examined (LAEMMLI, 1970). 

 

2.6 Chromatography capture 

2.6.1 Effect of flow velocity on LPO adsorption from aqueous solution  

Adsorption assays were performed in order to determine the optimal experimental 

condition of the flow velocity, for which values of (0.3-1.3) cm/min were tested.  

Chromatographic capture was conducted in a Tricorn 10/50 glass column (GE 

Healthcare, Chicago, USA) containing the activated cryogel. Initially, the Sulf-cryogel was 

equilibrated with 4 column volume (CV) of phosphate buffer solution (25 mM, pH 6.8) and 

100 µL of standard LPO solution (1 mg/mL) was injected through the column. After 

adsorption, LPO enzyme was eluted with 4 CV of equilibrium buffer added of 1 M NaCl. The 

Sulf-cryogel was regenerated by applying 4 CV of the equilibrium buffer for complete 

removal of salt. 

The experiment was performed in 3 repetitions using an Äkta Pure chromatographic 

system (GE Healthcare Bio-Sciences, Uppsala, Sweden) at room temperature. The adsorption 

and elution profiles were monitored at 210 nm. 

 

2.6.2 One step purification of LPO from whey 

Whey was produced in the laboratory according to the manufacturer's conditions. 

Chymosin was added to skim milk for coagulum formation during 30 min at 45°C. 

Afterwards, whey was filtered using a cellulose acetate membrane (0.22 µm) and prepared 

according to the CFD shown in Table 1, which varied pH (6, 7 and 8) and salt concentration 

(20, 50 and 80 mmol.L-1). The assays were conducted at flow velocity of 0.9 cm/min, based 

on the most favorable condition obtained in the previous analysis. 

Sulf-cryogel was equilibrated with 4 CV of sodium phosphate buffer solution, varying 

pH and salt concentration. Then, 15 mL of whey was fed into the column and after it was 
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washed with 4 CV of equilibrated buffer. Elution was performed with 4 CV of equilibrated 

buffer added of 1 M NaCl. The collected fractions were stored for later analysis. 

 

2.7 LPO activity 

This method is based on the oxidation of ABTS as a chromogenic substrate by H2O2. 

One unit of enzyme (U) is defined as the amount of enzyme catalyzing the oxidation of 1 

µmol of ABTS min-1 at 298 K. Briefly, 100 µL of ABTS (1 mM) in citrate-phosphate buffer 

(0.05 M, pH 5.0) was mixed with 10 µL of sample and 10 µL of H2O2 solution (30%). A 

calibration curve was used to quantify the samples, using LPO standard. The absorbance was 

measured at 405 nm at 25 ºC after 5 min of reaction (Modified from Jacob et al., 1998).  

Total protein (PT) was determined according to Bradford method (1976) using bovine 

serum albumin as standard. 

The adsorption yield (Y%) and purification factor (PF) were calculated by Eqs. 10 and 

11: 

                                                                     𝑌 = 𝐴𝑇𝑒𝐴𝑇𝑖                                                         (10) 

 

where 𝐴𝑇𝑒 is the total activity recovered in the eluted (U) and 𝐴𝑇𝑖 is the total activity of the 

whey injected (U). 

                                                                       𝑃𝐹 = 𝐴𝑆𝑒𝐴𝑆𝑖                                                            (11) 

 

where 𝐴𝑆𝑒 is the specific activity of the eluted (U/mg) and 𝐴𝑆𝑖is the specific activity of the 

whey injected (U/mg). 

 

2.8 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS–PAGE) was 

utilized to evaluate the purity of the eluates. Electrophoresis was performed for 6 h at 100 V 

using a vertical gel electrophoresis system (BioRad, CA, USA) and with a 30% 

polyacrylamide gel. Coomassie brilliant blue R250 (0.27% (w/v) in acetic 

acid:water:methanol (1:2.4:4, v/v/v) was used as the staining solution and the gel was 

destained using acetic acid:methanol:water (1:4.3:9, v/v/v) solution (LAEMMLI, 1970). 
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2.9 Experimental Design and Statistical Analysis 

The parameters were evaluated using analysis of variance (ANOVA) at a 5% level of 

significance. The results were subjected to regression analysis, and a quadratic polynomial 

model was fitted. The adequacy of the model was determined by evaluating the lack of fit, 

coefficient of determination (R2), and Fisher’s test (F-value) obtained from the analysis of 

variance. The Student’s t-test was performed for each estimated parameter.  

 

3. Results and Discussion  

3.1 Characterization of the affinity cryogel 

The morphological and hydrodynamic properties of the cryogel determine the 

efficiency of the interaction between the immobilized ligand and the target biomolecule. 

Cryogel was synthesized by cryopolymerization of AAm as a functional monomer with 

MAAm in the presence of AGE. p-aminobenzenesulfonamide was attached to the epoxy 

groups on the cryogel in order to obtain the Sulf-cryogel. 

Fig. 1 shows the infrared absorption spectra of the pure and activated cryogels. It was 

verified that the activated cryogel presented a wider and higher band than pure cryogel at 

3100-3600 cm-1, which indicates the presence of water (O-H) and stretching vibrations of –N-

H (MÓL et al., 2019; TAO, SUN et al., 2014). This evidences the immobilization of the p-

aminobenzenesulfonamide ligand on the cryogel, since the epoxy groups of the cryogel react 

with the amino group of the ligand.  

A longer infrared absorption band is also observed at 1600-1680 cm−1, which are 

characteristic of C=C (JING et al., 2019, VAN NIEKERK et al., 2008) and the peak observed 

at 1440 cm-1 is associated to bending vibration of C–H, both from the aromatic ring of the 

ligand (JAIN; BAJPAI; BAJPAI, 2017; BARBOSA, 2007). The absorption bands at 1315-

1350 cm-1 are attributed to S=O stretching vibration from the sulfonamides (BARBOSA, 

2007). 

The swelling capacity was characterized as the amount of water absorbed by dry 

cryogel and the degree of expansion by the difference between the mass of the dehydrated and 

hydrated cryogel, presenting the values of 11.43 ± 0.5 g/g and 16.26 ± 0.3 mL/g, respectively. 

These analyses show that the cryogel mass occupies a large volume when hydrated, 

reinforcing the nature of the pores of its structure, as well as a sponge and elastic 

characteristic and consistent, confirming what several authors have reported for other types of 
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activated cryogels (NEVES et al., 2020; DE OLIVEIRA et al., 2019; MÓL et al., 2019; YAO 

et al., 2006).  

The existence of the pores was also observed by scanning electron microscopy (Fig. 

2). It is noted that the matrices are formed by a uniform structure with interconnected pores 

and diameters ranging from 20 to 100 μm. 

 

Fig. 1. Infrared absorption spectra of the pure and activated cryogels. 
 

 

 
(A)                                                                  (B) 

 
Fig. 2. SEM micrograph of Sulf-cryogel. (A) 500x (B) 1000x. 
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Fig. 3 presents the distribution of a tracer for the different conditions evaluated. It was 

verified that RTD did not vary at the different flow velocities (Fig. 3). The results showed 

symmetrical peaks, indicating low dispersion, representing a piston-like flow profile. 

From the RTD curves, the mean residence time and variance were calculated using the 

momentum method, which the 𝐷𝑎𝑥  and HEPT were determined. 𝐷𝑎𝑥  increased with 

increasing mobile phase flow velocity (Fig. 4) and the porosity (𝜀𝑡 =0.96) was determined by 

linear regression (Eq. 3). These values are within the range obtained in experiments with 

macroporous cryogels (PAN et al., 2015; YE et al., 2013). 

As well as 𝐷𝑎𝑥, HETP is also determined in order to verify the performance of the 

column. It can be verified that there was no variation of HETP as a function of flow velocity 

(Fig. 5), which indicates that the mass transfer to occur predominantly by convection. This 

behavior is similar to the studies reported by the authors Mol et al. (2019) and Neves et al. 

(2020). 

The experimental data pressure drop as a function at different flow velocities are 

shown in Fig. 6. The hydraulic permeability was calculated by Darcy-Weisbach Eq. (6) (𝐾𝑤 = 

2.51x10-13 m2), which is a result close to other polyacrylamide cryogels reported by Mól et al. 

(2019), Fontan et al. (2018), Mól et al. (2017) and Carvalho et al. (2014). This value is related 

to the resistance to flow through the activated cryogel and it is considered low, compared to 

fixed bed columns. The pressure drop, as well as pore structure contributes to increase mass 

transfer and, consequently, the adsorption process, thus enhance the separation efficiency 

(MACIEL et al., 2020). With this, it can be inferred that the presence of large pores and its 

highly porous structure, as shown in Fig. 2, allow the unobstructed passage of viscous or 

particulate solutions, as mentioned before. 
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Fig. 3. RTD curves at different mobile phase surface velocities through the affinity cryogel 

column. 

 

Fig. 4. Axial dispersion coefficients (Dax) at different mobile phase surface velocities through 

the affinity cryogel column. 
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Fig. 5. HETP as a function of mobile phase at different flow velocities.  

 

 

Fig. 6. Experimental data of pressure drop at different mobile at different flow velocities and 

adjusted equation to determine permeability (−).  
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3.2 Chromatography capture 

3.2.1 Effect of flow velocity on the adsorbed LPO in affinity cryogel 

Several analogs of sulfonamide have been demonstrated to possess good binding 

affinities for LPO (ATASEVER et al., 2013). According to this, in the present study the 

affinity cryogel was synthesized through the coupling of the p-aminobenzenesulfonamide 

ligand. 

Adsorption of the LPO standard was tested using a Sulf-cryogel as column material in 

a liquid chromatography system. Fig. 7 shows the experimental results of adsorbed LPO 

concentration as a function of different flow velocities. It was verified that there was a 

tendency to increase the adsorbed LPO concentration up to 0.9 cm/min, but thereafter it 

decreased. This behavior can be explained by the higher mass transfer of the solute through 

the column pores when higher velocities are used. However, the concomitant increase is 

undesirable, as observed in the flow velocity at 1.3 cm/min, since the residence time becomes 

low, decreasing the interaction of the LPO and bind to the ligand groups, in addition, an 

increase in axial dispersion occurs, decreasing the efficiency of the column, as mentioned 

before (Fig. 4). 

 

Fig. 7. Effect of flow velocity on LPO adsorption in affinity cryogel. 
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3.2.2 One step purification of LPO from whey 

A CFD was then conducted to determine PF and Y as a function of the variables salt 

concentration and pH (Table 1). The solutions were pumped through the column at 0.9 

cm/min, since it was the best flow velocity, as mentioned before (Fig. 7). According to the 

ANOVA, it was verified that the variables under study exercised significant influence 

(p<0.05) for PF, presenting significant model (p<0.05) and no significant lack of fit (p>0.05) 

and a coefficient of determination of 92.94% (Eq. 12). However, the effect of the variables 

was not significant (p>0.05) for Y. 

 

                             PF = 1299 + 0.506 𝑥1 + 362 𝑥2 − 22.91 𝑥22                               (12) 

 

Fig. 8 shows the chromatographic profile obtained after whey loading, washing and 

elution. Note that eluted fraction showed a single peak corresponding to LPO which was 

confirmed by the enzymatic activity analysis (Table 1) and SDS-PAGE (Fig. 10). This 

demonstrated the specificity of the produced ligand with the p-aminobenzenesulfonamide to 

the enzyme. The LPO protein has a molecular weight of 80 kDa. The standard (Lane 3) 

migrated at a similar distance to the LPO purified from whey (Lane 4) and localized close to 

75 KDa of the molecular marker (Lane 2).  

From the results presented in Table 1, whey feeding solution presented PT of 3.25 

mg/mL and LPO AS of 2.44 U/mg. After purification, the highest values of PF were obtained 

with increasing pH and salt concentration (Fig. 9), possibly due to a greater shielding of the 

charges of the protein by the salt, decreasing the electrostatic interaction. Thus, within the 

range studied, the best condition for adsorption of LPO was using the salt concentration of 80 

mmol.L-1 and pH 8 (Table 1). In addition, although the Y was non-significant, it was 100%, 

presenting a higher activity. 

Even using a simple strategy of purification, these values were higher when compared 

with other authors. Urtasun et al. (2021) and Urtasun et al. (2017) report in two studies using 

Reactive Red 4-Sepharose matrix in batch mode for LPO purification showed Y (%) of 86.5 

and PF of 46.1. Atasever et al. (2013) utilized a Sepharose 4B-L-tyrosine-sulfanilamide 

affinity matrix for the purification of LPO from whey, in a single step elution, but 62.3% of 

LP was recovered. Pan et al. (2015) report high purity and recovery over 90% using a cation 

exchange composite cryogel embedded with cellulose beads in 3 elutions. Chiu and Etzel 

39



 
 

(1997) utilized cation exchange membrane for LPO isolation from whey. The authors showed 

that high purity LP can be obtained by gradient elution, but the recovery was 73%. 

However, the low concentration of LPO in whey makes affinity chromatography using 

cryogel an interesting one-step purification option, since the results of this study demonstrate 

the specificity of the affinity cryogel with highly specific interactions between the enzyme 

and the ligand, which the purity degree proves. 

 

Fig. 8. Adsorption profile of LPO purification from Whey. 

 

Table 1. Experimental conditions of the design CFD and obtained results of total protein 

content (PT), total activity (AT), specific activity (AS), purification factor (PF) and yield (Y) of 

LPO in the whey and eluted sample.  

Assay 
PT  

(mg/mL) 

AT 

(U) 

AS 

(U/mg) 

 

PF 

Y 

(%) 

Feed    3.2512    7.9571 2.4483 1 100 

Eluted 0.0065 8.9010 430.6252 175.8849 111.8620 
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Fig. 9. Surface response graph of the PF as a function of the salt concentration (𝑥1) and pH 

(𝑥2). 

 

Fig. 10. SDS-PAGE analysis of chromatographic purification process of LPO from whey by 

affinity cryogel in one step. Lane 1: Feed solution of whey; Lane 2: Molecular marker; Lane 

3: Standard LPO (1 mg/mL); and Lane 4: peak fraction from elution of feed solution of whey 

(CFD). 
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4. Conclusions 

This study demonstrated a successful purification method for LPO, using an affinity 

cryogel in a single step. The development of a new support with immobilized p-

aminobenzenesulfonamide aimed at the direct adsorption of the enzyme even at low 

concentration and without the need for a pre-treatment of the source. The successful 

functionalization of the cryogel with the ligand can be confirmed by FTIR. 

The Sulf-cryogel showed desirable properties such as high porosity, low dispersion 

and low flow resistance. HETP also was low and not dependent of flow velocity.  

The best condition of the standard LPO adsorption was defined as 0.9 cm/min. The 

results presented higher PF with increasing pH and salt concentration. However, Y was not 

significantly affected by the variables under study. SDS showed only one dense band in the 

eluted fraction. Sulf-cryogel has shown that it can be used with high Y and PF and low cost in 

the LPO purification.  
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CONCLUSÕES 

  

Este estudo propôs o desenvolvimento de novas estratégias de purificação das 

proteínas lactoferrina e lactoperoxidase do soro de leite. Os suportes utilizados foram meios 

macroporosos, uma vez que permitem o escoamento de soluções particuladas e mais viscosas 

sem que ocorra sua obstrução.  

O modelo de Langmuir foi ajustado as isotermas de adsorção e a capacidade máxima 

de adsorção foi a pH 7,0 e 0,0 mM de NaCl. Em relação às propriedades hidrodinâmicas do 

leito expandido, verificou-se que o concomitante aumento do fluxo e da viscosidade da fase 

móvel afetou negativamente na dispersão axial e na capacidade dinâmica de ligação.  

O soro de leite teve um volume reduzido de mais de 10 vezes pela ultrafiltração 

seguido de diafiltração. A lactoferrina apresentou em uma pureza de 92,7% e uma 

recuperação de 87,0% após a adsorção em leito expandido. 

 O criogel ativado com p-aminobenzenosulfonamida para adsorção específica da 

lactoperoxidase mostrou propriedades hidrodinâmicas e morfológicas de acordo com as 

características usuais. A capacidade de adsorção da lactoperoxidase foi afetada pela 

velocidade da fase móvel, sendo a melhor condição de 0,9 cm/min. Após a adsorção da 

lactoperoxidase, o fator de purificação aumentou em mais de 100 vezes e o rendimento foi de 

100%, mostrando a alta especificidade da coluna de afinidade. SDS-PAGE mostrou-se uma 

única banda na fração eluída. 

 Diante do exposto, os dois modelos propostos foram eficientes na obtenção da 

lactoferrina e da lactoperoxidase do soro de leite, com alta pureza e recuperação.  
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