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RESUMO

MACIEL, Katia Silva, D.Sc., Universidade Federal de Vicosa, fevereiro de 2022.
Desenvolvimento de estratégias de purificacio de Lactoferrina e Lactoperoxidase do
soro de leite. Orientador: Luis Antonio Minim. Coorientadores: Lizzy Alcintara Verissimo e
Valéria Paula Rodrigues Minim.

Processos de purificagdo da lactoferrina e da lactoperoxidase tém sido relatados na literatura.
No entanto, é apresentado um grande nimero de operacdes unitdrias, alto custo dos suportes
cromatograficos, baixa pureza e rendimento da molécula. Nesse sentido, a reducdo de etapas,
a busca por novos adsorventes e, consequentemente, a redu¢do de custos € crucial nesses
processos. Além disso, a utilizagdo de sistemas com maior porosidade oferecem alternativas
por permitir a captura direta da molécula a partir de solucdes particuladas e viscosas, sem a
necessidade de tratamento prévio. Nesse sentido, estudar os pardmetros operacionais que
afetam a porosidade do meio € determinante para otimizar as condi¢cOes experimentais. A fim
de melhor avaliar estes mecanismos, foram realizados estudos hidrodinAmicos e de
capacidade adsortiva em colunas macroporosas de leito expandido e fixo, e posteriormente, a
captura das proteinas alvo. Portanto, esse trabalho apresenta uma nova estratégia de
purificacdo para as proteinas lactoferrina (Capitulo I) e lactoperoxidase (Capitulo II) a partir
do soro de leite utilizando colunas de leito expandido e de criogel de afinidade,
respectivamente. Os suportes cromatograficos analisados foram uma resina de troca catidnica
Streamline SP XL e uma matriz polimérica esponjosa altamente interconectada ativada com
p-aminobenzenosulfonamida para interagao especifica com a lactoferrina e a lactoperoxidase,
respectivamente. Com o objetivo de avaliar a eficiéncia da separacdo das proteinas de cada

processo, parametros de purificagdo foram investigados.

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

Separacdo. Proteinas.



ABSTRACT

MACIEL, Katia Silva, D.Sc., Universidade Federal de Vicosa, February 2022. Development
of purification strategies for Lactoferrin and Lactoperoxidase from whey. Advisor: Luis
Antdonio Minim. Co-advisors: Lizzy Alcintara 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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INTRODUCAO

O soro de leite é o co-produto da coagulacdo do leite durante a producdo de queijo
(KHAIRE; GOGATE, 2019), representa a por¢dao aquosa apds a remoc¢do das caseinas e
gorduras do leite, e apresenta-se como um liquido opaco e de cor amarelo-esverdeado
(GUIMARAES; TEIXEIRA; DOMINGUES, 2010). O tipo e a composi¢iio quimica do soro
variam de acordo com o queijo produzido, bem como a alimentagdo, criacdo, diferenca
individual de cada animal, e o clima (ALVES et al., 2014). E composto por cerca de 93% de
dgua e 7% de lactose, proteinas, gorduras e sais minerais. Pode ser obtido em industrias de
processamento de leite ou em laboratério por trés operagdes principais: coagulagcdo
enzimatica, precipitacdo acida no ponto isoelétrico das caseinas (pH = 4,6) e separagdo fisica
das micelas de caseina por microfiltracdo (SGARBIERI, 2004).

As proteinas do soro de leite, que representam cerca de 20% das proteinas do leite, sdo
soldveis numa vasta gama de pH, apresentam uma estrutura globular, e contém ligacoes
dissulfeto, que conferem um certo grau de estabilidade estrutural (AIMUTS, 2004). A
qualidade nutricional das proteinas depende dos aminodcidos que as constituem, e por este
critério, as proteinas do soro de leite sdo consideradas de elevado valor nutricional e
biolégico, pois sdo ricas em aminodcidos essenciais, sulfurados e ramificados (GALLO et al.,
2022). Estas s@o representadas por imunoglobulinas, o-lactoglobulina, [-lactalbumina,
albumina de soro bovino, lactoferrina, lactoperoxidase e glicomacropeptideo (NATH et al.,
2015).

As proteinas que estdo em concentragdes inferiores incluem albumina de soro bovino,
lactoferrina, lisozima e lactoperoxidase (DONOVAN, 2019). Entre estas proteinas, pode-se
destacar a importancia da lactoferrina e da lactoperoxidase.

A lactoferrina constitui aproximadamente 1% das proteinas 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 ligacdes ndo covalentes com outras proteinas do leite carregadas negativamente,
tais como a B-lactoglobulina, albumina sérica bovina e imunoglobulina (LAMPREAVE et al.,
1990), B-caseina (ANEMA; KRUIF, 2013), e com lipopolissacarideos de membrana de
glébulo de gordura do leite (FONG; NORRIS; MACGIBBON, 2007).

Existem estudos que mostram que a lactoferrina isolada possui multiplas propriedades

funcionais e bioldgicas, tais como nutritivas, antimicrobianas, antivirais, anti-inflamatorias,



antioxidantes, antitumorais, ¢ imunomoduladoras (MAYEUR et al., 2016). Quanto as suas
aplicagdes, além de ser utilizada como ingrediente em vérios alimentos, também € relatado a
sua utilizacdo em cosméticos, tais como cremes e lo¢des 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 sdo mais frequentemente combinados com outras proteinas de
defesa da mucosa, como a lactoperoxidase e a lisozima (TOMITA et al, 2002;
WAKABAYASHI; YAMAUCHI; TAKASE, 2006).

A lactoperoxidase € encontrada em aproximadamente 0,5% das proteinas do soro de
leite (YADAV et al., 2015), bem como nas secre¢cdes exdcrinas, tais como saliva, ldgrimas e
vias respiratérias (MAHDI et al., 2018). Apresenta ponto isoelétrico em torno de 9,2
(ATASEVER et al, 2013) e massa molecular de 78 kDa (VAN HOOIIDONK;
KUSSENDRAGER; STEIINS, 2000). E membro das peroxidases e tem a capacidade de gerar
intermedidrios e produtos reativos com uma ampla atividade antimicrobiana, na qual catalisa
a conversdo de tiocianato (SCN7) e iodeto (I-) por peréxido de hidrogénio (H>O2) em
hipotiocianito antimicrobiano (OSCN™) e hipoiodito (IO-) (SINGH et al., 2021). Esta reagao,
pode provocar a ocorréncia de lesdes ou modificacdes em vdrias estruturas da célula (parede
celular, membrana citoplasmatica, sistema de transporte, enzimas glicoliticas e 4acidos
nucleicos) e, consequentemente, causar a morte ou inibi¢do do crescimento ou metabolismo
dos microrganismos afetados. Também € considerada um eficaz antiviral e antiflingico
(URTASUN et al., 2021).

Ha estudos que tém usado a lactoperoxidase para combater varios microrganismos tais
como bactérias, virus HIV-1, bolores, leveduras, protozodrios, bactérias deteriorantes, bem
como microrganismos patogénicos (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 industria de leite, cosmética, farmacéutica, veterindria, agricola, entre outras
(SHARMA et al., 2013; URTASUN et al., 2017; NICOLAS et al., 2019).

Neste contexto, devido as inumeras propriedades que estas proteinas possuem, a
obtencdo de fracOes proteicas com um elevado grau de pureza e com uma alteracdo minima
da sua estrutura nativa permite que as propriedades técnico-funcionais e biolégicas
especificas de cada biomolécula sejam exploradas de forma mais intensiva (NICOLAI;

BRITTEN; SCHMITT, 2011; NICOLAI, 2016).



Com isso, diversos suportes tém sido explorados com a finalidade de separar ambas as
proteinas 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 eluicdo em 2 etapas. Du et al. (2015) usaram a
cromatografia em leito expandido com uma resina de troca catidnica Fastline SP e obtiveram
uma pureza de 88,5% e recuperacdo 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 interagdo hidrofébica e tiveram uma recuperagdo de 91% e pureza de
2.9. Teepakorn et al. (2015) usando cromatografia de troca catidnica Sartobind S75 e
obtiveram uma recuperacao de 80%.

Em relagdo a lactoperoxidase Urtasun et al. (2017) utilizando cromatografia de
afnidade imobilizaram corante triazina em Sepharose 6B e verificaram seu desempenho como
possivel ligante em modo leito fixo. Os autores obtiveram um rendimento de 86,5% e um
fator de purificacio de 46,1. Pan et al. (2015) utilizaram um criogel de troca catidnica ativado
com 4cido 2-acrilamido-2- metil-1-propanossulfonico e reportaram uma recupera¢do de 92%
e pureza de 98% com eluicdo em 3 etapas. Atasever et al. (2013) imobilizaram L-tirosina e
sulfanilamida em uma matriz de Sepharose 4B ativada por brometo de cianogénio para
interacdo especifica e obtiveram um rendimento de 62,3%. Mecitoglu et al. (2007) testaram
uma resina de troca cationica Toyopearl-SP obtendo uma pureza de 31 e recuperacio de 81%.

Embora existam estudos de purificacdo destas proteinas, a maioria reporta um grande
nimero de etapas, baixo rendimento e/ou pureza, alto custo do ligante e da coluna. Além
disso, deve-se considerar os custos associados a natureza dos materiais que podem ser
viscosos, particulados ou as proteinas estarem presentes em baixas concentragdes, o que pode
inviabilizar o processo, por demandarem etapas adicionais de preparo. Assim, em geral, os
processos de purificacao sdo responsaveis por cerca de 70% do custo total do processo (DYR;
SUTTNAR, 1997).

Uma alternativa a esses problemas seria a utilizacdo de técnicas cromatograficas com
o desenvolvimento de novos suportes nos processos de separacdo, tais como leitos com maior
porososidade. Tais colunas permitem a captura direta de biomoléculas, mesmo utilizando
soluc¢des particuladas e viscosas, sem que ocorra a queda de pressao (DA SILVA et al., 2022).
Além disso, a existéncia da estrutura macroporosa proporciona baixa resisténcia a

transferéncia de massa predominando o transporte convectivo e melhorando a efici€éncia da
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separacdo (COIMBRA et al., 2022). Entre os materiais de baixo custo disponiveis, o leito
expandido e criogel macroporoso sdo de grande interesse.

O leito expandido combina as propriedades hidrodindmicas de um leito fluidizado com
as propriedades cromatogrificas de um leito fixo, apresentando alta porosidade depois da
expansdo das particulas (D’SOUZA et al., 2017), didmetro entre 100 a 300 pm, permitindo o
uso de maiores vazdes. Além disso, a resina pode ser modificada em sua superficie para a sua
funcionalizacdo de acordo a adsor¢do da proteina alvo (ZHAO et al., 2010).

O criogel € um adsorvente polimérico, possui biocompatibilidade, acessibilidade e
estabilidade mecanica (SAYLAN; DENIZLI, 2019), apresentando poros estruturais grandes
interconectados da ordem de 10 a 300 um (NEVES et al., 2020). Com a funcionaliza¢do dos
mesmos, novos materiais podem ser facilmente desenvolvidos através da incorporacdo de
ligantes especificos na matriz, permitindo a adsor¢c@o de solutos especificos (MARCUZ et al.,
2021).

Portanto, o objetivo geral desse trabalho foi estudar uma nova estratégia de purificagao
das proteinas lactoferrina e lactoperoxidase do soro de leite a partir de colunas porosas, tais
como adsorcdo em leito expandido e criogel de afinidade. Tais colunas foram escolhidas de
acordo com as caracteristicas da molécula alvo e o principio da cromatografia a ser explorada,
bem como o baixo custo destes compostos.

Além desta parte introdutdria, a tese foi estruturada em 2 capitulos e as conclusoes,
visando o melhor detalhamento de cada um dos aspectos avaliados.

No capitulo I é apresentado o desenvolvimento de um novo processo de purificacdo da
lactoferina, integrando dois processos: a ultrafiltracdo por membrana e a adsorcdo em leito
expandido. Estudos hidrodindmicos e de capacidade de ligacio dindmica das particulas do
leito foram investigados. Afim de determinar a eficiéncia da separacdo foram avaliados os
parametros do processo de purificagdo.

No capitulo II € relatado também um novo processo de purificacio pelo
desenvolvimento de uma nova coluna monolitica macroporosa de afinidade para captura da
lactoperoxidase em uma unica etapa. Estudos hidrodindmicos e de caracterizagdo morfolégica
do criogel produzido foram conduzidos. Pardmetros do processo de purificacio também

foram avaliados.
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ARTICLE INFO ABSTRACT

Keywords: Lactoferrin is an important protein found in sweet whey that has several biological activities, such as nutritional,

Purification antimicrobial, antiviral, anti-inflammatory, antioxidant, anticarcinogenic and immunomodulation. However, it

Ultrafiltration is found in very low concentration in whey and its capture and purification is a challenge. This study proposes a

Fapenled bed chrmmatography simple strategy in which two operations for the separation and purification of lactoferrin are integrated. Sweet

x;ofemn whey containing 0.12 mg/mL of lactoferrin was subjected to microfiltration for clarification, followed by ul-

7 trafiltration and diafiltration in order to reduce in 10 times the total volume with simultaneous concentration

and pre-purification of lactoferrin to 1.1 mg/mL. In the second operation, the protein was purified by a pre-
parative chromatography based on cationic exchange expanded bed chromatography (EBC). Adsorption iso-
therms were determined which allowed establishing the conditions for the chromatographic step. Hydrodynamie
studies of the expanded bed and its dynamic binding capacity were also accomplished. The final concentration of
the purified lactoferrin was 17.4 mg/mL, resulting in a purity of 92.7% and recovery of 87.0%.

1. Introduction conformational changes in its native form to allow exploring its prop-

Whey is a co-product from the manufacture of cheeses and is re-
cognized as of high nutritional and biological value, mainly attributed
to proteins that are rich in sulphureted and essential branched chain
amino acids [1]. Whey proteins represent approximately 20% of the
total protein constituting the bovine milk. The largest fractions (70%)
are P-lactoglobulin (B-lg), a-lactoalbumin (a-la) and glycomacropep-
tide. Albumin, immunoglobulin and subfractions such as lactoferrin,
lysozyme, lactoperoxidase, among others, are present in smaller con-
centrations [2].

Among the aforementioned minor proteins, lactoferrin constitutes
about 1% of whey proteins [3]. It's a globular glycoprotein of ap-
proximately 700 amino acid residues with a molecular weight of about
78 kDa. The protein also has a relatively high isoelectric point (pI =
8.7) indicating that it is positively charged over a wide pH range, in-
cluding neutral pH [4,5]. In addition to being an iron carrier, lactoferrin
exerts several important biological activities, such as nutritional, anti-
microbial, antiviral, anti-inflammatory, antioxidant, anticarcinogenic
and immunomodulation [6,7]. All these properties outline it important
to obtain lactoferrin with a high degree of purity and minimal

= Corresponding author.
E-mail address: Iminim@ufv.br (L.A. Minim).

https://doi.org/10.1016/j.seppur.2020.117324

erties for biotechnological applications.

The challenge, presented in the purification processes of lactoferrin,
is the fact that high volume of whey with a very low concentration of
lactoferrin (= 1% of the total proteins) has to be processed. Studies
using one-step purification of lactoferrin are reported by [8 11]. Con-
sidering that chromatography carries the highest cost of the whole
purification process, a large feed volume in that step, might meaningly
increase the Unit Production Cost (UPC). Others studies reported the
purification of this protein by different methods, such as affinity
chromatography [12-14], cation exchance chromatography [15], fil-
tration membrane [16,8,17] and high-gradient magnetic separation
[9]. Methods that integrate unit operations using ultrafiltration and
fixed bed chromatography [18] and twe expanded bed chromatography
[15] are also reported.

Volume reduction in the chromatographic step is crucial to reduce
the UPC. Furthermore, the equipment size and process batch time are
also reduced. Moreover, solution viscosity is increased, which in turn
limits the use of fixed bed chromatography due to the increase in the
backpressure. Also, viscosity affects mass transfer and axial dispersion
that impact negatively on the dynamic capacity of the column.
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However, there is a lack of studies on how hydrodynamics and mass
transfer are affected by the feed volume reduction.

The use of ultrafiltration (UF) for volume reduction and pre-pur-
ification of lactoferrin can offer an alternative. This step is important
because high concentrations of other proteins can hinder the adsorption
of the target protein in the chromatographic column, either by means of
steric hindrance and/or competition for binding sites [19]. In the se-
quence of the UF, a modular process could be designed by using ex-
panded bed chromatography (EBC). This technique is a bioseparation
technology, which provides significant advantages in terms of process
robustness, flexibility and economy. It can capture target proteins di-
rectly from crude raw material or viscous solutions [20-23].

Once that EBC can handle easily high liquid viscosities due to the
high porosity of the bed after expansion, sample concentration by ul-
trafiltration that leads to an increase in the fluid viscosity is advanta-
geous. [t is known that this parameter affect porosity of the bed, as well
as mass transfer and axial dispersion, hence the dynamic binding ca-
pacity (DBC) of the bed can be highly influenced by this parameter.
Thus, in this study it is proposed to apply a new protocol for an effective
purification of lactoferrin from bovine sweet whey. The process initially
consisted in microfiltration for whey clarification, followed by ultra-
filtration and diafiltration with the purpose of fluid concentration, vo-
lume reduction and pre-purification of lactoferrin, and a subsequent
purification by EBC packed with cationic resin. The isotherms were
determined at different pH and NaCl concentrations. Hydrodynamic
studies as well as DBC of the expanded bed were investigated, con-
sidering different superficial velocities and viscosities of the fluid phase.

2. Materials and methods
2.1. Materials

Streamline SP XL cation exchanger resin was purchased from GE
Healthcare (Uppsala, Sweden). Microfiltration membrane (regenerated
cellulose, 0.22 um) and ultrafiltration membrane (polyethersulphone,
30 kDa) were purchased from Merck-Millipore Inc (USA). Acetonitrile
(MeCN) HPLC grade and Trifluoroacetic acid (TFA) were purchased
from Sigma-Aldrich (St. Louis, USA). Trifluoroacetic acid, sodium
chloride, sodium phosphate (dibasic and monobasic) were purchased
from Sigma-Aldrich (St. Louis, USA). Proteins standard a-la, B-lg and LF
were obtained from Sigma-Aldrich. Ultrapure water was used in all
experiments (Milli-Q System, Millipore Inc., USA). Fresh sweet whey
was obtained from a local store.

2.2. Adsorption isotherms

The adsorption isotherms were performed in order to determine the
optimal experimental conditions of pH and salt concentration for the
EBC assays. The Streamline SP XL cation exchanger resin has a crys-
talline quartz core, spherical form, with average particle size of 200 pm
and average density of 1.2 g/mL. The isotherms were investigated ac-
cording to an entirely randomized factorial planning 2x5 factorial
scheme, with two levels of pH (7.0 and 8.0) and five concentrations of
NaCl (0, 10, 20, 40 and 80 mmol/L). The adsorption isotherms assays
were carried out in batches with two repetitions.

The dried resin (25 mg) was previously conditioned for 12 h in an
eppendorf tubes containing 200 pL of sodium phosphate buffer
(0.05 M) with a given pH and NaCl concentration. In sequence, dif-
ferent volumes (0 to 1600 pL) of standard lactoferrin solution (50 mg/
mL) were added in order to obtain different concentrations of protein (5
to 45 mg/mL). The tubes were shaken overnight in a rotating device at
constant temperature of 25 °C. The lactoferrin concentration (before
and after adsorption) in the liquid phase was determined by spectro-
photometry according to the Bradford method [24]. The amount of
adsorbed lactoferrin (g) was determined by mass balance (Eq. (1)).
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(€8

where V is the total volume of the liquid phase (mL), m is the mass
of the adsorbent (g), Cy e C; is the initial and final concentration of
protein in the supernatant, respectively (mg/mL).

The Langmuir model was adjusted to the experimental data (Eq.
2).

o 9nC
K4+ C 2

14
g=—(C-C)
m

where q (mg protein/g resin) is the lactoferrin concentration in the
solid phase, k4 (mL/mg) is the dissociation constant, qy, is the apparent
maximum adsorption capacity and C (mg protein/mL solution) is the
concentration of lactoferrin in the liquid phase in the equilibrium
condition.

2.3. Hydrodynamic properties of the expanded bed

Glycerol solutions were used for the hydrodynamic characterization
of the column, and they were chosen as a viscosity modifier for the feed
solution neither adsorb to the cation exchanger resin nor interfere with
the light absorption of lactoferrin at a wavelength of 280 nm. Glycerol
concentrations of 5, 10, 15 and 20% (v/v) in sodium phosphate buffer
(0.05 M; pH 6.0) and fluid velocities of 100, 150, 200, 250 and 300 cm/
h were used. The system was composed of a Streamline® 25 glass
column (GE Healthcare, Uppsala, Sweden) with 25 mm of internal
diameter and 100 em height, a Masterflex® 7518-10 peristaltic pump
(Cole-Parmer Instruments Co., Barrington, USA) and an UVis-920
monitor detector (GE Healthcare, USA). The column was packed with
the resin to a height of 14.0 = 0.2 cm, and the piston of the column
was fixed at 5.0 cm above the height of the expanded bed. The absor-
bance was taken at 280 nm. The analyses were performed in triplicate.

2.3.1. Expansion degree
The Expansion degree (Ep) was determined according to Eq (3).

H

Ep=—
"7 H, @

where H is the height (cm) of the bed after expansion in a given
velocity and Hy is the height (cm) of the initial bed.

2.3.2. Porosity
The porosity (€) of the bed was determined according to Eq. (4)
[25].

pm1_Bog

7 H 4

where Vp and V; are the volumes of the packed and the expanded

bed, respectively, and H, and H are the heights of the packed and the
expanded bed, respectively.

2.3.3. Residence time distribution (RTD)

RTD was determined in order to obtain the mean residence time (f)
and the variance (¢?). The RTD curves were obtained as described in the
Amersham Pharmacia Biotech [26]. A mixture of glycerol and sodium
phosphate buffer (0.05 M; pH 6.0) containing acetone (20% v/v) was
applied to the column and the monitor response was acquired at
280 nm. The column parameters were calculated according to Egs. (5)
and (6):

UH
Dp=—0"
T R 5)
B L

Dy (6)

whereBo(cm) is the Bodenstein number, Dy, (cm?/min) is the axial
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dispersion coefficient, U is the superficial velocity (cm/h), H the height
of the expanded bed and ¢ is the expanded bed porosity.

2.3.4. Dbc

In order to explore the effect of superficial velocity and viscosity on
the DBC, experiments to obtain the breakthrough were conducted in
flow rate of 100, 150, 200 and 250 cm/h and viscosities of glycerol of
1.2 and 2.0 mPas at temperature of 25 °C. The lactoferrin concentration
C=3 mg/’cms) was kept constant. DBC (mg/g of adsorbent) was de-
termined at 10% of the breakthrough, according to Eq. (7):

L= 0)dv
Mlads @

where Q(cm®/min) is the mobile phase flow rate, v(mL) is the vo-
lume, v, (mL) is the break point and m4(g) is the mass of the adsorbent
in the column.

DBC = QCy

2.4. Capture and purification of lactoferrin by ultrafiltration followed by
EBC

2.4.1. Pre-purification and concentration of lactoferrin by ultrafiltration
and diafiltration

Sweet whey (20 L) was microfiltered in a Pellicon® 2 tangential
filtration module (Millipore Corp., USA), using a regenerated cellulose
membrane (0.22 um), at a flow rate of 5 L/min/m? and a conversion
rate of 30%. The pH was adjusted to 7.0 using 0.05 M sodium phos-
phate buffer and NaCl was added to reach the concentration of 0.4 M. In
sequence, ultrafiltration was performed using the same module and a
PES (polyethersulfone) membrane of 30 kDa nominal molar weight
limit. The operation was adjusted for a feed flow (Qg) and transmem-
brane pressure (TMP) of 5 L/min/m? and 140 kPa, respectively.

Whey was initially concentrated with a concentration factor (Cg) of
9. After that, the system was configured to a diafiltration mode, using
the same Qy and TMP and sodium phosphate buffer (0.05 M; pH 7.0) as
a diluent. The product was diafiltered with 6 diavolumes (N). Values of
Cg and N were determined in previous experiments. The diafiltered
whey was stored under refrigeration for experiments of EBC. Aliquots
were collected for proteins determinations and the parameters apparent
sieving (Syp,) and retention (Rsy,) were determined, according to Egs.
(8) and (9):

Cri
Stppi = —
G Cri (8)
RApp =1- 'S:ipp‘i (€]

where Cp; and Cy; is the concentration of a given protein (a-la, B-lg
or LF) in the permeate and feed, respectively.

2.4.2. Purification of lactoferrin by cationic exchange EBC

Chromatographic capture and purification of lactoferrin from the
concentrated and diafiltered whey was conducted in a Streamline® 25
glass column (GE Healthcare, Uppsala, Sweden) with 25 mm internal
diameter and 100 cm height, and packed with a Streamline SP XL ca-
tionic resin (14 cm bed height).

Based on the most favorable conditions obtained in previous ana-
lyses, the bed was expanded (E, = 1.5) with the adsorption buffer
(sodium phosphate 0.05 M; pH 7.0) at 100 cm/h and equilibrated with
10 column volume (CV). Then, 2 L of diafiltered whey was fed into the
column and after the breakthrough formation, the column was washed
with the adsorption buffer. Adsorbed protein was eluted in fixed bed
mode with the elution buffer, using a stepwise gradient of NaCl
(0.2 mol/L and 0.5 mol/L). Protein fractions were collected and stored
for later analysis. The adsorption and elution profiles were monitored at
280 nm.

In order to evaluate the efficiency of the lactoferrin purification at
each step of the process, the recovery (Ryf), purity (Pyf) and

Separation and Purification Technology 251 (2020) 117324
purification factor (F ) were calculated according to Egs. (10) to (12).
m,
= | —2r | 4100
mu:,f {10}

m,
PLF=[ ”"] + 100
m,

(11)

_ (mp/mde  Prp
= — =
(mp/m)r  Pirr (12)

where myp, is the mass of lactoferrin obtained after each operation,
myp s is the mass of lactoferrin present in the feed solution, m, is the
total mass of protein in the solution, P is the purity of lactoferrin
after an operation and Pz is the purity of lactoferrin in the sweet
whey.

2.5. Analytical procedures

Total protein in the collected fractions was determined by the
Bradford method [24] using bovine serum albumin as standard. a-la, p-
lg and LF were determined by liquid chromatography (Shimadzu LC-
10AD VP, Tokyo, Japan) with a diode-array detector and Shimadzu
SCL-10A VP integrator-processor with two pumps and an automatic
injection. A reverse phase column (C18 apHera™ Polymer;
250 mm X 4.6 mm; 5 pm particles; Supelco Analytical) was used for
chromatographic separation. The separation was conducted in gradient
mode (Table 1) with mobile phase A (ultrapure water with 0.1 M NaCl
and 0.1% TFA; pH 2.5) and mobile phase B (acetonitrile 80% in ul-
trapure water), at a flow rate of 1.0 mL/min and temperature of 40 °C.
A sample volume of 25 pL, previously filtered through a 0.22 pm nylon
membrane (Millipore, Bedford, USA) was injected into the system and
absorbance was monitored at 210 nm (modified from Zuniga et al.
[27]). The proteins were quantified with a calibration curve for stan-
dard lactoferrin with concentration of 0.02 to 2.1 mg/mL.

3. Results and discussion
3.1. Adsorption isotherms

The successful use of EBC requires the correct choice of adsorbent,
which depends on the interaction between the charged groups im-
mobilized on the resin and the target biomolecule. The Streamline SP
XL cationic resin was used for the assays of adsorption isotherms for
lactoferrin under different pH and salt conditions, in which it is pre-
sented in Fig. 1. The Langmuir model (Eq. (2)) was adjusted to the data
and the parameters of the model are shown in Table 2.

It was noted that with the increase in pH and salt concentrations,
the adsorption capacity of lactoferrin decreased. As the pH rises and
approaches to the isoelectric point of the lactoferrin (pH ~ 8.7) the
density of positive charges of the molecule reduces. In addition, Na ™=
and Cl ions can interact with these ionic molecules in solution and
compete for the active sites of the adsorbent [28]. These factors

Table 1
Gradient of solvent B in the HPLC method used for a-
la, B-lg and LF quantification.

Time (min) Solvent B (%)
0-3 340

3-6 40-44

6-10 44-50

10-17 50-55

17-21 55-63

21-24 63-70

2427 70-70

27-30 70-3
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Fig. 1. Adsorption isotherms of lactoferrin on Streamline SP XL cationic resin in
different concentrations of NaCl, at 25 °C (A) pH 7.0 and (B) pH 8.0.

Table 2
Adjusted parameters of the Langmuir model, at 25 °C.

pH NaCl (mol/L) G (mg/g) Ky (mg/mL) s

7.0 0.00 936.93 = 146.36 3.10 = 1.56 0.897
7.0 0.01 899.73 = 75.89 4.18 = 1.07 0.989
7.0 0.02 697.49 = 33.85 241 = 0.45 0.986
7.0 0.04 566.95 + 47.27 1.27 + 0.56 0.931
7.0 0.08 345.83 + 22.24 234 = 0.66 0.977
8.0 0.00 665.63 = 43.84 354 = 086 0.982
8.0 0.01 614.72 = 60.75 235 + 1.02 0.952
8.0 0.02 424.28 + 9.93 043 = 0.08 0.991
8.0 0.04 344.03 £ 11.00 0.11 = 0.04 0.974
8.0 0.08 32270 = 35.20 091 = 0.84 0.813

contribute to attenuate the electrostatic interactions between the pro-
tein and the adsorbent, whose is the driving force for adsorption. The
results of maximum adsorption capacity obtained in this study (Table 2)
was higher than the values obtained by Du et al. [15] when using
Fastline SP cation exchanger resin for lactoferrin capture, also varying
pH and ionic strength. Based on this, it is possible to assume that under
the experimental conditions utilized, lactoferrin has a great adsorption
capacity in Streamline SP XL cationic resin using the pH 7.0 and lower
salt concentration.
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Fig. 2. Bed expansion as a function of superficial liquid velocity.

3.2. Hydrodynamic properties of the expanded bed

3.2.1. Expansion degree

Fig. 2 shows the bed expansion as a function of the superficial fluid
velocity for the Streamline SP XL resin. The degree of bed expansion
increased linearly with both velocity and fluid viscosity rise. The results
indicate that at this range, fluidization is stable [29]. Furthermore, it
was also found that the maximum operating velocity for the Streamline
SP XL is 300 em/h. It is important to know this limit because the degree
of bed expansion will influence the process of protein adsorption.
Above this velocity using feed solutions with 15 and 20% glycerol, an
unstable interface at the top of the fluidized bed was observed, pre-
senting large mixture with formation of preferential channels.

Bed porosity as a function of superficial velocity and glycerol con-
centration is shown in Table 3. The results indicate that, for most of the
conditions studied, the determined porosity was within usual values
(0.65 to 0.8) found in expanded bed operations. Furthermore, it also
shows that flow rate and viscosity have a positive effect on the values of
porosity, hence it contributes to increase mass transfer and conse-
quently the adsorption process. It was noted that for values above
300 em/h and 20% glycerol, there has been a great rise in porosity, in
such a way that unstable interface and preferential channeling was
observed.

The behavior of fluidization in the expanded bed as a function of the
physical properties of particles and fluid can be analyzed by the cor-
relation of Richardson and Zaki [30], as shown in Eq. (13). Besides, the
terminal Reynolds (Re,) and theoretical apparent terminal velocity (U})
of the particles were determined by Egs. (14) and (15) (Stokes Eq.),
respectively.

u=u;s" (13)
dz
U= pg(pp m)
18u (14)
Table 3

Effect of superficial velocity and glycerol concentration on expanded bed por-
osity.
Mobile E
phase
(Glyeerol) U =100 U =150 U =200 U = 250 U = 300
(cm/h) (cm/h) (cm/h) (cm/h) (em/h)

5% 0.63 0.69 0.72 0.75 0.81
10% 0.65 0.72 0.76 0.81 0.85
15% 0.68 0.74 0.80 0.84 0.88

20% 0.72 0.80 0.85 0.87 0.90
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Fig. 3. Fluidization of the Streamline SP X1. adsorbent in the column for dif-
ferent viscosities.
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(15)

where n is the coefficient of Richardson and Zaki, u, is the experi-
mental apparent terminal velocity, u is the superficial velocity, 2, and p;
are the densities of the particle and the liquid, respectively, g is the
acceleration of gravity, dp is the diameter of the particle and y is the
viscosity of the liquid.

In Fig. 3 it is shown that the fluidization of the expanded bed ad-
justed well to Eq. (13) and its coefficients (1, and n) were determined by
linear regression. Table 4 presents the Richardson and Zaki parameters
(1, and n), as well as Re,. It is verified that the values of u, were in
general lower than U, indicating that stable fluidization occurs. The
differences found are probably related to the particle size dispersion
[31,32]. For Re in the range of 0.2 < Ret < 500, Richardson and Zaki
[30] reported that flow is laminar when values of n is in the range of
2.39 to 4.65. Thus, considering the velocities and viscosities analyzed in
this study the flow is laminar, allowing stable fluidization and low
backmixing.

3.2.2. Axial dispersion in the expanded bed

Fig. 4 shows the axial dispersion (D,) as a function of superficial
velocity and glycerol concentration. It was observed that D, increased
linearly with the increase of the fluid velocity, moreover, the growth in
the glycerol concentration (or the viscosity) intensified the D, rise. As
it was already shown, porosity was increased with the rise in the ve-
locity and viscosity, which amplify both the mobility of the particles
and makes axial dispersion to increase. The results observed here are in
accordance to those obtained by Palsson, Axelsson and Larsson [33]
and Chen et al. [34].

Liquid mixing and bed stability can also be analyzed by means of the
Bo number, which is a measure of the relationship between the con-
vective transport and axial dispersion. It is argued elsewhere that when

Table 4
Physical properties of the fluid and Richardson-Zaki parameters as a function of
glycerol concentration.

Glycerol (v/v  p(mPas) p(kg/m*) Apparent terminal velocity n Re;

%) (cm/h)

U g
5 116 1007.98  3.61 242 406 063
10 1.40 102073 279 1.94 428 029
15 1.89 1029.75  1.96 1.39 439 021
20 2.00 1040.60 173 1.28 467 0.18
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Fig. 5. Behavior of the Bo number as a function of different velocities and
viscosities at 25 “C.

B, > 40 the axial dispersion becomes negligible and the flow pattern is
similar to plug flow [26]. In Fig. 5 the B, number is shown for the
various conditions analyzed. A decrease in its value was observed, for
flow velocities up to 150 em/h, and then it increased as velocity was
raised. This occurs because the combined effect of the increase in U and
H was lesser than the effect related to the growth of Dg,. For higher
values of fluid viscosity the Bo values were lower, which means that the
effect of increasing D,, was more important, despite the greater ex-
pansion that occurred in the bed. According to Palsson, Axelsson and
Larsson [33] Bo increases with expansion and a possible decrease in its
magnitude indicates that expansion was disturbed due to particles ag-
gregation or even localized turbulences along the column.

3.2.3. DBC of lactoferrin in expanded bed column

DBC at C/C, of 10% was determined by the breakthrough curves
generated through frontal analysis experiments (Table 5). The obtained
values were lesser than those found in the isotherm experiments be-
cause the feed concentration to obtain the breakthrough was only
3 mg/mL and the experimental breakthroughs were not run until
equilibrium. It is observed that DBC decreases from 47.44 to 24.09 mg/
g as the flow rate is increased from 100 te 250 cm/h. Furthermorre, for
the same flow rate (250 cm/h), DBC increased to 45.11 mg/g when
viscosity was decreased from 2.0 to 1.2 mPa-s. This value is comparable
when flow rate was much lower (100 em/h). The greater is the flow
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Table 5
Dynamic binding capacity at C/C; of 10% in different flow rate and mobile
phase viscosities (C, = 3mg/cn?).

U n DBC (mg/g)
(emy/h) (mPas)
100 20 47.44
150 20 41.88
200 20 37.18
250 20 24.09
250 1.2 45.11
1.0
0.8 1
0.6 1
o
Q
O
0.4 A
/ .
; 100 cmih; 2.0 mPa.s
0.2 += 150 cmi/h; 2.0 mPa.s
: — 200 cm/h; 2.0 mPa.s
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Fig. 6. Breakthrough curves of lactoferrin as a function of different flow rate
and viscosities in the expanded bed column.

rate, the lesser was the residence time of solutes, which also leads to a
decrease in the DBC. Nevertheless, when observing the gradient of the
breakthroughs for all the conditions studied (Fig. 6), it is noticeable that
the lesser the flow and viscosity, the steeper is the breakthrough and
consequently, the greater is the DBC. These results can be attributed to
the decrease of the axial dispersion, as it was shown before (Fig. 5).

3.3. Integration of ultrafiltration and chromatography for lactoferrin
purification

3.3.1. Ultrafiltration

The protocol for lactoferrin purification proposed here involves in-
itially the pre-purification and concentration of lactoferrin from mi-
crofiltered whey by using ultrafiltration. Concentration is important,
because it will reduce the volume to be run in the subsequent chro-
matographic step, reducing the size of the operation. However, it is
important to focus on the increase in the fluid viscosity. In fixed bed
chromatography, this may cause the operation to be unfeasible.
Nevertheless, EBC can work easily with viscous solution, even though
axial dispersion increases (see Fig. 5) and concurrently reduces the
DBC, as it was shown in Table 5. The volume of the diafiltered whey
was reduced 10 times when compared to the initial sweet whey, and the
viscosity of the output solution was 1.4 mPa-s, a value that could be
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unfeasible to process in fixed bed chromatography. This value is within
the range used in the previous experiments of hydrodynamic and dy-
namic capacity. Thus, working with low fluid velocity will assure plug
flow behavior and therefore, DBC will be higher.

The adsorption isotherms assays indicated that the most favorable
experimental conditions for lactoferrin adsorption are at pH 7.0 and
0.0 mol/L of NaCl. However, to perform the ultrafiltration/diafiltration
process, the ionic strength of the sweet whey was adjusted to 0.4 mol/L.
According to Chaufer et al. [35], the ionic strengh in the range of 0.2 to
1 mol/L, lactoferrin is presented as tetramer, which contributes to the
protein to remain in the retentate. Besides, at pH values far from the
isoelectric point, B-lg preferentially presents as monomer with molar
mass of 18 kDa, and may not aggregate with a-la [36]. These adjust-
ments may contribute to a better separation of the proteins in this stage,
with the proteins a-la (14 kDa) and B-lg (18 kDa) directed pre-
ferentially to the permeate, which is important because hindrance ef-
fects can be reduced in the adsorption of lactoferrin in the subsequent
chromatographic step.

From the results presented in Table 6, it was possible to calculate
protein retention and sieving (Eqgs. (7) and (8)). The total protein re-
tention in the ultrafiltration/diafiltration operation was 73.9%. More-
over, sieving (Sapp) of B-lg and o-la was 36.0% and 43.5%, respectively.
The values found mean that unwanted proteins exceedingly remained
in the retentate with lactoferrin. These results are at the same order of
the values found by Almécija et al. [36], working with a 300 kDa
tubular ceramic membrane. Although about half of these proteins re-
mained in the retentate, the use of a 30 KDa membrane prevented
significative loss of lactoferrin once its retention (Rap,) was high
(90.3%). Until diafiltration step, the purification factor for the lacto-
ferrin (Fr) was 1.6, with a purity (Pyg) of 2.8%.

3.3.2. Cationic exchange EBC

After ultrafiltration/diafiltration, the volume to be chromato-
graphed was reduced by 10 times, which means less time spent in the
chromatographic operation and therefore, economy. Although the
concentration of several proteins was reduced, the purity of lactoferrin
was still low. Cationic exchange chromatography at pH 7.0 will favor,
preferentially, the adsorption of lactoferrin, whose isoeletric points is
around 8.7 [2]. Regarding ionic strength, the use of buffers with low
molarity (0.05 mol/L in this study) is recommended to avoid compe-
tition between the buffer and the protein solution for the ion charges in
the resin [37].

Fig. 7 shows the chromatographic profiles including stages of
loading, washing and elution and Fig. 8 (A, B and C) presents the
chromatograms of fresh whey, dialyzed whey and eluted peak. The use
of stepwise gradient elution resulted in two peaks, increasing the pur-
ification factor, since the elution of contaminating proteins and the
target protein occurred separately. The first peak that presented a
yellow colored solution contains several proteins that were weakly
adsorbed, as they were desorbed with low salt concentration (0.2 M
NaCl). The second peak presented a red colored solution and it was
identified as lactoferrin by the retention time on the chromatogram of
Fig. 8 C. Its concentration was increased from 0.12 mg/mL in the fresh
whey to 17.39 mg/mL in the eluted, which resulted in a purity of 92.7%
and recovery of 87.0% (Table 6). Even using a simpler strategy of
purification, these values were higher when compared to the strategy

Table 6

Parameters of the purification process. Py: total protein.
Whey Pr (mg/m1) @-La (mg/mr) BLE (mg/m1) IF (mg/mr) Vo Rir (%) Pie ) Fir
Fresh 6.64 1.59 29 012 20.00 100.0 18 = 02 -
Microfiltered 5.58 148 283 0.13 18.00 975 £ 14 23 £ 01 13 £ 09
Ultrafiltered 42.54 9.06 21.91 113 2.00 942 + 2.0 27 + 08 15 + 0.2
Diafiltered 38.57 8.17 17.33 107 2.00 89.2 + 1.7 28 + 01 16 = 0.2
Eluted (Peak 2) 18.75 0.13 0.78 17.40 0.12 87.0 = 15 927 + 18 515 = 0.7
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Fig. 7. Stages of the expanded bed adsorption process using the Streamline SP
XL cation exchanger resin of dialyzed concentrated whey.

using two integrated fixed beds by Du et al. [15]. Also, the results were
in the same order of the outcomes found by Lu et al. [18], which were
obtained by using two ultrafiltration steps integrated with a fixed bed
cation exchange chromatography.

4. Conclusions

In order to purify lactoferrin from whey, an integrated process based
on ultrafiltration and EBC was proposed. The implementation of ul-
trafiltration operating in a diafiltration mode was fundamental to ob-
tain a high degree of recovery of lactoferrin, increasing its concentra-
tion and simultaneously decreasing the total volume to be used in the
chromatographic step. The isotherms followed the Langmuir behaviour
and the maximum adsorption capacity was obtained at pH 7.0 and
0.0 mM NaCl. The hydrodynamic properties of the expanded bed were
investigated as a function of flow rate and viscosity of the mobile phase.
These variables affected negatively the DBC once the axial dispersion
was increased with higher values of flow rate and viscosity. Although
volume reduction during ultrafiltration is important to increase pro-
ductivity of the chromatographic step, the concomitant increase of
viscosity resulted in reduction of DBC. Such information is important
since there is a limit to its concentration. Considering that a good re-
covery of 87% and a purity of 92.7% were obtained, the proposed
strategy for purification of lactoferrin was successfully concluded.
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CAPITULO 2
Development of an affinity cryogel for one step purification

of lactoperoxidase from whey

Este capitulo apresenta o desenvolvimento de um novo
suporte cromatografico para a purificacio da

lactoperoxidase do soro de leite.
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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!") 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; STEIINS, 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 (GONCALVES et al., 2016). Its structure allows the immobilization of
specific compounds, resulting in an affinity column. Sulphanamide compounds (R-SO>-NH>)
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 ul of TEMED and 100 pul 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 °C 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 (VERfSSIMO 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 (m,;) were immersed in 50 mL of water for 24
h. Excess water was removed from the matrices and the wet weight was measured (m,,). The

swelling capacity was determined using Eq. 1.

§="wd (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 (Vi) and the

final volume (V») was determined (GONCALVES et al., 2016).

V-1

ED =—= 2)

2.3.2 Porosity, axial dispersion and hydraulic permeability

The analyses were performed on an Akta 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 uL, 5% v/v) as a tracer and water as mobile phase. The
mean residence time (tg) and variance (g?) were obtained from the RTD curves by the
momentum method using Eqgs. 3 and 4, respectively. Eg function was determined according to

Eq. (5) and porosity (¢7) was determined by linear regression of Eq. 6.

Js° t Abs (t)dt
Js° Abs (tdt

tr(s) = 3)

2
fo t2Abs (t)dt .2

202 —
o; (%) = Jy° Abs (t)dt Lk )
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Abs (t)

Eg=tpg m &)
L
tR=¢ry (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 o and the &7 of the corresponding

RTD curve under closed-vessel boundary conditions.

F=2(2) 28 1 - e (- 2)

where D, is the axial dispersion coefficient and u is the interstitial fluid velocity through the
U

column (u = —).
€T

Height equivalent to theoretical plate (HETP) was calculated according to Eq. 8
(GUIOCHON, 2006).

g,

2
HETP =L+ (8)
tr

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 K, was
determined by linear regression of the Darcy-Weisbach Equation in the laminar region (Eq.
9).

APy _ _Bw 9)

where AP, is the pressure drop through the column (Pa), p,, is water viscosity (Pa.s) at 25 °C.

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

30



reflectance technique (ATR) in the infrared region of 4000 to 400 cm ! with a resolution of 4

cm-min’!, 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 uL 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 Akta 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 um) 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"). 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 H>O».
One unit of enzyme (U) is defined as the amount of enzyme catalyzing the oxidation of 1
umol of ABTS min™! at 298 K. Briefly, 100 uL of ABTS (1 mM) in citrate-phosphate buffer
(0.05 M, pH 5.0) was mixed with 10 pL of sample and 10 puL of H>O; solution (30%). A
calibration curve was used to quantify the samples, using LPO standard. The absorbance was
measured at 405 nm at 25 °C 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 (Pr) were calculated by Egs. 10 and
11:

- (10)

where Ay, is the total activity recovered in the eluted (U) and Ay, is the total activity of the
whey injected (U).
P =—¢ (11)

where Ag,, is the specific activity of the eluted (U/mg) and Ag;is 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) 1in 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).

32



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™, which indicates the presence of water (O-H) and stretching vibrations of —N-
H (MOL 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 !, which are
characteristic of C=C (JING et al., 2019, VAN NIEKERK et al., 2008) and the peak observed
at 1440 cm™ 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! 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; MOL et al.,, 2019; YAO
et al., 20006).

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 pm.
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Fig. 1. Infrared absorption spectra of the pure and activated cryogels.
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Fig. 2. SEM micrograph of Sulf-cryogel. (A) 500x (B) 1000x.



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 D,, and HEPT were determined. D,, increased with
increasing mobile phase flow velocity (Fig. 4) and the porosity (&, =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 D,,,, 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) (K, =
2.51x10"® m?), which is a result close to other polyacrylamide cryogels reported by M6l et al.
(2019), Fontan et al. (2018), Mol 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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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).
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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 Pr 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 Pg, 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.

Pr= 1299 + 0.506 x; + 362 x, — 22.91 x2 (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 Pr of 3.25
mg/mL and LPO As of 2.44 U/mg. After purification, the highest values of Prwere 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"! 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 Pr 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
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(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.
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Fig. 8. Adsorption profile of LPO purification from Whey.

Table 1. Experimental conditions of the design CFD and obtained results of total protein
content (Pr), total activity (Ar), specific activity (As), purification factor (Pr) and yield (Y) of

LPO in the whey and eluted sample.

Pr Ar As Y
Assay
(mg/mL) (U) (U/mg) Pe (%)
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 Pr as a function of the salt concentration (x;) and pH

(x2).
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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).



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 Pr 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 Pr and low cost in

the LPO purification.
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CONCLUSOES

Este estudo propds o desenvolvimento de novas estratégias de purificacdo das
proteinas lactoferrina e lactoperoxidase do soro de leite. Os suportes utilizados foram meios
macroporosos, uma vez que permitem o escoamento de solu¢des particuladas e mais viscosas
sem que ocorra sua obstrucao.

O modelo de Langmuir foi ajustado as isotermas de adsorcdo e a capacidade mixima
de adsorc¢ado foi a pH 7,0 e 0,0 mM de NaCl. Em relacdo as propriedades hidrodindmicas do
leito expandido, verificou-se que o concomitante aumento do fluxo e da viscosidade da fase
movel afetou negativamente na dispersdo axial e na capacidade dinamica de ligagao.

O soro de leite teve um volume reduzido de mais de 10 vezes pela ultrafiltracao
seguido de diafiltracdo. A lactoferrina apresentou em uma pureza de 92,7% e uma
recuperagao de 87,0% ap6s a adsor¢do em leito expandido.

O criogel ativado com p-aminobenzenosulfonamida para adsorcdo especifica da
lactoperoxidase mostrou propriedades hidrodinamicas e morfolégicas de acordo com as
caracteristicas usuais. A capacidade de adsorcdo da lactoperoxidase foi afetada pela
velocidade da fase movel, sendo a melhor condi¢cdo de 0,9 cm/min. Apds a adsor¢do da
lactoperoxidase, o fator de purificagdo 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
unica banda na fragao eluida.

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

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