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a b s t r a c t

Lactoperoxidase is one of important proteins in bovine whey and it has been known to play a key role in
protection of the lactating mammary gland and the intestinal tract of newborn infants against pathogenic
microorganisms. However, in industrial process the separation of this protein with a high purity is a
challenging work due to the low content in whey. In this work, a cation exchange composite cryogel
embedded with cellulose beads was prepared and employed to separate lactoperoxidase from bovine
whey. High purity of lactoperoxidase (98.0–99.8%) was obtained with a stepwise elution using 0.075 M
NaCl follow by 0.15 M and 1 M NaCl in 10 mM phosphate buffer and the maximum recovery of about
92% was obtained at pH 5.8, indicating that the present cation exchange composite cryogel could be
potential and interesting in the separation of minor proteins like lactoperoxidase from bovine whey.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The increasing demand to obtain highly purified bioactive
molecules promote the development of new chromatographic
adsorbents in bioseparation, and cryogels are one of those interest-
ing materials, which can be prepared from appropriate monomers
by co-polymerization in semi-frozen liquid media [1–6]. Cryogels
have multiple properties such as macroporosity with pore sizes
from several microns to several hundreds of microns, favorable
biocompatibility, elastic tissue, physical and chemical stability
and ease of preparation, and thus could be a candidate for numer-
ous potential applications in biological and biotechnology areas
[7–9]. Recently cryogels have been used in capturing a variety of
target biomolecules or organisms like enzymes from chicken egg
white [10], immunoglobulin G [11], nucleoside triphosphates
[12–14], and even microbial cells from complex fermentation feed-
stocks [15,16].

Cryogels can be prepared as beads [17], monoliths [18], sheets
and disks [19,20], as detailed reviewed in references, e.g., [1–6].
The bead-form cryogels are usually prepared by cryo-polymeriza-
tion of aqueous droplets containing monomers or precursors for
polymer gels. We have prepared cryogel beads with a narrow
particle size distribution by the combination of microchannel
liquid-flow focusing and cryo-polymerization [21]. After grafting
functional groups onto these bead matrices, the bead-form cryo-
gels present high performance in the separation of biomolecules
from different feedstocks [22]. Under this background, cellulose
beads were fabricated with the same methods and employed as
the embedded beads within monolithic cryogels to obtain a com-
posite cryogel. This exploration has been demonstrated success-
fully by cryogenic polymerization of hydroxyethyl methacrylate
(HEMA) monomer with poly(ethylene glycol) diacrylate (PEGDA)
as cross-linker together with the cellulose beads as the embedded
particles [23]. It overcomes some drawbacks of cellulose beads like
the shrinkage and weak mechanical strength. This composite cryo-
gel has various-scale pores from sub-microns within the beads and
supermacropores within the monolithic matrix outside the beads
and thus the sieve effect could be expected, i.e., large particulates
or cells are unable to access the sub-micron pores, while the bio-
macromolecules can easily flow inside and outside of the cellulose
beads. The anion exchange composite cryogel grafted with
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(vinylbenzyl)trimethylammonium chloride has been employed to
isolate immunoglobulin-G and albumin from human serum.
Immunoglobulin-G with the mean purity of 83.2% and albumin
with the purity of 98% were obtained, indicating the composite
cryogel could be a promising chromatographic medium in biosep-
aration areas.

Bovine whey is a by-product of cheese and casein manufac-
ture in the dairy industry [24]. Previously, it was considered as
a waste stream. Currently, the composition and potential value
of whey has been gradually recognized [25]. The main proteins
in bovine whey includes immunoglobulin, bovine serum albumin
(BSA), alpha-lactalbumin, glycomacropeptide, beta-lactoglobulin,
lactoferrin and lactoperoxidase (LP) [26]. Each has unique attri-
butes for nutritional, biological, and food ingredient applications.
Among various valuable whey proteins, LP is of growing concern
due to the distinctive biological functions, such as biocidal and
biostatic activities [27]. The mechanism of the antimicrobial
action of LP has been studied thoroughly regarding the conver-
sion of thiocyanate to antimicrobial products, such as hypothio-
cyanite ion, hypothiocyanous acid and some other highly
reactive and short-lived oxidation products in the presence of
H2O2 [28,29]. Based on antibacterial characteristics, currently
LP has extensive applications, e.g., the preservation of raw milk
during collection or transportation to processing plants in dairy
industry [30], the extending shelf-life of pasteurized milk [31],
and the supplement of salivary peroxidase antimicrobial system
in toothpastes and mouth rinses to reduce acid production by
oral microorganisms [32].

Separation of LP from bovine whey has been investigated by
several researchers [33–35]. Chiu and Etzel [36] isolated LP from
bovine whey with the cation exchange membrane. Their results
showed that high purity LP can be obtained by gradient elution,
but the maximum recovery was 73%, which was needed to be
improved further. Atasever et al. [37] used a Sepharose 4B-L-ty-
rosine-sulfanilamide affinity matrix for the purification of LP, with
a single step elution, 62.3% of LP was recovered from bovine milk.
Fweja et al. [38] isolated LP from whey by cation exchange resin
with both batch and column procedures. They found that the
recovery and purity were greater with column procedures.
However, it was difficult to separate LP freely from lactoferrin
and other proteins. Hydrophobic affinity chromatography by
Phenyl-Sepharose CL-4B has also been used for the purification
of lactoperoxidase from human colostrums, but the recovery was
only 21% [39]. Billakanti and Fee [40] tested and verified that the
adsorption of LP with a cation exchange cryogel can be described
by Langmuir isotherm, and the dynamic binding capacities
decreased with the increase of feed flow velocity. From their
results, the purification of LP from milk was influenced by other
proteins, although the binding capacity was relatively high.
Notwithstanding such previous success, there are some limitations
required improvements, e.g., the high costs in the preparation of
matrix are not suitable for the industrialization, and the purity
and recovery are still needed to be improved.

The aim of this study is to prepare a cation exchange composite
cryogel containing cellulose beads for selective and efficient sepa-
ration of LP from bovine milk whey. The previous work indicated
that the composite cryogel have not only favorable porosity, per-
meability and axial liquid dispersion properties, but also remark-
able chromatography properties for the separation of bioactive
proteins [23]. It combines the supermacroporous properties of
pHEMA matrix for the permit of passage of crude feedstocks and
the macroporous cellulose beads for the diffusion of biomolecules.
Therefore, in this work detailed the application of this composite
cryogel will be carried out to demonstrate its favorable properties
in the isolation of interesting biomolecules like LP from bovine
milk whey.

2. Materials and methods

2.1. Materials

HEMA (97%), PEGDA (99%, Mn � 258 g/mol), 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPSA, 99%), N,N,N0,N0-tetram-
ethylethyl-enediamine (TEMED, 99%), and cellulose were pur-
chased from Sigma–Aldrich. Protein marker was purchased from
GE Healthcare (made in UK). Other chemicals were analytical grade
and fresh bovine milk was obtained from local dairy.

2.2. Methods

2.2.1. Pretreatment of bovine milk
The pretreatment of milk was carried out according reference

[11]. Bovine milk was centrifuged at 5000 r/min at room tempera-
ture for 30 min to remove fat. The pH of the obtained skimmed
bovine milk was adjusted to 4.7 by slow addition of 5 M HCl. The
solution was kept at 35 �C and stirred for 50 min to precipitate
casein completely. Casein was removed by centrifugation at room
temperature. The pH of the obtained whey was adjusted to 7.0
with 1 M NaOH and then filtered by 0.45 lm microfiltration mem-
brane. The solution was diluted three times with 10 mM phosphate
buffer to ensure low ionic strength and stable environment.

2.2.2. Preparation of cation-exchange composite cryogel with
embedded cellulose beads

Cellulose beads were prepared by the microchannel liquid-flow
focusing and freezing method [17,22,23]. The composite cryogel
with embedded cellulose beads was prepared with HEMA as the
monomer and PEGDA as the cross-linker. Cellulose was saturated
with (15% w/w) monomer solution (HEMA/PEGDA = 77:23 w/w)
beforehand. About 4.075 g of wet saturated cellulose beads were
then mixed with 20 mL aqueous reactive solution containing
1.733 g HEMA, 0.518 g PEGDA, 0.018 g APS and 0.018 g TEMED
and poured immediately into a glass column with inner diameter
of 10 mm. The excess solution was pumped out by a peristaltic
pump. After that the column was frozen at �15 �C and maintained
24 h for polymerization. Finally, it was thawed at room tempera-
ture and washed with deionized water.

AMPSA was grafted onto the composite cryogel under a similar
process as reported previously [41,42]. Briefly, 20 mL of 0.056 M Cu
(III) was mixed with 10 mL of 1 M NaCl solution, and then pumped
through the cryogel at a constant flow velocity of 1.8 cm/min. After
the cryogel was saturated with initiator it was sealed for 40 min at
constant 51 �C and the active sites were formed for the grafted
reaction on the backbone of composite cryogel. Then 1 M AMPSA
monomer was pumped into the cryogel and maintained at the
same temperature for 2 h. After the graft reaction was terminated,
the cryogel was washed with 0.1 M HCl follow by deionized water
to remove the residue monomer.

2.2.3. Characterization of the composite cryogel
Measurements of residence time distributions (RTDs) were con-

ducted by pulse response technique with 3% v/v acetone in 20 mM
sodium phosphate buffer (pH 7.2) as the tracer [18]. The perme-
ability was determined based on Darcy’s equation by measuring
the flow rates and the related pressure drops using pure water.

Lysozyme was used as a model protein to test the chromato-
graphic performance of the grafted cation-exchange cryogels, as
similar as the procedure used in our previous work [43].
Typically, protein solution of 1 mg/mL was prepared by dissolving
lysozyme in 20 mM phosphate buffer (pH 7.2) and the chromatog-
raphy was performed at different liquid flow rates. The process was
monitored using UV spectrometer at 280 nm. In each run, the
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