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Abstract: Membrane chromatography (MC) is an emerging bioseparation technology combining the
principles of membrane filtration and chromatography. In this process, one type of molecule is ad-
sorbed in the stationary phase, whereas the other type of molecule is passed through the membrane
pores without affecting the adsorbed molecule. In subsequent the step, the adsorbed molecule is
recovered by an elution buffer with a unique ionic strength and pH. Functionalized microfiltration
membranes are usually used in radial flow, axial flow, and lateral flow membrane modules in MC
systems. In the MC process, the transport of a solute to a stationary phase is mainly achieved
through convection and minimum pore diffusion. Therefore, mass transfer resistance and pressure
drop become insignificant. Other characteristics of MC systems are a minimum clogging tendency
in the stationary phase, the capability of operating with a high mobile phase flow rate, and the dis-
posable (short term) application of stationary phase. The development and application of MC sys-
tems for the fractionation of individual proteins from whey for investigation and industrial-scale
production are promising. A significant income from individual whey proteins together with the
marketing of dairy foods may provide a new commercial outlook in dairy industry. In this review,
information about the development of a MC system and its applications for the fractionation of
individual protein from whey are presented in comprehensive manner.

Keywords: membrane chromatography; axial flow membrane module;

radial flow membrane module; ion-exchange membrane; hydrophobic interaction membrane;
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1. Introduction

Currently, scientists are encouraged to develop functional foods for the general well-
being of consumers. A plethora of the beneficial aspects of whey proteins have come to
the forefront through the International Dairy Federation (IDF), contributing to a boom in
the functional food sector. Whey proteins with unique functional activities have been
widely demanded by a wide range of consumers around the globe [1,2]. The major pro-
teins in whey are (-lactoglobulin (8-lac), a-lactalbumin (a-lac), immunoglobulins (Igs),
bovine serum albumin (BSA), lactoferrin (LF), and lactoperoxidase (LP) [3]. Whey pro-
teins have distinctive molecular weights and a unique isoelectric point. They have an ex-
clusive nutritional value with respect to the bioavailability of their essential amino acids
and diverse functionalities [4]. Whey proteins offer anti-oxidant, anti-inflammatory, anti-
angiotensin, anti-tumor/cancer, gut homeostasis, anti-obesity, anti-diabetic, immunostim-
ulatory, muscle tissue biosynthesis, and osteoprotective properties [2,5]. Depending on
the processing technology, acid whey (pH 4.3—4.6) and sweet whey (pH 5.9-6.6) are pro-
duced as a by-product of cheese processing in the dairy industry. The amount of whey
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generated is related to the yield of the cheese and the type of milk. Approximately 1-2 kg
of cheese and 8-9 kg of whey are produced from 10 kg of milk. The global production of
whey in 2016 has been estimated at 200 million tons [6], accounting for around 1,200,000
tons of protein. Due to stricter environmental legislations, the disposal of whey (which
has a high biological oxygen demand (BOD) value of 35-60 g-L-! and a chemical oxygen
demand (COD) value of 80-100 g-L!) into sewage is prohibited [7]. This legislative re-
striction encourages scientists to explore whey-based nutritional food formulations. In
general, whey protein concentrate (WPC) (35-80% protein) and whey protein isolate
(WPI) (80-95% protein) are used in confectionery products, processed cheese, yogurt, and
muscle gain formulations [8]. WPC and WPI are mixtures of all whey proteins, obtained
by membrane technology followed by a dehydration process [9]. The emerging applica-
tions of whey proteins offer a wide range of important qualities [10]. Whey proteins have
been used to produce peptides with unique functional activities, for the fortification of
foods, and as biopharmaceuticals [11-13]. In the past two decades, the attention of the
dairy industry has been shifted. The significant income from individual proteins from
whey has been taken into consideration along with the marketing of dairy foods [14,15].
Therefore, the fractionation of individual proteins from whey by different technologies,
such as bio-selective precipitation, membrane filtration, selective adsorption by magnetic
particles, and chromatographic separation have been investigated [16].

In the dairy and biopharmaceutical industries, membrane- [17,18] and chromatog-
raphy- [19,20] based downstream processes have already been attempted for the separa-
tion and purification of proteins from whey. In the chromatographic process, different
stationary phases, such as packed bed [21,22], monolith [23,24], and fluidized or expanded
bed [25,26] have been adopted for the fractionation of individual proteins from whey. In
the membrane-based bioseparation process, protein molecules are separated from each
other depending on the molecular weight cut-off of the membrane [27,28]. Porous poly-
meric and ceramic membranes are insufficient to provide proteins with high purity due
to the inhomogeneous distribution of their membrane pores. Furthermore, the yield of
protein is reduced due to the formation of a concentration polarization on the vicinity of
the membrane [17,28]. The separation of proteins by packed bed chromatography de-
pends on the differences in the mass and binding affinity or charge [29]. The limitations
of packed bed chromatography include a high pressure drop across the packed bed, slow
film and pore diffusions, a difficulty in packing the column, and a complicated scale-up
[30,31]. In contrast to the packed bed column, the characteristics of the monolith-based
separation process are a laminar convective mass transfer, a higher dynamic binding ca-
pacity with a solute, an easy scale-up, and a high rate of solute recovery. The purification
of protein by the monolith column is performed using a higher flow rate [32,33]. Disad-
vantages of monolith column have also been reported. The broad size distribution of the
pore, the variable geometry, and the random spatial distribution of the pores of the mon-
olith matrix reduce the reproducibility of the yield [34]. The monolith stationary phase is
more suitable for the separation of large biomolecules rather than small molecules because
it has a high porosity with a low surface area [35]. The separation of proteins by monoliths
is done by both ion-exchange and hydrophobic interactions. Therefore, the elution of pro-
teins from the monolith phase by the combination of strong oppositely-charged solvents
may lead to protein denaturation [36]. Expanded or fluidized bed chromatography is a
stable liquid—solid fluidized bed. Here, adsorbents are fluidized, and the flow of the mo-
bile phase is directed upwards with minimum back-mixing [37,38]. The limitations of flu-
idized or expanded bed chromatography are biomass aggregations onto the adsorbent in
the column during processing [39]. When acknowledging all of the limitations of the
stated separation processes it seems that there is a demand to develop an efficient chro-
matographic technology, which can be used in both laboratory investigation and indus-
trial production purposes.

The outcome of the intellectual revolution in the fields of membrane- and chroma-
tography-based bioseparation techniques is innovation and the application of membrane
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chromatography (MC) to the food and biochemical industries [40,41]. Reviews have been
published focusing on the application of MC to the purification of antibodies [42-47], dif-
ferent types of proteins [41,46—49], viruses [46], and plasmid DNA [46,50,51]. In this re-
view, the development of the MC system and its applications for the fractionation of in-
dividual proteins from whey are described in a comprehensive way.

2. Membrane Chromatography

MC, also known as membrane adsorber, is a promising bioseparation technology
[52]. The principles of both chromatography and membrane filtration are combined in this
single separation system. Therefore, MC has generated interest for the processing of di-
luted solutions without reducing the yield. As a result, the development and application
of MC systems are considered a hallmark in the platform of process intensification [53].
Generally, a microfiltration membrane is used in the membrane module of an MC system.
The MC process is not volume dependent, rather, it is dependent on the functional groups
of the adsorbent or ligand in the membrane, and their capacity to bind with a solute. Fur-
thermore, the flow rates of the loading and elution buffer do not affect the performance of
MC processes. In the MC process, one category of molecule is adsorbed on the membrane
surface, whereas the transport of another category of molecule through the porous chan-
nel of the membrane is continued without affecting the adsorbed molecule. In the subse-
quent step, adsorbed molecules are eluted from the stationary phase by a buffer with a
unique ionic strength and pH [54]. Therefore, it seems that the performance of MC process
depends mainly on three factors, such as the chemistry of the membrane and ligand, the
pH of the loading and elution buffer, and the membrane module [41,48]. In the MC pro-
cess, solute transfer is predominated by convection (convective mass transfer) and mini-
mum pore diffusion unlike the packed bed ion-exchange chromatography process [41].
Different types of solute diffusions into the porous matrix are presented in Figure 1.

=

Bulk flow 7

Film diffusion

Figure 1. Mechanism of solute diffusion to porous matrix (the self-developed concept was adopted
from Ghosh, 2002 [41], Charcosset,1998 [48]).

Therefore, MC is preferable to column chromatography because of its minimum clog-
ging tendency, lower mass transfer resistance, and pressure drop [55,56]. MC can be op-
erated with a high fluid flow rate [41,57]. A disposable membrane is used in the MC sys-
tem; therefore, the membrane is replaced once the function of membrane ceases. This flex-
ibility eliminates the requirement of the membrane cleaning step after the deterioration of
its function [58]. Comparative information of the different stationary phases in the chro-
matography system is presented in Table 1.
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Table 1. Comparison of different stationary phases in chromatographic system (Self-developed,
concept was adopted from Ghosh, 2002 [41], Ghosh and Wong, 2006 [57], Ghosh et al., 2020 [59]).

Characteristics Packed Bed Fluidized Bed Monolith Membrane
Flow rate Low Moderate High High
Pressure drop High Low Moderate Low
e s C?nvectlon (predo- . Convection (predominant)
Solute transport Pore diffusion =~ minant) and pore =~ Convection e .
. and low pore diffusion
diffusion
Dynamic binding capacities High Moderate Moderate Moderate
L * % H h

Resolution High Moderate Moderate . :;w » Moderate ™, Hig
Equipment footprint High High High Low
R ti f stati

egeneration of stationary High High High Low

phase/Reuse

* radial flow membrane module, ** axial flow membrane module, *** laterally-fed membrane mod-
ule, *** z?]aterally-fed membrane module.

2.1. Membrane Module

The MC system can be developed by different types of membrane modules. Depend-
ing on the flow pattern, membrane modules are classified into four categories: radial, ax-
ial, laterally-fed, and z?laterally-fed membrane modules [60]. Radial flow occurs in the
spiral wound, tubular hollow-fiber, pleated sheet, and the plate and frame membrane
modules in MC systems. Axial flow occurs in the stacked-disc membrane modules in the
MC system. It has been proven that the efficiency of the separation processes by MC sys-
tems is dependent on the architecture or design of the membrane module [61,62]. Varia-
tions of the Peclet number of different anionic membrane modules with different geome-
tries have been published [61]. Furthermore, variations of the fluid flow within membrane
modules with different geometries have been proven by computational fluid dynamics
(CFD) [62]. In subsequent sections, different aspects of the membrane modules of MC sys-
tems are presented in a comprehensive fashion. Presently, laterally-fed and z?laterally-fed
membrane modules for MC systems have been developed, however, their applications for
the fractionation of proteins from whey have not been published. We did not consider
laterally-fed membrane modules in this review.

2.1.1. Radial Flow Membrane Module

In radial flow devices, membranes are wound around a central porous collection
channel. Initially, the liquid enters from the outside and moves to the inside of the mem-
brane module and crosses inside the gap between the membrane and its house. Liquid
flows parallel to the membrane surface and is eventually directed towards the pores due
to the driving force of the trans-membrane pressure (hydrostatic pressure difference). The
liquid is forced to the membrane pores in a radially inward direction, and finally un-
bonded solutes are collected in the central collection channel. The advantages of using
these membrane modules in MC systems are a high membrane surface area compared to
bed volume and a lower concentration polarization on the membrane surface. In these
modules, fluid flows at a high cross-flow rate and a low back pressure [63]. Recently, the
performance of sequential MC processes with radial flow membrane modules has been
investigated. It has been reported that compared to a batch run, the sequential radial flow
of the MC module provided a 71% higher capacity, ~48.5% higher productivity, 38% lower
eluent consumption, and a shortened purification time [64]. However, the scale-up of ra-
dial flow MC systems is possible; several critical issues have been reported. A radial flow
MC system has a complicated large variability in flow paths. The effective area of the
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membrane wrap decreases at a radially inward direction. Therefore, the superficial veloc-
ity is increased in a radially inward direction. In a radial flow MC system, balancing the
pressure drop in the axial direction on both sides of the membrane is a considerably chal-
lenging issue. The radial flow membrane module of the MC system has a large dead vol-
ume in both feed and permeate sides. A large dead volume in the radial flow membrane
module of MC systems could cause back-mixing. These are the reasons for the peak broad-
ening and low quality of the resolution of radial flow MC systems [57,65].

Different radial flow membrane modules with various geometries have been consid-
ered to understand the effect of the geometry. Anion-exchange Sartobind Nano 1 mL (bed
height 4 mm, membrane area 36.4 cm?), Sartobind Nano 3 mL (bed height 8 mm, mem-
brane area 110 cm?), and Sartobind Mini (bed height 4 mm, membrane area 250 cm?) have
been considered in an investigation. It has been noted that the pressure drop increased
slightly with an increase of the bed height of the membrane module. As an example, pres-
sure was higher for the Sartobind Nano 3 mL membrane module compared to the Nano
1 mL membrane module. The Sartobind Nano 3 mL and Nano 1 mL membrane modules
showed almost identical superficial velocities due to their similar cross-section areas. On
the other hand, the Peclet number was slightly increased with an increase in the bed height
of the membrane module. Furthermore, the dynamic binding capacity decreased with an
increase in the bed height. This has been justified by the non-ideal flow distribution in the
radial flow membrane module [61].

2.1.2. Axial Flow Membrane Module

A single flat sheet functionalized membrane is rarely fitted in the membrane module
of MC systems [66,67]. A stack of functionalized membranes with a lower surface area
(~7.5-85 cm?) and bed volume (~240 pL-2.7 mL) as a stationary phase is used in spin-
column MC systems. Centrifugal force as a driving force is applied in spin column MC
systems [68]. In other types of axial flow stacked-disc MC systems, the driving force on
the separation process is applied by a diaphragm pump or a triple piston pump. Feed
enters the membrane module centrally in the axial flow stacked-disc membrane module
of the MC system. Once the feed enters the vicinity of the membrane, it is distributed
radially in an outward direction. Fluid flows through the porous channel of the mem-
brane, which is usually considered to be aligned with respect to the surface of membrane.
Finally, permeate is collected at a centrally located outlet [69]. Due to the tortuous nature
of the porous channel in the membrane matrix, the localized flow is not homogeneous and
provides a poor flow distribution. In this case, the liquid flow regime belongs to the lam-
inar zone. The axial transport of the solute within the cylindrical pore channel is mainly
convective. Here, solute transport is influenced by Taylor dispersion; however, its influ-
ence is expected to be insignificant [41]. The axial flow stacked-disc MC system provides
protein fractionation with high-quality resolution compared to the radial flow membrane
module. Some critical issues for its scale-up and application at the industrial-scale have
been published. Increasing the number of membrane layers creates a high pressure drop,
which may contribute to poor separation performance. A normal axial flow stacked-disc
MC system has a very large void volume relative to its membrane volume, which creates
significant back-mixing [42,57]. On the other hand, due to the increase of the diameter of
the axial flow stacked-disc membrane module, the radial to axial dimension aspect ratio
is affected. This leads to a large variability in the flow path lengths [57]. The flow paths
closer to the axis of the membrane disc have a higher average velocity compared to those
closer to the periphery. As a result, the solute residence time distribution in the axial flow
stacked-disc MC system is very large. It seems that the central region of the stacked-disc
membrane module of MC system gets saturated with solutes much faster than the periph-
eral region. This allows for a quick breakthrough for the adsorbed solutes, peak broaden-
ing, and poor peak resolution. To avoid the wide range of flow path lengths within this
type of module, several design modifications have been performed. Most of the commer-
cial axial flow stacked-disc membrane modules have tapered inlet and a porous mesh-like
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material adjacent to the membrane for the equal distribution of flow and the tapered outlet
[60,70]. Some pioneering researchers have introduced a flow directing layer (FDL) within
the axial flow stacked-disc membrane module either in the front or at the rear of the mem-
brane disc to equalize flow path lengths and reduce the residence time distribution [71].
The effect of the geometry of the axial flow membrane module has been investigated.
The anion-exchange Sartobind Q15 (bed height 0.8 mm, membrane area 15 cm?), Sartobind
Q75 (bed height 4 mm, membrane area 75 cm?), and Sartobind Q100 (bed height 1.4 mm,
membrane area 100 cm?) have been considered in the investigation. The axial flow MC
system showed a nominal lower pressure drop than the radial flow MC system for similar
flow rates. Furthermore, the pressure drop was slightly higher for the Sartobind Q75 com-
pared to the Q15 membrane module. Lower Peclet number values have been determined
for axial flow membrane modules compared to radial flow membrane modules, which is
explained by the non-uniform distribution of flow to the inlet surface of the axial flow MC
module. Furthermore, the Sartobind Q75 membrane module exhibited a lower dynamic
binding capacity of BSA per volume of membrane than the Q15 membrane module [61].

2.2. Characteristics of Membrane/Modified Membrane

Both the physical and biochemical characteristics of the membranes play an im-
portant role in the performance of MC processes. The physical characteristics of the native
membrane, such as the effective membrane surface area, pore size, pore volume, and dis-
tribution of pores in the membrane matrix influence the MC process. Furthermore, the
functionality of the membrane, such as the charge of the ligand (cationic, anionic, or hy-
drophobic) and the degree of the ionization of the functional groups of the ligands (strong
and weak exchangers) influences the loading and elution capacities of proteins with mem-
brane in MC processes [72].

2.2.1. Physical Characteristics

In the membrane matrix, pore size is particularly important because in the MC pro-
cess, one type of biomolecule binds with a ligand in the pore surface and another type of
biomolecule passes through the membrane pore without disturbing bound molecule
[73,74]. Furthermore, the number of pores in the membrane matrix affects the dynamic
binding capacity of the molecule with the ligand. The high number of pores in the mem-
brane matrix may decrease the total surface area for the grafting of the ligand [75]. Often,
increasing the density of the ligand by increasing the grafting surface area is considered
to improve the binding capacity of membrane/modified membranes. This may decrease
the average pore size [48]. A large pore size distribution in the membrane also influences
the performance of MC. Pores with larger diameters may cause a radial concentration
gradient of the solutes within the pore, which leads to a faster breakthrough [75]. Gener-
ally, a polymeric membrane is used in the membrane module of MC systems. Polymeric
membranes may provide more interference regarding the non-specific binding with the
target molecules and their low cost [76,77]. lon-exchange membranes are generally made
of regenerated cellulose (RC); however, the limiting factors are their short lifetime and
poor reusability [76]. It is necessary to mention, however, that polymeric membranes from
nylon, polyethersulfone (PES), polysulfone (PS), polypropylene (PP), and polyvinylidene
fluoride (PVDF) have better physical properties than natural polymers, but a slightly
higher non-specific adsorption of protein takes place [76,78]. Some investigators men-
tioned inorganic alumina and glass membranes in the MC system. Unfortunately, their
application is limited due to their high degree of uniformity, non-specific binding capacity
to some extent, and unaffordable cost [79].
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2.2.2. Biochemical Characteristics

Membrane functionalization is an important step in altering the surface potential and
charge of a membrane in a significant way without changing too much of the membrane’s
primary structure [80]. It is understandable that membrane/modified membranes are re-
quired to sustain function in potential harsh conditions, including a wide range of tem-
peratures, pH levels, and ionic strengths during chromatographic processes [63,74,78,81].
To modify the membrane surface, common methods are physical coating [82], chemical
treatment [83], plasma treatment [84], self-assembly [85], layer-by-layer assembly [86,87],
and ligand-grafting [88,89]. Among these methods, the ligand-grafting method has many
advantages. The stability of the ligand in the membrane surface developed by a grafting
technique is much higher than that of physical coating or self-assembly techniques. It is a
chemical modification method, which allows polymers to be attached to the membrane
surface by a covalent bond. Therefore, instead of incorporating simple functional groups
(hydroxyl- or amine- groups), ligands with complex structures can be incorporated onto
the membrane surface to increase the effectiveness of the membrane. Furthermore, the
leakage of the ligand may be prevented during bioseparation [90,91]. Generally, surface-
initiated atom transfer radical polymerization (SI-ATRP) and UV-initiated polymerization
(with and without a photo-initiator) have been adopted for the grafting of the ligand onto
membrane surface [92]. In the beginning, several attempts were considered to increase the
binding capacity of the membrane, such as increasing the density of the ligand via increas-
ing the grafting surface area. In the second-generation MC system, attention had been
paid to finding out the suitable flow rate of the mobile phase along with increasing the
binding capacity of the membrane to achieve a better product yield with greater purity
[49]. Similar to traditional packed bed chromatography, different types of interactions,
such as cation-exchange, anion-exchange, hydrophobic interactions, and affinity interac-
tions are noted in the MC process. Functionalized ligands are grafted onto the membrane
surface via covalent bond. Sometimes, adsorbents/ligands are incorporated into the poly-
mer solution of the membrane matrix before membrane casting. They are known as mixed
matrix-based membranes. The selection of a ligand is a critical issue for the development
of functionalized membranes because the binding of proteins with ligands depends on
their charge [48]. Different types of interactions between protein molecules and mem-
brane/modified membranes are presented in Figure 2.

TR T
I sttt

® Cationic, ® Anionic

- t(\‘
BN A HH Y,

Figure 2. Different types of interactions between protein molecules and membrane/modified mem-
brane: (A) ion-exchange (Self-developed, concept was adopted from Sun et al., 2011 [93], Reif and
Freitag, 1993 [94]), (B) hydrophobic interaction (Self-developed, concept was adopted from Chen et
al., 2017 [95], Tennikova and Svec, 1993 [96]), (C) affinity (Self-developed, concept was adopted from
Zou et al., 2001 [97], Lalli et al., 2018 [98]), and (D) mixed matrix (Self-developed, concept was
adopted from Avramescu et al., 2003 [99], Saufi and Fee, 2013 [100]).
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Ion-Exchange Membrane

To develop an ion-exchange membrane, different cation and anion-exchange ligands
are grafted onto a membrane matrix. Ion-exchange membrane separation takes place due
to reversible interactions between the protein of interest and the functional groups of lig-
ands on membrane surface. Ion-exchange membranes are categorized into anion-ex-
change and cation-exchange membranes. A cation-exchange membrane has negatively-
charged ligands which bind with positively-charged molecules. An anion-exchange mem-
brane has positively-charged ligands, which binds with negatively-charged molecules.
When the isoelectric point of a protein is lower than the pH of the buffer, the net charge
of the protein molecule becomes negative, and it binds with an anion-exchanger. On the
other hand, when the isoelectric point of a protein is greater than the pH of the buffer, the
net charge of the protein molecule becomes positive, and it binds with a cation-exchanger.
Based on the degree of ionization for the functional groups of ligands, they are classified
as strong and weak ion-exchange membranes. Different ion-exchange ligands, such as
those sulfonated with the functional group -SOs~ as a strong cation-exchanger (S), carbox-
ymethyl with functional group -COO- as a weak cation-exchanger (CM), quaternary
amine with functional group -N+(CHs3)s as strong anion-exchanger (Q), and diethylamine
with functional group -N+(C2Hs)2 as a weak anion-exchanger (D) are considered to de-
velop ion-exchange membranes [46,93]. The number of charges of a strong ion-exchange
ligand remains constant irrespective of the pH of the buffer. Therefore, their binding and
elution capacities remain constant over a wide range of the levels of the buffer’s pH levels.
Generally, the binding of a protein by ion-exchange ligands is done by electrostatic inter-
action. Buffers with a low concentration of salt (below 200 mM sodium chloride) are used
for the elution of proteins in the ion-exchange membrane chromatography process be-
cause a high concentration of salt in the buffer reduces electrostatic interactions [46]. Com-
mercially available anion-exchange membranes with strong Q ligands, such as Sartobind
MA Q15, Sartobind MA Q100 [101], Sartobind Q 75 [102], and Sartobind Direct-Capture
Q [103] from Sartorius AG have been adopted by investigators for the fractionation of
proteins from whey. The function of weak ion-exchange ligands is limited within a small
range of the pH of the buffer. The functionality and capacity of the ligand is significantly
defeated when the pH of the buffer does not match with the acid dissociation constant
(pKa) of the functional groups of the ligands. Weak cation-exchange ligands initiate to
replace their ionization below pH 6, and the activity of weak anion-exchange ligands is
reduced above pH 9. Strong ion-exchangers are often preferred for the bioseparation of
proteins because their performance is unaffected by the pH of the buffer. Weak ion-ex-
changers can be effective where strong ion-exchangers fail due to the divergent selectivity
of strong and weak exchangers [46]. Some examples are described herein. Primary amine
poly(allylamine) has been grafted onto PE membranes and is commercially available as
ChromaSorb™ (MilliporeSigma, Darmstadt, Germany) [104]. Secondary amine diethy-
lethanolamine (DEAE) has been grafted on PE membranes and is commercially available
as QYUSPEED D (Asahi Kasei Kuraray Medical Co. Ltd., Tokyo, Japan) [105]. Further-
more, DEAE has been grafted on RC membranes, and is commercially available as Sar-
tobind® D (Sartorius AG, Gottingen, Germany) [106] and MemSep 1000 (MilliporeSigma,
Darmstadt, Germany) [107]. They have been used for the fractionation of proteins from
whey [106,107]. These weak anion-exchange membranes are considered salt tolerant lig-
ands and they bind with proteins through both hydrogen bonding and electrostatic inter-
action [108]. Commercially available cation-exchange membranes, such as Sartobind MA
5120 [109] and Sartobind S15 [110,111] (Sartorius AG, Gottingen, Germany), have been
used for the fractionation of proteins from whey.

Membrane fouling is one of the critical issues for ion-exchange membranes. Proteins
in whey have amphoteric properties and their electric charge depends on the pH of the
medium and the protonation—deprotonation constants. Depending on the pH of the me-
dium, membrane fouling may be caused by electrostatic, hydrophobic (stacking), ion—di-
pole (hydrogen bonds), and dipole-dipole (Van der Waals) interactions. For example: the
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adsorption of a protein onto the cation-exchange membrane surface most probably occurs
in an acidic solution (pH 2) and creates a monolayer. Multilayer adsorption is accom-
plished with an increase of the pH of solution (pH 6). In that situation, primarily adsorbed
proteins may bind with another protein molecule by hydrophobic integration [112].

Hydrophobic and Hydrophobic-Interaction Membranes

The targeted protein binds with the hydrophobic ligands in the presence of buffers
with a high concentration of salt and is eluted by buffers with a low concentration of salt.
The aqueous surface tension is increased by the high concentration of salt, which pro-
motes hydrophobic interactions instead of electrostatic interactions [100]. Butyl, octyl (al-
kyl), and phenyl (aryl) groups are grafted on the hydrophilic membrane matrix and used
for the separation of biomolecules via hydrophobic interaction in the MC system [95]. Of-
ten, amino acids with a hydrophobic side chain, such as glycine (Gly), alanine (Ala), valine
(Val), leucine (Leu), isoleucine (Ile), proline (Pro), phenylalanine (Phe), methionine (Met),
and tryptophan (Trp) in the protein structure are grafted onto the membrane matrix to
develop a hydrophobic membrane [113]. Hydrophobic ligands are relatively low in hy-
drophobic activity compared to reverse-phase chromatographic media. This ensures the
stability of proteins and their biological activity during elution [114]. Sartobind® Phenyl
(Sartorius AG, Gottingen, Germany) was the first commercialized hydrophobic mem-
brane [100]. Traditional strong hydrophobic ligands bind with proteins in a stronger way.
Therefore, a stronger hydrophobic solvent is used to elute the protein from ligand, which
may cause denaturation of the protein and a lower yield [115]. The limitation of conven-
tional hydrophobic MC processes have been modified by hydrophobic interaction mem-
brane chromatography (HIMC) or stimuli-responsive membrane chromatography [116].
In this type of membrane, the hydrophobic to hydrophilic transitions are controlled by
reducing the temperature [115,117] and/or concentration of salt [118]. Changes in the
membrane pore and dynamic modification of the structure, charge, and affinity during
filtration could increase the high recovery of the target biomolecule with appreciable res-
olution via sequential elution [119]. Poly N-vinylcaprolactam (PVCL) has been grafted on
commercial poly (vinylidene fluoride) (PVDF) membranes [118]. Furthermore, filter pa-
pers have been modified by polyethylene glycol [120,121] and poly-(N-isopropyl acryla-
mide) [117]. Furthermore, N-vinylcaprolactam (VCL) has been grafted on RC membrane
surfaces by the SI-ATRP method to develop a PVCL layer. Adsorption and desorption of
BSA and Ig have been carried out by the developed stimuli-responsive membranes
[115,116].

Affinity Membrane

Specific interactions between ligands and the protein of interest are implemented in
the affinity MC process. Ligands are immobilized or grafted onto the membrane surface
and can bind with large amounts of specific biomolecules in a relatively short time. Affin-
ity binding of ligands with the protein of interest is takes place via multiple interactions,
including hydrogen bonding, electrostatic interaction, and cation—m interaction [92]. There
are three steps for the preparation of affinity membranes. Those are: (a) preparation of the
support/basic membrane, (b) activation of the support/basic membrane, and (c) coupling
of the affinity ligand to the activated membrane [97]. Cellulose [122], chitin [123], chitosan
[124], polyamide [125], nylon [126], polysulfone [127], polyethylene [128], polypropylene
[129], and titanium dioxide [130] have been used as support membranes. Once the support
membrane is prepared, it is activated to obtain a reactive group for the grafting of the
ligand. Common affinity ligands are metal chelate [130], metal [131], protein A (conca-
navalin A) [132], protein G (IgG) [133], lectin [76], amino acids (tryptophan [134], lysine
[135], histidine [125], phenylalanine [128], cibacron blue FsGA [136], procion blue MX-R
[129], brilliant Red K2BP [137], iminodiacetic acid [138], antibody [139], antigen [140], en-
zyme [141], enzyme inhibitor [142], heparin [143], and gelatin [144]. Occasionally, when
the immobilized ligand is a small molecule, a spacer arm or a spacer molecule is used
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during the immobilization of the ligand in the membrane matrix to avoid nonspecific in-
teractions between the targeted molecule and the membrane matrix. This ensures that a
ligand is placed at a suitable distance from the membrane matrix [98]. Compounds with
diamine groups, such as ethylenediamine, propane diamine, and hexanediamine are most
frequently used as spacer arms. Furthermore, bio-based spacer arms, such as polypeptides
and amino acids, have attracted attention [97,98,145]. In some cases, customized affinity
membranes can be developed through the coupling of ligands to epoxy- [146] or alde-
hyde- [147] functionalized membranes. Commercially available affinity chromatography
membranes are Sartobind®iminodiacetic acid (IDA)-Ni* or Co? or Zn?, Sartobind Epoxy,
and Sartobind Aldehyde (Sartorius AG, Gottingen, Germany) [46,92]. Red HE-3B dye has
been grafted onto the polymer (PS and glycidyl methacrylate (GMA)/dimethyl acrylamide
(DMAA)) membrane, and the membrane has been used for the fractionation of LF [148].

Mixed Matrix Membrane

From the above discussion, it is evident that the modification of membranes with
chemicals in an extensive way to prepare membranes for MC systems may involuntarily
damage the membrane’s texture in irreversible ways. To overcome the aforementioned
complication, the concept of a mixed matrix membrane has been introduced by several
investigators [99,100]. A mixed matrix membrane is made by incorporating adsorptive
resin and hydrophobic particles into a membrane polymer solution before membrane
casting. According to specific applications, different types of cation-exchange resins, such
as Lewatit CNP8OWS [149-152], Amberlite IR120 [153], Lewatit SP112WS [99,151,154,155],
and Lewatit K2629 [155], have been incorporated into polymer solutions to prepare mixed
matrix membranes. Furthermore, anion-exchange resin Lewatit MP500 [99] and hydro-
phobic particles [100] have been used to develop mixed matrix membranes. Ethylene vi-
nyl alcohol (EVAL) [99,150,152,154,155], PES [149,151] and PS [153] are commonly used to
prepare polymeric matrix. Phenyl sepharose [100,156,157] and Lewatit ion-exchange resin
MP500 [158] have been incorporated on EVAL polymer solution and used for the fraction-
ation of proteins from whey.

As the stationary phase (functionalized membrane) plays a great role in the selective
separation of proteins, different companies have developed stationary phases for MC sys-
tems. Some examples of commercialized stationary phases for MC systems along with
their characteristics are mentioned in Table 2.

Table 2. Stationary phase (functionalized membrane) of commercialized MC system along with
their characteristics (Self-developed, concept was adopted from Orr et al., 2013 [46], Liu et al., 2017
[92]).

Membrane and Pore Size

Company Stationary Phase Type Ligand (1um)
Asahi Kasei Kuraray PE membrane

Medical Co. Ltd., To- QYUSPEED D Anion-exchange with diethyla-  0.2-0.3
kyo, Japan mine

PE membrane
ChromaSorb™ Anion-exchange with poly(allyla- 0.65

MilliporeSigma, mine)
Darmstadt, Germany MemSep 1000 . R(.f me.mbrane .
DEAE Anion-exchange with diethylami- 1.2

noethyl (DEAE)
RC membrane

MemSep 1000 CM Cation-exchange with carboxyme- 1.2
thyl (CM)
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MemSep 1000 Pro-
tein A

RC membrane
Affini 1.2
ity with protein A

Pall Corporation,

PES membrane

Washington NY, USA Mustang® E Anion-exchange wit.h quaternary 0.2
amine
PES membrane
Mustang® Q Anion-exchange with quaternary 0.8
amine
. PES membrane
Mustang® S Cation-exchange with sulfonic aci d0.65
Sartorius AG, Gottin- Sartobind® S Cation-exchange R(; membra.ne '
gen, Germany with sulfonic acid
RC membrane
Sartobind® C Cation-exchange with carboxylic >3
acid
RC membrane
Sartobind® D Anion-exchange with diethyla- >3
mine
RC membrane
Sartobind® Q Anion-exchange with quaternary >3
amine
Protein A Affinity RC membrane ., 5
with protein A
Sartobind® Phenyl Hydr?phobic in- R(.f membrane -3
teraction with phenyl
Sartobind® STIC Macroporous cel-
(salt tolerant inter- . lulose membrane
. Anion-exchange . ) >3
action chromatog- with primary
raphy) amine
Sartobind®IDA- Cellulose and RC
Ni* or Co* or Zn?* Affinity membrane with 3
(IDA: iminodiacetic Ni%* or Co? or
acid) Zn?

Sartobind Epoxy

Reinforced cellu-

Affinity-cou-  lose membrane

0.45

pling activated with
epoxy
Reinforced cellu-
Sartobind Alde-  Affinity-cou-  lose membrane 045
hyde pling activated with al-
dehyde
Natrix Separations Z::;Z;?giy};y_
Inc., Burlington, ON, Natrix® HD-Q Anion-exchange 0.45

Canada

drogel with qua-
ternary amine

Natrix® HD-C

Porous polyacry-
Cation-exchange late hydrogel 0.45
with carboxylate
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Porous hydrogel
Natrix HD-Sb Cation-exchange with sulfonic acid 0.45
and t-butyl
Natrix A Affinity P(.)rous hyc.lrogel 0.45
with protein A

Natrix IMAC-Ni*
(IMAC: immobi-
lized-metal affinity
chromatography)

Porous hydrogel 04

Affinity with Nizt 45

3. Fractionation of Proteins from Whey via Membrane Chromatography Process

MC has a significant role in the fractionation of individual proteins from whey with
a high throughput and purity [48,159]. Different types of functionalized membranes have
been adopted in MC systems according to the type of whey (sweet whey and acid whey).
In sweet whey or rennet whey at pH ~5.5, most of the proteins (3-lac, a-lac, and BSA) carry
a net negative charge and bind to anion-exchange membranes with positively-charged
ligands, such as quaternary ammonium or diethylamine. In acid whey at a pH value lower
than 4.6, most of the whey proteins carry a net positive charge and bind to cation-exchange
membranes with negatively-charged ligands, such as carboxylic and sulfonic acid. There-
fore, acidic and alkaline solvents are used for the desorption of proteins from anionic and
cationic membranes, respectively [106]. Different types of membrane modules have been
used for the fractionation of individual proteins from whey. MC has been performed by
sequential loading, washing, and elution steps. In many cases, repeated loading/elution
(cycles) steps have been adopted for the long term process. The loading step with the re-
circulation mode offered greater binding of the proteins with the membrane and de-
creased the consumption of the elution buffer. Similarly, the consumption of the elution
buffer was decreased by the repeated elution steps [103]. Some examples are mentioned
in the subsequent section.

3.1. Anion-Exchange MC

In several investigations, anion-exchange membrane chromatography systems have
been used (Table 3). Two major whey proteins, such as a-lac and (3-lac from a concentrate
of 10 kDa ultrafiltration membrane, have been isolated by a basic anion-exchange mem-
brane with quaternary ammonium ion as a ligand. A spin-column MC system (Vivasci-
ence AG, Hannover, Germany) with a working volume of 300 pL (50 pL of sample volume
and 250 uL of loading buffer) has been used for this purpose. The effect of the pH of the
loading buffer on the binding of a-lac and p-lac with the ligand has been investigated. At
a loading buffer pH 5.0, a-lac remained strongly negatively-charged because the isoelec-
tric point of a-lac is 4.2 and preferentially bonds with a strong basic anion-exchange mem-
brane. On the other hand, most of the 3-lac was passed through membrane pores. The
negative charge of a-lac was less in loading buffers pH 4.6 and 4.8 than 5.0. Therefore, a
lesser fraction of a-lac was bonded with membranes at pH 4.6 [160]. Synthetic mi-
croporous strong anion-exchange membranes with quaternary ammonium ions as a lig-
and and weak anion-exchange membranes with diethylamine as a ligand have been used
for the selective separation of (3-lac, BSA, and a-lac from rennet whey. Two membrane
units, MA15 and MA75, were used. The first membrane unit (MA15) was made up of three
stacked sheets with an effective adsorption area of 15 cm? and a membrane volume of 0.41
mL. The second unit was made up of 15 layers with an effective adsorption area of 75 cm?
and a membrane volume of 2.1 mL (MA75). It has been reported that both weak and
strong anion-exchange membranes had a similar selectivity for f-lac, BSA, and a-lac. The
binding strength of the aforementioned proteins was [3-lac > BSA > a-lac. Even though (-
lac, BSA, and a-lac were negatively-charged at the pH of rennet whey, the unique isoelec-
tric point of the individual proteins influenced their binding capacity. In rennet whey, £3-



Processes 2022, 10, 1025

13 of 27

lac had a chance to stay in dimer form and might have been adsorbed to the membrane at
two times higher than its native form and other proteins. The weak anion-exchange mem-
brane was saturated more quickly and its binding capacity was reduced. -lac, a-lac, and
BSA were adsorbed on both membranes at the initial moment and when the membrane
was saturated, 3-lac promoted the displacement of a-lac and BSA from the membrane.
The competitive adsorption of the whey proteins mentioned above influenced the elution
process in a similar way [106]. A weak anion-exchange membrane MemSep 1000-DEAE
has been used in a stacked-disc MC system for the fractionation of IgG, a-lac, BSA, p-lac
A, and -lac B from whey. It was reported that IgG either did not or weakly retained the
membrane elution order of the proteins was a-lac, 3-lac B, p-lac A, and BSA. RC mem-
branes are more hydrophilic and were not able to retain a-lac at a pH lower than 8.5. The
retention times for $-lac B and (3-lac A were decreased with an increasing linear gradient
slope 10-20 mmol NaCl-L-min™, except a-lac. a-lac adsorbed onto the membrane
stronger when the linear gradient slope was increased from 10-20 mmol NaCl-L-'-min-".
Investigators justified the result by by complex behavior of a-lac with MemSep-DEAE in
the presence of low concentration of salt (10-20 mmol NaCl-L-min). Due to the specific
folding of a-lac in the presence of the low concentration of salt, a-lac was bonded with the
DEAE ligand. A satisfactory separation of the mentioned proteins was achieved in <10
min with an elution buffer pH 8.5, a flow rate of 5.6 mL-min, and a linear elution gradient
of 20 mmol-L' NaCl'min™ for 10 min [107]. Furthermore, three different commercially
available cellulose-based functionalized membranes, strong anion-exchanger: MA Q15
and MA Q100, and weak anion-exchanger: MA D15, were used in an axial flow stacked-
disc membrane module for the fractionation of 3-lac A, 3-lac B, a-lac, BSA, and Ig from
whey. Both MA Q15 and MA Q100 offered similar separation efficiencies. To avoid the
denaturation of p-lac, the pH of the mobile phase was considered 8.5. The MA Q15 offered
a better separation of the proteins than the MA D15 over the entire pH range. The frac-
tionation of proteins from whey was increased with the volumetric flow-rate of 1 mL-min-!
to 9 mL-min'. Higher values for the separation capacity were noted for the two-module
approach compared to the single module. This effect was observed for both MA Q15 and
MA Q100. The authors mentioned that the improvement of the separation efficiency was
not due to the increase of the membrane layer or an increase of the total surface area. Two
consecutive MA QI5 modules (a total of six membrane layers) provided a better resolution
than a single MA Q100 (a total of five membrane layers) for a given loading. At the same
time, four consecutive MA Q15 modules (60 cm?) provided better resolution for a given
amount of the sample (volume 16 mL, total protein concentration 1.3 mg-mL-") than a sin-
gle MA QI00 one. With the cascade of the membrane, fine-tuned separation of a-lac, BSA,
and the genetic variants of $-lac were achieved by sodium chloride eluent (pH 6.0) and a
fine-tuned elution gradient [101].

The fractionation of glycosylated caseinomacropeptide (gCMP) and phosphorylated
aglycosylated caseinomacropeptide (aCMP) from caseinomacropeptide (CMP) concen-
trate (gCMPP: aCMP was 1:1) was performed by an anion-exchange membrane adsorber
Sartobind Q 75 (Sartorius, Hanover, Germany). 15 membrane layers with an overall mem-
brane surface area of 75 cm? in a flat sheet membrane module were adopted. After the
sample loading, aCMP and residual impurities (whey proteins) were washed out from the
functionalized membranes. gCMP was adsorbed on the membrane due to the presence of
sialic acid residues, which offered a strong negative charge. Therefore, at a lower pH (close
to the pI of aCMP), more gCMP was adsorbed and more aCMP was washed out. gCMP
was eluted with an increase of the ionic strength of the sodium chloride gradient; how-
ever, separation was affected by the heterogeneous composition of the gCMP fraction. The
best fractionation of aCMP and gCMP was achieved using a buffer with pH 4.0-4.1. Sat-
isfactory separation of aCMP and gCMP was achieved using 0.02 M sodium acetate buffer
(pH 4.1) with a flow rate of 4.0 mL-min". Results were compared with conventional col-
umn chromatography, packed with similar chromatographic media. It was shown that
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the fractionation of gCMP and aCMP by MC was four times faster than conventional col-
umn chromatography. MC was able to separate gCMP and aCMP, but its binding capacity
and chromatographic resolution was lower compared to conventional column chroma-
tography [102]. This was justified by the fact that beads in the packed column had a greater
surface area than the functionalized membrane [48,106]. Furthermore, an attempt was un-
dertaken to develop an anion-exchange MC process for the pilot plant scale production of
gCMP and aCMP. The anion-exchange Sartobind Direct-Capture Q membrane in a spiral
packed membrane module (Sartorius, Hanover, Germany) was used for the separation of
gCMP and aCMP from commercial CMP isolate as well as fresh sweet whey from skim
milk. The running method for the mentioned MC was in the preparative mode and other
conditions were according to the previously mentioned investigation [102]. Maximum
binding capacity was achieved after 10 min of recirculation with velocity 8 L-min'. The
binding capacities of the ligand with gCMP were 0.28 mg-gCMP--cm2membrane surface,
0.21 mg-gCMP-'-cm~ membrane surface, and 0.11 mg-gCMP--cm2 membrane surface for
CMP isolate, skimmed milk sweet whey, and microfiltered skimmed milk sweet whey,
respectively. The reduction of binding capacity was justified by two factors, such as pres-
ence of impurities (oligosaccharides or small peptides) and membrane fouling by the ad-
sorption of fat, phospholipids, aggregated whey proteins, and remaining casein floccu-
lates. Fouling on the membrane was decreased by increasing the temperature during the
adsorption process. Initially, the elution was performed in a single step (step gradient)
without recirculation. There were no changes in the efficiency of the elution due to an
increase of the elution speed from 0.2-8.0 L-min'. Similarly, loading performance was
independent from flow rate [103].

Table 3. Fractionation of proteins from whey by anion-exchange MC.

Source of Protein Protein of Interest Membrane Specification Membrane Module Reference
Vivapure Q Mini-H
Permeate from two . . .
. . B-lac, a-lac Ligand: Quaternary ammonium  Spin column [160]
stage ultrafiltration . .
(Vivasciences)
Whey, Single a-lactal- Sértobmd ,MA D-type .
: . Ligand: Diethylethanolamine (Sar-
bumin, 3-lactoglobulin )
and bovine serum al- torius)
. . B-lac, a-lac, BSA Sartobind Q-type Stacked-disc [106]
bumin, Mixture of 3- . .
) Ligand: Quaternary ammonium
lactoglobulin and bo- .
. . (Sartorius)
vine serum albumin
MemSep 1000
Whey B-lac, a-lac, BSA Ligand: Diethylethanolamine Stacked-disc [107]
(Millipore)
Sartobind MA Q15
Ligand: Quaternary ammonium
(Sartorius)
Sartobind MA Q100
Whey B-lac, a-lac, BSA Ligand: Quaternary ammonium  Stacked-disc [101]
(Sartorius)
Sartobind MA D15
Ligand: Diethylethanolamine (Sar-
torius)
Caseinomacropeptide gz}f&i};?ted e noneh- Sartobind Q 75
(CMP) powder fraction of caseinoma- Egsa)nd: Quaternary amine (Sarto- Stacked-disc [102]
cropeptide "
Pasteurized skim milk (?lycosylateld (gCMP) frac- Sértobmd Dlrect—Captu?e Q . .
tion of caseinomacropep- Ligand: Quaternary amine (Sarto- Spiral wound (Sartorius) [103]

sweet whey

tide (CMP)

rius)
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3.2. Cation-Exchange MC

Cation-exchange MC systems have been used several times for the fractionation of
proteins from whey. Some examples are mentioned in Table 4. Cation-exchange mi-
croporous membranes containing immobilized sulfonic acid moieties (S-100 and S-120)
have been successfully used for the rapid fractionation of LF and LP from partially defat-
ted cheddar cheese whey, pH 6.2-6.4. The total frontal surface area and bed volume of the
S-100 module was 100 cm? and 2 mL, respectively. On the other hand, total frontal surface
area and bed volume of the 5-120 module was 790 cm? and 16 mL, respectively. Each
membrane module, such as S-100 and S-120, consisted of a stack of 5 S-type of membranes.
Both membrane modules with S-100 and S-120 membranes were operated for 12 repeated
cycles, consisting of the loading of whey proteins, washing, stepwise elution by sodium
chloride (0.3 M for 7 min, 0.9 M for 4 min, 2.0 M for 4 min and 0.3 M for 5 min), and
washing. The flow rate was 50 mL-min™ and a cleaning step was not considered between
cycles. After 12 cycles, the recovery of LP activity in 0.3 M of sodium chloride was 72 +
8%, and the recovery of LF in 0.9 M of sodium chloride was 40 + 2% for the S-100 module.
Similarly, the recovery of LP activity in the 0.3 M of sodium chloride was 74 + 6%, and the
recovery of LF in the 0.9 M of sodium chloride was 50 + 5% for the S-120 module [109]. A
cation-exchange membrane Sartobind S15 was used for the fractionation of bovine LF and
LP from the membrane permeate of sweet cheese whey. A twin module setup (type S-10k-
15-25), where membrane surface area was 2 m? (1 m? membrane in each module), was
adopted for that purpose. The process was performed without any washing steps and the
flow rates varied between 1-3 L-min'. A step gradient elution was performed by 0.1-1 M
of sodium chloride. 80% LP and 1% Lf by 0.1 M of sodium chloride, 10% LP and 15% Lf
by 0.2 M of sodium chloride and 84% Lf and 10% LP by 0.1 M of sodium chloride were
obtained. The purities of LP and LF were ~85% and ~95%, respectively [110]. Furthermore,
a cation-exchange membrane Sartobind S15 was used for the separation of LF and lac-
toferricin, an enzymatic digest of LF. 5 flat sheet membranes with each membrane surface
area 3 cm? was placed in a laboratory-scale stacked-disc membrane module. The flow rates
varied between 3-15 mL-min-!. The maximum dynamic binding capacities of LF and lac-
toferricin were 0.65 mg-cm= and 0.55 mg-cm?, respectively, with a flow rate of 3 mL-min-'.
Dynamic binding capacity decreased with an increase of flow rate. Up to 50 loadings and
elution steps were performed without losing the sensitivity. LF and lactoferricin were
eluted by a two-step salt gradient of 0.4 M sodium chloride and 2 M ammonium chloride
[111].

Table 4. Fractionation of proteins from whey by cation-exchange MC.

i:;f;\ﬁ Protein of Interest Membrane Specification Membrane Module Reference
Sartobind MA S120

Whey LF, LP Ligand: Sulfopropyl (Sar- Stacked-disc (Sartorius) [109]
torius)

Membrane Sartobind S15 . .

permeate of LF, LP Ligand: Sulphonic acid Stacked-disc twin col- [110]

. umn (type S-10k-15-25)

sweet whey (Sartorius)
Sartobind S15

Whey LF, Lactoferricin ~ Ligand: Sulphonic acid  Stacked-disc [111]
(Sartorius)

3.3. Affinity MC

Limited information about the affinity MC system for the fractionation of proteins
from whey has been published. Grafting of glycidyl methacrylate (GMA)/dimethyl acryla-
mide (DMAA) copolymer to PS membrane and subsequently, attaching the Red HE-3B
dye was considered to prepare affinity chromatography membranes. The membrane was
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used in a hollow-fiber membrane module (GE Healthcare Bio-Sciences, Amersham,
United Kingdom) to recover LF from colostrum in bovine whey. The hydrophilic charac-
ter of the membrane was varied with increases due to the presence of DMAA in the poly-
mer network. This allowed the adsorption of protein not only on the surface of membrane
but also in the depth. More hydrophilic membranes had an improved adsorption and de-
sorption capacities. The best desorption performance (99%) was achieved with 2 M so-
dium chloride in 25% ethylene glycol. 94% purity of LF was achieved with minor casein
and Ig as contaminants by the single step purification process [148].

3.4. Mixed Matrix MC

Mixed matrix membranes have been adopted for the fractionation of proteins from
whey several times (Table 5). A hydrophobic mixed matrix membrane was developed by
incorporating phenyl sepharose resin to a polymer solution (15 wt% of ethylene vinyl al-
cohol base (EVAL) polymer and 15 wt% of 1-octanol in dimethysulfoxide (DMSO)). The
membrane was used in an AKTAexplorer™ 100 liquid chromatography system (GE
Healthcare Technologies, Stockholm, Sweden) for the fractionation of -lac, a-lac, LF and
BSA from whey. 2 M ammonium sulfate in 20 mM sodium phosphate, pH 6 as a binding
buffer and 20 mM sodium phosphate, pH 6 as an elution buffer were used. The recoveries
of a-lac, LF, BSA, and [3-lac were 69.23 + 3.52%, 77.02 + 3.36%, 65.88 + 2.54%, and 76.39 +
13.39% by isocratic elution strategy [100]. Cation-exchange mixed matrix membrane with
a surface area of 50 cm? was developed by incorporating SP Sepharose™ cation-exchange
resin in the above-mentioned polymer solution to recover LF from acid whey. A cross-
flow experiment was performed using AKTA crossflow™ (GE Healthcare Technologies,
Amersham, UK). Throughout the cross-flow experiments, the feed flow rate and permeate
flux were 50 mL-min™ and 100 L-m2-h-!, respectively. The permeate flux was reduced to
50 L-m=2-h-! during the loading of proteins. The effect of membrane layers on the separa-
tion process was studied and it was found that three pieces of membrane in the module
provided an average recovery of LF 88% from 150 mL of feed whey [156]. Lewatit anion-
exchange resin (MonoPlusTM MP500) was incorporated into a polymer solution (15 wt%
EVAL and 15 wt% 1-octanol in DMSO) to prepare an anion-exchange mixed matrix mem-
brane and fitted in dead-end membrane module (GE Osmonics Labstore, Minnetonka
MN, USA) for the fractionation of a-lac and p-lac from whey. The dynamic binding ca-
pacity of 3-lac in whey solution was not significantly affected by the flow rate due to the
predominant convective flow and minimal diffusive adsorption. The dynamic binding
capacity of -lac in whey was higher than that of pure [3-lac (concentration of protein 3
mg-mL-). The investigators justified that this might have been due to the presence of salt
in the whey. The presence of salt in the whey allowed for a greater surface mobility of the
bonded proteins near the entrance of the pore and reduced the steric hindrance of the
subsequent binding of the protein. The dynamic binding capacity increased with an in-
crease in the concentration of protein. It was reported that the developed membrane had
a greater binding capacity for -lac compared to a-lac and BSA [158]. In another investi-
gation, 42.5 wt% of MP500 anion-exchange resin and 7.5 wt% SP Sepharose cation-ex-
change resin were used in the already mentioned polymer solution to develop the mixed
matrix membranes. The membrane was used for the fractionation of (3-lac, a-lac, BSA, and
IgG from skim milk whey through a single pass. The cross-flow filtration mode was con-
ducted by AKTAcrossflow™ (GE Healthcare Technologies, Stockholm, Sweden) system.
The membrane was placed in a plate-and-frame membrane module. In a later exercise,
three layers of developed mixed matrix membranes were inserted into a dead-end filter
holder, connected to an AKTAexplorer 100 (GE Healthcare Technologies, Stockholm,
Sweden) liquid chromatography system. Sodium chloride was adopted for elution with
different strategies, such as a linear salt gradient, a shallow gradient with two different
buffers, and a combination of pH and salt concentration changes. A linear salt gradient
provided a single elution peak, which consisted of the major whey proteins. A shallow
gradient provided a peak of pure a-lac and another peak that consisted of (3-lac, BSA, and
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LE. The elution profile was altered due to the combination of pH and salt concentration
changes. At pH 4, most of the acidic proteins, such as a-lac, -lac, and BSA were eluted in
the first step and the remaining bonded proteins were eluted in the second step [157].

Table 5. Fractionation of proteins from whey by mixed matrix MC.

Source of Protein

Protein of Interest Membrane Specification Membrane Module Reference

Ingenious membrane made by
polymer solution (15 wt% Stacked-disc (GE

Skim milk whey B-lac, a-lac, LF, BSA EVAL and 15 wt% 1-octanol in Healthcare Technologies, [100]
DMSO) Sweden)
Ligand: Phenyl sepharose™
Mixed membr.ane matrix by AKTAcrossflow™ (GE
polymer solution (15 wt% Healthcare Technologies

Skim milk whey LF EVAL polymer and 15 wt% 1- UK) tangential flow filtr;;-[156]
octanol in DMSQO) tion system
Ligand: SP Sepharose™
Ingenious membrane made by
polymer solution (15 wt% .

Skim milk whey a-lac, B-lac EVAL and 15 wt% 1-octanol in ?aesjt;:;décs;i;) SMOMICS [158]
DMSO) ’
Ligand: MP500
Mixed membrane matrix by
polymer solution (15 wt%

Skim milk whey B-lac, a-lac, BSA, IgG EVAL and 15 wt% I-octanol in Plate and Frame [157]
DMSO)
Ligands: Lewatit MP500, SP
Sepharose

3.5. Combination of MC

For isolation of a-lac, B-lac, BSA, LF, LP, and IgG from bovine whey, Akta Basic Sys-
tem (GE Healthcare, Munich, Germany) was adopted. To isolate the mentioned proteins
from whey, a two-step protein fractionation process was adopted. The binding of whey
proteins to anion and cation-exchange membranes was investigated under varied condi-
tions in terms of buffer system and pH. The two buffer systems, 0.1 M sodium acetate,
pH-range 4.0-5.7 and 0.03 M sodium phosphate, pH-range 6.4-7.4 were considered. A
stepwise elution was carried out by the increasing of the ionic strength (0-1 M sodium
chloride). The process was started with a pH adjustment of pre-treated acid whey (pH 7).
The protein fractionation process was divided into two main steps, i.e., adsorption and
desorption of proteins with low isoelectric points on the Sartobind Q nano (a strong anion-
exchange membrane), and subsequently, the adsorption and desorption of proteins with
high isoelectric points on the Sartobind S nano (a strong cation-exchange membrane). In
the first step, p-lac and BSA were bonded with an anion-exchange membrane, and in the
second step, LF, LP, and IgG were bonded with a cation-exchange membrane, while a-lac
was not bonded with a stationary phase [161]. The concept of laboratory-based investiga-
tion was implied to prepare purified proteins for infant formula without 3-lac. An indus-
trial-scale operation was performed by a radial flow MC system. The MC was performed
with five repeated cycles. In the first step, an anion-exchanger (quaternary ammonium
ligand) was adopted for the depletion of 3-lac and subsequently, a cation-exchanger (sul-
fonic acid ligand) was adopted for the isolation of LF, LP, a-lac, and IgG [162]. In another
investigation, two membrane modules with anion-exchange membrane Sartobind MA
Q15 and one module with cation-exchange membrane Sartobind MA S15 in a series were
adopted to bind all the whey proteins at a near-neutral pH in a single pass. Protein loading
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was performed with the connected membrane adsorbers. Prior to elution, both anion- and
cation-exchange membrane modules were disconnected and the elution of the proteins
was performed separately by sodium chloride gradient. The Sartobind MA Q15 was able
to resolve a single peak of a-lac, BSA, 3-lac A, and 3-lac B. The Sartobind MA S15 provided
a single peak of IgG [163]. The information is provided in summarized way in Table 6.

Table 6. Fractionation of proteins from whey by combination of MC.

Source of Protein

Protein of Interest Membrane Specification Membrane Module Reference

Sartobind QQ nano
Ligand: Quaternary ammo-

Akta Basic
Pasteurized skim  a-lac, 3-lac, BSA, LP,  nium (Sartorius)
milk whey LF, IgG Sartobind S nano ?Zi?n((i]i Healthcare, [161]
Ligand: Sulfonic acid (Sarto- y
rius)
gt Qutemery ammo. | AKia Basic
ganc y System (GE Healthcare,

Pasteurized skim
milk whey

a-lac, p-lac, BSA, LP,  nium (Sartorius)

LF, IgG

Germany), Industrial- [162]

Sartobind S nano scale radial flow mem-

Ligand: Sulfonic acid (Sarto-

. brane module
rius)

Whey

B-lac, a-lac, BSA, IgG

Sartobind MA Q15

Ligand: Quaternary ammo-
nium (Sartorius)

Sartobind MA S15

Ligand: Sulfopropyl (Sarto-

Stacked-disc [163]

rius)

4. Emerging Process for Valorization of Whey

Due to the presence of biodegradable organic matter, such as protein (6.1-6.6%) and
lactose (4.4-5.2%) in whey, these molecules are created a high BOD and COD values.
Therefore, the abundant disposal of whey to landfills and aquatic systems creates serious
environmental threats [164]. Aside from preparing dried whey powder, whey has been
used in several biochemical processes, such as anaerobic digestion, as a fermentation me-
dium to produce bioethanol, and as bioactive compounds in the context of the valorization
of whey [165,166]. The importance of whey has increased due to the explosion of several
opportunities from whey proteins and lactose. Whey protein-derived peptides confer
countless biological properties [11,12]. Furthermore, lactose has been utilized to produce
prebiotics and organic acids [167]. To produce bioactive peptides via different types of
proteolytic enzymes, direct whey or individual proteins from whey were used as feed-
stock. The proteolysis of individual whey proteins in contrast with using all whey proteins
could be considered beneficial. Intermolecular interactions between peptides and proteins
may interrupt the comprehensive characterization of peptides and explore their unique
nutritional and therapeutic values [11-13]. In the dairy industry, membrane- and chroma-
tography- based downstream processes are conventionally used for the separation and
purification of proteins from whey; however, several drawbacks have been reported
[17,28-31]. Presently, the MC process has come to the forefront for the fractionation of
individual proteins from whey. In the context of the valorization of whey, the MC system
is particularly attractive. Some major aspects are:

(@) The principles of membrane separation and chromatography are embedded in the
MC system, which is a laudable aspect in the platform of process intensification. MC
processes can be operated at a high volumetric flow rate with a lower pressure drop
[41,61,62,168]. The MC process is dependent on the functional groups of adsorbents



Processes 2022, 10, 1025

19 of 27

or ligands in the membrane and their bind/elution capacity with solute. Transport of
solutes to a stationary phase is governed by convection and minimum pore diffusion.
Consequently, mass transfer resistance is reduced, and solute recovery is facilitated
[41,56]. Therefore, the fractionation of individual proteins from whey by MC and the
utilization of isolated proteins to produce bioactive peptides and functional foods are
considerably attractive in the dairy industry. The marketing of isolated whey pro-
teins and peptides along with dairy foods may boost the profits of the dairy industry
[14,15].

(b) The advancement of conventional MC systems may reduce their limitations regard-
ing the fractionation of proteins from whey in the dairy industry. However, radial
flow and axial flow membrane modules in the MC systems are used in food and bi-
opharmaceutical industries, and several challenging issues have been reported. In
this context, the development of LFMC and z2LFMC systems may be considered a
great achievement [168]. Furthermore, the application of new generation membranes,
such as functionalized ligands grafted with spacers onto membranes [145-147] and
stimuli-responsive membranes [115-118] for MC systems may provide whey protein
fractionation with a high throughput and resolution.

(c) De-proteinated whey produced by MC systems can produce lactose-derived
nutraceuticals, such as prebiotics through enzymatic transformation and organic ac-
ids through microbial fermentation processes. These mentioned biochemical meth-
odologies have been recognized as “safe” by IDF [167].

(d) After separation of protein from whey by MC system, the remaining part of whey is
enriched with lactose. De-proteinated whey can be utilized to produce bioethanol
and biogas, those are considered a renewable energy source [169]. Generation of re-
newable energy from byproduct of MC system plays an important role to maintain
its market competitiveness.

(e) After the separation of the proteins from the whey by conventional size-exclusion
based polymeric or ceramic membranes, membrane cleaning is a major affordable
issue to regenerate the membrane. Generally, acidic-, caustic-, surfactant-, and en-
zyme-based cleaners are used for the membrane cleaning process in the dairy indus-
try. Membrane cleaning solution uses a considerably high volume of wastewater,
which reduces membrane lifetime and plant productivity. Subsequently, considera-
ble efforts are placed to reduce the COD of dairy wastewater prior to its disposal in
the aquatic system [170]. Contradictorily, disposable membranes are used in the MC
system. This flexibility reduces the generation of wastewater caused by membrane
cleaning agents [58]. Without any contradictions, the lower consumption of fresh/de-
contaminated water in the MC system is an important aspect to maintaining its ac-
ceptance.

(f) There is no emission of any greenhouse gasses during the fractionation of protein
from whey by MC processes [41,48].

5. Conclusions

Size-exclusion-based membrane separation, monolith column, fluidized bed, and
packed bed chromatographic technologies have been adopted for many years for the frac-
tionation of individual protein from whey. In the cutting-edge research area of biochemi-
cal engineering, MC is a considerably promising bioseparation technology. In the present
review, information about the development of MC systems and their applications for the
fractionation of individual proteins from whey are presented in a comprehensive manner.
MC has noticeable advantages compared to packed bed chromatography; however, some
limitations of MC technology are reported. The performance of MC systems depends on
the functional groups of adsorbents or ligands in the membrane matrix, and their binding
and elution capacities with the target biomolecule. Therefore, lowering the binding capac-
ity of smaller molecules with ligands in their membrane matrix, faster break-throughs,
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and the denaturation of protein during hydrophobic interactions with ligands are consid-
erable challenging issues in MC processes. Furthermore, a non-uniform flow distribution
across the membrane and a non-uniform pore-size distribution in the membrane matrix
affect the MC process. Therefore, the fractionation of proteins from whey with a high yield
and resolution is a considerable challenging issue. Presently, LEFMC and z2LFMC systems
have come to the forefront. However, it is expected that several limitations of conventional
axial- and radial- flow membrane chromatography modules can be minimized by these
modules, but their industrial application for the fractionation of individual proteins from
whey is not reported. Membranes in the MC system have a short lifetime and they are
usually disposable. Therefore, their costs of procuring and maintenance are not apprecia-
ble for medium- and small-scale industries. The development of membranes with func-
tionalized ligands grafted with spacers onto the membrane and stimuli-responsive mem-
branes for MC systems is a unique approach. Until now, their applications for the frac-
tionation of individual proteins from whey have not been reported. Therefore, further in-
vestigations with new generation membranes in the LFMC and z?2LFMC system for the
fractionation of proteins from whey are necessary to understand their efficiency and ap-
plicability at the industrial scale.

The legislative restrictions related to the disposal of whey in aquatic systems moti-
vates scientists to develop whey-based nutritional food preparations. It is obvious that
instead of direct disposal of whey into the aquatic system, the fractionation of individual
proteins from whey and their utilization in the production of functional foods is a consid-
erably unique approach for the valorization of whey in the dairy industry. It can be ex-
pected that a significant income from individual proteins from whey will be taken into
consideration along with the marketing of dairy foods. Due to the high demand for bio-
active peptides in the pharmaceutical sector, it is likely that marketing of whey protein-
based bioactive peptides may bring an economic boom in the dairy industry. The byprod-
uct of protein fraction from whey by MC process is lactose-enriched liquid (de-protein-
ated whey) without emission of any greenhouse gasses. The lactose-enriched liquid can
be used to produce organic acids and prebiotics through biochemical routes. For many
years they have played a great role in the economics of the dairy industry. Summarizing
all the aspects so far, the fractionation of proteins from whey by the MC system may pro-
vide a three-fold solution to dairy waste management, the demand for functional food
ingredients, and a sustainable economy in the dairy industry. Furthermore, it is likely that
this review will receive great attention in research fields and the industrial sector. Com-
prehensive information about the MC process will stand as a ready reference for future
investigators and may promote the development or scaling-up of MC systems from labor-
atory-scale setups to the industrial scale.
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