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PENGHASILAN MEMBRAN KROMATOGRAFI CAMPURAN MATRIK
PELBAGAI INTERAKSI MENGGUNAKAN RESIN ANION LEWATIT
MP500 DAN RESIN KATION LEWATIT CNP105 UNTUK PENGASI NGAN
PROTEIN DARIPADA WHEY

ABSTRAK

Cara konvensional untuk pengasingan protein dilakuldengan mengunakan
kromatografi turus terpadat. Namun demikian, tekmk mempunyai beberapa
kelemahan seperti kejatuhan tekanan yang tinggi ldadar aliran operasi yang
terhad. Membran kromatografi dapat mengatasi miasddédam kromatografi turus
terpadat tetapi proses penyediaan membran kronaditogni memerlukan
pengubahsuaiankimia yang melampau. Konsep penyediampuran membran
matrik (MMM) adalah kaedah alternatif kepada permgaa membran kromatografi
iaitu menggunakan kaedah fizikal dengan mencampur&sin boleh jerap dengan
larutan polimer membran. Di dalam kajian ini, MMMelpagai interaksi telah
dibangunkan untuk pengasingan protein daripadey meggunakan 7.5 wt%
CNP105 kation resin dan 42.5% wt% MP500 anion resiatif kepada kandungan
polimer asas membran. Berdasarkan analisa HPLC SI28-PAGE, kedua-dua
proteinwheybersifat asid dan alkali telah terjerap kepada Mid&bagai interaksi
dalam satu ujian pengasingan protein daripatday Kadar penjerapan untukhey
protein bersifat asid menggunakan MMM berasaskaAlE®dalah 4.255 mg BSA/
g MMM, 60.887 mgx-Lac/ g MMM dan 231.788 mf-Lac/ g MMM. Bagi MMM
berasaskan CA, kadar penjerapan adalah 2.970 mg @5WIM, 42.392 mgx-Lac/

g MMM dan 179.817 m@-Lac/ g MMM.
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DEVELOPMENT OF MULTIPLE INTERACTIONS MIXED MATRIX
MEMBRANE CHROMATOGRAPHY USING LEWATIT MP500 ANION
RESIN AND LEWATIT CNP 105 CATION RESIN FOR WHEY PRO TEIN
FRACTIONATION

ABSTRACT

The conventional method to purify protein is by ngsipacked bed column
chromatography. However, this method had sevaratdiions such as high pressure
drop and limited flow rate operation. Membrane chatography can be used to
overcome the limitation of packed column but theeparation of adsorptive
membrane requires harsh chemical modifications.eblimatrix membrane (MMM)
preparation concept can be used as an alternativee rto prepare membrane
chromatography by physical blending of adsorptigsirr with membrane polymer
solution. In the current research, multiple intédcas MMM chromatography was
developed for whey protein fractionation using W86 CNP105 cation resin and
42.5 wt% MP500 anion resin relative to base polyoositent. The resins were blend
at different composition in EVAL and cellulose bgselymer matrix. Based on
HPLC and SDS-PAGE analysis, both acidic and basieywproteins were bound to
the multiple interactions MMM in single run of wheyatch fractionation. The
binding capacity for major acidic whey proteinsngsEVAL based MMM are 4.255
mg BSA bound/ g MMM, 60.887 mgLac bound/ g MMM and 231.788 nfigLac/

g MMM. For CA based MMM, the binding capacity ar®20 mg BSA bound/ g
MMM, 42.392 mga-Lac bound/ g MMM and 179.817 nfigLac/ g MMM.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Proteins molecule are different in each otheremmt of size, shape, charge,
hydrophobicity and affinity towards other molecul&sese properties can be exploit
to separate protein mixture into its individual qgwnents for commercial use in
industry. Generally, proteins separation can beedming various techniques such as
centrifugation, electrophoresis, membrane filtratiand chromatography based

separation.

Chromatography is the most favorable used teclenign high resolution
proteins separation and purification (Ghosh, 200Bhree common types of
interactions in chromatography are ion-exchangeorolatography, gel filtration
chromatography and affinity chromatography. Amonigent, ion exchange
chromatography is the most widely used techniquespiotein downstream

processing.



Nowadays, different types of ion exchange resiescammercially available
in protein capturing, purifying and polishing st€@éou et al., 2002). lon exchanger
chromatography is crucial for recovery and puriima of proteins, polypeptides,
nucleic acid and other biomolecules. It functioasdd on the concept of reversible
electrostatic interaction between a charged mode@udd the oppositely charged
chromatographic media (Bhattacharjee et al., 200&thermore, it has an advantage
as the elution often takes place at a relativelg mondition so that proteins are able
to maintain their confirmation during chromatograplprocessing (Saiful &

Wessling, 2006).

Purification of proteins by chromatography convemally done by using
packed bed chromatography configuration. HoweVeret are several limitations of
packed bed chromatography. There is an increastegeist in developing membrane
chromatography that offer advantages compareddkegabed chromatography such
as high flow rate without loss of adsorption capadarge scale operation, absence
of long diffusion path length and low pressure drd@dembrane chromatography is a
membrane that acts as a short and wide chromatugraplumn with a variety of
adsorptive mechanisms such as hydrophobic, ionaggehand affinity interactions

(Klein, 2000; Zou et al., 2001).

Mixed matrix membrane (MMM) concept offer simgleocedure to prepare
membrane chromatography instead of using chemiaaliffoation process. It is
prepared by incorporating an adsorptive resin mtcmembrane polymer solution
prior to membrane casting (Saufi & Fee, 2011). Adow to Avramescu et al.

(2003a), this concept is simple and flexible whgrebe geometry, adsorption



capacity and the functionality of the membraneseasly adjusted. Avramescu et al.
(2003b), had prepared cationic MMM by incorporatiogwatit CNP8OWS cation
resin into EVAL polymer in the form of flat sheedolid fiber and hollow fiber
membranes to study the fractionation of bovine ealbumin (BSA) — bovine
hemoglobulin (Hb). Later, this concept has beernaegpd by Saufi and Fee (2011)
to prepare multiple interaction membrane chromaplgy by using SP-Sepharose
cation resin and MP500 anion resin in single memdgraaterial. They used this
mixed mode MMM for whey protein fractionation. Ini¢ study, another alternative
cation resin Lewatit CNP105 will be used to prepaiged mode MMM to replace

the SP Sepharose which is very costly cation resin.

1.2 Problem Statement

Traditionally, packed bed column chromatography uised in protein
separation. However, there is limitation found inacked bed column
chromatography especially related to very high gues drop occurs across the
column. Besides that, the packed bed column isblet to be operating at high flow
rate. This problem can be resolve using membranenwtography. However, the
common method to prepare adsorptive membranesresgaicomplex process and
sometimes modifications of membranes using harsmdatals is required. Thus, the
concept of MMM preparation technique has a poténtiapreparing membrane
chromatography material. Besides that, the curnemt exchange membrane
chromatography normally can be operated with singeraction either as anion or
cation exchanger. Hence, the development of maltipiteractions in MMM

chromatography can offer advantages in binding hbetldic and basic protein



simultaneously from single run. Meanwhile, from tbast literature works shown
that the cost of SP Sepharose cationic resin is tognpared to the proposed cation
resin, Lewatit CNP105 used in this study. Thusjsitfavorable to replace the
expensive cation resins to a more affordable, l@st and same efficiency and

performance as the SP Sepharose resin.

1.3 Research Objective

The objective of this research is to develop mldtimteractions MMM
chromatography for whey protein fractionation uslrewvatit CNP105 cation resin

and Lewatit MP500 anion resin.

1.4  Scopes of Study

In order to fulfill the objectives of this reselarahe following scopes have
been outlined:

i. Development and characterization of multiple intéoms MMM
chromatography using Lewatit MP500 anionic resinl aewatit CNP105
cationic resin with EVAL based matrix.

ii. Feasibility study on the development of multipletemnactions MMM

chromatography using cellulose-based matrix.



CHAPTER 2

LITERATURE REVIEW

2.1  Whey

In dairy industry, whey is a byproduct of chees&dimg and casein
manufacture. The remaining watery and thin liquglsalled whey after the casein
curd separate from the milk and undergo coaguldticmugh the action of enzyme or
pH adjustment. The whey is yellowish or greenishalor depending on the type and
quality of milk (Smithers, 2008). Mostly, whey che made from a wide range of

milk, with cow’s milk being the most popular choiicethe area of western countries.

Nowadays, whey is a nuisance and major problethéaheese making and
casein manufacture industry. In the production ledese industry, almost 10 kg of
milk produces 1-2 kg of cheese while the remair8A@ kg consists of liquid whey
(Bhattacharjee, 2006). The increasing quantity ok production leads to a larger

volume of cheese, casein or caseinate and other pieaducts and thus increasing



the volume of whey production. From Figure 2.1, éneount of whey production is

increasingly due to the growth of milk industry (mers, 2008).

200 +

150 4

100 A

50 4

Whey (millions of tonnes)

1995 2000 2005

Figure 2.1 Annual volume of dairy whey produced globally (592005). Volume
increase over this period shows 1-2% annual groatth approximately equivalent
to the average annual growth in milk output ovés fame period (Source: Smithers,

2008)

Whey is a waste product stream and is constdmiyg disposed and
discharged from the industry. There are severalodial method practiced by western
country from the previous centuries whereby the eshanakers and casein
manufacturers spray the whey onto fields, discimgrghrough rivers, lakes or ocean,
discharging into municipal sewage system or sellings animal feed (Smithers,
2008). Later, the disposal of whey waste had kndenbecome an issue to
environment pollution whereby this waste contangdathe water system. This is
proven by an analysis done using biochemical oxydgmand (BOD) and chemical
oxygen demand (COD). From the analysis, the BODesand COD value showed

value of 35 000 — 60 000 mg'Land 80 000 — 100 000 mg'leach respectively

(Bhattacharjee, 2006).
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Figure 2.2 Schematic representation of the relative incre@asalue of whey protein
due to advancement of technology and knowledg&emtportance of whey protein
composition (Source: Smithers, 2008)

In 1950s, whey is considered as waste and is lysoeihg disposed without
fully utilization its source of protein. However,ittv increasing knowledge and
advancement of science and technology researclergond out that whey is an
excellent source of proteins that contain all tbgeatial amino acids (Monteiro et al.,
2008). Meanwhile, the consumer demand on healtdygtois increasing and thus
separation and purification of protein in whey faalth supplement is a must. As a
consequence, there is an increase in terms ofveslatice value for whey protein as
illustrated from Figure 2.2. The relative valuendfey protein for the past 50 years is

increasing from $1 per kg at 1960s to $10 per kgeat 2000.



2.2  Whey Protein

The major whey protein components comprise-laictoglobulin 3-Lac), a-
lactalbumin ¢-Lac), bovine serum albumin (BSA), lactoferrin (I.Fgctoperoxidase
(LP), glycomacropeptide and etc (Bhattacharjee, 600able 2.1 shows the

composition and properties of whey proteins.

Table 2.1Composition of whey protein (Source: Andersson &ttikson, 2006)

Concentration Isoelectric point Molecular
(kg m*) (p!) weight (kDa)

B-Lactoglobulin 2-4 5.2 18
a- Lactalbumin 1.2-15 4.5-4.8 14
Bovine serum albumin 0.3-0.6 4.7-4.9 69
Immunoglobulins (1gG, 0.6-0.9 5.5-8.3 150-1000
IgA, IgM)
Lactoperoxidase 0.02-0.05 9.5 78-79
Lactoferrin 0.02-0.2 8-9.5 78-92

There are two types of processed whey protein hwlie whey protein
concentrates and whey protein isolates. Whey pratencentrates are rich in whey
proteins but contain fat and lactose. This wheytginoconcentrates are obtained
from membrane filtration of whey. Meanwhile, whesotgin isolates contain whey
protein with low fat and lactose. It is producedotigh rigorous and complex
separations of whey such as a combination of dttatfon and microfiltration or ion

exchange chromatography (Etzel et al., 2008).

Most of the whey protein components have their bvgh commercial values
in the market and application both in health anadfindustry. It is known that the
world production of cheese whey per year is estohats 130 million tons. This
means that the global production is equivalent80 @00 tons of proteins which in

8



turn for separation and protein purification wilerefits the economic growth
(Monteiro, 2008). Table 2.2 summarizes the impaafunctions of composition

protein found in whey.
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Table 2.2Importance functions of protein compositions in wipeotein fractionation

Compositions

Functions References

B-Lactoglobulin

Better foam stabilizer used in the production afifectionary due to its foodMcintosh et al., 1995;

gelling properties Zydney, 1998; Cowan
Transport or accumulation of lipid-soluble biologiccomponents such as Ritchie, 2007;
fatty acids and retinols Madureira et al., 2007;

Rich source of Cys that stimulate glutathione sgsi, an anticarcinorgenidAmigo et al., 2008
tripeptide produced by the liver for protection imgaintestinal tunors

a-Lactalbumin

Used in infant formula due to high tryptophan caonte Zydney, 1998; Cowan
Enhanced whippability in meringue like formulations & Ritchie, 2007,
Potential as contraceptive agents due to stronmitgfffor glycosylated Madureira et al., 2007
receptors on the surface of oocytes and spermat®zoi

Preventions of cancer, lactose synthesis and tesdtraf chronic stress-

induced disease

Lactoferrin

High iron-binding affinity Tomita et al., 2002;
Regulation of iron absorption and immune responses Garcia-Montoya et al.,
Exhibit antioxidant activity and has both anticaogenic and anti-2012

inflammatory properties

Used in skin care cosmetics, special therapeutatsdior the relief of

inflammation in dogs and cats

As supplemented infant formula
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Table 2.2(continued)

Compositions Functions References
Immunoglobulins - Prevents mucosal infections by agglutinating miesob Hurley & Theil, 2011;
(IgG, IgA, IgM) - High valency of antigen-binding sites El-Loly, 2007

Prevent adhesion of microbes to surfaces, inhipibacterial metabolism by
blocking enzymes, agglutinating bacteria and néaitng toxins and viruses

Bovine serum
albumin

Anti-mutagenic function and fatty acid binding Madureira et al., 2007
Ability to inhibit tumor growth

Lactoperoxidase

- Catalyzed oxidation of thiocynate by hydrogen p&tage and generateZydney, 1998;
immediate products with antibacterial properties Watanabe et al., 2000;
Preserve raw milk quality during storage or tramtgimn to processing plant Seiful et al., 2005




2.3 Introduction to Membrane Process

Membrane process is widely applied for the semaraand purification in
upstream and downstream processing. Microfiltrateomd ultrafiltration is the
commonly used membrane process in industry. Théonmeance of both type
membranes is of high throughput however it is netdy low in terms of resolution
and purification basis (Saxena et al., 2009). Frgears to years, membrane
technology begins to evolve and become an emergiobused mainly in food
industry with 20 to 30% of the current €250 milliairnover of membranes is used
in the manufacturing industry globally (Daufin &t 2001). The membrane process
is now developing and growing rapidly from pressgradient types to the existing

electrical gradient principles as illustrated iguie 2.3.

Intact cells
Cell debris
Bacteria | Proteins, peptides and polv amino acids
‘ 10 pm - 5 pm ‘ ‘ 0.1 pm — 5 pm ‘ (10pm-1 pm) ‘ 0.1 pm —5nm
UFwithcharged Membrane UF with
MF UF membranes chromatograph ultrasonic field
1920 1930 1940 1950 1970 1995 1908 2000 2002
Membrane
UF under HPTEE
NE electric field Contactor

Divalent ions
Amino acids
Antibiotics

Pressure and Electrical

‘ Pressure gradient | electrical gradient gradient

Figure 2.3Milestone in development of membrane technologepfotein
purification (Saxena et al., 2009)
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The rapid development of membrane technology ig ¢ its unique
separation principle which is selective transportl @fficient separation compare
with other type of unit operations. A membrane alfjuacts as an interphase usually
in the form of heterogeneous whereby it acts aaradp to the flow of molecular and
ionic species present in the liquid or vapors ociittg the two surfaces (Saxena et al.,

2009).

There are several advantages of using membrathe agparations process in
industry. Membrane does not involve any phase atmray chemical additives,
simple and easy to operate. Besides that, it allmv®ase of scale up in industry
production rate and able to decrease the equipsieat(Drioli, 2004). In addition,
the separation process can be performed isothgrmtalelatively low temperatures
with less energy consumption compared to othemibkeseparation process (Saxena

et al., 2009).

2.3.1 Pressure-Driven Based Membrane Process

Membrane process can be classified according ferdift driving forces
which are pressure gradient and electrical gradieot pressure driven force, the
pressure used depends on the pore size of the raeenAnd has to be adjusted as a
function of the concentration rate desired (Lange®i al., 2012). Microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) andeverse osmosis (RO) operate
principally according to pressure driving force warious applications of both
upstream and downstream processing. Figure 2.gtrdlies the membrane process

classification according to size of solute to bessated.

13



MF is one of the oldest filtration technologiesF Mhembranes are suitable
for separation of fine particles with pore sizehe range of 0.05 to 10 um (Reis &
Zydney, 2007) and can selectively separate pasticléth molecular weights
of >200kDa using sieve effect. MF is often usesdamoval of bacteria or other

particulate substances and fractionation of mitkgins (Rosenberg, 1995).

UF membranes have a pore size range within 1 @ @ which able to
provide high retention of proteins and other maal@rules (Reis & Zydney, 2007).
UF is suitable for separation of protein that hasleTular weight between i@nd
10° Da (Atra et al., 2005). This membrane is usedpi@tein concentration and
buffer exchange. UF had replaces the role of skdusion chromatography for
buffer exchange at industrial scale (Kurnik et 2895). Other than that, UF is used
to fractionate proteins from whey and to make cedesn ultrafiltered milk (Atra et

al., 2005).

Another type of pressure driven membrane is NF brane which has the
characteristics between RO and UF membrane. Tl aatlue of NF is 100-1000
Da with approximate pore size of 1 nm (Oatley et2012). NF can be applied to
separate various components such as lipids, bacproteins, sugars and salts. NF is

also useful in separating valuable components Ba@et whey (Roman et al., 2011).

RO membranes has molecular weight cutoff of ~108 &nd uses
transmembrane pressures of 10-50 bar which ista¥® higher than UF membrane.
RO membrane consists of an ultrathin skin layeesoposed on a coarsely porous

matrix (Marcello & Rizvi, 2009). RO applications idairy industry allow

14



concentration of milk or whey by removal of watedaonized minerals (Rosenberg,

1995).
Somatic cells
10 pm
Fat globules
1pm Bacteria and spores
— MF
100 nm Casein micelles
Casein submicelles
10 nm
Serum proteins UF
1 nm Lactose
Salts NF
0.1
nm Water RO

Figure 2.4 Membrane process classification based on thersizeation and
membrane processes. MF: microfiltration, UF: uitiation, NF: nanofiltration, RO:
reverse osmosis (Source: Brans et al., 2004)

2.4  Chromatography Process

In order to purify and separate protein, chromaiphy technique is of
interest. There are several different modes ofaateons as illustrated in Figure 2.5.
From the figure, it is arranged according to intécm strength with the weakest on
top and the strongest on bottom. The interactionleadnclude gel filtration (GF),
hydrophobic interaction (HIC) and reversed phasBGR ion exchange (IEC) and

affinity chromatography (AC).

15
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Figure 2.5 lllustration of basic interaction modes of chroagatiphic separation
(Source: Rizvi, 2010)

In the fractionation of whey, selective adsorptaond selective elution is the
two strategies of interest. However, selectivei@futs more preferable because this
kind of selection both concentrates and fractioh#ite protein. During the process,
all the proteins in a mixture are trapped simultarsty on the adsorbent, rinsed free
of contaminants and the eluted one-by-one to matwia many different purified
proteins (Doultani et al., 2004). The bound tageteins can be released separately
into several different elution solutions (Etzel02). In short, protein of interest can

be obtained easily using selective elution strategy

In addition, changing the elution buffers will exeally aid in obtaining
different protein fractions from the binding of theoteins to the adsorbent. This will
certainly reduce the steps of changing equipmestliéctive adsorption strategy is
selected. This means that different composition pes of elution buffer can be

prepared to elute the protein solution. The flditipbbf changing the buffer solution
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enables the manufacturer to meet the demand ofmédmket and saving cost for

equipment.

2.5 Packed Bed Chromatography for Whey Protein Frationation

Column chromatography consists of chromatograptad®er ion exchange

resins that are packed inside the column (Etzél4PWhereby the solutions passed

through the column. In whey protein fractionatiboth anion and cation exchanger

chromatography are use for the separation of weesummarized in Table 2.3.
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Table 2.3Column chromatography for whey protein fractiooati

Protein Source Protein of interest Configuration delof interaction Author
Milk a — Lac,B-Lg B, B- a) Quartenary aminoethyl-Toyopearl  Anion and Cation Ye et al., 2000
Lg A (QAE-TP), dimension: 1.5 crm 18 exchange
cm
b) Sulphopropyl-Toyopearl (SP-TP),
dimension: 1.5 cnx 18 cm
Mozzarella cheese a — Lac, WPI, LP, LF SP Sepharose Big Beads, bed height 15 Cation exchange Doultani et al.,
whey cm, column volume 80 mL 2004
Lactic acid whey WPI, a - Lac SP Sepharose Big Beads, bed height Cation exchange Turhan and
cm, column volume 80 mL Etzel, 2004
Whole milk LF, LP SP Sepharose Big Beads™ (GEation exchange Fee & Chand,
Healthcare), column height 5 cm, column 2006

volume 10 mL

Whey Protein B-Lg, a — Lac, BSA, Mono Q5/50 GL - Mono Q Column (GEAnion exchange
Concentrate lg Healthcare, Pittsburgh)
(WPC80)

Santos et al.,
2012




For anion exchange column, Gerberding and Byer@9§)L observed
recoveries of 36% fow-Lac, 94% forf3-Lac, 6% for IgG and 21% for BSA by
passing whey through the column at pH 5.8. The dquotein was eluted in two
peaks. One peak contained.ac, however it is contaminated wishLac, BSA and
IgG. Another peak contained primaril¢Lac contaminated with BSA. Ye et al.
(2000) using salt gradient method for selectivdi@iu The process is divided into

two which are as followed:

a) Whey at pH 6.5 was passed through cation exchaolgena to recover LP
and LF. The elution gradient used 0-0.55 M NaCb@hmM Tris HCI at pH
6.5.

b) The latter effluent was adjusted to pH 8.5 and g@dd#isrough anion exchange
column to recovea-Lac andB-Lac. A-Lac was eluted with 0-0.15M NaCl in
50 mM Tris HCI at pH 8.5. Next, column was adjustegH 6.8 and using O-

0.20M NaCl in 50 mM Tris HCI to elutg-Lac.

IgG and BSA fractions were not found during thetieh. This process
required two column and only different salt gradisnused instead of changing the
pH of the solutions. During the resin equilibratsteps, salt from the previous steps
must be washed out before the elution of proteisequence is being conducted.
This adds to additional steps and time used witktevaf buffer and thus increasing

the cost.

Mozzarella cheese whey was bound onto SP SephBrg&eads with cation

exchanger column at pH 4 with bed height 15cm afdn8 column volume
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(Doultani et al., 2004). Different elution buffease illustrated as below to recover

the fractions of whey protein:

a) Single WPI obtained using 10 mM NaOH

b) a-Lac using 100 mM sodium acetate at pH 4.9

c) WPI depleted imx-Lac using 10 mM sodium NaOH

d) a-Lac, WPI depleted im-Lac, LP and LF using sequence of: 100 sodium
acetate at pH 4.9, 50 mM sodium phosphate at pH63 M NaCl in 50
mM sodium phosphate pH 6.5 and 1.20 M NaCl in 50 sddium phosphate

pH 6.5 each respectively.

This work proved the feasibility of selective etut using differ elution
buffer to fractionate whey protein. Manufacturen etually tailor the needs of the

changing market and the demands.

2.6 Membrane Chromatography

Another type of membrane processes that can befasedotein purification
and separation is membrane chromatography or knasvrmembrane adsorber.
Membrane chromatography is another alternativectorventional resin or beads
based chromatography column. It separates theiprotanterest based on specific
functionality in the membrane such as ion exchamyerophobic, reversed-phase

and affinity interaction.
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Membrane chromatography has several benefits dudngageous for bio-
molecules separation such as shorter diffusiongjrimgeraction between molecules
and active sites based on convective mass traastehigher flow rates (Charcosset,
2006). Shorter diffusion times mean that transpioraof solutes to their binding
sites takes place by convection which result inuced process time and liquid

volume (Saxena et al., 2009).

The preparation of membrane chromatography inbtiie action of grafting
specific ligand onto the pore surface in membraard then adsorbing target
biomolecules on these ligands during convectiver flbrough the membrane pores.
The properties of large pore size in membranesvaftr easy access of protein
molecules to the binding sites on the pore wallkéda et al., 2009). This implies
that for larger protein (molecular weight more thaB0 kDa) the surface area

available for binding is significantly greater fmembranes (Ghosh, 2002).

2.6.1 Configuration of Membrane Chromatograph

Flat sheet, hollow fiber and radial flow are theeth types of membrane
adsorbers used for protein separation. Accordinglémn (2000), it is proven that
different shapes of membrane adsorbers can linkgkeific ligate needed which act
as an important approach in membrane chromatogr&unyflat sheet configuration,
the liquid was usually introduced normal to the rbesne surface in flat sheet
membrane adsorbers. Inside the membranes modiéssppseveral flat sheets were
stacked together (Saxena et al., 2009). Flat ske¢lbé most commonly used type of

configuration for membrane adsorber.
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Meanwhile, for hollow-fiber membrane adsorber @shthe geometry of
tubular shapes with tubes ranging from 0.25 to 2a5im diameter. The liquid flows
parallel to the membrane surface (Ghosh, 2002).ré$ydtic pressure difference
caused the liquid to flow directed towards and digiothe pores (Saxena et al., 2009).
The advantage of using hollow-fiber arrangemertigh membrane surface area to
volume ratio which will eventually reduce the acauation of particles near the pore

entrance due to cross flow.

For large scale applications, radial flow membrausorber is a more
appropriate and suitable choice of configuratiome Pprocess of spirally winding flat
sheet membranes over a porous cylindrical core ddrmmadial flow membrane
adsorbers. The membrane area increased in a yadiativard direction. Thus,
complexities from the drop in superficial velocioy the liquid stream are formed
during the flow inside the membrane. It is likelyma appropriate for the bind and

elute conditions (Ghosh, 2002).

2.7 Membrane Technology in Dairy Industry

For the past 25 years, membrane process technbigyipecome major tools
in the food processing industry with its usage dfiaving approximately 40%. This
Is due to each year the growth of market is arot®sd per year (Daufin et al.,
2001). There is need to constantly update the outeghnologies from conventional
to advanced processes that suit certain appliGatguch as in dairy industry,

beverages, egg products and other related emargingtries.
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There are several technologies that are used @ dSiparations and
purifications of proteins such as packed bed colethmomatography, ultrafiltration,
microfiltration, nanofiltration, reverse osmosisdamembrane chromatography.
From the list of separation techniques, membraparaéon is of the most favorable

processes applied in the food industry.

There are a lot of benefits from the utilizatioh membrane separations
process. Firstly, it shortens and simplifies thenptex process of the conventional
method. Besides that, it also improves the perfageaf the process and enhances
food quality. Considering the environment impactemirane separations are
regarded as clean processes, a substitute forsthefypolluting materials (Daufin et
al., 2001). The characteristics of the membraneckwis easy to put into operation,
having great flexibility and compact make it a ahle and attractive method for the

industry applications.

2.8 Mixed Matrix Membrane Chromatography

The common route to prepare membrane chromatograplwging chemical
modification of readymade membrane sometimes regultarsh and excessive
chemical solutions. This can damage the membranetste as well as membrane
performance of the membrane. In order to avoid ¥Messling group introduced the
concept of mixed matrix membrane (MMM) as altewatio prepare membrane

chromatography materials (Avramescu et al., 20020€83b).

23



The preparation of MMM is simple and involves plgs modification.
MMMs are prepared by incorporating an adsorptiv@nrénto a membrane polymer
solution before proceeding to membrane casting f(Sau-ee, 2011). By phase
inversion process, membrane casting was done mifgilg the dissolved polymers
with additives containing ion exchange. This comdepof competitive in terms of
adsorption capacity and performance as compared tohemically modified

adsorptive membrane.

Avramescu et al. (2003a) first attempt was to poedvarious format of the
MMM chromatography such as flat sheets, solid fibed hollow fiber. Later,
various types of resins were used to prepare caggohange MMMs by
incorporating Lewatit SP112 resin and anion exckaMiMMs by incorporating

Lewatit MP500 resin.

Multiple modes chromatography usually combineshymrophobic and ionic
interactions used in resin based chromatographgc{ier, 2008; Gao, Lin & Yao,
2007). The simple preparation of MMM had induced thsearchers to study more
on preparation of a single multi mode interactioenmbrane that show comparative

performance as compared to two separate aniortiongaembrane adsorbers.

Before this, isolation of lactoperoxidase and déatrin from bovine whey
was conducted by using cation exchange membraneu (G&hd Etzel, 1997).
Sartobind membrane adsorbers immobilized by sutfacid moieties had proved to
show recovery of 73 6% for LP and 5@ 5% for LF. Meanwhile, separation of

BSA, a- Lac andB-Lac was achieved by using anion exchange membi@aeset
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al., 2003) From the studies, three strong aniofmaxge membranes, CIMA QA,
Q100 and HiTrap Q were used as comparison to determte potential anion
exchanger for the isolation protein of interestcéwing to the result, HiTrap Q is

the most effective in separation of acidic wheytg@irn

Although there has no any mixed mode matrix memdravailable at the
market at that time, Freitag et al. (1996) hadaalyetried alternated two layers of
anionic membrane with one layer of cationic meméran a filter holder to bind
whey protein in a single chromatography run at plHém the experiment, it proved
that the number of cationic and anionic membrangria used influenced the
separation pattern for the protein mixture. Latén, and Suen (2002) also mixed a
cationic and anionic membrane in a single platefemae for the separation of a
binary mixture containing bovine serum albumin (BS&d lysozyme (LZY). This
study demonstrated that membrane with highestaatarcapacity should be placed

first to enable more binding of target protein.

Recent studies by Saufi and Fee (2011) had shewetkssful incorporation
of two types of resins which are Lewatit MP500 aniexchange resin and SP
Sepharose cation exchange resin to prepare mtétiaction MMM in fractionation
of whey proteins. The MMM is able to bind both lwasnd acidic whey protein
simultaneously with binding capacities of 7.18.24 mga — Lac g- membrane,
11.4040.73 mg LF § membrane, 59.249.90 mgB-Lac g* membrane and 6.78

1.11 mg IgG g membrane during batch fractionation of LF-spiketew
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CHAPTER 3

METHODOLOGY

3.1 Materials

EVAL, a random copolymer of ethylene and vinyl &lobwith an average
content of 44 mol% and cellulose acetate (CA) wesed as a based matrix for
preparing MMM. Dimethysulfoxide (DMSQO) was usedtlas solvent for EVAL with
1-octanol acts the non-solvent additive in cassialytions. PEG 400 in liquid form
was used as the pore forming agent with NMP asaheent in CA casting solution.
The adsorptive resins incorporated in casting swiuare Lewatit MP500 anion
exchange resin and Lewatit CNP105 cation exchaige. buffer solution was
prepared from sodium phosphate dibasic heptahydratelium dihydrogen
orthophosphate 1-hydrate and sodium chlorigleLactoglobulin (B -Lac), o -
Lactalbumin ¢-Lac) and BSA were purchased from Sigma and us#ubwi further
purification. Two buffer solutions used in HPLC s were buffer A: 0.1%
(wt/vol) trifluoroacetic acid in ultrapure water cruffer B: 10 vol% of solution

0.085% (wt/vol) trifluoroacetic acid in ultrapureater in HPLC-grade acetonitrile.
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3.2 Preparation of LF-Spiked Whey

Fresh milk was bought from nearby dairy farm foedewhey preparation.
Fresh milk was centrifuged at 12 000 rpm &C for 10 min using Eppendorf
centrifuge model 5810R for defatting. It was therated to 4% in a water bath
under gentle mixing. The milk pH was adjusted betwe}.6-4.8 using 0.5M
hydrochloric acid to precipitate the casein in milkhe precipitated casein was
discarded and whey supernatant was centrifuge@® &@00 rpm at 2C for 10 min.
Whey was filtered several times with filter papeithwthe final filtration was
achieved with a 0.4gm membrane filter. The pH of whey was adjustedhe t
desired pH 6 using 0.5 M NaOH. 6.5 mg LF pure proteas added into the 20 ml

whey to prepare LF-spiked whey.

3.3 Preparation of Mixed Matrix Membrane

Two types of polymer based solution were prepanatihg this study. First
solution consist 15 wt% EVAL polymer and 15 wt% dtamol in DMSO solvent.
Second solution is 10 wt% CA and 20 wt% PEG 40BIMP solvent. The polymer
was partially added into the solvent at certainiqoerof time under continuous
stirring at 60C for several hours until all the polymers comphetdissolved.The
adsorbent resins (Lewatit MP500 and Lewatit CNP18%)e incorporated into the
polymer solution were grinded into small size abéqitm using an ultracentrifugal
mill. Ground resin was added to the prepared potyswdution at certain weight
fraction relative to the polymer content in theusimn. This mixture was stirred

again until homogeneous MMM casting solution isried.
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The total resin loading relative to the mass «fdobpolymer in the polymer
solution was fixed at 50 wt%. According to the migooteins compositions in whey,
almost 95% are acidic proteins and the rest arig Ipagteins. This would indicate a
mixed mode interaction MMM based on these proposticshould comprise 95%
anion and 5% cation exchange resins, neglecting réfative protein binding
capacities of each resin. However, for a more mactmembrane casting
formulations to demonstrate the multiple interatfwoof-of-concept, a ratio of 85%
acidic protein and 15% basic protein was assuméihawproduced a mixed mode

membrane with 42.5 wt% of Lewatit MP500 and 7.5 vit@watit CNP105.

Continuous
stirring
6 - 8 hour

Continuous
stirring
6 - 8 hour

70 wt.% DMSO L]
15 wt.% 1-Octanol

Ground
adsorbent

Glass Plate

Mixer Polymer Solution MMM Casting
Solution
Membrane
Gel
A
Solvent ‘\ Casting
xch
4_;15 o oe N\ -7 Block
| : h
Flat Sheet
Membrane Water Bath

Figure 3.1 Preparation of mixed matrix membrane chromatograph

Flat sheet MMM was casted using conventional ngstiethod as shown in
Figure 3.1. MMM casting solution was poured ontglass plate support and then
was spread to form a thin film using a stainlegelsblock with a 600m recess
milled into the bottom surface as shown in Figutz 8nmediately after casting, the
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glass plate with the film on the surface was immeérn® the coagulation water bath
at 40C until the membrane was completely solidified artdadhed from the glass.
The resulting MMM was washed with water severaksnand left in the water bath
overnight in order to ensure the trace of solventoampletely removed from the
membrane structure. Finally, the wet membrane weaszé dried to completely

remove water without severely damage the membranetsre.

Figure 3.2 A thin film membrane was formed on the glass pleiag stainless steel
block

3.4  Batch Fractionation of Whey

For batch fractionation, the MMM sheet was cut iatectangular shape with
approximate size of 10 mm 20 mm size. The MMM was equilibrated for 1 hour in
20 mM sodium phosphate pH 6 equilibrium buffer. #igrated MMM was
incubated with 2 ml LF-spiked whey solution in shgppendorf tube for binding
step. The binding was done for 3 hours under coaotis and gentle mixing using
rotator at 30 rpm speed as shown in Figure 3.3. NI was took out from the
whey after binding and was lightly dried by pattwgh tissue. Dried MMM was
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transferred into washing buffer, similar as equilin buffer, for washing step about
30 minutes. Then the MMM was removed from the waghsolution and the
remaining water on the membrane was once agaid dyi¢issue patting. The MMM
was then incubated in elution buffer for anothdro8r. 1M NaCl in 20 mM sodium
phosphate pH 6 was used as elution buffer. Allstbletion in each step was further

analyzed by HPLC and SDS-PAGE analysis.

Figure 3.3Whey protein binding with gentle mixing using tuloéator

3.5  Gel Electrophoresis

Qualitative analysis of whey protein fractions frdratch fractionation was
analayzed using sodium dodecyl sulfate polyacryd@rgel electrophoresis (SDS-
PAGE). For sample preparation, 13 protein sample was added with pd
Invitrogen NUPAGE LDS sample buffer and 2L reducing agent. Later, the
samples were centrifuged for 5 minutes at speei3ofpm. Next, samples were

heated at 66C for 10 minutes to denature the proteins.
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NUPAGE® NovexX’ Bis Tris gel was run in XCell SureLock™ Mini-Cell
electrophoresis system using NUPAGEIES SDS running buffer as shown in
Figure 3.4. 5 pL of Precision Plus Protein™ Kalsitlipe standards was used as the
protein marker and 20 pL of sample were loaded tihéogel well. Electrophoresis

was run at constant voltage of 200 V with run toh&5 minutes.

After electrophoresis, the gel was stained inlatsm of Coomassie Brillant
Blue R250, 0.125% (w/v) in 10% acetic acid and 40féthanol. Destaining was
done in a solution of 10% acetic acid and 20% mrethim water for overnight. Later,
the gel was washed with ultrapure water for 10 n@guAll these procedure is done

on the orbital shaker with a speed of 50 rpm.

Figure 3.4 A typical XCell SureLock™ Mini-Cell loaded with samples
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3.6 HPLC Analysis

Analysis of protein in solution were carried outieyerse phase HPLC (RP-
HPLC) using a C4 Jupiter column (300 A, 26@.6 mm i.d., um particle size;
Phenomenex, Cheshire, UK) attached to the Wate@QWCTY UPLC H-Class. The
flow rate was set at 1 mL/min. Two buffer solutionere prepared as followed:
solvent A, 0.1% (wt/vol) trifluoroacetic acid inttdpure water and solvent B, 0.085%
(wt/vol) trifluoroacetic acid in ultrapure water: FiC-grade acetonitrile (10:90,
vol/vol). The column was equilibrated with 20% saitv B. The elution was
performed as follows: 0 to 60.0 min, a linear geadiby increasing the concentration
of solvent B from 20 to 50%; 60.0 to 65.0 min, 5@%vent B in isocratic mode;
65.0 to 65.5 min, 50 to 100% solvent B; 65.5 to07tin, 100 % solvent B in
isocratic mode. Absorbance was recorded at 214Tin@.identity of whey proteins

was confirmed by comparison from the standard cafvaixture pure proteins.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1  Whey Protein Analysis

Graph of standard curve were developed for bowveners albumin (BSA)a-
lactalbumin (-Lac) andfp-lactoglobulin (3-Lac), as shown in Figure 4.1, to
determine the concentration of the protein obtaiinech HLPC analysis. Figure 4.2
shows an example of chromatogram for standard me&xatipure protein and protein

fractions from whey batch fractionation accordingpecific protein retention time.

4.2 Batch Fractionation of Whey

Batch fractionation of whey was performed using AEVand cellulose
acetate based MMM chromatography as shown in Tdble and Table 4.2
respectively. Proteins of interest during this gtute BSA,a-Lac, f-Lac and
lactoferrin (LF). Both negatively (BSAx-Lac,3-Lac) and positively (LF) charged
proteins are expected to bind to this MMM chromeapdy since it contains cation

(Lewatit CNP105) and anion (Lewatit MP 500) resin.
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Figure 4.2 Typical chromatogram of (a) standard mixture ofeppirotein; (b) LF-

spiked whey (4x dilution); EVAL based MMM; (c) Aftdinding fraction (4x
dilution); (d) Washing fraction; (e) Elution fracti
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Table 4.1Whey protein fractionation using EVAL based polyriveMM chromatography

Set MMM Protein Equilibrium Total protein Protein mg protein mg Protein Recovery
mass type concentration, in feed bound to bound/g protein  elute after (%)
(mg) (mL) solution (mg) membrane membrane bound/g elution
(mQ) MP500 (mQ)
1 27.1 BSA 2 0.486 0.116 4,280 10.071 0.000 0.000
a-Lac 2 1.847 1.717 63.358 149.071 0.000 0.000
B-Lac 2 8.112 6.798 250.849 590.207 1.219 92.803
2 28.8 BSA 2 0.486 0.124 4.306 10.131 0.000 0.000
a-Lac 2 1.847 1.778 61.736 145.261 0.000 0.000
B-Lac 2 8.112 6.683 232.049 545.997 1.275 89.246
3 30.4 BSA 2 0.486 0.127 4,178 9.830 0.000 0.000
a-Lac 2 1.847 1.750 57.566 135.449 0.000 0.000
B-Lac 2 8.112 6.459 212.467 499.923 1.414 85.568
Average BSA 0.122 4.255 10.011 0
a-Lac 1.748 60.887 143.260 0

B-Lac 6.647 231.788 545.376 89.206




LE

Table 4.2Whey protein fractionation using cellulose acetase polymer MMM chromatography

Set MMM Protein Equilibrium  Total protein Protein mg protein mg Protein  Recovery
mass type concentration, in feed bound to bound/g protein elute after (%)
(mg) mL solution membrane  membrane bound/g elution
(mg) (mg) MP500  (mg)
1 42.0 BSA 2 0.486 0.123 2.929 6.891 0.000 0.0000
a-Lac 2 1.847 1.760 41.905 98.599 0.000 0.0000
B-Lac 2 8.112 7.325 174.405 410.364 0.592 75.275
2 41.2 BSA 2 0.486 0.115 2.791 6.568 0.000 0.0000
a-Lac 2 1.847 1.698 41.214 96.973 0.000 0.0000
B-Lac 2 8.112 7.316 177.573 417.818 0.651 81.752
3 39.2 BSA 2 0.486 0.125 3.189 7.503 0.000 0.0000
a-Lac 2 1.847 1.727 44.056 103.661 0.000 0.0000
B-Lac 2 8.112 7.349 187.474 441.116 0.585 76.624
Average BSA 0.121 2.970 6.987 0
a-Lac 1.728 42.392 99.744 0
B-Lac 7.330 179.817 423.099 77.884




Proteins are positively charged in solutions at Ipélow it pl value and
negatively charged above pl (Bhattacharjee e28D6). At running pH 6, BSAy-
Lac andB-Lac is a negative charged protein while LF is gifpee charged protein.
LF will bind to Lewatit CNP 105, cation exchangehile@ BSA, a-Lac andB-Lac

will bind to Lewatit MP500 anionic resin.

The average percentage elution recover@-béc for EVAL and CA based
MMM are 89.206% and 77.884% each respectively. meebrane binding capacity
of B-Lac for EVAL and CA based MMM are 231.788 mg photdound/ g
membrane and 179.817 mg protein bound/ g membraspectively. The low
binding capacity of CA showed that some portionthaf proteins are bound by non-
specific interactions to CA based MMM and this cimite to low recovery of-Lac
during elution. This non-specific binding may refer hydrophobic interactions
whereby once bound the interactions tends to bgsteong and often an irreversible
process. LF also bound to the mixed mode interadddl™M but is not able to detect
by the current HPLC protocol used in this studye Bimding of LF to the MMM will

be proved by SDS-PAGE analysis, which will be dssad in next section.

There is zero recovery of BSA andlLac for both EVAL and CA based
MMM. Most a-Lac was lost during the washing step as will bewsdd later in SDS-
PAGE analysis. BSA was not detected by HPLC amalysdbably due to the dilute
concentration of BSA in elution fraction. Based thre research conducted by
Goodall et al. (2008), the binding preference tire¢ whey major proteins on an
anion exchanger follows the orderftac > BSA >a-Lac. Both of the MMM show

selective binding of-Lac over other proteins in whey. This is due t® dmstribution
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of electrostatic charges on the protein surface:-Lac molecules, the large charge
patch consists of a cluster of six positively cleargroups which contribute to the
strong reduction in electrostatic attraction betved ac and the Lewatit MP500

resin. So, it favors the competitive adsorptiorg-dfac over other proteins in whey

(De Vries, 2004).

Overall, the normalized binding capacities for anagcidic whey proteins
using EVAL based MMM are 10.011 mg BSA bound/ g3a8, 143.260 mg-Lac
bound/ g MP500 and 545.376 rig.ac/ g MP500 while for CA based MMM are
6.987 mg BSA bound/ g MP500, 99.744 mgiac bound/ g MP500 and 423.099 mg
B-Lac/ g MP500. This value is higher compared toildgium binding capacity of
EVAL based MMM of3-Lac for MP500 ground resin of 300 rig_ac/ g MP500 by
Saufi and Fee (2008). This might contribute to lwge portion of small resin
particles exist in current MMM compare to that studmall size resin will
contribute to high total surface area and enhaheeprotein binding in MMM

chromatography.

4.3 SDS-PAGE Analysis

Qualitative analysis using gel electrophoresis sasied out to support the

binding data above. Figure 4.3 shows the SDS-PAf3Beofractions involve in the

batch fractionation of LF-spiked whey using mixedda interaction MMM using

EVAL and CA based membrane.
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Figure 4.3: SDS-PAGE of the fractions involve in the batch fiatation of LF-
spiked whey using mixed mode interaction MMM usiEMAL and cellulose acetate
based membrane. Lane 1- LF-spiked whey (4x diljitibane 2-Whey (4x dilution),

EVAL-based MMM: Lane 3-after binding fraction (4Xution), Lane 4-Washing

fraction, Lane 5-Elution fraction, Lane 6-blank, ®ased MMM: Lane 7- after

binding fraction (4x dilution), Lane 8- Washingdten, Lane 9- Elution fraction,
and Lane 10- protein marker
Lane 3, 4 and 5 represent the binding, washingedmiion step for EVAL
based MMM and Lane 7, 8 and 9 represent the bindwaghing and elution step for
CA based MMM. Both EVAL and CA show a simultanednsding to acidig3-Lac
protein and basic LF protein as showed in elutractfon in lane 5 and lane 9. The

LF band can be clearly visualized in elution frantof both MMM in lane 3 and lane

7. This is the evidence of LF binding to the MMM.

In both MMM, a-Lac was lost during the washing step as seemim4aand 8.
No a-Lac band was present in the elution fraction whglkonsistent with the zero
recovery showed by HPLC analysis. BSA band is lyazeh seen in elution fraction

(lane 9) of CA based MMM while totally absence MAL elution fraction (lane 5).

40



Most probably the amount BSA eluted is very smalill & not able to detect by
HPLC analysis. Another possibility, the BSA stéhnains on the membrane after the
elution. It is also observed that the binding sgtBrof whey protein to CA is quite
low based on the fact a lot of protein leached dwring washing step as shown in

lane 8.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

51 Conclusions

Protein separations using mixed matrix membranerchtography is the new
emerging technology to replace the conventionak@aded chromatography. The
concept of mixed matrix membrane preparation tephmiis simple with less
complex process, reduces cost and no modificatahsmembranes using harsh
chemicals involved during the preparation stepdadt, it reduced the length of the

packed bed column that is required to achieveeparsitions of protein interest.

In preparation of MMM chromatography, two potahtipolymer base
membranes had been studied to determine feasibilihhe membrane in protein
separations which are EVAL and CA based polymeynthe result obtained, it can
be concluded that EVAL base polymer MMM can rec@d«tiac of 89.206% while
CA based polymer can obtained a recovery of 77.88A%s shows that both MMM

based polymer prepared in this study showed patlantselective binding g8-Lac.
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Different polymer can be utilizes as the base pely for the membrane
preparation in whey protein separations. The namadlbinding capacities for major
acidic whey proteins using EVAL based MMM are 1I(.0mg BSA bound/ g
MP500, 143.260 mg-Lac bound/ g MP500 and 545.376 fxg.ac/ g MP500 while
for CA based MMM are 6.987 mg BSA bound/ g MP589,744 mgx-Lac bound/

g MP500 and 423.099 m@-Lac/ g MP500. The performance of both of the

membrane is of comparative in batch fractionatibwloey protein.

Major acidic proteins are found bound to the amoesin while lactoferrin
bound to cationic resin as shown in the gel elptiooesis analysis. This is the
evidence that simultaneous interactions of aniahaation exchange can be induced

in a single membrane to separate protein in aeingl

52 Recommendations

There are some suggestions or recommendationsnédett to be take in
considerations to improve the future results ofth&ch fractionation whey and the
performance of the MMM chromatography. The list@tommendations is outlined

as follows:

1. Membrane casting plays an important role in theo@rations of the mixed
matrix membrane. A study on casting parameters sgckpeed of stirrer,
temperature, resin loading, type of casting sotuaad type of resin can be

carry out.
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2. The size of the resins incorporated onto the mengbshould be of finely
shape. This will ensure homogenization and streatfithe membrane. In the
current study, particle size less than @abwas used. Further study in the
effect of particle size less than OB can be conducted to prepare MMM
chromatography.

3. Fractionation of whey proteins was done in batchdenorherefore, there
should be a method to scale up for the requirerakmtdustrial scale usage
e.g. pilot plant.

4. Elution protocol or strategy can be study to deteenthe suitable elution
gradient to obtain high purity of protein of intstérom the bound membrane.

5. A method should be developed to determine the amaiutine lactoferrin in

sample.
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APPENDIX A Mixed Matrix Membrane Preparation

(f)

Figure A.1 lllustration of mixed matrix membrane preparatwith (a) continuous

stirring of casting solution under 60°C (b) castsajution readied for ultrasonic (c)

casting solution poured onto the glass plate sugdpr(e) stainless steel block was

used to spread the casting solution and (f) MMM imamersed into the water bath
for solvent exchange
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