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ABSTRACT
The aim of this ihesis was to prepare a range of polysaccharide
icn exchangers and to explore their poiential for use in chromatcgraphic
methods and their ability to remove protein from solution.
The ion exchangers were prepared [rom regenerated celluleose cross
linked with epichlorohydrin ad hydroxyalkylated with propylene
oxide. The preparations of ihe DEAE -, (M- and SP- derivatives were
investigated and the products shown to be chemically stable, to allow
high flow rates and to have excellent capacities for adsorbing protein,
Practical applications of these ion exchangers were demonstrated.
The DFAE-derivative was used for the chromatograchic fractionation
ol seruwm proteina and an enzyme purification, 'The CM= and S5P- deriv-
atives were found to be useful for removing protein'from whey. The
conditions, such as pretreatment of whey and p, were investigated
to find the conditions necessary for good protein uptake and from
the results a new process was developed for efficient recovery of

protein from whey by ion exchange.
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PART A
SHCYTON 1

TIFTRODUCTION

1.1 Background
An ion exchanger is an insoluble material containing chemically
bound charged groups and mobile counter ions. If the matrix carries
positive groups the counter ions will be negative. Such an ion
exchanger will exchange negative ions and is therefore termed an
anion exchangef. In the same way, if the matrix carriés negative
groups the counter ions will be positive. Since the positive dions
are excnangeable the term cation exchanger is used.
Ion exchangers have been around for a long time. As early as
1850, Thompson (1) and Way (2) reported the ability of soils to
exchange ions, such as ammonium for calcium. QOther eariy developments
involved the demonstration that a number of natural minerals, part-
icularly ithe zeolites are capable ol ion exchange (3-4). vhile research
continued on these noints it was not'until 1905 that Gans (5-6),
synthesized examples of inorganic ion exchanfers. In 1935, one of the
most important events in the history of ion exchangers was ihe recognitioﬁ
by Adams and Homes (7-8) that synthetic resins have ion exchange properties.
Since 1936 patents in this field nave proliferated. a
The ion exchangers which were first obtained by polycondensation'
came to be replaced increasingly by polymerization products aftex 19459
when dtAlelio (9) succeeded in incornorating sulfonic acid groups into
a crosa-linked polystyrene resin. ruriher developments dealt with
improvements and the production of svecial resing with specific ion
exchange properties.
The phencmenon of separating specific compounds from a mixture
with the aid of ion exchangers was first called base exchange and was
interpreted as a chemical process in 1856 (10). The mechenism by which
separation is obitained on an ion exchanger is one of reversible adasorption.
In two stages there is the binding of substances ic the ion exchanger
followed by the removal of these one at a time, separated from eazchother.

Separation is possible since substances normally have different electrica,



prorerties and are released from the ion exchangers by change in ionic
sirength or & shift in pH. Such & separation is today referred to as
ion exchange chromsatozraphy,

The problem with syninetic ion exchangera with a few exceptions was
their failure io be eatablished as  useful media for polyelectrolyte
fractiecnation. Being svecifically designed for avplication to vroblems
involving ineorganic ions, their molecular structure is inacceasible to
polyelectrolytes of higher molecular weicht. To have sufficient ion
exchange groups accessible 1o polyelecirolyies on a macrosurface, would
necegsitate reducing the meterizl to an impracticably small size, Also,
synthetic resins show irreveraible adsorption to proieins by forming
too many electrostatic bends with the nrotein, prevenfing the disruvption
of these bonda uvnder elution conditions consistent with maintaining
the configuration of the nrotein.

The use of macroreticular ieon exchange resins in adsordbing biclogical
substances has been subjected to a number of resirictions. Using the
macroreticular ion exchanse resin, Awberlite IRC-50, Pollio and Kunin {11)
found the exchanrer to be limited to substances of low molecular weight
(m.w, 10,000 - 70,000). In comparing both {ytochrome €, {(m.w. 11,000 -
13%,000) and ivsozyme (m.w, 14,000 - 19,000) it was found that such
factors as the size of the organic molecule and resin particle asize
had a great effect on the rate and capacity of these tymes of ion
exchangers. For larger molecules, for example Haemoglobin {m.w. 68,000}
adsorption was considerably more difficult (11, 12). Overall macroreticular
synthetic ion exchangers hove a limited caryacity for proteins.

1.2 Celluloses with Ion Exchange Pronerties.

Larly cellulose based ion exchangers included, Oxycellulose (a
weakly acidic carboxyl type ion exchangew) {13, 14), cellulose succinic
half esters {15) and a variety of treated cottons {16, 17)}. ‘fhe diethyl-
aminoetnvl ether of cellulase was prepared in 1930 {18) and subseguently
by Hoffpauir and Cuthrie (16) by heating a mixture of F ~chloroethyldiethyl~

amine with alkali cellulose.
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however, the chromatosraphic separation of polyelectrolytes such
as proteins did not really become possible until Peterson and Sober (19-21)
prepared the cation exchanger, carngymethyl—cellulose (CH) by treating
strongly alkali cellulose with chleoroacetic acid and the anion exchanger,
diethylaminoethyl-cellulose (DREAE)} by treating strongly alkali cellulose
with 2-chlorotriethylamine hydrochloride. Both the phostho-cellulose
(F) and epichlorotriethanclamine-cellulose (ECTEQOLA) were prepared as
well. Using thelr preparaiicens. made with cellulose powdexr, they used
the column siftuation in the separation and concentration of proteins.

Since this initisl work others have studied cellulose besed ion
exchangers., Guthrie and Black (22), found ion exchange celluloses able
to combine a relatively iow toial binding sirencth with an adegquate
cﬁpacity for polyelectrolytes; The nroducts being finer, presented a
larmer surface area than ordinary resins and also their open'and noOrous
structure allowing larger molecules to enter. Fractionation of serum
proteins using DEAF~Cellulose as investigated by James and Stanworth (23),
wne observed an increas in speciflic adsoroption capacities with degres
of substitution. A relatively high capacity was found. They did not
elaborate whether increased capacity was due to an increased number of
adseorption sites on the ion exchanger or to an increased gelectiviiy.
Peterson and Sober periormed similar exneriments bul with a lower cavacity

being obtained.



TABLE 1

Sevhadex derivatives available

AR g L L - A ¢ = o Aok B g

TYPE  USEFUL  FUNCTIONAL I0HIC FO™W DESCRIPPION
BH GROUPS
RANGE
DEAE  2-9 Diethylamincethnyl —02H4N+(C?H5)2H Weak base:anion
. exchanger
QAR  2-10 - Diethyl~(2~hydro- -02H4N+(C?H5)2 Stirong base:anion
xy-propyl Jamino- . “H(OH);H exchanger
ethyl. 'Eb AR
CM  4-10 Carboxymethyl ~CH,,C00- veak acid:cation
___exchanger
sP 2-10 Sulphopropyl ncyHGSO, atrong acid:cation
! ? exchanger

Staelhelim et al (24) and ‘Penser g¢i al (25) studied the strength of
interaction between ion exchanger molecules and the adaorbed polyelecirolyies
and found this to be primarily dependent on the cumulative electrostatic
binding btetween ovnositely charged sites on ithe two,

‘there are a numper of cellulose derivaiives available today as ion
exchangers, The most imporiant of these are the DRAE and CM Celluloses.

The diethylamincethyl celliulose is prepared by heating alkali cellulose
with B-chloroethyldiethylamine hydrochloride {(CED). The carboxyl celluloss
is prepared oy reacting alkali cellulosme with chlorpacetic acid as showm

in scheme 1.

There are a number of DPAE celluloses commercislly avaiiable, with
small ion capacities in the range of 0.1 - 1.1 neq/g. Other available

celluloses include the triethylaminoeinyl (TEAR), uomm-{g-cr{z-m"{%ns)ﬁg

quaternary amincethyl (GAR), ~C H wt (021i5)2CH,,,CH(UH)CHB 3

4 C
!
epichlorotriethenolamine {FECTEOLA); and phospho (P}, -0 - P - 04,
!
oH

with various small ion capacities,
The other main ion exchangers used lor vrotein fracticnation are
those based on spherical beads of cross-linked dextran and maxrketed under

the name of 3evhadex. Lne devivatives available are shown in Table 1.



Other polysaccharides such as Starch and Agarose have also been
used as the matrix for lon exchangers after being stabilized by
crosslinking.

1.3 Choice of lan xchanger and Conditions of Use

The choice of ion exchanger depends on the net charge of the substance
to be chromatographed.VSubstances which carry both negatively and
nesitively charsed grouns ére amphoteric and their net charge is thus
dependent on pH. At low pH the net charpge is positive, at high pi
it is n?gative, At the point of gzero neti charge, the iscelectric point
(1IEP), fhe substances are nol bound to any type of ion exchanger. Pfoteins
are amphoteric polyelectrolytes and can normally be bound to both anion

and cation exchangers by a suitable choice of conditions. The net charge

on 2 typical nrotein as a function of pH is shown in Figure 1.

Figure 1
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It can be seen that below the 1EP the protein has a net positive
charge and is therefore adsorbed by cation exchangers. Above the IEP
the pretein can be adsorbed by anion exchangers since it carries a net
negative charge. The choice of ion exchancer maybe determined by the
range of stability of the protein. The ion exchange derivalive used
will be one that has the correct charge to bind the protein wiihin the
pH range of stability of the protein used. .

The pretein adscrbed on the ion exchangercan be eluted from the ion
exchanger by shifting the pll sn that the c¢harge on the protein is changed
or vy raising the lonic strength which increases the competitiorn for
cnarged groups on the ion exchanger and ihus reduces the interaction

between the ion exchanger and the protein thereby causing their elution.



1.4 Regenerated Cellulose Ton lixchanzers

The use of cellulose based ion exchangers is restricted due to their
fibrous structure. These ion exchangers usually suffer from the dig-
advantage of poor hydraulic properties. They senerally have low flow
rates and tendto become easily rlo~ged by particles of susnended matter.‘
These difficulties were overcome by Crant (26) who used regenerzted
cellulese containing éhemical cross—-links as a matrix to which ionizable
groups were attached,

Hegenerated cellulose is prensred from natural cellulose by anyene
of several processes. The Xanthate process, discovered in 189% (27},
involves rendering cellulose soluble by reaction with‘NaOH and carbon:
disulphide to form sodium xanthate. The sodium cellulbse xznthate is

soluble in caustic soda solution and gives a solution known as "viacoage".

Xanthation R Cell ONa + 082 ~~—=——w——=-n~t R Cell OCSHBNa
Reseneration 2R Cell OCSSFa + H,50, ~-—-—-mmm- ->2R CellOH +Na,50 4+2CS,

Regeneration may be affected by heat or acid and it is poasible to
considerably modifly the microstructure and vhysical properties of the
regenerated cellulose by varying the "viscose” composition and regen-
eration conditionsg.

hegenerated cellulose was proposed as an ilon exchange material in
1959 (28}, It was of no practical valuc since no crogss~linking was
provosed., The use of cross-linking agents to inhibit solubilization of
regenerated cellulose ion exchangerswas investigated by Selegny et al
in 1966 (29). Murphy (30) investigated the reaction with isocyanate and
amines to produce cross-linked ion exchange material ffom natural cellulose
and regenerated cellulose.

The major work on use of regenerated cellulose for ion exchanga
prevaration was that introduced in 1968 by Grant (26). Grant vroposed
the mzking of an ion exchanger comprising the introduction of croas-
linkins residues into regenerated cellulose together with or followed by
the iniroduction of groups capable of anion or cation exchange. Grouns
capable of anion exchange suggested by Grant were: amino, alikylamino
and guaternary ammonium groups. Croups capable of cation exchange were
sulphonic acids, phospiate and carboxyl groups.

Accorcing to Grant, for both the cross-linking reaction and the

introduction ol exchange groups, the water content of the reaction



mixture should be carefully controlled fto give optimum resulis. In
general the water content vpreferably should be in the range, 50 to 100
vercent of the weight of regenerated cellulose. It should be intreduced
with the exchange grouns and depends srmewhat on the grain size of the
cellulese used.

Siﬁce Grant's patent other patents have anpeared for ion exchangers
based on cross-linked resenerated cellulose. These involve & modif-
ication of the Xanthate process. One of these (31), involved the
introduction of ionizable groups at the soluble Zanthate stage before
regeneration ¢f the cellulose. This allows the regenerated cellulose
exchangers to be produced in a variely of forms such as sponges, fibres,
rods, filaments and yarn as well as particles as used by Crant. CQther |
patents (32, 33) describe the production of "cellulose pearls” by re-
generating the cellulose after an emulsion of the xanthate solution
had been formed in an organic solvent. This mave highly swollen beads
with excellent protein capacities (1000 ~ 2000 mg/g) but the f{low |
rate throush the icn wxchansers when packed in a column are not as
high as those obtainable with Grant's nreduct,

Since 1969 the commercial development of the Crant ion exchengers
has been hampered by their low protein capacity, i.e. 200 - 500 mg/g.,
but the potential is there for large scalesprlication because of their
robustnature, low atirition properties and high flow rates of ground
regenerated cellulose particles.

Sheerin (34) first noted the ability of propylene oxide to awell
regenerated cellulose. Instead of using the difficult regeneration

procedure of lFharmacia (32, 33} with organic solvents to produce highly

swollen remenerated cellulese the effect of nropylene oxide on particles

of ground regenerated cellulose has been investigated further in this
thesis to see il imoroved nrotein capacities could be obiained for

the ion exchangers. flthough many commercial ion exchangers are aailable
for work in extracting nrotein from solution, ones with hydroxypropyl
groups attached io the cellulose vack bone have not been reported before.
The anion exchangers, DRAR-hyvdroxynronylated regeneraied cellulose, and
cation exchansers, (- and Sulpnopropyl bydroxypronyvleted regencrated
cellulose nave been investigated to {ind »reparations with good nretein
caracity, rearenable water volume and stnbility 4o reveated use. The
nrevaration of the cation evchansers were investigated for use in

extracting nrotein from whey by use ¢f a large column of icn exchangeI .



FXPERTIENTAL
2.1 Haterials

Regenerated celluloss (KA, 75 - 150 u)} and DEAE-Frotion were
obtaired from Tasonn Vaceine Laboratories Lid: erichlorchvdrin from
BDE Chemicale Ltds' Eronvlene oxide from ¥Koch Tisht lLaboratories Lids
B-chloroethyldiethylamine hyvdrochloride (CFD) from Sigma Chemical
Comnany; Hnnﬁchloroaaetic acid from May and Baker Lid; 1,3%-propane
Sultane from Aldrich Chemicals Ltd and SP-Servhadex-G25% from Pharmacia,

Sweden. Vistec C, was obtained from Koch Lizht Laboratories Ltd,

]
2 .2 HMethoda of Ion-Exchaneer Prevaration
2.2.1 DEAE-Eydroxyoronvlated fecenerated Cellulose, (DEAS~HP-Repc21)

Regenerated cellulose (10 p) was mived with a reasrent containing
provvlene oxide (5 ml), enichlorohydrin (0.4 - 0.8 ml) and agueous
sodium hydroxide (20 - 15 ml, 20 - 30% w/v). HMizing was thorough and
was continued uniil all the moisture had been absorbed., The mixtiure was
then transferred to a screw capned gteel bomb (4 x 8 cm), and was
placed in a water bath at 60° ¢ for 1 hr and then cooled. A sclution
of C¥D (4 -~ 7 g) in water (10 ml) was thoroughly mixed with the contents
of the bomb, and then the mixture was returnced to the bomb and allowed
to stznd in a water bath at 100° ¢ for 1 hr.

The product was tnen slowly added to a large excess of water (1 1.),
filtered and washed with 0.1 1 ECl (200 ml). It was soaked with 0.1 M
HCl (200 ml) for 30 minutes and then washed with deionized water until
the oll of the washings was 4.5. Final treatment was a wash with 0.1 M
NaOH (400 ml), followed by deionized water until the washings were at
Th 9.8.

fhe nroducis were stored wet at 400 after DLeing sucked dry on a
sintered. glass filter funnel.

2.2.2 DEAR-Hvdroxyethylated Resenerated Cellulose,(DRAN-ER-Remcel )

lodifications were madeto the DRAF-iiP-Rescel method because of the
use of the vola@ile ethylene oxide.

the regenerated cellulose (10 g) was mixed with agueous sodium
hvdroxide (15 ml, 30% w/v) and allowed to cool in the freezer for 1 hr.
The ethylene ovide (5 ml) was cooled and mixed with the epichlorohydrin

{0.8 ml) and then carefully mixed into the swollen cellulose. The mixiure



was then transferred to a screw capped steel bomb and vlaced in a water
bath at 65°C for 1 hr. A solution of CFD (6 2.) in water (10 ml.) was
mixed with the contents of the bomb, arnd ithe mixture returned to the
bomb and allowed to stand in a water bath at 100°C for 1 hr,
The washins and rereneration procedure was that followed for the
DEAE-HP-Regcel preparation. ’

2.2.% CN—Hxﬂroxyuronglated Hegenerated Cellulose {CMuﬁPwReqcel)

In a one step reaction, regenerated cellulose (10 g.) was mixed with
a reagent contzining propylene oxide (5 ml.), epichlorohydrin {(0.25 -
0.8 ml.), agueous sodium hydroxide (10 -~ 15 ml, 20 - 30% w/v) and
monochloroacetic acid (1.5 - 4.5g). [Hixing was done thoroughly until
the cellulose had absorbed all the meisture. The mixture was then
transferred to & screw capped steel bomb and placed inran oven at
60 ¢ for 1 hr, followed by placing in a water bath at IOOO_C for 1 hr.

The mixture was then slowly added to an excess of water (1 1,),
filiered and washed with 0.1 ¥ HC1 (1 1.). ¥inal treatment was by
washing with deionized water until the pi of the washings was 3.6,

The nroducts were stored wet at 400. after excess water héd been
removed on a sintered gass funnel,

2.2.4 3P-Hydroxvoropylated Regsenerated Cellulose, (SP-HP-Regcel )

The method used was similar to that used for the CM-HP-Rezcel
preparations above., Soecial care was taken in handling the carcinogenic
i,3-nropane sultone.

A mixture containing propylene oxide (9 ml), enichlorchydrin
(0.4 = 0.8 m1) and 1,3-pronane sultone {3 ~) was added b an agqueous
sodium hydroxide solution (8 - 15 ml, 20 - 40% w/v), and then thoroughly
mixed inio regenerated cellulose (10 7). When all the moisture had been
absorbed, the mixiure was transferred toa steel cavped steel bomb
and pnlaced in an oven at 60° C for 1 hr, then into a water bath at
100° ¢ for 1 hr. \

After cooling, the mixiture was slowly added to an excess of water
{1 1.), filtered and then treated with 0.5H HCL {500 ml) and washed
with deionized water until the pH of the washings was 3.6. Final
treatment was by washing with 0.5 M NaOH (500 ml), followed by deionized
water until the pd of the washings was 9.8,

‘he nroducts were stored wet at 2%C after being sucked dry on a

sintered glass filter funnel.

MASSEY UNIVERSITY
LIBRARY



2.3 Determination of Ton Zxchange Cavacity (meq/z)

In these determinations analysis by potentiometric titraiion was

chosen. In order to determine the mpisture content of the ion exchangers,

duplicate wet samples (1 z) were accurately weighted into small teakers
and allowed to air dry overnighi at 65°C.

2.3.1  Anion Bxchangers: DEAR~HiP-Rezcel

A samdle of the ion exdhanger in the wet state (1 &) in the free:
base form, was mixed with 0.25H NaCl (20 ml) and titratedto pli 4 with
0.1 M HECl. 'The ion exchange capacity (meq/r) was caleulated on the
basis of:the dry weight content of the sample used.

de3.2. Cation Mychangers: CM- and §P- ilP- Refcel

A sample of the ion exchanger in the wet state (1 g), in the
hydrogzen form, was mixed with 0,25 NaCl (2C ml) and titrated to pi 9
with 0.4 NaCi. The ion exchange capacity was calculated as meq/dry g

2.4 Determination of Chemical Stability of JTom Exchangers, -

Initially diiferent conditions of increasing severity were used to
try to dissolve the ion exchanser. These were:

(a) 2.5% NaOH, at room temperature for 1 hr.

(b) 2.5 HaOH. at 60° ¢ for 2 hr.

(c) 10% NaQH, at room temperature for 2 hrs,

The following procedure was used.

Duvlicate samples (apvroximately lz) of wet ion exchanger were
accurately wveighed out into small screw capped vials and the sodium
hydroxidé solution {15 ml) added. The sample was degassed for 30 minutes
and then *turned end over end for 2 hra at room temperature (or lefi
standingéﬁ 6OOC). The samples were then each washed on sintered glassg
filter funnels and air dried at 6500 overnight. The dry weipht of the
original samples was determined by taking another pair of samples and
drying them under the same conditions,

2.5 Prevaration oi Haemoglobin Seluticn.

The red cells were collected from iresh citrated ovine blood by
centrifuszation and washed twice with 0.9% saline solution., They were
then haemolysed by dialysis against diatilled water. The haemoglobin
solution was removed {rom the cell debrig by centrifugation and stored
frozen until reaquired. It was diluted down to approximately 0.5% with

0.1 ¥ Acetate buffer;nH 5. before use,

10.



11.

2.6 Determination of Protein Capacity of Ton Exchangers

The CM-liP-Regcel was vre-equilibrated with 0.01 M scodium aceilate
buffer, pH %, bui the others were used unequilibrated & it was found
not to be necessary. Cnly 10 mg/10 ml of protein solution was used and
the ol never shifted by more than 0.1 pli units on addition of the
unequilibrated ion exchanger to the protein soluiion.

2.6.1. Cation Exchanﬁes: Patch liethod usings Haemoglobin

A hzemoglobin solution was used to determine the capacity of both
(M- and 8P-HP-Regcel. A sample of the wet ion exchanger eguivalent to 10
mg. dry weight was shaken end over end with the hazemoglobin selution for
2 hrs. The suspension was allowed to setile and a 250/ml sample was M
drawvn off and diluted to 5 ml with deionized water for an opiical density
reading at 280 nm. The vrotein concentration remaining was determined
from a standard curve prepared by dilution of the original haemoyzlobin
solution,

In the case of CM-unr-nescel, samples were also taken ai other times
un tao & nrs to determine the rate of untiake of nrotein.

7.0.7, Anion Myehancers: Tateh Mettod 7w Bovine Serum Albumin

A samnle of the wet ion exchanger eauivelent to 40 mg dry welrht was
mixed end over end with 20 ml of 0,55 BSA in 0.01 M TRIS buffer; (pH 7.5)
i~ 2 hrs., The susnension was allowed 1c settle and 250 ml was withdrawn
and made uo to % ml in a volumetric {lask with deionized water for an
optical density reading at 280 rm. The nrotein concentration was

determined from a standard curve.

2.7 Metbods Used foir Loading Cnlgmﬁs with Protein: Column Cavacity
2.7.1 DEAF-HP-Regcel

Into disposable Fasteur pipettes (2 ml} the ion exchanger was loaded
so as to occupy apnroximately three guariers of the volume of ihe pivetis.
Tmuilibration of the column was carried out with 0.2 M Phosvhate buffer
{vH 7). followed by 0.005H phosphate buifer (vH 7). A protein seolutien,

1% BSA in 0.005M vhoschate was then vassed throuzh the columnt until near
saturation of the column vwas indicated by ihe optical density reading =t

280 nm of the eluate being the same as that ol the sclulicn loaded.

Unbound protein was washed from the column by loading buffer. The protein
which passed throush the column was collected in a volumetric flask (2% ml).
The protein bound to the column was stripped {rom ihe column using IM¥aCl,
inalysis of the wrotein siripped from the column, to determine canacity,

was done Dy diluiing the nrotein solution (1. ml) to 10 mls with deionized
water and measuring the 0.1 at 280 nm and comparing the result with a

starndard curve. The weight of ion exchangelused in - each deiermination



was determined by washing the ion exchanger from the glass pipette into

weighed sintered glass funnels and drying overnipght in an oven at 6500.

2.7.2. CM-HP-Rereel. Vistec C1 and CH-Protion.

Into disposable Pasteur nipettes (2 ml), samples of the ion exchanger
preparations (1 ml in volume) were packed and then equilibrated with 0.01M
sodium acetate buffer at pi 5. Using a peristaltié pump to control flow
rate, a haemoglobin sclution of 3.3 mg/ml in 0.01M acetnte buffer pH 5 was
loaded onto the column to a stage where near saturation was obtalned
(determined by visual observation). The bound nrotein was then siripped

using the stripping agent, (0.5 M NaHCO, plus 0.5M NaClL ; pH 9,0), at a

flow rate rate (0.2 - 0.3 ml/min) and made un to 5 ml in a small volumetric

flask. Analyses of protein was done by diluting 1 ml 6f protein solution
1o 10 ml with deionized water and taking an opticazl density reading at
260 nm,

2.8 Fractionation of Serum using DRAR-liP-Regcel

M metnnd folim.o? was that introduced in 1966 by Himrmelhoch and
Peterson (35) with » few modifications.

2.8.1 Serum Proraraticn

Tleod (450 ml) war obt-ined in a transfurion mack from Palmersion
lorth -iosnital. This pack also contained glucose and disedium citrate
(2 g) in 70 ml of solution to prevent clotting. Plasma (70 ml) was
removed from the pack and calcium nitrate (0,22 g) was dissolved in it.
A dialysis sack, preparcd according to Peterson and Chiazzze (36) was
used to dialyse the plasma against 0.1% WaCl foxr % hrs at 400, followed
by dialysis overnight at AOC asninst starting buffer, 0.04M Tris plus
0,005 M Succinic acid, pH 8.3, The precipitated fibrinqgen was
cenirifuged out at 3,000 r.p.m. for twenty minutes and the pale pink
serum collected.

2.8.2 Eauilibration of the Coluwn

The DRAE-HP-Regcel (4.5 g dry weirht) was packed in a column (1.6
x 40 cm) in 0.501 MaCl and washed with 100 ml of final buffer (0.3
Tris and ©.3% K Succinic acid; pH 4.%). It was then equilibrated with
starting puffer {(0.04 % Tris and 0.005 M Succinic acid; »pH 8.3).

2.8.3 Serum Loadings and Flution

The serum (4 ml) wrs applied through tue {low adaptor in fthe ioD of the

i

column at a flow rate £ 1 mi/win. Blutien with starting buffer was

o
continued until necakx 1 (Himmelhoch and P @, 1h, 7. R7)

eteorcaom, Fi

Ny



apneared. Normally abhout 60 - 80 wl were required. A gradicent system was

Ca- -~

ES

then used, comprising a mixing chamber of starting buffer {400 ml) and
2 side chamber of final buffer (20 w1} at = flow rate of 80 ml/hr. At |
the en?d of the gradient, final buffer (150 - 170 ml) was paszed

through the column. The adsorbance of the column eluate at 280 nm was

recorded.

2.9 Purification of Aldehvdic Dehvdrogenase on DRAF-HP-Rescel.

2.9.1 Hethod of Enzine Preparation according to Crow et al (37)
2.9.2 Fguilibration of bLEAl-iIiP-Rescel

The *uffers used were nrepared zccording to Dawson gt al (38) with a
few modifications.

The jon sxchanger {27.8 g¢m wet) wn~ ndded to a solution of 0.1 M
KH2PO4 containing 0.1% ker-noto ethano) and then adjusted to piH 4.5
with concentrated HC1. The suspension was then placed -in a Buchner flask

and degassed. Sufficient 0.1 W Walliwas then added to the suanension to

alter the nk back 1o 7.3. The icn excnarser was then packed into & column

(1.6 x 47 or} oand equilibrated with ihe [oiloving solutions, all containing

0.4 mercaot> sthanol and at pH 7.7%.

(a) 100 ml of 0.05H NaH2?Oﬁ vlus 0,.05M NaOH.
(n) 150 ml.of 0.01F NaH, 0, nlus ¢.01¥ WaOH.
{c) 100 ml of 0.005M Nl P olus 0.005M NaOH.

2.9.3. Purification aof Aldchde Dehvdropenase

The enzyme preparation {42 ml)} was loaded via a flow adaptor to the
top of the column at a flow rate of 0.3 ml/min using a peristaltic pump.
A wash {60 ml) of loading buffer, (0.005M Phosnhate, pH 7.3), was passed
throush at the same flow vate. A gradient sysiem was then used; the
mixing chamber containing loading bulfer, 100 mls. of 0.0051 phospnate
buffer, and the side chamber, 100 mlz of Q.1 M phosphate buffer, This
v za passed threughat a {low rate of 3 ml/min. The eluate from the column
was collected in & ml fractions. A firal wash of tuffer, 0.1 M pheaphate,
ol 7.% {100 ml) followed by LK H§aCl {100 ml) were passed threugh the
column. Almorbance at 400 nm, proiein comcentraticon, conductiviiy and

enzyme activity were measurcd on the fractiens collected.

2.9.4 Method of Protsin Determination

The nrotein conecentrations in the fractions were estimated by the

method of Lowry et al  (%9).

2.9.5 Aasay for Aldehvde Dehydrorenase Activity

The meihed of Crow ot al {(37) was used to determine the enzyme

activity in the fractions.

13,
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SECTION 3

RESULTS AxD DISCUSSION

3,00 rreparations and Properties of iHP-Regcel Ion Exchangers
5.1 DEAE~1iP=Rarcel
3.1 Introduction

Previous investigatiions carried out on the production of Protion, a
commercially available DFAF-ion exchanger prepared from regenerated cellulese,
have shown ithat the amount of water present when the Functional groups are
attached is critical. This was part of tne basis of Grant's Patent (26},
but the protein capacitinss exhibited by these products were étill low,

e.g. 300 -~ 500 mg.fr. The capacity of rrotion was improved by sodium
‘hydroxide swelling, but this gave an unstable product to caustic solutions
(40).

Hydroxyprovylation was used succeasfully by Sheerin to swell regen-
erated cellulose (34), Conseauently, hydroxyvropylaiion was investirated
in this thesis to see il more swollen ion exchangers could be prepvared from
regenerated cellulose. The mzin proverty required of these products was
an imoroved protein capacity greater than 1371p3 and y2t it had to be

£

achieved without loss nf rhemical stabllity or teo great a loss of flow
rate through the vroduct. The reason for maintaining chemical stability
is to enable the regeneration and revitalization ol the ion exchangers to
te carricd out many times without loss of ofoduct. The high flow rates
po8sible through columns of ¥rotion ion exchangers were their main '
advantage over other commercially available ion exchangers.

The DFAE groups cannot be introduced at the same time 28 -hydroxy
prooylation or the DEAE srouns are quatermized. either before or after

attachment to the cellulose matrix (41). {See Reaction Scheme 11},



SCHME_IT
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R = Cellulose matrix

Conzenquently hydroxypropvlation was carrisd out vrier to DEAT sroup
introduction. To do thi- the vrocedure of Sheerin (34) was used to crosse
link and hydro:xrpropylate the regenerated cellulose with mropylene oxide
and enichlornhvdrin in the rresence of 209, sodium hydroxide and then the B—
chloroethyldlethv]amlne hvdrochlorlﬁo \F“ﬁ) was added. Very little of
the sodium hydroxide was consumed in th- first step and so there was
sufficient prasent to boith neutralize the hydrochlovride and cause the
cellulose to react with the CED in the sscond step as shown in Reaction

Scheme ILI. SCHAME_ 11T

HO~R~0E + CH,-CH-CH - N20H o R-0-CH-GH- CH,

3 2 |
v ok S| o

Cl—CHz-CHQ--NEt2
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|
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CH CHﬁ Nﬁtz Vig LHE Lt2

4, h
AN 74
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R = cellulose matrix?(crnsslinks not showm)
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3.1.2, Introduction of DEAE Grouns.

Preiiminary experiments were carried out to determine if the amount
cf vater used in the reaction to introduce DEAE groups was criiical. This
was done as described in sectien 2.2.1 using 4 g. of CED which was,

(a} added as a dry powder

{b) added as a sclution in 10 ml. of water

The protein capacities were similar in the two cases, (a) 0.53 g/z.
and (b) 0.63 gp/ﬁ- Consequently all further preparations used 10 ml éf
water to dissolve the CED. '

34,2 Effect of the fmount of Reagent (CED) in the Reaction

Following the basic recipe of =zection 2.2.1, using 15 ml of 30% NaOH, -
8% crosslinking and 950% hydroxyrropylation, the amount of CED wos varied
in order to obtain a sifficient degree ol substiitution of charged groups

on the matrix i.e. 1-2 meq/g. The results of this are shown in Table 2.

TABLE_ 2

Effect of the amount of CED used

Legenerated cellulose : 10 g

305 NaOH 2 15 ml.
Epichlorohydrin : 0.6 ml,
Propylene Oxide : 5 ml.

. 1
PREPARATION CED (g) YIELD {(g) lea/g. CAPACITY g/=.

1 4 - 0.86 0.63
2 5 8.8 1.15 1.12
3 6 8.8 1.4% 1.28
4 7 8.8 1.65 1.30

1. Protein capacity determined as in sec. 2.7.1.

It is evident that at least 5 g. of CiD is required under these
conditions. Larser amounts increase the ion exchange canoccity towards
2 meq/g but this hos little effect on the orotein capacity. This
leveiling off in protein canacity could bte a result of a decrease in
the amount of excess NaGH left at ine end of the reaction. Thersz is
2lso the fact that the introduction of further egroups doea not always

introduce further sites for protein binding.
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Another series of preprrations was carried out using less caustie
i.e. 10 ml of 30% NaOF, instead of 15 ml. The results are shown in Table
3 -

TADLE 3

Effect of the imount of CED used

Regenerated cellulose: 10 g.
307 NaQH 3 10 ml.
Epichlorenydrin : 0,6 ml
Propylene Qxide : 5 ml.
PREPARATION CED (g) Mea/g. CAPACITY g/g1
1 4 1.16 1.12
2 5 1.35 0.9
3 6 1.5 0.9

1. rrotein caveacity determined as in sec. 2.7.1.

The drop off in capacity is probably a result of the CRED-hydrochloride
neutralizing too much ol the NaOH tn swell the product. Consegquontly
preparations using 1% ml. of 30% NoQOH were uned For further investigetion,
(sec. %.1.6.), .

3.1.4. Comparicon of Hydroxvalkylating Rengenis: Propylene and

mthylene Oxide.

itecording to the rracedure outilined in sen, 2.2.1, preporations
using 15 ml. of 3%0# NaOH, 8% crosslinking and S0% hydroxyalkylation
(either pronylene nyide or ethylene nxide) were prevared. The reaults
obiained rave yields of 8.6 ¢ for DREAR-HP-Regcel and 12 g for DiAFR-HE-
meccel. Both preparations had similar swellen volumea of 8.6 ml/g and
similar ion exchange canacities of 1.2 meg/s;. Fither cthylene axide or
nrovvlene oxide can be used satisfactorily. But we used the latter as it

was more convenient to handle.

3.1.5 Chemical Sicbility Tesins
Gince these ion exchengers need te stard up to repeated use and

regensration which often requires strons zlkali a simple test was reguired

in order to determine the nroducts likely stability under such cenditions.
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when 1% NaOH plus 3.5%% NaCl was used to spak the ion exchanpers the losses
were so small that the test needed to bhe reneated 10 = 20 times to detect
them. Conseguently an accelerated chemical test was reguired and Table 4

shows the resulis of three different conditions tried.

Effect of alkali on Stability of the Ion Exchanger:; DEAR-HP-Regeel § 50

CONDITION, LOSS (%)
1. 2.5% NaOH at R.T. for 1 hr. -

+ O "
2. 2.%% NaDH at 60°C far 1 hr.
3. 10% NaCH at R.?. for 2 hrs. R

A-5% NaOH at 60° C was uned by Tasman Yaccine Laborateries to
revitalize the Protion after every 20 - 50 cveles of operation and
was lmnown to slowly di-s=olve it., 107 WaDH was more damasing than this
so was used as a measure ol the likely relative stabilities of the
nroducts made,

3.1.6 Variations in Cresc-linking and lLiydroxyprovylation.

With nreliminary investigations completed it was decided ta run a
series of nreparations with diilerent arounts of vronylene oxide and
epichlorchydrin to ontimize the reaction conditions. The results of

these preparations are shown in table 5.



TABLE §

Effect of E.C.H. and P.0, on the Reantion Product

Regenerated cellulose : 10 &,

307 NaOH 15 ml.
Enichlorohvdrin 0.5 -« 1.0 ml,
Propylene oxide 3 - 7 ml,

CeD 6 .

PREPARATION® E.C.H. £.0. YIELD SWOLLEN CAPACITY' " STABILITY(%) ©

{m1) (ml) {g) YOLUMN /. loss
(m1/g)
1. 10 - 70 1 7 10.6 9.6 1.13 1
2. 9 - 70 0.9 7 1l0.2 9.6 1.08 0
3. 8 - 70 0.8 7 10.1 i0.2 1.38 1
4, 7-170 0.7 7 10.1 10.9 1.41 4
5. 9 - 50 0.9 5 10.5 7.6 0.54 2
5. 8 - 50 0.8 5 10.% 9.5 1.28 3
7. 1 - 50 C.7 5 10.9 10.0 1.57 6
8. 6 - S0 0.6 5  10.4 9.3 1.44 8
9. 8 - 30 0.8 3 10.4 7.9 0.3 7
10, 7 - 30 0.7 3 10,0 8.0 0.58 9
11, 6 - 30 0.6 . 10.0 7.8 0.6% 13
12. 5 - 30 0.5 3 10.5 8.2 1.03 16
1%  DEAE-
BROTION 0.105 - v.9 5.5 0.37 12
a. Code: % crosslinking: % livdroxypronylation
b. gavacity determined as in sec: 2.6.2.
c. ' Stability was determined as in sec. 2.4

There is ne sigmificant varietion in tne yields obtained. The
necessity of using propylene oxide for boih caracity and stability is

gram increases {rom 5.9 to 8

evidenl. Althoush the swollen volume per
with 307 nropylene oride the stability and capacity are only slightly

improved over Protion {preparations 10 and 13). If preparations 3 and 6
are comoarved it can be seen that there is a [our fold increase in protein

capacity over Proiion, and an improved chemical stability,



It is clearly evident that by attaching hydroxyprooyl geroups to
regenerated cellulose both ithe preotein cazpacity and tue stability of
lon exchangers from rerscnerated cellulone can ne imoroved., This is a result
of tae sreater swollen volume oi the nroduects. It would apnezr from the

results in Table 5 that a swollen velume greater than 8 ml/g is reauired.

%,1.7 Comovarison_of Flow Rates for DFAR Protion and DEAE-HP-Rercel
{=50.

Anether proverty which needed to be considered was the hydraulic
properties of ihe new procducts. The flow rate was measured for DEAFRRLHP-
7-50 (Prenaration 7, fable 5} and compared to DEAE-Protion using 2 range
of hydrostatic pressures acrosa the column. The results are shown in Figure
and it can be seen that the flow rate has decreased by halfl for the
new product. The slower {low rate shown by DEAB-HP-7-50 is offset by the
mach hisher capacity since 2 celumn of only haif the height would be
required to do the same job. In both cases there was notized a 2%
shrinkage at maximum pressure used.

3.1.8 Conclusion

An improved prcduct can be obiained using 15 ml. of %05 NaOH and 6 gm

of CED ner 10 g of repmenerated cellulpﬂe and using between 50 and 70%

nropylene oxide and 7 ard 8% epicnlorohydrin.

This work was carried out using ihka viscnse of 100 - 200 mesh particle’

size and ithe optimum mav noi be the same for other particle sizes ox for
regenerated cellulosc from other aources. If the preparation is scaled up
it will also nave ito be reinvestigated to [ind the optimum conditiions as
the losses of nropylene oxide from these small scale reactions by
evaporation while mixing were probably guite high.

The results for both serum fracticnation and an enzyme puriflicaticon

using rrevaration 2 (Table 2) are nresented lezier.

3.2 CM-HP-Resnel

5.2.1 Introduction

DEAER ion exchansers is tho derivative of major use for protein
separations. Approximately 70% of all uses for €ellulose ion exchangers
nave been wiih the DEAR derivative. Tne €M ion exchangers are the next
mest useful so it was important that tho derivative of hydroxynronylated

regenerataed c¢ellulose wags alzo investiratcod.

20.
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3.2.°2 Preparation of CM-HP-Regcel

Several preparations were tried in an attempt to achieve a
range of ien exchange capacities as well as proiein capacity
greater than that vossible with the Grant patented product {CHM-
ertion), usually around 0.5 g/g for haemoglobin. The carboxymethyl
groups were introduced into'regenerated cellulose at the same time
as crosslinking and hydroxyypropylation az one was not expected to
interfere with ihe olher as was the case for the DEAE derivative.

The reactions involved in the preparations are those shown in

Scheme IV.
Seheme IV

CO?H _Eigﬁ___,_b

HQ -R--0H + CH_-CH-CH, + CiCH
3 \/ 4 2

NaOjC—CHE—Oﬁn—U—Cnn—CH~Cﬁ
I [

1

OhH

5

Ofi  HO~R~0-CHy=CH-Cily
-+

O—Cd2—002 ha

R = Regenerated Cellulose matrix {crosslinks not shown)
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The resulis of several reactions are shown in Table 6.

TABLE 6

Preparation ol CM-iiP_Rercel

Regenerated cellulore: 10 g.

PREPARATION ECH P.0. 30% ¥aOH CICH,CO.H YIBID Meq/g SETTLED CAPACITY

(1) (m1)  (ml) = 7 (8 VOLUE  g/e
o ml/ e c.
7 0.25 - 7.2 1.5 11.2 1.4 11,7  0.45
2 0.8 5 15 3,0 12.4 1.20 8.9  1.39
3 0.8 5§ 15 4.0 1.0 1.7 7.3 -
4 0.8 5 15 4.5 11.3 1.9 8.8 -
5 0.6 5 15 %.0 11.6 1.1 13.4  1.61
60 - - 8 2,0 11.4 1.1 17.2 1,68
a. Crant patent produci {(CM-Protion)
b. Used 10 g. HP~Repcel-8-50 vrrepared aeparately and
dried.
c.. Protein capacity determined as in aec., 2.6,1

As with DEAE-HP-Regcel vreparations. 15 ml of 7%0% ¥eOH per 20 g of
recencrated cellulose gave good results. The uae of 3 g, chloroacetic.
acid was satisfactory lor the 1 meg/g incorporation of ion exchange
avouns usually required for rood protein aisorption. The ion exchange
capacity was raised te 1.9 meg/g by simply increasing the ClCH?COQH to
4.5 g. Decreasing the crosslinking from 8% to 6% helved the capécity.

Prevaration 1 (Table 6) was a prevaration according to the Grant
Patent (26) and zlthoush it had a hisgh swollen volume its capacity wacs
low compared with the swollen volume ond canacity of preparation 2.
This sizgests that it is net so much the swollen volume vhich is imp-
ortant for protein canacity but also the interior volume (pores) of
the narticles which neced in bz accesaible to the nrotein, Obvioualy

the hydroxyalkylation reaction helnps improve this.
Although not necessazrily the ovtinwn preparations, preparations

2 and 4 were chosen 1o work with.



3.3 SP-Hp-Regcel

3.5.1 Introducticn

Although not used very widely it was anticipated that this could e a
useful derivative for the irolation of whey proteins so its prenaration
was investigated.

Yarious reagents have been used to »repare sulphonic acid
cerivatives of cellulose e.g.: Heloalkyl-sulphanates, sodium chloro-
ethyl-sulphonatie, sodium chlorcprepyl sulphonate and 1, 3~vropane sultone.
The early sulfdethyl celluloses nrevared by Kmrmer et al (42) and Timell
{43) based on fibrous starting materials were not useful ouring to the
nigh consumption of casic reacvents and ihe low effeciiveness n” +he
main etherification reaction. These were imnroved using epichlorohydrin

<+

crossiinked microcrystalline cellulose to eive meod ion exchange cavacity
and flow rate, but if in opreparation, temneratures above 650 ¢ vere

used, the cellulose was known to decommose (44). Using cellulose heads,
Detterman et al (45) had prenared SP-Celluloses for use in chromatographic
separations. The Sul fomethyl cellulose derivatives had come under invegt-
igation (46, bui no sulphonic acid derivative of cellulose or regenerated
cellulese 1s available commercially. - '

The strong acid derivative of crosslinked dextran originally sold
commercially was an SE-Senhadex ion exchanwer product marketed by
Pharmacia rine Chemicals Ltd but it had bad flow properties. This has
been replaced since 1970 by Sulplo propyl (SP) Sevhadex prepared using
1,3-propane sultone. '

Consequently to prepare a sulphonic acid derivative of HP-Lescel,

1,3-propane sulione was chosen as the reagent.

-G ia CHCHACH,S0,, —— e 1€11-0CH ,CH.,C! Na + 2
Cell~-CH + NaOH + UC“2LH2LH2502 - Cell-0 he(H2CH2803Ud + :20
5.3.2 Prevaration of SP-HP-Regcel

Frem experience with the prepzration of (M-HP-Hegcel it was
decided to siart off usinz 10 ml of 30% KaOH ver 10 g of regenerated
cellulose rather than 1% ml, as the reaction consumes 1 nole of WadH
per mole of 1,3%~Provane aunlione whereas ORD and ClCH2002H both consumed
2 moles.

A series of preparations were tried to achieve 2 range of products,
keening the regenerated cellulose, propane sulione and hydroxyvropylation
constent and varying both crosslinking and NaOh.

The results are shown in Table (.-
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IABLE 7

Preparaticns of SP-HP-Reocels

Regenerated cellulose: 10 g

25.

1,3 Fropane sulione ; 3 g
Propylene oxide : 5 ml,
oE P  ypip  SWOLLEN CAPACITY STABILITY

PREPARATION  (ml) (ml) NaOH (#)  tea/g [SLVES &/5, ~ Hloss
1 0.4 5 10 ml 304  11.4 1.1 100 1.58 1
2 0.6 5 10 ml 304 11.2 1.0 7.8 0.78 0
3 0.8 § 10 ml 30% 11.9 1.0 5.9  0.39 4
4 0.8 5 8 ml 30% 12.5 1.0 5.0 0,19 0
5 0.8 5 10 ml 205 17.5 1.2 5.1 0.25 0
6 0.8 5 15 ml 20% 11.8 0.8 8.1 1.18 5
7 0.8 S 10 ml 405 10,8 0.7 8.4 1.6 4
g™ 0.6 8 10ml 304  11.0 1.1 9.9  1.30 3
SP-Sevhadex - - - oo o3 9.1  0.95 5

b.

(&

Two step proecess, where crosslinking and hydroxyvropylation’

carried out in the first step at 60° C for 1 hr in an oven.
Followed by addition of propane sultene in 3 mls of P.O.

in a second step for reactien at 100O C for 1 hr in a water
bath,

Protein capacity determined as outlined in sec. 2.6.1.

Stability determined as outlined in =ec. 2.4.

It is evident that (Preparation 1), using 10 ml, of 30% NaOH and only

4% crossiinking gives a oreduct with excellent protein capacity and

chemmical stability. At 8 crosslinking a reduction in aOH (preparations

3, 4 and 5) did noi improve the vrotein capacity. ifpual or

of NaQH as in preparations {0 and 7 sive reasonable protein cavacities but

the ilon exchange capacity nhas been reduced,

1 .
The SP-Sephadex was considerably less stable than the products

described here.

Footnote:

. This 13 the only sulrhonic acid derivative available

commerciaily for use with nroteins.

greater amounts
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Increased amounts oi propane sultone {4 and 9 g.) d¢id not increase
the ion exchange capaciiy as has lLeen vowssible with DEAER and M deriv-
atives, Iuriher work 1s required to obiain higher substitution. Althoupgh
enly 2 small number of formulations were tried rere, preparation 1
{Table 7) had excelleni nroperties, i.e. ion exchange capacity, vprotein
capacity and chemical siability, and this nreparation was used further

to assess the useflulness of the $P-derivatives.

5.3.3 Effect ol Pressure on flow rate of $P-HP-Regcel

The flow rate was measured using a range ol hydrostatic pressures
across the column. The resnlis are shown in Figure 2 and it is evident

that ine SP-derivative does have good flow nroperties.

3.4 Protein Cavacity of CHM-HP-Remrcel
3.4.1 Protein Canvacity bv the Eatch jiethod

Some ol the preparatiions listed in Tavle 6 were tested for protein
capacity. The resultis riven in ‘fable & were for a 2 hr batch tent butl
et el e were alys vCirdrawn at o' {lme intervala un to 4 hours
in see 1l tne orotein untaxe wan slow o pitsld in comnarisen with Srotion
and aiher ion excharwers {473, The resnlis Per oreparations 1,2,5% and 6

of Tatle O are shown in fatle 8.

Cavacity of Ul-pP-Bemeels to Hacmorlobin (g/a)

PREPARATION TFE IN RS WITH CcaracIry (g/g).
1 hr 2 hrsa 4 hrs
1 0.24 0.40 0.45 0.49
2 Q.71 0.93 1.3%9 1.60
5 1,07 1.62 1.87
6 0.93 1.29 1.68 2.30

“Uptake iz slow and wvrotein coniinues to be adsorbed for at least
4 hours. The raie iu similax in all cases with roughly 50% being
adsorbed in the first haifl hour. This iz similar to that renorted for
ion exchangers bzsed on wess linked dexiran, but is much slower than

fibrous and microgranular celiulose ion exchangers.{47).



The most Important ovoint is that the amount of protein adsorbed is
far sreater for the hHP-RHescel derivative than CM-Protion whether the
time period is 0.5 or 4 hours.

3.4.2. Column Cavacity

With the slow rate o uptake of protein shown for these derivatives
it might have been thoﬁght trat these ion exchangers of improved capacity‘
might not be very useful in-a column situation unless very slow flow rates
wers used. This was shown not to be the case by passing a solution of
haemozlobin through a 1 ml column of CH-HP-Regcel {preparation 2, table 6)
at two different fiow rates, both of them very high, 1 ml/min and 0.2
ml/min. The results can be seen in coiwm 3 of vlates lﬁ'and =.2. the
higher.flow rate did have the effect of reducing ihe canacity, but at
0.2 ml/min the haemoglobin was bound in a well defined tight band at the
top ol the colunmn and the breaktithrough contained no trace of colour.
Even this flow rate, 0.2 ml/min, (1 bed Volume in 5 minutes), is faster
than is normally useful in ion exchange chromatography.

The other two columns in olates 13 and 2¥ contained the only 2 ion
exchangers available capable of hish flow rates; CM-Protion and Vistec Cln
Both of these were inferior to CM-HP-Rescel particularly at the higher
flow rate especially tne Ch-Protion where cnly 2.5 ml of haemoglobin
was paszed through tlhie colwnmn before colour was noticed in the bhreakthrough,
Clearly columns of CM-iiP-Regcel can be used effectively to remove nrotein
from scluiion in spite of the slow uptake observed in ihe batech tests,

The desorption of »rotein from (l-liP-ttegcel and Vistec Cl achieved
in 30 minutes was 82y and 77% respectively. Complete desorntion could not
be completed guickly and it was [ound that 1-2 hrs were required ror

efficient recovery.

Ton Fxchange Chromatcoravhy nsing Deab-iP-legeel

3.5
%.5.1 Intreduction

aAlthough tnese new DREAE-LP-Legcel ion exchanpers nad excellent
capaciiies for protein, it was also desirable to show that they were
useful for column chromatosravhic separations of proteins and enzymes,
This was especially so since NEAF-Protion nad been deficient in ithis
respect (48, 45).

Two systems were chosen 1o test the DUAE

—-iP-Regecel; (1) An enzyme
seraration which had teen well characterized by other workers within

the department and for which DEAB-Protion was useless; (2) the fraciion-
ation of serum. This laiter fractionation bas been used in the past (35)

to characierize IFAE celluloses and is often peblizhed {or new ion

27.
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exchangers when thev are mnde available commercially,

3.5.2. Serum Fraciionation

This was carried out nn 4 ml of serum under conditions as rlose
as nossivle to those of immelhoch and Peterson (35) except that a
less comulex gradient was used. The result 1s shown in Figure 3

alongs with the bast resolution obtained hy Himmelhoch' and Peterson

veCellulose, AlL the ocaks observed on UxAT-%ellulose are »resent
in the fractionation an DWAR-HP-Rescel. With DEAE-Protion only neaks
1, 4, 6, 9 angd 10 were ohserved under the same conditions.
The verformance of DEAb-HP-Regecel has been improved with resvect
to DEAF-Protion.,

3.5.3 Turification of AIdehydq_Dehv@;Qggnase‘

(a) Introdnction

Tven though DEAR-Proiion had the same capacity for bovine serum’
albumin as DEAR-Cellulosce. the aldehyde dehydrogenase enzyme breaks
throurh Protion columns even when the column is 10 times lareer than
DEAE-Cellulose (48). This is a more severe test for Protion
as the molecular weight [or aldehyde dehydromenase is 212,000 and Protion
is known io have a cut olff in porosity below this value. Sharman (40)
was able to overcome tils deficlency of Protion by giving it a soak in
8 - 104 Na0Hd to swell it and increase ita porosity. However this ledto

a chemically unstable ovreoduct.

(b) Enzvme Purification using DEAN-HP-Regcel

Using the same enzyme preparation metbod and column operating

conditions as outlined by Crow et al {37), DPAFR-HP-Regcel was used

to ovurify aldehyde dehydrogenase. The results of this purification are
shown in Fizure 4.

Table 9 lists the resulis in comparison witn those obtained by K.
Crow for DRAE-Srotion, DEak-Cellulose and Protion ireated wvih 8% NaOH

for 20 minutes and 1 hr.
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Figure 3a: Serum fractionation on DEAE-Cetlulose
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Figure 3b: Serum fractionation -usihg DEAE - HP - Regcel.
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PARLE 9

Comparison of results usine DEAE-ion exchangers

COLUMN FEATURES DEAE-RROTION DEAE-CELLUIQSE BJ ”é@EOVHB%TLH DEAE-HP-HECCEZ

20 minutes 1 hr

Colurm ‘

Volume (ml) ' 480 57 38 40 51
Protein

Loaded (g) 0.40 0.37 0.37 0.37 0.92
Column

Loading (g/ml 0.0019 0.01 0.01 0.009 0.018
Activity

Overload 10% None 127 None Wone

Length of &reen ‘
band (em) - 6.7 16.5 12 12

Yolume column
occupied by zreen .
band {ml) - 16.2 38 29 19.6

There 1is no enzyme breakthrough even when the resin loading was 10
times that used for Protion. Boehringer also reported enzyme overload at
very low loadinss on DEAR-Protion. '

The Yolume of *he column ccocupied by the green protein band was
smaller even than that of the NaOH treated Protion and was similar to that
observed for DEAl~Cellulose,

The resolution was far superior to DEAF-Froiion and similar io the
DuAE-Cellulose apart from itne lonecer tailing.

The total activity of the enzyme vreparation loaded cnte ihe column
was 16,800 units with a specific activity of 18.4 units/mg. At the end
of the purification a 84% recovery of euzyme was obtained with a specific
activity of 117 units/mg. 7This amounted to & 6.4 fold purification -~and
was similar to that achieved by Crow on DEAR-Cellulose columns

Clearly tnese DrAE-iP-Regcel ion exchangers can be used in ion exchange
chromatogravhy and will be particularly useful where rapid sevarations are

desired. The separation zvove was carried out at twice the flow rate used
for cmas-Cellulose.



WHEY  PROTSIN  ISOLATION
SECTION 1

INTRODUCTTION

hccording to McKenzie (50) the texrm whey vrotein used loosely

signifies the noncasein protein occuring in milk in an appreciable amount.

in skim milk uporoximately 80% of the nitrogen is in the form of casein

and can he recovered as such during mznufacture ol this protein. The

remaining 20% is loat in ihe whey in the form

af = . 1 . L
15%, and non-wrotein nitrogen, about 5.

ol wiey protein, about

For many years it was generally bhelieved that I-lactoslobulin was

the predominant 'whey" nrotein in the milk of
rising tnat B-lactorlobulin has been the most
whey broteins.®~lactalbumin is {he next most
"whey" proteins and it iz tne Rominant one in
milk of oiner mammals. The so called "minor"

iransferrin. immunoslobulins,

serum albumin and lactinferrin.

mammzls, It is net surp-
intensively studied of the
prolific of ihe ruminant
human milk and occurs in

proteins of milk are

34.

Along
with a numver of enzymes e.g.: nucleases. lactoneroxidase, lipases and
phospnatagses., they are a ranidly exnanding arem of research.

Tatl- 10 shows 2 tynical distrivuticn and concentration ol tha

major oroteins found in bovine whey.

TABLA 10

Tvpical nrotein dintribution and concentration of Bovine

SFEQIES CONCINTRATION (g/1) % of WHEY PROTEINS MW,

B-lactoglobulin 2 60 35,500
# ~lactalbumin 1 20 16,000
Seruwm Albtumin 0,3 6 65,000
Imnunoglotuling 0.7 14 180,000

This is only anpproximate because whey is nroduced by a variety of

processes resulting in a variety ol wheys, e.g.; cheddar cheese whey,
lactic casein whey, rennet casein whey, co-precipitate whey, acid {EClL or
H2SO4) whey and lactalbumin whey,

he whey comnosition varies with each process as can be ssen for



repregentative examples shown in Table 11.

Tynical lWheyv Comnosition

(%), (51)

HENNET

Wity  LACTIC

Total Frotein
Non Frotein Nitrogen

True Frotein
(PFN-NPN X6, 38

Ash

Lactose
scidity
Total sclids
pH

s

Calcium (7pm)

1.01

0.04

0.74

0.46

0.10
6.55
6.5

[

565

CASEIN WHEY

Lecause of their amino acid profile whey proteins are superior

nutritionally to casein., being egnal to or Letter than whole egz

protein (52). However, until recently whey proteins nave been available

only as about 10% of the solids in liguid or dried whey, or as a heat

denatured insoluble powder witn tne trade descrivntion, lactalbumin. The

use ol dried whey in {oods ana

animgl feeds has been developed over

recent vears but still revresenis only a relatively small pronortion of

the world total {or whey solids. With incredasing emphasgis on environ-

menial pollution much more attention is veins miven to whey utilizcation

wiih mnariicular emnhasis on the proteins.

Research workers and dairy

products manufacturers are collacorating in these efforts {53 - 56).

‘“he various processes which have been develoved to utilize the whey

croiein have been reviewed by Huller (57).

is vltraZiltration. In ihis process an

The mnsi imoortant of these

"onen" membrane 1s uszed so that

[
]|



with low avplied pressure & separation of whey into 2 protein "free"
permeate of water, minerals, lactose and the non-protein nitrogen
components and a retentate containing the proteins dispersed in a solution:
of similar composiiion f{o the permeate. 43 the percentage of the feed
removed as permeale increases so does the concentration of protein in

the retentate and the ratios of protein lo lactose to ash change (58).

As a resuli, a wide rvange of products of varying composition can be
manufactured.

4 more recent develovment has been the use el an jon exchange
process. Jones (31) and Palmer {59), used "yistec ion exchange cellulose
media" to extract orotein from solution in a stirred tank reactor [STR).
The whiey iz pumped inlo the SUIR containing the cellulose ion exchange
media. It is mixed and the pli adjusted to 3.2 with Hgl. The deprotein-
ized liguor is then draincd from the J'01'F sysiem uaing a filter screen,
The ion excnange media 1s washed with water and then the protein desorbed
by adjusting the v to 9 with NaCH. The concentrated protein solution
obtained is drained and tnen concentrated and de-ashed by ultrariltration
reaidy for sovray drving. '

L maior disadvantawe of ihis protess hsas been the large amount of
ion excnange media reguired {for processing ine whey and the gaecific
nH of 7.2 required for opiimum vorlormance.

16 o result of e improved idn evchangsers based on regenerated
cellulese (described in Part A), it wes decided to investigate their

notential for isolating whey protein.,
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PART B

SECTION 2

EXPERIMENTAL

2.1 © Materials

Spray dried low heat skim milk powder was obtained from the
N.Z.D.E.T. Amberlite #B-3 monobed ion exchange resin, (mesh 14-52) '
was obtained from Ajax; Amberlite IR-120 (H+), ('"R') cation exchenge

resin Trem LDH Chemicals and SP-3Sephadex—C~2% from Pharmacia, Sweden,

2.2 Prenaration of Whey

Skim milk was reconstituted {rom soray dried low Heat nowder,
200 g, by dissolving it in 2 1. of deionized water with slow stirring.
The pH was then adjusted to 4.6 wiith 2H H?sod. The acidified mixiure
was Pplaced in & water bath at 500 C, until the temperature. of the
mixture reached 500 C. The curds were then separated from the whey
by vacuum riltiration using either Whatman no. 40 or 41 filier paner.

The whey was stored in the refrigerator ané used within threes days,

2.3 Whey Demineralization

The whey was demineralized using a 500 ml column of Amberlite MB-3
self indicaiing moncbed ion exchange resin as described by Webb (60).

The resin was regenerated for reuse as described in ihe BDH manual (61).

2.4 Caticon PBxchange procedure for vhey

The amberlite IR-120(H") cation exchenge resinwas washed thoroughly
with water and then excess water removed by draining it on a filter
with suction. Sufficient resin was added 1o the whey {0 reach the
required pH.

¥or the large column run on S5P-HP-Regcel the whey was passed

through a column of Amberlite IR~120(H+).

2.5 Protein Determination

The amount of proiein in whey was determined by nitrogen analysis using

a micro—KjeLdahl method {62). The nercentage vprotein eguals the perceniage

of nitrogen multiplied by 6.38. Wney {1 - 5 mls) was mized with 0.8 g
of catalysi (KQSOA/CUSOJ/Na?SeO4; 10: 1 : 0.4) and 1 ml. of concentrated

i 280/1 and then digested for 1-4 hrs. The nitrogenwas distillied off as

ammonia in a Markham avparaius and collected in 5 ml of 3% boric acid.



This was then titrated dback to pH 5 on a Hadiometer TTZ zutomatic
titrator with 0.0l HC.

The non-vprotein nitrosen was determinad by precinitating the nrotein
from a 5 ml sample with 20 1l of 154 Trichloreacetic acid. The nrecinitate
was filtered off {using Vhatman No. 42) after 30 minutes and a 5 nl
sample of the Tiltrate analysed for niirogen as described above,

4ll determinations of protein aznd norn-nrotein nitrogen were carried

out in duwvlicate.

2.6 Cavacity of Ion Evchangers for they: Patch Testis

The capacities of CM-iIF-Regeel and SP-HP-Regoel for whey were
determined as follows. A sample of the wet ion exchanger equivalent to
80 mg dry weight was mixed end over end with whey solution (20 ml) for
2 nrs. ‘The suspension was zllowed to settle briefly and was then filtered
throush cotton wool vlugs to make sure no ion exchanger was present in
the samples which were tnen withdrawn !for nitrogen analysis,

It was notl necessary to nre-eguilibrate the ionerchanser owing to
the small amount used, but the ph was measured at the end of the 2 hr

test as in some cases there was a shlft of up ic 0.1 pH unit.

2.7 Denroteinztion of lemineralized Wney with CM-hP-

Rercel (1.2 mea/s):  Column Tests

OM-EP-Regcel (2 ml) was loaded into small ~lass columns. A demineral-
ized whey sample was adjiusted to pH 3.5 with 26 H2804 and loaded
onto the column at 1 ml/min. As the whey vassed throush the colwmn,
fraciions {10 ml) were collected and their optical denaity at 280 nm

and vH recorded.

2.8 Denrpteination of YWhey with 3P-1P-Rescel
2.8 Small Colwmn tests

Iqual volumes (80 ml) of whey were taken and adjusted to »H'as 2.5, 2.C

. N L. e s . . . ot . .
and 1.5 by the addition oi Amberlite IR-120( ) nrevared as described for

the bateh tests. inother 80 ml whey sample was passed through a small colwsmn

&

of Amberlite [1E-3 to demineralize it anu all the whey collected by rinsing

the colunm with deionized water. 'The ni of the demineralized whey was

adijusied to 2.5 with 283, SU |

s 4
Taecn of these whey snlntions was nassed through a 5 ml colunn

‘

(0.6 % 7.9 cm) of §5-lli=lrecel 2t a Mlow rate of 1 om)l/min usine o

38.



139

neristalilic vumn and the unbound nrotein disnlaced from the column
with 0,015 NaCl. The total whey eluate was collected in 100 ml.
volumetric flasks and analiysed for nitrogen and non-protein niirogen.
The origsinal whey from which a2ll samnles were taken was similarly
analvsed and the nrotein which nassed throush fthe colum determined

as a % of that lcaded.

2.8.2 Devroteination of Lactic Acid vhey

Lactic acid whey (180 mla) was adjusted to pH 2.0 by the addition
of Amberlite IR-120(H") ention exchange resin. This whey solution was
passed throuszh a 5 ml. column (0.6 x 7.5 cm) of SP-lit-Regeel at a {low
rate of 1 ml/min using = neristatic pump. As the vhev passed through
the column, fractions (20 mis) were cellected and the 0.D at 280 np

and pH recorded.

2.8.3 Comnlete analvsis ol verformaince of a 50 ml Sp-liP-Rescel
Column

§ P 4 . . .
SP-HP-Regcel (Na @ form) was vecked in a 2.5 digmeter column to a
of 10 em (50 ml volume) in distilled water. Cation exchanged vhey

enth
(1550 ml) at od 1.% was loaded onto the column at a flow rate of 10 ml/min

o

sing a hydrostatic vressure across the column of 1 metre. The ol and C.D
at 280 nm of the eluate were monitored throushiout. Delonized water (100 ml)
was used at the finnish to disvlace the remaining whey from the column.

The total volume of deproteinated whey (1680 mi) was mixed thorcughly

and samples taken for oproiein and non-preotein asalvses as_well as electro-~
phoresis. Another samvle (%0 ml) was taken and concentrated to 5 ml by
vacwur dialysis for further electronhoretic study. The nrotein was removed

from the column using 0.0Zi NaPHPO (40 ml) and circulating this contin-

4"
uously throush the column. Before returning the eluate to the top of the

¥
]

column it was adjusted to vil 8 continuously with 107 KaCH using & ?adiometer‘
TT 2 automztic titrator set 1o pH stat the circulaiing solution, When constant
pH was obtained after 4% minutes tne celumn was left to stand for 1 hr

to complete desorption of proiein at pil 8. The nrotein was finally

collected in 100 ml by displacing the concentirated scolution froem the column
with water anda then freeze dried. The column was washed with a furiner 100 ml

of water which was also analysed for nrotein content along with the ion

exchanger itself.



2.9 Polvacrylamnide Gel Flecironhoresis (P,A.G.E.)

The procedure followed was that of Davis (63) and Cmves {(64).

-

2.9.1 Stock Solutions and Gel Comnorition

Avreviations:  TRIS - Tris(hydroxymetnyl )aminomethane.

A U B . e
TEMED - NL,NLN LH ~letramethylethylene—~
dizmine.

. . . .
PHA - N,NT - methylenebisacrylamide.

Steck Servarating Cel Comnosition

(a) 16.1 ml of 1M HOL )
12,3 5 of TRIS ) )} made up to 50 ml with deionized
0.057 ml af TEMED ) water

(b) 15 o~ of Acrylamide 1 made up 1o 50 ml with deionized
0.4 g of R ) water

(c) 0.07 g of ammonium persuliate made to 50 ml with deionized

water, and made fresh daily.

Stock Stackina Gel Composiiion

(a) 25.6 ml of LiECl )
2.99 g of TRIS 1) made up to 50 m} with deionized
0.2% ml of TEMED ) water

{e) 5 g of Acrylamide )}y made up to 50 ml with deicnized water
H 5
1.25 g ol §BA )
(£) 2 mg of Riboilavin made up to 50 ml with deioniced water
Senarating Cel Comnosition Steckine Cel Comnogition
{103 Acrvlamide) (2.5 acrylanide)
2.5 ml (2) 1 ml {a)
2.0m1 (b) 2 ml (e)
5.0 ml (c) Iml (f)
4 ml distilled water
2.9.2 mlectrote hulfer comnosition
For Cel electrowhoresis at oit 9.%; TRYS (54) and Glycine (14.4 g)

was made up to 1 1 with deionized water and adjiusted to pH 9.5 with

HalCH pellets.
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2.9.3 Gel gasting dng running urosedure

Into a svringe (10 »l) was drasm the separeting gel, merated forx
1 minute ana then careinily iransferred o the zilass eleciropharcsis
tubes which were stonpered with rubhber hunes at one end. A small laver
ol water was overlaved usiny a 250 ul nineite to nrevent a miniscus
forming and nolymerization occured on standing (or forty minutes,

After nolymerization the small) water layer was removed using
filter paper..?he stacking gel was then mixed in a syringe (IOIml),
aerated for two minutes and then overlaved on top of the senarating
gel to a height of 1 cm. 4 small water layer was again anplied to prevent
miniscus iormation. Phoitopolymerizalion ogcured after about twenty
minutes and was indicated by a clowdy colour developing in the stacking
gel,

the nrotein sample (0.1 ~ 0.4 mg) was mixed up in a small tube
with 0.1% Iromophenol blue stain (10 ul} and 1 drop of 10% sucrose
colution. From tuese mixtures, the nrotein solution {200 uil) was
carefully overlaved on top of ecach gel which were fitied in a ¥legger
ticrylodhor" disc electrophoresis vessel, Dach of the twe compartments
in the vessel were filled to the levéls indicated with the buifer,

“he iniiial power zetting of 10 n.n. per tube was continued for
ten minuies, then reduced io 5 m.a. {or the duraiion of the migration of
the staining front, (0.5 cm from the bottom of the gel),

The gels were removed from ihe tubes by the use of a long syringe

needle, circulating a stream ol water between the gel and the glass tube.

2.9.4 Protein {ixins orocadure,

Each gel when removed from their tubes were allowed to stard in a

r

solution of 204 Sulphosalycylic acid for 2 hr.

2.9.5 Protein sigin comnosition and orocedure

Originally, both Davis (63) and GrPves (64) suggested the use of either

Amline blue or amido Black 10L. Sut various pzpers bty Fiah et al (65)

in 1969 and Darling et al (66) in 1976 commared these iwo stairs with
Cemassie Brilliant Blue R250 for whey vreotein stzining and found
Comassie Blue comwparable if not hetter.

A solution comprising 0.12%:¢ Comassie blue made up in deionized water
was used to stain the mels lor 2 hr.

2.9.6. _lethod of deataining gels

The background stain was zllowed to diffuse out in a 7.5% acetic

acid zaluiion.
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RESULT: 41D DISCUSZION

3.1 Protein ipemoval {rom VWhey using Cil-HP-Regcel
3.1 Introduction

The main disadvantage with the Vistec nrocess (31) is that i1 is a
batch process necessitated hy the nrecise oH control which is required,
otherwise a rapid fall off in the cavacity of lhe Vistec cellulose media
for protein occurs. Conscquently the recovery of protein from whey is
only 60 - 75¢% (67). Palmer (59) sugpested that the protein adsorviion
in the STR should be repeated to ensure removal of the bulk of the protein.

To achieve greater efficiencies a column process for stripoing
protein irom whey would be more desirable. The use of a column is not
possible using the conditions developed by Viscose Group Ltd., because
the column would nave to be pre-equilibrated with obuffers so that pH
would not drift. This would not be acceptable in a commercial nrocess.

Jones {31) showed that for the Vistec cellulose media, background salt
eoncentracion affeceted capacity. Whney is hirh in salts so three ocossib-
ililies were investigated to see if cawvacity could be improved and the
vl opiimun brocdened suificiently to allow a column nrocess using CH-

ion exchangers.

The Dossibilities investimated were:i-
(a) Salt removed by demineralization
{v) pH shifted to the acid resion by removing cations only
{c) charge density on the ion exchanger increased to reduce
the effect of nipgh salt concentrations in whey.
3.1.2 Determination of Owntimum i Tor Removal of Protein {from vhey

Te investigate the effect of these changres sn the ion exchangers
proiein cavaciiies, halch tests were emnlovrd over a range of nH, The
CH lon excnangers were used with different small ion exchange cavacitiea,
1.2 ard 1.9 meq/g {Prevarations 2 and 4 of Trble 6), under three
different conditions.
{1 Tre DH of the whey was adjusied to the required value
with 2M Hpﬂﬂd {or 2 MMal for pH values greater than 4.5)
() Tre oH wnzn lowered by the addition of sufficient cation
evehanme resin in the hyorosen form to reach the reoulred
nil value,

{c) The whey was demineralized and then ithe pH adjusted to
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the required value oy addition of QMH?SOd.

The results are shown in Fifpmres 5 and 6, and Tahle 12.

TARLE 12

Qotimum nH for removal of nrotein from whey using CM-HP-Remcel

FOIM OF WEEY nil FOR OQPTTHUY CAPACITY

1.2 meq/e 1.9 meqy/g

a. H.30 adiusied 3.% 3.3

274
b. Cations memoved 3.7 3.5 .
c¢. Demineralized 3.4~ 4.4 3.0 - 4.5

Prom figures G and & ad Ta%ls 12 i1 ca- e seen that for carboxy-
methvl (CM) ion exchangers there in a very narrow pH range for optimum
caparitv, This is in agreement with the {indings of Jones (31), who

- 4l

reported an ootimum pil of 3.7 for their T Visiee Cellulose modia

on hyvdrochloric acid adjiusied whey.
Adjusting the dH by cation renlacement w'*h hydramen ions did not
improve the canacity n-ofile eithor.
There was a markad imerovement in canacity fox both the acid
adiusted and cation exchansed whey when a M icon exchanger of hirsner
carvoxymethyl content was uoedie 1.9 men/f in olzce of 1.2 mea/f.
dowever the pi range Tor oniimum cavacity remainoed very narrow and
it 1s obvious 2 column of CM inn exchanzer could not be used under
thege condiiions to remove wrotein f{rom either acid adjusted or catien
exchanged whey without [irst enuilibrating the column at the optimum pH.
With demineralized wrey there was A marked improvement in hoth nrotein
upntzke cavacity and the range in pl at which notimum capacity was observed.
Only in this case was it considered that it mirht be posaible to ume a
column of CH ien exchanger to remove pratein from whey. Consequintly this
possibiliiy was invesiir~aled using whey which had been demineralized and

adjusted to nH 3.5 with acid.



3.9.3 Column Denrctcination of Demineralized YWhey wiih OM-lP-

Recced (1.2 mec/s).

The column situstien was investigatod with the ion exchanger in both
the hydrogen ion and sodium ion form arnd with or without some buffer in
the whey. The columns were no* eguilibrated with buifer at the optimum
pH before use.

The resulis of thes: tesis are shown in girures 7 a ~ @ for the

following four columns investigated:

i -
. Column in Na~ form, unbuffered whey at »H 3.5.

jAM

- + e -
Column in Na  ferm, buffered whey at pl 3.5.

o

N . -

c. Column in i form, unbuffered whey at nd 3.5.
. + L o -

d. Column in 1 form, buffered whey at pi 3.5.

ror Colwmn (a) the removal of protein from whey is not very
efficient., At the start & lot of protein was still present in the break-
through which is oproba'ly due to the high pH, which resulted from the
column being initially in the da’ form. “he conditions for Column (b)
were similar to those of Lolumn (a) excent thai the whey was buffered with
trisodium citrate bulfer. A more efficicnt orotcin removal and ni
ad justment was observed along with a move efficicnt pll at the start. For
Column {c), which is in thie hydrogen ien form to start with, a marked
imnrovemant in both o»rotein vemoval and maintenance of requirrd pi is
sho:m. The ¢onditions for Column {d) were similar to those of Column {c)}
excent that ihe whey was buffered. There is no improvement siown by
Column (d)} over Column {c; by havins citrate buifer present.

The best conditinns o ramovine meciein from demineralized wvhoy would
anpear to be having the ion exchanger in Lhe Hydr-gen form st the stort,
Unforiunately this menr~ rsiving the erlumn anreid wash each iime before
reuse, which could prove contly,

3.1.4 Tandem Colrmns
Tt was decifed to try » tandem situniion where the eluate (rom the

fivat catumm would be nassed directly onie a secondeslumn as 2 method

of ocruilibrating the second colwnn se that 21l columns afier the
could start of £ in the sodium ifon form, whev cenld alse to londed through
ihe firct column 2fter wrrtein breskthroush (oeint x, Figure 7o) as the

remaining oprotein would he vetained by the second column, Wrash whey

would ihen be inirsiveoed in second column. The result of thins
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_Figure 7 : Protein Adsorption from Whey with Columns of
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Figure 7d: Optical  Density and pH of eluant
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nrocedurs ia shown in Firure 8a.

It can ba seen thet prodein brealiing threough the first column does
take time to eouilibrate the zerond column an far as obtaining the
onptimum pH, but the removal of protein is =till efficient.

Fractions 8 - 16 collected from the second colum were nassed
th»cush 2 third column (asain in the Na© form). Wigure 8b shows the
volume fequired te reach optimum »h, Il the rrotein removal is again
efficient,

"It would apnear then thet the denmrisinated whey can be used to
eguilibrate theo roxt colwm witheout bavinge to sive it 2 separats acid
wash.

3.1.5 Swamaxy of tre use of CM-lon Fxchansers

Although the Cii-ion cxchangers could wiihore be used in remove
orotein from demineralized whey, the column nrocess hasiwo main dis-
advartares.

(a) It is not easy in control the “H at which the column

ims eroratine.

——
g
e

The necesnary demineralizaiion of tre vwhey iz an
eXDENgive nrocess. '
e difficuliy in maintaining a consatani nil would appaor to be

ithe resuli of the weak acid nature of the CF-inn exchangers. The carhoxyl

whey znd upsettinz the pH.
.-O—CH?-co; it T . 0-Cl,=CO,H I .

This chznse also causes the fall ol in nrotein conacity below oH 3.3
causing tke narrow oH ortimuwn observed for zeid adiusied and ecation
exchanged wheyv. I1 was honed toal by using 2 streng seid ion exchangor
such as phosohoric secid or a sulvhonic acid derivative, thease difficulties

wouls bha cvercome.

3.2 Protein Rerovil from Whev ns

s SP=lfP~Reccal

3.2.1 Determinztion of Ortimm Adsorption o by batch tests

— ety

In order to determine the wnrotein bhindin~ rronerties of the SP ion
exchangers, batch tests were ecavried ont as for the CM ion exchargaes,

In the wreparation of the IP-HP-Hemnal il was not nossible to obiain
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Figure _8b : Third column in Na* form.

B
42
[
(W}
Lh =4
o
o
! S
; 3
413
|
L ;
1 1 i 1 L 0
8 9 11 13 15 17

Fraciion number

00 at 280nm : =<
pH - oY

0D load : G-375



Figure9: Protein adsorbed from whey as a function of pH for

SP-HP -Regcel (111 meqg /g
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Figure 10: Protein adsorbed from whey as a function of pH for

SP - Sephadex [ 2-3 meq/g]
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substitution of sulvhonronyl groups much highzr than 1 meq/lg.
Consecuently SP-Sephadex-C-~23 at 2.3 meo/s was also used for comparison
with a SP-HP-Regcel o 1.1 meq/s. 'The resulis of these batch teats are.
shown in Figures 9 and 10 and Table 13,

CPRBLE 13

Optimum »nil fox removal of orotein frrm whev using SP-derivatives

HOR o »H for Ontimum Canccity
FORM Ov WHEY e ; Lmum, h
1 1.1 meq/s 2.3 meq/g

a. Hy80, adjusted 1.5 - 3.5 - 1.5 = 4.0

b. Cations removed 1.5 - 2.9 1.5 -~ 4.0

¢c. Demineralized 1.5 « 4.5 1.5 - 5.0

The results show that roed nvotein caracity below nH 3 ocours in
211 cases and a ol ronre of a2t leazst 2 units with vseful protein
canacitv is shown., Yo the CH ion exchanmers the fall off in orotein
capacitv 2% low i ir indeed & result of the cavboxyl group Josine its
charme,

There is very little dirfference Lietween the acid adjusted and
cation exchanged whey excent at ithe very low »i of 1.9 vhers the latier
was more efficient. In variicular it was as good as the demineralised whoy

at its oontimum oni.

i

fiy

ihe SP-Sevhadex wi'h iis hifaer svhstitution of snlphoprooyl grouos
redouced ihe differencs heiween ihe thyreo whey snlutlons used and in each
case exiended the ©i roara "oy ontimom ca-aclty, This was oimilar io the
e"fect nbrorved with the M ieon exrhonsors when a nisher desree nof
substiftvtion of carbovwvl rrouns was vgad,

With the large vl range a-ailable lor efficient protein uvptaice it
was considered highly likely that a colwm: could be used effectively
in tre oH range of 2-% wiihoui the sulongnronyl groups interfering with

the M of the whey. This vossibility was lovesiisated.



3.2.2. Column Denroigination of

iP-Rescel (1.1 meq/s)

.

whney (80 ml) was vassed through a small column of $P-HP-Reczcel (4 ml)
in the sodium ion form, zat 2 constant flow rate of 1 ml/min, under a
variety of conditions to compare the capacity and efficiency of the
colwums. The condiiions used and resulis obtained are shown in Table 14.
In the cases of cation exchanged whey the wetl weight of Amberiiie In-
120(&+) uged is alzo ziven in the table. The nrotein breakthrough % uas
determined by collecting the total eluate from the colums and anzlysing

for true protein nitrogen.

Al

V14

Deoroteinagtion of whney on SP-HP-Rercel

Colwmn: 0.6 x 7.5 cm
Whey 80 ml, 0.3% True Protein

Load 317 mg protein

LY

VREY DA IR-120(57)  CAPACITY®  PROTRIN SREAKTHROUGH COLUMN SHUINKAGR
{e) {em) () (s5)

=

2.9 1.7 “. 13 13

N
.
O
no
-
o
R

5 1% 13
1.5 5.8 4.0 10 20

Lolumn length of bound nrotein visible

0

on the column.
b, Demineralized whey adjusted to pH 2.5 wiin

0.10 ml of PrHH_50
edll o 4

Teminerslized whey is only marsginally more efficient than cation
exchansed whey when usinz S5P-UP-Regeel to remove vrotein. The column
capacity is similar for the two wheys. There does noi appzar io be any
advantage in using complete demineralization of whey now.

With cation exchanged wiey ihere was a noticeable improvement in
canacity of ihe column in esoing from nl 2.0 to 1.%. This was indicated

~

in the resultis of the haten tests shown in dilcure 9. Although 2 to 3
] ey it . , . . ;
times as much IR-120{H ) caticn exchanse resin is required to reach nH

1.5 as nil 2 it ceuld be advantageous on & lavgse scale because of

%2}



the improved efficiency of the 3P-coluwn for removing protein.

3.2.3 Denroteination of lLactic Arid Whnev at o 2

A trial column run was also carried out using lactic acid whav
{supplied by the Dairy Research Institute). in olaze of the sulphurie
acid whey used for all other tests. 12.6 g3 of Ambef]ite Iﬁn??o(ﬂ+)
were required to adjust 210 mls of lactic acid whey to pH 2.0, 180 mis
of this oh adiusted lectic acid whey were nassed through a SP-RP-lescel
column (j ml}, at a flow rate of 1 ml/min. The oH and 0.D at 280 nm were
recorded and are shown on PFigure 11,

3.2.4 Performance of_a 50 ml Column of SP-HP-Kezcel.

Becaﬂse of the difficuliy exverienced in nbtaining & protein mass
balence from ihe small test columns, a [inal) ceolumn was run on ten
times the scale. The whey was caiion exchangedé first by passage through
an Amberlite IR-120 (i) columm. 'The oH of ihe whey after comnlete
removal oi ine cations was 1.3, The solution was then loadesd onto the S5P-
HP-Hegcel in the Na© form. sSamnlesn of the eluate were taken for oH
measurement and 0.0 readings at 200 nm and ihe reszults are snown on
Fimire 12.

With ihe column in ihe Na+ form, ni conirel on the column is noi a
rroblem as snown by toe nH oof the eluate drovnpine rapidly to pl 1.2,

4 similar result was obtained with lactic acid whey (Figure 11),

This shows the main advantase of a siveng acid ion exchanger such
as tite sulnnovronyl derivative. When the wroiein is removed\from the
column ai ihe Tinish wiih NalH, the ion exchanger is left in the at
Form and is immediately ready for reuse.

The 0.7, readings at 280 om (mainly a resuli of non-protein
comvounds } remained fairly constant until 1400 ml when there was a
rapid unswing as a resuli of preazter amounts of orotein breskihrough.

ATter 19550 ml had been loaded-onto the column it was waahedwitih
water Defore removing ihe hwrotein from the column. Normally this would
be done by using eifaer @ snlution ol hish ionie strength or high pi
or a comtination of both. In order to recover the vrotein from the ion
excrnenger in a hishly concentrated soluticn with a low ash centent it
was decided te remove the protein from the columm by using the minimum
volume of dilute bulfer bui circulating it continucusiy. The circulating

solution also nzd ito be adjusted continually vack un to pH 8. In this way

Ha.



Figure 11
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Figure 12 : Optical Density and pH of eluate from 50 ml column
of SP-HP-Regcel (1-1meg/g)
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the viH of the whole column was raised from pH 1.2 to 8 and the nrotein
removed.

This required 3.35 mls of 10% NaOH over forty five minutes hefore
the pH remained constant at 8. Disvlacement of the protein solution
from the colum with water after standing 1 hr. gave 2 100 ml solution
of 4.67% protein, a concentration of 1% fold over ine whey loaded. Once
the protein solution had been displaced from the colwmnm withweier the
column vas ready again for reuse. In this case though the ion exchanger
as removed from the column, mixed and analyvsed for protein still bound.
The results of the protein analyses are shown below in table 15 and 98%

of the protein is accounted for.

TABLE 15

Protein Analyses

PROTEIH SOLUTICNS WIIGHT PROTEIN (g) PERCENTAGE
Protein loaded: 1550 ml at 0.3%54% 5.49 100
Protein in breakthrousgh: 1680 ml at .0023¢% 0.48 9
Protein strivped: 100 ml at 4.67. 4.67 85
Protein on ion exchanger _ 0.22 4 -

TOTAL 98

Not all the protein remaining on the ion exchanger was irreversibly
bound aé half of it was later removed on standing in a sodium chloride
solution. The »rotein solutionremoved from the column was freeze
dried. This f{reeze driead Dowder’(5n3 y) gave the following results on

analysis.
inalvsis of freeze-dried Protein Powder

Protein A9, %%
fish 2.9
Tactose 1. %
Water 20




i

This powder has a 92/ vrotein content {calculated on dry basis) compared
with 96% obtained by the Viscese Groun Ltd (31, %2, 67). However they
required witraliliration »7 the nrotein snlutinn after removal [rom
their ion excharpe media in ovder to remove ithe hish salt content and

obtain the nurity of 9Gih.

3.3

grtrovhnresie

In 211 columns run 2 small amount o! prrtein came throush the colwm.
This was investigated by nolvaervlanmide sel colertrovhoresis (PA0H) to see
iff ene oarticular vrotesin or a small amount oi all the whey nwoteins were.
Breaking‘through the column. In addition the nrotein recovered from the
colurm was alse comdured with the original starting whey on electrophoresis.
The resulis are shown on Plates 3 and 4.

Gel (a) of Plate 3, shows the typical nattern for whey nroteins.
B-lacte~lebulin nolymornhs 4 and B hands are visible as are™-lacialbumin
and serum albumin. Ot #r minor whey nrotein bands are faintly visible.
sels (b} and (c¢) of Pate 3 show the nroteins nresent in the whey eluate
from tne column., The soame znount ol wney was used for Gel (b) as the
amount used for the crisinal starting whey in Cel (a) and clearly shows
that the bulk ol the nrotein has been remeoved. The whey eluate was
concentrated ten times and rerun to show the proteins atill present in
the whey eluate, el (c) of Plate %. HMost of the bands present in
the coriainal starting whey can st3ill be =scen. The most significant
difference 1is that one ol the minor whey nroteins, possibly Tranasterrin,
is present in hicher. ronceniraiions and avnnears not to have hound to the
SP.HP-Rercel,

1

Plate 4, shows the oroleina asresent in the orisinal starting vhey,
el {z), and the wroicins romoved from the column, lels (t) and (c). It
can te seen that B-lactnrlobulin,d- lactalbumin and serum albumin are all
nresent. Palmer (99), vreporied that the Vistec cellulose medin, in a batch
nrocess save nure-lactalbumin and B-lactoslebulin., With the columns
nrocess using SP-HP-Rlecel we nave clearly irolated the serur aolbumin in

1

zddition %o D-lactorlobulin anded-lget albumin, and zll three nroteins
avpear o be undenatured, even thourh the column was run at the very

low =k of 1.3
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59.

CONGTUSION

Ion excharnrners, hoth anionic and ecationiec have been prenared
from regfenerated cellulose with the aid ol hyvdroxyaliylating arents.
these new lon exchangers huve hicher nrotein cavacities and greater

stabiliiy io caustic soluiions ithan thore alre Ay_?vailahle frem
regenerated cel]ulos@:;g.: Protion. Tiey are also superior for
enzyme ard drotein murificaiions.

of hydroxynrOpyI;ted

ny

ChH- and S#- derivatives
BAR was any

A gt}

Altheorh the DREAY
regenerated celluloge were nrenared, onlv in ilie casec of D

My

attempt made to find the ontimunm formulaiion. this still needs to
e aptimum formulaiion

be determined for the CH- and ST-derivatives.
rerenerated cellulose used and

will fevend ~n the nariicular
tne scale of nroduction, The leoss of pronvlene oxide when making
11 =cale waso orobably quite gipnificant,

the icn exchanger: on 4 sma
so on a2 large scale less oronylene oxide could be required.
pecsnse oi ihis dependenrce on the seurce of regenerated
limited effort was

tion only &

celinlose aznd the scale of one
the opiimum formulatisns. Yhe aim of this thesis was

1o find

made
improved ion ervchanges could e oblained using hydroxy-

|.!.'q.1\.r

to showu
achieved.

alkviatins agents and this was
been shown to be & merticularly useful

Padorivative has
» naw “rocess develoned

i
L

The o
ion gxciianmer for whey vnrotein inolation and
horatory seale to do this, ‘fhe notential of thigs nrocexs

on a lat
now needs to beexnlored eon a Iavger scale,



commercially availahle
Ce hi

ATPRH DTN

Aerogel ion exchangers-

Xerogel based Cation

TaRLE 1

mxchanrers

SUBSTIVURAAT

PRODUCT

TOTAT, CAPACITY

{mea/e)

o
SUFPLIER

Caxrboxvmethyl
Carboxvmetnyl
Carnoxvmethyl
Carvexymethyl
Carhoxvmethy?
Cartoxymetnv]
Sarter reisy]
Torhe vmothy]
Carnoxsseeting
Cerboxvmetavl
Carbo~vmethvl

Carbeoxvmetnvl

Carbo~ymeinvl

Carboxynethyl

Cartoxymethyl
Carvoxymethyl
Sulnhonie
Sulnhonic

Sulnnoororyl

Sulvhopropyl

Bio~Gel CH-7
Callex CW

CM 22 (8td)
¢ 2% (Tines)

gr 32

croh?
URTia el 4
CMTde el A

Ovetalinlnee

S

CM-Datlulnse

Bio-Tel P2+
Cellulose
Cellulosge
Cellulose
{ellulose
Cellulnse
Bio Ded 0w
Cellulnean

Cellulose

Chl-Sevhadex C-25Sechadex (~2%+

CF~Zenhadex (-S0Serhadex 050+

oM=Sevnarose
N1.68
CH-Glvoeonnase

CM-Celiulose
2100

¥istec C1

Vistec €1 (5)
Svtheron S1000
5P-Glvennhase

Sn-Sennadex
C-295
Syn-Senhadexn

c-25.

Serharose
CL6B+

Clvecnhase

Cellulosze

Cellulene
Cellulose
Senharon 1000+
Clveoohase +

Seohadex C~25+

Sevhadex G50+

sarticle size dry (w)

0.7
0.6
0.6

1.0
4.5
4.5

12 meq/100 ml

c.1
0.7

0.9
0.9
1.5
0.05

2.%

2.3

Suppliers are listed at the end of Table 2.
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TABLE 2

Xerosel based fnion Fxchangers

SUESTITUENT  PRUDUCT MATRIX TOTAL CAPACTDY SUPPLIER
: {meq/z)

DEAE DE-22 Cellulose 1.0
DEAZ . DE-é} Cellulose 1.0
DRAE DE~32 Cellulnee 1.0
DEAE DE-52 Cellulosze 1.0
DEAE DuA-Bio-Gel Bio-Gel A+ 1.0

DEAE DEAF~Celluloce Cellulose C.7
1300

DEAE DEAE-Cellulose Cellulore 0.7 8
1300

DEAR DiAF~Cellulo=se Cellulose - 11

Draw LEAE~Serhadex Sevhadex %.5 4
A=25 -25+

-0 =3

(5o A

D=AFR DEAE-Senhadex Sevhadex 2.5 4
4-50 C-50+

DEAT DEAE-CY.68 Serharose 13 mea/100 ml il
CL&6R+

DEr® FNO2100 Diag Cellulose . 0.7 9
Cellulose

DEAL DEAE Clyvcopnase Glveovhase+ 0.1

A I Y

DEAT Vistec D1 Kegcel 1.0
DEAF Vistec E.1 Hegeel 1.0

Y Grade

A

DEAR -~ Diethylamincethyl

+ - varticle size dry (u)
SUPPLIEHS: 1. Bio-rad Laboratorics Ltd

oD

Kocn-Light Laboraiories ILid

4. Fhaymacia (0.1,) Tid
. IETEREYS ]
G. Merce and Varriner {(U.K.) Tid

Yhatuan Lid,

-
.

G. rncerman and Co. Lid.
g. Camlalb Ltd.

11. Chr~ratograpnic Jervices Lid.



11.

12.
13.
14.
15.
16.
17.

18.

20.

21.

23.
24.

62.

ETBLIOGAAPHY

H.S. Thomvson. J. Roval dsricult.Sec. ingl. 11, 68, 1850.

J.

3

Way. J. Roval asricult.Soc, magl. 11, 313, 1850.
J. Lemberg. 7. Teut. Jeol.Ges. 22, 335, 1870,
J. Lemberg., 2. Deut. eol. Ges. 28, 519, 1876,

R. Gens. Chem. Ind. 32. 197. 1309.

v

Gans. Chem. -Ztg. 31. 35%%, 1907,

5.4, Adams ard ®.L. Homes. Chem. Age. 38, 117, 19383

B.A. Adams and £.I.. Homes. British Patent. 450, 308, 1934.

o.F. d'Alelio, General Electric Cn., U.5. Patent 2, 366, 077. 1945.
W. Henneberg and . Stohman. Am.Chem.Pharm. 107, 152, 1958;

W,X. Pollio and H. Kunin. Food and Bicengineering — Fundamental
Tndustrial Aspects. 108 {67), 66, 1963,

. . Boardman and .00, vartridze. Biochem.d. 59, 543,1955.

®.C. Yeckel and #.0. Kenyon. J. Dairy Res. 64, 121, 1942.

D. Arne. Acta.Chem. Scand. 13, 1817, 1959.

I'.C, relntire and JLR. Schenk. ibid. 70, 119%, 1948,

C.T. Hoffpauir ard J.D. Guthrie. Textile Res.J. 20, 617. 1350.
G.i. Goffer and E. Carpenter, ibid 24, 847, 1955.

¥. Hartmann. U.5. Patent. 1.777,970 138%31.

E.A. Peterson and h.i. Saber. J. &m. Chew.Soe, 76, 1711, ]§54.
©.A. Peterson and ii.i. Sober. J. fm. Chem. Soc. 78(4), 75%. 19%6.
£.4. Peterson and ii.A. Sober. J. am.Chem.3oc. 78(4), 756, 1956,
1.5, Guthrie and A.l.. Dlack. Ind. ing. Chem. 52, 935, 1960.

¥ . James and D.k. Stenworth. J. Chromotoaravhy. 19, 324, 1964.

M. Staehelim, E.4. Peterson and L.Ah. Feterson. Arch. Biochem.
Bicohys. 85, 289, 19%9.



i8.

G.M. Ternser, #.C. ¥horana, R. Markham and B.H. Pol.

J.Am.Chem.Soc. 80, 6223%, 1958,

R.A, Grant. U.S. Fatent. 3%573,277. 1971.

C.¥. Cross, H.J. Bevan and C. Beddle. . Ber. 26, 1030, 1893,

A.R. Leckwood and AM. Haver, British Patent. 911,223, 1959,

E.7. Selegny, M. ¥olover and Y. dHerle,

Soc., Chenm.de France, 7, 2400, 1966.

G. Murvhy. U.S. Patent. 3,311,608, 1967.

D.7, Jones. Process. Binchemistry. Eﬁlgl? 17, 1974.

Pharmacin ¥ine Chemicals Ltd. Hritish Patent. ].295,61],
Pharmacia Fine Chemicals Ltd. British Patent. 1,264,923%.

B.E. Sheerin. M.%¢. thesis. Hassey {niversity, M.Z. 1976,

L.A. Peterson and %, Chiazze. Arch. Biechim.Biorhyvaics. 99
n o et ¥

136, 1962.

K.®. Crow, %.MM. Kitson, A.¥.H. Maclibbon and R.11. Batt.

Bicchim, Biorhysics. Acta. 350, 121, 1974.

rooa

a.M.0. Dawson, b.C. Elliod, W.H, #lliot and K.M. Jones.
Dat g for Biocnemical LResearch. Oxford University press.

1969, 1.638.

0.H. Lowry, N.J. Rogsebroush, A.l.. ¥arr and it..J. Randall
J. Biol. Chem. 193, 265, 1951,

1972.

1972,

5.H. rimmelhoch and ©.4. Peterson. Anal, Diochem. 37, 383, 1966.

W. Sharman. Unmublisbed results. HReport to T.V.L.. Upper Huit,

H.2., 1974,

Pnarmacia Fine Chemicals Ltd. British rFatent. 1,11%,847.

F. Karner. M. ¥Xonig and ¥. Usteri. Helv.Chim.Acta. gg, 1301,1943%

1970,

T. Timell. 1IVA: 8. Handlinecar nr 20%. Structures on {ellulese

reactions. Steckholm. 1950,



54.

L]

J. Pastyr and L, Kuniak. Cellulose Cnemistry and Technolosy.

L 115, 1973,

d. Determann, X, Mever and Th., Veilnnd. Mature. 223, 499, 1962,
J. Poratn. Arkiv. Keim. 11B. 2, 97, 1957.

$.5. Knight. Advan. Chromotogravhy. 4. 61, 1967,

K.2., Crow. JAcetaldehyde metabolism in mammalz. Ph.D. Thesis.
Mazsey University. 14975,

J. 5. Avers. Dep.Chem. Liochem.Binphysics. iassey University,

-

W.Z. Personnel Communication.

d.b. MeXenzie in "Milk FProteins: Chemisiry and Molecular Bielogy,

.

ed .. McKenzie., fcademic Pressa. Vol. 1. 1971. p.2597.

N.%. Society of Daivy Science and Technolosy. (Inc.)

Annual Conference. Svuvosium on whey Utilization. 1971.

W. B, Wingerd. J. Dairv Sei. 54, 1234, 1971.

.8, Department of Acriculiure. Proceedings vhey Utilization

Conference. June 1970, A79-73-69.

U.7. Tenartment of ferviculture. Pre-~. thev Products Conference
s Y7L LBl vubl, no. 3779,

AN, Hacouall. &ust. J, Dairy. Teenol. 27, 123, 1972,

L L, il ler. ibid.?27. 125. 1972.

L. Maller. Process Sionhomintry. G(10), 7, 1974.

L. MutTer, Food Industiries. 3, 9, 1672,

(. Prlmer. Proccoss Bilochemistry. 12{5). 24. 1977.

o

B.7. Webb in "Fundamentals of Dairv Chemistry," ed. B.H, Webh,

A« Tehnson and J. "Y7ord. AVI Publishing Co. 1972, 1469,

B.D.. Chemicals Lid. Ieor Exchonse resins. Manuol. 1976.n51.

H.B, Bradsireel in "The Kjishdahl method for Orsenic Nitrosen®.

ed, R.B. Fredstreet. Acadomic Press. 1965. 0,234,

Annl . WN.V.

H.J. Devis, fondemy Sei. 171, 404, 1994,

64.



66.
67.

M.T.. Groves in "Meihods n Gel electrorhor-sis of milk proteinan

2.d. Y, Swaisgood. lanusl. 1976, n,26.

V
PRSI

N.L. Fish, R. VFickelson. ¥M.8. Turner, J.L. ‘hari and B.a.

Curmingham. Jo Dmicy Sei. 52, 1095, 1969

t=i

¥ooBorling and BLN. Butcher. J, Doivy Sei. 59, 86%, 1976,

D.=. Palmer. Vistee Svsiems "Foonomics of wvhey treatment using

b

the Vistec process®. May 1977. Vimeaue Groun Lid. Swansea.

65,





