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The present invention concerns methods of isolating milk 
proteins. Methods of the invention include charged ultrafil­
tration processes that use variations in pH to further separate 
protein species. 
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METHODS AND COMPOSITIONS 
INVOLVING WHEY PROTEIN SOLATES 

0001. This application claims benefit of priority to U.S. 
Provisional Application Ser. No. 61/365,653, filed Jul. 19, 
2010, the entire contents of which are hereby incorporated by 
reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention The present invention 
relates generally to the field of protein chemistry. More par 
ticularly, it provides a process of separating milk proteins 
using charged ultrafiltration. 
0003 2. Description of Related Art 
0004 Purified dairy proteins have special, value-added 

utility in processed foods and medical foods. For example, 
glycomacropeptide (GMP) is a protein present in cheese 
whey that is the only protein in nature that is safe to eat for 
individuals with phenylketonuria. Alpha-lactalbumin (ALA) 
is a protein present in milk and whey that has utility in infant 
formula; mother's milk has 130% more ALA than cow's milk. 
Furthermore, ALA has 4 times more tryptophan (Trp) thanan 
average whey protein. Trp is a precursor to the neurotrans 
mitter serotonin in the brain that controls appetite, depres 
Sion, mood, and sleep. 
0005. The value of purified dairy proteins is much greater 
than a mixture of the dairy proteins. For example, whey 
protein isolate is a mixture of whey proteins and sells for 
about S10/kg. GMPsells for about S70/kg and ALA for about 
S50/kg. Thus, there is a human need and economic benefit to 
the fractionation of dairy proteins. 
0006 Chromatography has been used traditionally to frac 
tionate dairy proteins. Ion exchange chromatography is used 
to manufacture GMP and ALA from whey. Chromatography 
is expensive and not environmentally friendly because of the 
need for Sophisticated chromatography systems and the dis 
posal of waste water and buffers. The dairy industry has been 
slow to adopt chromatography for these reasons and because 
it is unfamiliar to production personnel. The inventor has 
examined the use of positively-charged membranes to 
increase the selectivity of ultrafiltration and allow the frac 
tionation of proteins from cheese whey. By adding a positive 
charge to ultrafiltration membranes, and adjusting the Solu 
tion pH, it was possible to permeate proteins having little or 
no charge. Such as glycomacropeptide, and retain proteins 
having a positive charge. Placing a charge on the membrane 
increased the selectivity by over 600% compared to using an 
uncharged membrane. The data were fit using the stagnant 
film model that relates the observed sieving coefficient to 
membrane parameters such as the flux, mass transfer coeffi 
cient, and membrane Peclet number. However, this approach 
was not tested for other species, such as those in milk, nor in 
the context of large scale separation. Thus, improved indus 
trial methods for separating milk proteins are needed. 

SUMMARY OF THE INVENTION 

0007 Thus, in accordance with the present invention, 
there is provided a method for fractionating a protein mixture 
comprising multiple protein species to obtain a protein of 
interest comprising (a) adjusting the pH of said protein mix 
ture based on the isoelectric point of said protein of interest, 
thereby rendering a net charge of about Zero on said protein of 
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interest, (b) adjusting the conductivity of said protein mixture 
Such that shielding of said multiple species other than said 
protein of interest is limited to the extent that said multiple 
species other than said protein of interest are rejected by a 
charged ultrafiltration membrane; (c) contacting said mixture 
with said charged ultrafiltration membrane to achieve a first 
permeate and a first retentate, wherein said ultrafiltration 
membrane has a pore size at least 100 kDa above, or 10x 
greater than, at least one of said multiple species other than 
said protein of interest, wherein said first permeate comprises 
an increased ratio of said protein of interest as compared to 
said protein mixture. The protein mixture may be a milk 
protein or a whey protein mixture. The charged ultrafiltration 
may be effected by an ultrafiltration membrane having a pore 
size rating of 150-500 kDa, such as 150 kDa, 175 kDa, 200 
kDa, 250 kDa, 300 kDa, 350 kDa, 400 kDa, 450 kDa or 500 
kDa. The protein mixture may comprise one or more of gly 
comacropeptide (GMP), alpha-lactalbumin (ALA), immuno 
globulin G (IgG), and/or beta-lactoglobulin (BLG). 
0008. The method method may further comprise subject 
ing said first permeate to a second charged ultrafiltration to 
achieve a second permeate and a second retentate, and the 
second retentate may be recycled into another protein mixture 
for additional charged ultrafiltration. The method may also 
further comprise Subjecting said first retentate to a second 
charged ultrafiltration to achieve a second retentate and a 
second permeate, and wherein said second permeate may be 
recycled into another protein mixture for additional charged 
ultrafiltration. The ultrafiltration may achieve a purity of 
about 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% and 99%, 
and may achieve a purity of about 60%. 65%, 70%, 75%, 
80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%. 
The method may be effected by a multistage crossed-flow 
positively-charged of ultrafiltration membrane. 
0009. The ultrafiltration membrane may be positively 
charged or negatively-charged. The method may further com 
prise adjusting the pH of said protein mixture to minimize the 
charge on said protein of interest, Such as pH 2.0.2.1.2.2.2.3, 
2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 3.0, 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 
3.8, 3.9, 4.0, 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 5.0, 5.1, 
5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 6.0, 6.1, 6.2, 6.3, 6.4., 6.5, 
6.6, 6.7, 6.8, 6.9, 7.0, 7.1, 7.2, 7.3, 7.4, 7.5, 7.6, 7.7, 7.8, 7.9, 
8.0, 8.1, 8.2, 8.3, 8.4, 8.5, 8.6, 8.7, 8.8, 8.9, or 9.0, and in 
particular, pH 3-6, 3-5, 3-4, 4-6, 5-6, or 4-5. The method may 
further comprise adjusting the conductivity of said protein 
mixture to 3-10 mS/cm, including 3.0, 3.1, 3.2, 3.3, 3.4, 3.5, 
3.6, 3.7, 3.8, 3.9, 4.0, 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 
5.0, 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 6.0, 6.1, 6.2, 6.3, 
6.4., 6.5, 6.6, 6.7, 6.8, 6.9, 7.0, 7.1, 7.2, 7.3, 7.4, 7.5, 7.6, 7.7, 
7.8, 7.9, 8.0, 8.1, 8.2, 8.3, 8.4, 8.5, 8.6, 8.7, 8.8, 8.9, 9.0, 9.1, 
9.2, 9.3, 9.4, 9.5, 9.6, 9.7, 9.8, 9.9, 10.0 mS/cm, and in 
particular, 3-10, 3-9, 3-8, 3-7, 3-6, 3-5, 3-4, 4-10, 5-10, 6-10, 
7-10, 8-10, or 9-10. The proteins separated may be GMP from 
ALA, GMP from IgG, GMP from BLG, ALA from IgG, ALA 
from BLG, or BLG from IgG. In some embodiments the 
methods of the invention involve implementing separation of 
proteins in a batch process. The term “batch’ is used accord 
ing to its ordinary and plain meaning in this field to refer to a 
process in which components of the purification process are 
incubated together, generally without regard to order or direc 
tion. 

0010. It is contemplated that any method or composition 
described herein can be implemented with respect to any 
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other method or composition described herein. Moreover, it is 
clearly contemplated that embodiments may be combined 
with one another, to the extent they are compatible. 
0011. The use of the term “or” in the claims is used to 
mean “and/or unless explicitly indicated to refer to alterna 
tives only or the alternatives are mutually exclusive, although 
the disclosure supports a definition that refers to only alter 
natives and “and/or.” 
0012. Throughout this application, the term “about is 
used to indicate that a value includes the standard deviation of 
error for the device or method being employed to determine 
the value. 
0013. It is specifically contemplated that any embodi 
ments described in the Examples section are included as an 
embodiment of the invention. 
0014 Following the long-standing patent law convention, 
the words “a” and “an, when used in conjunction with the 
word "comprising in the claims or specification, denotes one 
or more, unless specifically noted. 
0015. Other objects, features and advantages of the 
present invention will become apparent from the following 
detailed description. It should be understood, however, that 
the detailed description and the specific examples, while indi 
cating specific embodiments of the invention, are given by 
way of illustration only, since various changes and modifica 
tions within the spirit and scope of the invention will become 
apparent to those skilled in the art from this detailed descrip 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016. The following drawings form part of the present 
specification and are included to further demonstrate certain 
aspects of the present invention. The invention may be better 
understood by reference to one or more of these drawings in 
combination with the detailed description of specific embodi 
ments presented herein. 
0017 FIG. 1. Effect of charge, pH and conductivity. 
0018 FIG. 2. Flow diagram for two-stage charged ultra 

filtration membrane. 
0019 FIG. 3. Two-stage charged ultrafiltration of ALA 
and BLG. 
0020 FIG. 4. Flow diagram for three-staged charged ultra 

filtration membrane. 
0021 FIG. 5. Milk serum protein fractionation using a 
positively-charged 300 kDa ultrafiltration membrane. 
0022 FIG. 6. Two-stage charged ultrafiltration of MSP. 
0023 FIG. 7. Two-stage charged ultrafiltration of MSP. 
0024 FIG. 8. Stages with and without recycle. 
0025 FIG.9. Glycomacropeptide (GMP) separation from 
Swiss cheese whey. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

0026. The present inventors have discovered that charged 
ultrafiltration membranes can be used to make dairy protein 
fractions of chromatographic purity without the need for 
Sophisticated chromatography equipment or water or buffers. 
The invention can be practiced using ultrafiltration membrane 
systems common in essentially every dairy processing facil 
ity worldwide. The inventors made the surprising discovery 
that charged ultrafiltration membranes having a pore size 
rating of 150-500 kDa can be used to fractionate dairy pro 
teins much smaller in size such as GMP (8.6 kDa), ALA (14.4 
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kDa), and beta-lactoglobulin (18.6 kDa). They also found that 
high purity and yield can be attained by operation of the 
membranes in stages analogous to plates in a distillation 
column. 

I. PROTEINACEOUS COMPOSITIONS 

0027. In certain embodiments, the present invention con 
cerns protein compositions comprising at least one proteina 
ceous molecule, such as a whey protein. As used herein, a 
“proteinaceous molecule.” “proteinaceous composition.” 
“proteinaceous compound,” “proteinaceous chain” or “pro 
teinaceous material' generally refers, but is not limited to, a 
protein of greater than about 50 amino acids or the full length 
endogenous sequence translated from a gene; a polypeptide 
of greater than about 100 amino acids; and/or a peptide of 
from about 3 to about 100 amino acids. All the “proteina 
ceous' terms described above may be used interchangeably 
herein. 
0028. A. Milk Proteins 
0029. There are several types of proteins in milk. The 
major milk proteins are unique to milk—not found in any 
other tissue. Milk proteins, particularly caseins, have an 
appropriate amino acid composition for growth and develop 
ment of the young. Other proteins in milk include an array of 
enzymes, proteins involved in transporting nutrients, proteins 
involved in disease resistance (antibodies and others), growth 
factors, etc. 
0030 The total protein component of milk is composed of 
numerous specific proteins. The primary group of milk pro 
teins are the caseins. There are 3 or 4 caseins in the milk of 
most species; the different caseins are distinct molecules but 
are similar in structure. All other proteins found in milk are 
grouped together under the name of whey proteins. The major 
whey proteins in cow milk are beta-lactoglobulin and alpha 
lactalbumin. 
0031. The major milk proteins, including the caseins, 
beta-lactoglobulin and alpha-lactalbumin, are synthesized in 
the mammary epithelial cells and are only produced by the 
mammary gland. The immunoglobulin and serum albumin in 
milk are not synthesized by the epithelial cells. Instead, they 
are absorbed from the blood (both serum albumin and the 
immunoglobulins). An exception to this is that a limited 
amount of immunoglobulin is synthesized by lymphocytes 
which reside in the mammary tissue (called plasma cells). 
These latter cells provide the mammary gland with local 
immunity. Milk proteins can be identified by molecular mass. 
The relative size of the caseins (-25-35 kDa) is distinguished 
from the major whey proteins beta-lactoglobulin (18 kDa) 
and alpha-lactalbumin (14 kDa). Others include primarily 
lactoferrin (~80 kDa) and serum albumin (-66 kDa). 
0032 B. Caseins 
0033 Caseins have an appropriate amino acid composi 
tion that is important for growth and development of the 
nursing young. This high quality protein in cow milk is one of 
the key reasons why milk is such an important human food. 
Caseins are highly digestible in the intestine and are a high 
quality source of amino acids. Most whey proteins are rela 
tively less digestible in the intestine, although all of them are 
digested to some degree. When Substantial whey protein is 
not digested fully in the intestine, Some of the intact protein 
may stimulate a localized intestinal or a systemic immune 
response. This is sometimes referred to as milk protein allergy 
and is most often thought to be caused by B-lactoglobulin. 
Milk protein allergy is only one type of food protein allergy. 
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0034 Caseins are composed of several similar proteins 
which form a multi-molecular, granular structure called a 
casein micelle. In addition to casein molecules, the casein 
micelle contains water and salts (mainly calcium and phos 
phorous). Some enzymes are associated with casein micelles 
as well. The micellar structure of casein in milk is an impor 
tant part of the mode of digestion of milk in the stomach and 
intestine, the basis for many of the milk products industries 
(such as the cheese industry), and the basis for the ability to 
easily separate Some proteins and other components from 
cow milk. Casein is one of the most abundant organic com 
ponents of milk, in addition to the lactose and milk fat. Indi 
vidual molecules of casein alone are not very soluble in the 
aqueous environment of milk. However, the casein micelle 
granules are maintained as a colloidal Suspension in milk. If 
the micellar structure is disturbed, the micelles may come 
apart and the casein may come out of solution, forming the 
gelatinous material of the curd. This is part of the basis for 
formation of all non-fluid milk products like cheese. 
0035 Caseins are highly digestible in the intestine and are 
a high quality source of amino acids. Most whey proteins are 
relatively less digestible in the intestine, although all of them 
are digested to Some degree. When Substantial whey protein is 
not digested fully in the intestine, Some of the intact protein 
may stimulate a localized intestinal or a systemic immune 
response. This is sometimes referred to as milk protein allergy 
and is most often thought to be caused by B-lactoglobulin. 
Milk protein allergy is only one type of food protein allergy. 
0036 C. Whey Proteins 
0037. Whey proteins comprise one of the two major pro 
tein groups of bovine milk and account for approximately 
20% of the milk composition. However, the present invention 
is not limited to whey protein from bovine milk and can be 
implemented with respect to the milk from other species. 
Whey protein is derived as a natural byproduct of the cheese 
making process. In addition to proteins, the raw form contains 
fat, lactose and other Substances. The raw form is processed to 
produce protein-rich whey protein concentrates (WPC) and 
whey protein isolates (WPI), among other things. Thus, whey 
proteins are comprised of high-biological-value proteins and 
proteins that have different functions. The primary whey pro 
teins are beta-lactoglobulin and alpha-lactalbumin, two small 
globular proteins that account for about 70 to 80% of total 
whey protein. Proteins present in lesser amounts include the 
immunoglobulins IgG, IgA and IgM, but especially IgG, 
glycomacropeptides, bovine serum albumin, lactoferrin, lac 
toperoxidase and lysozyme. 
0038. There are many whey proteins in milk and the spe 

cific set of whey proteins found in mammary secretions varies 
with the species, the stage of lactation, the presence of an 
intramammary infection, and other factors. The major whey 
proteins in cow milk are beta-lactoglobulin and alpha-lactal 
bumin. Alpha-lactalbumin is an important protein in the Syn 
thesis of lactose and its presence is central to the process of 
milk synthesis. beta-lactoglobulin's function is not known. 
Other whey proteins are the immunoglobulins (antibodies: 
especially high in colostrum) and serum albumin (a serum 
protein). Whey proteins also include a long list of enzymes, 
hormones, growth factors, nutrient transporters, disease resis 
tance factors, and others. 
0039) D. Milk Serum Proteins 
0040 Microfiltration of milk removes the casein micelles 
in the retentate and leaves the non-casein proteins of milk in 
the permeate. When the caseins are removed from milk with 
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out making cheese, the remaining proteins are comprised of 
the proteins found in whey with the exception of glycomac 
ropeptide. The action of rennet or chymosin on kappa-casein 
cleaves off the hydrophilic glycomacropeptide, leaving the 
hydrophobic para-kapa-casein to coagulate and form cheese 
curd. When this enzymatic cleavage does not occur, glyco 
macropeptide generation also does not occur. Thus, the pro 
teins in the milk microfiltration permeate are called milk 
serum proteins instead of whey proteins to highlight the dis 
tinction in composition, namely the absence of glycomac 
ropeptide in milk serum proteins. 

II. ULTRAFILTRATION 

0041. Ultrafiltration (UF) is a variety of membrane filtra 
tion in which hydrostatic pressure forces a liquid against a 
semipermeable membrane. Suspended solids and solutes of 
high molecular weight are retained, while water and low 
molecular weight solutes pass through the membrane. This 
separation process is used in industry and research for puri 
fying and concentrating macromolecular (10-10 Da) solu 
tions, especially protein solutions. Ultrafiltration is not fun 
damentally different from microfiltration or nanofiltration, 
except in terms of the size of the molecules it retains. Ultra 
filtration is applied in cross-flow or dead-end mode and sepa 
ration in ultrafiltration undergoes concentration polarization. 
0042 Ultrafiltration systems eliminate the need for clari 
fiers and multimedia filters for waste streams to meet critical 
discharge criteria or to be further processed by wastewater 
recovery systems for water recovery. Efficient ultrafiltration 
systems utilize membranes which can be submerged, back 
flushable, air scoured, spiral wound UF/MF membrane that 
offers superior performance for the clarification of wastewa 
ter and process water. There are a number of different formats 
of ultrafiltration membrane geometries: 

0.043 Spiral wound module: consists of large consecu 
tive layers of membrane and Support material rolled up 
around a tube; maximizes Surface area; less expensive, 
however, more sensitive to flux decline caused by accu 
mulation of Solutes on the membrane. 

0044 Tubular membrane: Feed solution flows through 
the membrane lumen and the permeate is collected in the 
tubular housing; generally used for viscous or crude 
fluids; system is not very compact and has a high cost per 
m installed. 

0045 Hollow fiber membrane: Modules contain several 
small (0.6 to 2 mm diameter) tubes or fibers; feed solu 
tion flows through the lumens of the fibers and the per 
meate is collected in the cartridge area Surrounding the 
fibers; filtration can be carried out either “inside-out” or 
“outside-in.” 

Module configurations include: 
0046 Pressurized system or pressure-vessel configura 
tion: TMP (transmembrane pressure) is generated in the 
feed stream by a pump, while the permeate stays at lower 
pressure closer to atmospheric pressure. Pressure-ves 
sels are generally standardized, allowing the design of 
membrane systems to proceed independently of the 
characteristics of specific membrane elements. 

0047 Immersed system: Membranes are suspended in 
basins containing the feed and open to the atmosphere. 
Pressure on the influent side is limited to the pressure 
provided by the feed column. TMP is generated by a 
pump that develops suction on the permeate side. Ultra 
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filtration, like other filtration methods can be run as a 
continuous or batch process. 

0048. A negatively-charged membrane can be obtained by 
Sulfonation of polysulfone, and a positively-charged polymer 
can be synthesized by chloromethylation of polysulfone and 
then by quaternization of the amino group. U.S. Patent Pub 
lication 2003/01783.68 A1 teaches how to make a charged 
cellulosic filtration membrane by covalently modifying the 
membrane's Surfaces with a charged compound or a com 
pound capable of being chemically modified to possess a 
charge. For example, a cellulosic (cellulose, cellulose di- or 
tri-acetate, cellulose nitrate or blends thereof) membrane has 
hydroxyl moieties that are derivitized to form the charged 
Surfaces. A wide variety of compounds can be used. Most 
possess a halide moiety capable of reacting with the mem 
brane Surface (including the interior of its pores) as well as a 
hydroxyl moiety capable of reacting with a second ligand that 
imparts the charge, positive or negative. U.S. Pat. No. 4,824, 
568 teaches casting a polymeric coating onto a membrane's 
Surface and then cross-linking it in place with UV light, 
electron beam or another energy source to input a charge to 
the membrane such as PVDF, polyethersulfone, polysulfone, 
PTFE resin and the like. Examples of charged membranes are 
also found in U.S. Pat. No. 4,849,106 and U.S. Patent Publi 
cation 2002/0185440. 

III. ADJUSTING pH TO EFFECT PERMEATION 
0049 Adjusting the pH of the protein mixture feed stream 

to the charged ultrafiltration membrane is key to fractionation 
of proteins. Fractionation requires that one protein permeate 
the membrane more than another protein. Charged ultrafiltra 
tion is different than traditional ultrafiltration in that the 
charge of the protein relative to the charge of the membrane is 
a key factor in addition to the size of the protein relative to the 
pore size of the membrane. Generally, when the pH of the 
Solution is less than the isoelectric point (pl) of a protein, then 
the protein has a net positive charge. Conversely, when the pH 
is above the isoelectric point, then the protein has a net nega 
tive charge. In order for a charged ultrafiltration membrane to 
permeate a protein of interest and not the other proteins in the 
mixture it is desired to have the protein of interest be rela 
tively smaller and uncharged compared to the other proteins. 
0050 For example, milk serum proteins can be made by 
microfiltration of milk to remove the caseins. The milk serum 
protein contains predominately the proteins alpha-lactalbu 
min and beta-lactoglobulin. Alpha-lactalbumin is Smaller 
(14.4 kDa) than beta-lactoglubulin (18.6 kDa) and is more 
acidic (pl. 4.4) than beta-lactoglobulin (p 5.1). By adjusting 
the milk serum protein to about pH 4.0 to 4.5, the alpha 
lactalbumin has little to no net charge while the beta-lacto 
globulin has a net charge that is positive. The larger beta 
lactoglobulin will be subject to electrostatic repulsion by a 
positively-charged ultrafiltration membrane while the 
Smaller alpha-lactalbumin that has little to no net charge can 
permeate the charged ultrafiltration membrane. 
0051. In another example, cheese whey contains predomi 
nately glycomacropeptide, alpha-lactalbumin, and beta-lac 
toglobulin. Glycomacropeptide is smaller (8.6 kDa) and more 
acidic (p<3.8) than the other whey proteins. By adjusting the 
whey to pH 3 to 4, the glycomacropeptide has little to no net 
charge while alpha-lactalbuminand beta-lactoglobulin have a 
net charge that is positive. At pH 3 to 4, the other proteins in 
whey that are larger than glycomacropeptide will be subject 
to electrostatic repulsion by a positively-charged ultrafiltra 

Feb. 2, 2012 

tion membrane while glycomacropeptide is not. Thus, adjust 
ing the whey to pH 3 to 4 effects the permeation of glyco 
macropeptide. 

IV. ADJUSTING CONDUCTIVITY TO MINIMIZE 
SHIELDING 

0.052 Increasing the conductivity of the protein mixture 
increases shielding of the charges on the proteins. As conduc 
tivity increases to above about 100 mS/cm, charge shielding 
is great enough to negate the effect of electrostatic repulsion. 
This is undesirable because it takes away the advantages of 
charged ultrafiltration membranes compared to traditional 
ultrafiltration membranes. Conversely, lowering the conduc 
tivity is undesirable for dairy protein fractionation because 
milk and whey have a natural conductivity of about 3 to 10 
mS/cm. Lowering the conductivity by diafiltration or elec 
trodialysis is expensive. 
0053 Dissolving the dry dairy proteins in a dilute buffer 
Solution is another commonly used method to adjust the pH 
and operate at low conductivity. This is undesirable however, 
because buffer salts are expensive and a hazard to the envi 
ronment. Furthermore, drying the dairy proteins is expensive, 
and adding water and buffer to the dry proteins prior to frac 
tionation by charged ultrafiltration is an unnecessary and 
imprudent extra step. It is desired to fractionate dairy proteins 
from the milk or whey or milk serum protein stream without 
the addition of buffer salts or the adjustment of the milk or 
whey to a conductivity substantially lower than the natural 
value. 

0054 The inventors have found that there is a balance 
between pH and conductivity. Increasingly lowering the pH 
to less than the isoelectric point of a protein generally 
increases the positive charge on the protein. That increase in 
positive charge counteracts the charge shielding effect of 
increasing the conductivity. Therefore, to operate at the high 
conductivity natural to milk and whey, the inventors have 
found that the pH of the solution can be lowered to ameliorate 
charge shielding. 
0055 Thus, in accordance with the present invention, the 
inventors proposed adjusting the conductivity to a range of 
about 3-10 mS/cm and a pH of 3-4.5. This will avoid any 
significant charge shielding, but can be accomplished in a 
fairly straightforward manner. If they had chosen to lower the 
conductivity to, say, less than 2 mS/cm, then charge shielding 
would be minimal. That would enhance the effect of electro 
static repulsion and one would not need to go reduce Substan 
tially pH, i.e., the difference between pH and pl could have 
been smaller. The bigger the difference between pH and pithe 
bigger the net charge on the protein. Reducing the conductiv 
ity to less than 2 mS/cm would have lessened the cost to 
reduce the pH, but would have increased more the cost for 
conductivity reduction. It is generally less expensive to 
reduce the pH than to reduce the conductivity of the whey or 
milk serum. 
0056 By choosing to work at the natural conductivity of 
milk and whey, the issue was made more difficult because of 
enhanced charge shielding charge shielding negates the 
advantages of a charged ultrafiltration. To ameliorate this 
problem, the inventors adjusted the pH to below the value one 
might have been able to use were one working at a lower 
conductivity. This increased the net charge on the proteins to 
be rejected from the membrane while maintaining the natural 
conductivity of milk and whey. 
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0057. One can adjust the conductivity independent of the 
pH. Adding sodium chloride or another neutral salt increases 
the conductivity without changing the pH, and adding deion 
ized water lowers the conductivity without changing the pH. 

V. EXAMPLES 

0058. The following examples are included to demon 
strate preferred embodiments of the invention. It should be 
appreciated by those of skill in the art that the techniques 
disclosed in the examples which follow represent techniques 
discovered by the inventor to function well in the practice of 
the invention, and thus can be considered to constitute pre 
ferred modes for its practice. However, those of skill in the art 
should, in light of the present disclosure, appreciate that many 
changes can be made in the specific embodiments which are 
disclosed and still obtain a like or similar result without 
departing from the spirit and scope of the invention. 

Example 1 

0059) A300 kDa cross-flow ultrafiltration membrane (50 
cm regenerated cellulose membrane, Pellicon XL, Milli 
pore, Bedford, Mass., USA) was used to separate alpha 
lactalbumin (ALA) and beta-lactoglobulin (BLG) to illustrate 
the effect of membrane charge, and solution pH and conduc 
tivity on the observed sieving coefficient (S) and selectivity 
of the separation (FIG. 1). An uncharged 300 kDa ultrafiltra 
tion membrane should not retain ALA (14.4 kDa) and BLG 
(18.6 kDa) because both proteins are at least tentimes smaller 
than the rated membrane pore size. As expected, this is what 
was observed. Most of the ALA and BLG freely passed 
through the uncharged membrane, with only about 8 to 16% 
of the ALA and 15 to 19% of the BLG retained at pH 4.0 to 4.5 
and conductivity 4 to 6 mS/cm (S, ALA-0.88, S. BLG-0. 
83). Selectivity of the separation is defined as the ratio of the 
sieving coefficients and no separation occurs for a selectivity 
of one. The selectivity of the uncharged ultrafiltration mem 
brane for ALA and BLG was about 1.0. Thus, ALA and BLG 
were not significantly retained by the 300 kDa uncharged 
ultrafiltration membrane, and it failed to separate one protein 
from the other. 
0060 A positive charge was covalently bonded to the 300 
kDa ultrafiltration membrane surface using (3-bromopropyl) 
trimethylammonium bromide following the procedure of 
Bushan and Etzel (2009) and van Reis (2006). Placing a 
positive charge on the 300 kDa membrane dramatically 
increased the selectivity of the separation compared to the 
uncharged membrane by 330% (FIG. 1). Furthermore, 
increasing the solution conductivity increased the sieving 
coefficient for ALA, but not for BLG. This increased the 
selectivity of the separation by 70% for the charged mem 
brane (from 2.5 to 4.3) as conductivity increased from 4 to 8 
mS/cm. 

0061 Increasing pH from 4.0 to 4.5 increased the sieving 
coefficients for both ALA and BLG, and decreased the selec 
tivity. However, an intermediate pH of 4.3 was found to result 
in the best separation, because it increased the selectivity 
when compared to pH 4.0 or 4.5. Thus, the best conditions for 
separation of ALA from BLG were found to be pH 4.3 and 
conductivity 8 mS/cm using a positively-charged 300 kDa 
ultrafiltration membrane. Under these conditions, the selec 
tivity was 5.7 using the charged ultrafiltration membrane; 
470% greater than for the uncharged membrane. 
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0062) If ALA is the protein of interest, and the other spe 
cies is BLG, then adjusting the solution to pH 4.3, near the 
isoelectric point of ALA (pl. 4.4), but substantially less than 
the isoelectric point of BLG (p. 5.1), thereby rendering a net 
charge of about Zero on the ALA and a Substantial positive 
charge on the BLG, and adjusting the solution conductivity to 
about 8 mS/cm, the protein of interest ALA (14.4kDa) could 
be fractionated from BLG (18.6 kDa) using a charged ultra 
filtration membrane having a pore size rating at least 100 kDa 
above, or ten-fold greater than the protein species other than 
the protein of interest. This was not possible using an 
uncharged ultrafiltration membrane, because both of the pro 
teins freely passed through the uncharged membrane because 
it had a pore size rating more than ten times larger than either 
of the proteins. What is surprising about this result is that by 
simply adding a charge to the ultrafiltration membrane, pro 
teins more than ten times Smaller than the rated pore size of 
membrane can be fractioned from each other. 

Example 2 

0063. The conditions of Example 1 can be used on a feed 
stream (FS) to make a first permeate stream (P1) enriched in 
the protein of interest (ALA) and a first retentate stream (R1) 
enriched in the other species (BLG). As shown in FIG. 2, a 
second charged ultrafiltration membrane can be used on the 
first retentate stream to make a second permeate stream (P2) 
and a second retentate stream (R2). This staging of the 
charged ultrafiltration membranes has the advantage of 
increasing purity and offering the opportunity to recycle 
intermediate streams to the feed stream (FS) to reduce waste. 
0064. For example, a feed stream containing 0.5 g/L each 
of ALA and BLG was adjusted to pH 4.3, conductivity 8 
mS/cm and fed to a 300 kDa charged ultrafiltration membrane 
(FIG. 3). The feed stream had 50% purity each for ALA and 
BLG. The first permeate stream (P1) was higher in ALA 
purity (77%) and the first retentate stream (R1) was higher in 
BLG purity (68%) than the feed stream (FS). The first per 
meate stream was fed to a second 300 kDa charged ultrafil 
tration membrane. The second permeate (P2) was further 
enriched in ALA (87% purity) and the second retentate 
stream (R2) had a composition and purity about the same as 
the feed stream, and could have been be recycled back to the 
feed stream to recover the proteins and reduce waste as shown 
in FIG. 3. 
0065. The first retentate stream (R1) could be subjected to 
a third charged ultrafiltration to make a third retentate (R3) 
and a third permeate (P3) as shown in FIG. 4. The third 
retentate in this case would be enriched in BLG compared to 
the first retentate, and the third permeate would have a com 
position similar to the feed stream, and could be recycled 
back to the feed stream to recover the proteins and reduce 
Waste. 

Example 3 

0.066 Milk serum protein (MSP) was fractionated using a 
charged 300 kDa ultrafiltration membrane. Skim milk was 
Subjected to microfiltration to remove caseins and residual 
lipids, and form the MSP solution. The MSP solution was 
adjusted to pH 4.3 without adjustment of the conductivity. 
The natural conductivity of the MSP solution was about 8-10 
mS/cm. It was desired to fractionate the MSP at this natural 
conductivity without the use of either electrodialysis, diafil 
tration, dilution by addition of de-ionized water or other 
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methods to lower the conductivity. Using the MSP at the 
natural conductivity is less expensive than the use of any of 
the preceding methods. It was also desired to avoid the dis 
solution of dried MSP in buffer to eliminate the expensive 
steps of concentration and drying of the MSP, and the expense 
of addition and then disposal of the buffer salts. By using the 
natural MSP solution that was made directly from the micro 
filtration of skim milk, the cost of manufacture and the 
amount of waste generation are less than these other methods. 
0067. As shown in FIG. 5, the sieving coefficients for ALA 
and BLG using the 300 kDa uncharged (UNCHG) ultrafiltra 
tion membrane were not statistically significantly different 
(p>0.05). The selectivity was about 1.4, meaning there was 
little to no separation of ALA and BLG. Placing a positive 
charge on the 300 kDa ultrafiltration membrane (CHG) 
increased the selectivity by 66% to a value of 2.2. To further 
increase the selectivity, the temperature was increased from 
22 to 40° C. This increased the selectivity of the MSP sepa 
ration from 2.2 to 4.2. 
0068 A two stage separation was conducted using MSPat 
40° C. and pH 4.3 (FIG. 6). The MSP feed stream contained 
1.2 g/L ALA at 35% purity and 2.2 g/L BLG at 65% purity. 
The first permeate stream (P1) was higher in ALA purity 
(55%) and the first retentate stream (R1) was higher in BLG 
purity (77%) compared to the feed stream. The first permeate 
stream was fed to a second 300 kDa charged ultrafiltration 
membrane. The second permeate (P2) was further enriched in 
ALA (82% purity) and the second retentate stream (R2) had 
a composition and purity about the same as the feed stream, 
and could have been recycled back to the feed stream to 
recover the proteins and reduce waste. Thus, ALA and BLG 
were fractionated from MSP without the addition of buffer 
salts or the need to reduce the solution conductivity. 

Example 4 
0069. The impacts of multiple stages and recycle on con 
centrations and purity can be illustrated using a mass balance 
calculation. The measured concentrations for the two-stage 
system without recycle were compared to the mass balance 
calculations (FIG. 7). Measured values for the sieving coef 
ficients at 40°C. were used in the calculation (So ALA-0. 
520, SBLG-0.125). The mass balance calculations were not 
Substantially different than the experimental measurements. 
0070 Four different flow configurations were evaluated: 
(1) one stage, (2) two stage, (3) two stage with recycle, and (4) 
three stage with recycle (FIG. 8). Concentrations of each 
stream for a feed stream of MSP were determined by mass 
balance. In the two stage system, the first permeate (P1) was 
fed to a second membrane to form a second permeate (P2) and 
second retentate (R2). For two stages with recycle, stream R2 
was recycled back to the feed stream. The composition of 
stream R2 was similar to the composition of the feed stream. 
The three stage system was the same as the two stage system 
in the handling of stream P1, but added that the first retentate 
(R1) was fed to a third membrane to form a third permeate 
(P3) and third retentate (R3). Streams R2 and P3 were 
recycled back to the feed stream in the calculation for the 
three cycle system because the compositions were similar and 
it reduced waste. 
0071 Purity of ALA increased by adding more stages and 
recycle (Table 1). Purity of BLG was less affected, but was 
highest for three stages with recycle. The ALA purity of the 
feed stream was 35% compared to a purity of 88% in the top 
of the three-stage system with recycle. This example shows 
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that positively-charged ultrafiltration membranes can be used 
to make dairy protein fractions of chromatographic purity 
without the need for Sophisticated chromatography equip 
ment or water or buffers. The invention can be practiced using 
ultrafiltration membrane equipmentalready in place in essen 
tially every dairy processing facility worldwide. 

TABLE 1 

Purity for Different Flow Configurations 

ALA purity in top BLG purity in bottom 

1 stage 62% 78% 
2 stage no recycle 83% 78% 
2 stage with recycle 86% 76% 
3 stage with recycle 88% 83% 

Example 5 

0072 A 300 kDa positively-charged ultrafiltration mem 
brane was used to separate glycomacropeptide (GMP) from 
alpha-lactalbumin (ALA) and beta-lactoglobulin (BLG) in 
Swiss cheese whey at pH 3.0 and conductivity 4 mS/cm. It 
was expected that GMP (8.6 kDa, pI<3.8) would be smaller 
and less charged than the other major proteins in whey that are 
larger and more basic ALA (14.4kDa, PI-4.4) and BLG (18.6 
kDa, pI =5.1). Therefore, GMP might be expected to freely 
pass through a positively-charged ultrafiltration membrane 
while ALA and BLG would not. What was not expected was 
that it would be possible to use a 300 kDa membrane pore 
size. It was surprising to observe that both ALA and BLG, 
which are at least ten times Smaller than the rated membrane 
pore size, were highly retained by the 300 kDa charged mem 
brane. The sieving coefficients were: S. GMP-0.43, S. 
BLG-0.105, and S. ALA=0.133. The positively-charged 
membrane retained about 90% of the BLG and 87% of the 
ALA. The protein of interest (GMP) more freely passed 
through the membrane. 
0073 For a single stage, the measured concentrations of 
GMP, BLG, and ALA were compared to those from the mass 
balance calculation (FIG. 9). Measured and calculated con 
centrations were not significantly different. The calculated 
concentrations for a three stage configuration with recycle of 
streams P3 and R2 revealed an increase in purity of the GMP 
from 57% in the feed stream to 80% in the permeate (P1) of 
the one-stage system, and 94% in the permeate (P2) of the 
three stage system. 
(0074 This example illustrates that ifGMP is the protein of 
interest, and the other species are the other major whey pro 
teins BLG and ALA, then adjusting the cheese whey solution 
to pH 3.0, near the isoelectric point of GMP, but substantially 
less than the isoelectric point of BLG and ALA, renders a net 
charge of about Zero on the GMP and a substantial positive 
charge on the BLG and ALA. Using a charged ultrafiltration 
membrane havingapore size rating at least 100kDa above, or 
ten-fold greater than the protein species other than the protein 
of interest, means that the protein of interest GMP (8.6 kDa) 
could be collected in the permeate and separated from BLG 
(18.6 kDa) and ALA (14.4 kDa) which are collected in the 
retentate. 

0075. In the previous examples, ALA was the protein of 
interest and the protein mixture was adjusted to pH 4.3 to 
render a net charge of about Zero on ALA while the other 
proteins carried a Substantial net positive charge. This 
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allowed ALA to freely pass through the 300 kDa positively 
charged ultrafiltration membrane while the other proteins did 
not. In the present example, ALA was not the protein of 
interest (GMP was) and by adjusting the protein mixture to 
pH 3.0, ALA was substantially rejected by the same 300 kDa 
charged ultrafiltration membrane that allowed ALA to freely 
pass through at pH 4.3. 
0076 BLG was not the protein of interest in any of the 
examples. At both pH 4.3 and pH 3.0, BLG was substantially 
rejected by the 300 kDa positively charged ultrafiltration 
membrane because the isoelectric point of BLG (p. 5.1) was 
greater than either pH value, and BLG carried a substantial 
net positive charge. If BLG was the protein of interest, then 
the protein mixture would be adjusted to about pH 5.1 to 
render a net charge of about Zero on the BLG while the other 
proteins carry a Substantial net negative charge. This would 
allow BLG to freely pass through a 300 kDa negatively 
charged ultrafiltration membrane while the other proteins 
would not. 
0077. What is surprising about these results is that by 
using a charged ultrafiltration membrane, proteins more than 
ten times Smaller than the rated pore size of membrane can be 
fractioned from each other. This discovery offers the advan 
tage of making dairy protein fractions of chromatographic 
purity without the need for Sophisticated chromatography 
equipment or water or buffers. Furthermore, the water flux of 
a 300 kDa membrane is more than 60 times greater than the 
flux of a 10 kDa membrane; the pore size one would expect to 
be needed to fractionate proteins of size 8.6 to 18.6 kDa. 
Higher flux corresponds to faster production rates for protein 
purification and a dramatically lower cost of manufacture. 
0078 All of the compositions and methods disclosed and 
claimed herein can be made and executed without undue 
experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been 
described in terms of preferred embodiments, it will be appar 
ent to those of skill in the art that variations may be applied to 
the compositions and methods and in the steps or in the 
sequence of steps of the method described herein without 
departing from the concept, spirit and scope of the invention. 
More specifically, it will be apparent that certain agents that 
are both chemically and physiologically related may be Sub 
stituted for the agents described herein while the same or 
similar results would beachieved. All such similar substitutes 
and modifications apparent to those skilled in the art are 
deemed to be within the spirit, scope and concept of the 
invention as defined by the appended claims. 

REFERENCES 

0079. The following references, to the extent that they 
provide exemplary procedural or other details Supplementary 
to those set forth herein, are specifically incorporated herein 
by reference. 
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0081 U.S. Pat. No. 4,849,106 
0082 U.S. Patent Publin. 2002/0185440 
0.083 U.S. Patent Publin. 2003/0178368A1 

What is claimed is: 
1. A method for fractionating a protein mixture comprising 

multiple protein species to obtain a protein of interest com 
prising: 
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(a) adjusting the pH of said protein mixture based on the 
isoelectric point of said protein of interest, thereby ren 
dering a net charge of about Zero on said protein of 
interest, 

(b) adjusting the conductivity of said protein mixture Such 
that said multiple species other than said protein of inter 
est are rejected by a charged ultrafiltration membrane; 
and 

(c) contacting said mixture with said charged ultrafiltration 
membrane to achieve a first permeate and a first reten 
tate, wherein said ultrafiltration membrane has a pore 
size at least 100 kDa above, or 10x greater than, at least 
one of said multiple species other than said protein of 
interest, 

wherein said first permeate comprises an increased ratio of 
said protein of interest as compared to said protein mix 
ture. 

2. The method of claim 1, wherein said protein mixture is 
a milk protein or a whey protein mixture. 

3. The method of claim 1, wherein said charged ultrafiltra 
tion membrane has a pore size rating of 150-500 kDa. 

4. The method of claim3, wherein said charged ultrafiltra 
tion is affected by a ultrafiltration membrane having a pore 
size rating of about 300 kDa. 

5. The method of claim 1, wherein said protein mixture 
comprises one or more of glycomacropeptide (GMP), alpha 
lactalbumin (ALA), immunoglobulin G (IgG), and/or beta 
lactoglobulin (BLG). 

6. The method of claim 1, wherein said method further 
comprises subjecting said first permeate to a second charged 
ultrafiltration to achieve a second permeate and a second 
retentate. 

7. The method of claim 1, wherein said method further 
comprises subjecting said first retentate to a second charged 
ultrafiltration to achieve a second retentate and a second per 
meate. 

8. The method of claim 6, wherein said second retentate is 
recycled into another protein mixture for additional charged 
ultrafiltration. 

9. The method of claim 7, wherein said second permeate is 
recycled into another protein mixture for additional charged 
ultrafiltration. 

10. The method of claim 1, wherein said ultrafiltration 
achieves a purity of about 60%. 65%, 70%, 75%, 80%, 85%, 
90%. 95% and 99%. 

11. The method of claim 6, wherein said ultrafiltration 
achieves a purity of about 60%. 65%, 70%, 75%, 80%, 85%, 
90%. 95% and 99%. 

12. The method of claim 7, wherein said ultrafiltration 
achieves a purity of about 60%. 65%, 70%, 75%, 80%, 85%, 
90%. 95% and 99%. 

13. The method of claim 1, wherein said ultrafiltration 
achieves a yield of about 60%. 65%, 70%, 75%, 80%, 85%, 
90%. 95% and 99%. 

14. The method of claim 6, wherein said ultrafiltration 
achieves a yield of about 60%. 65%, 70%, 75%, 80%, 85%, 
90%. 95% and 99%. 

15. The method of claim 7, wherein said ultrafiltration 
achieves a yield of about 60%. 65%, 70%, 75%, 80%, 85%, 
90%. 95% and 99%. 

16. The method of claim 3, wherein said ultrafiltration 
membrane is positively-charged. 

17. The method of claim 3, wherein said ultrafiltration 
membrane is negatively-charged. 
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18. The method of claim 1, wherein said conductivity is 
adjusted to 3-10 mS/cm. 

19. The method of claim 1, wherein said conductivity is 
adjusted to 3-6 mS/cm. 

20. The method of claim 1, wherein GMP is separated from 
ALA. 

21. The method of claim 1, wherein GMP is separated from 
IgG. 

22. The method of claim 1, wherein GMP is separated from 
BLG. 
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23. The method of claim 1, wherein ALA is separated from 
IgG. 

24. The method of claim 1, wherein ALA is separated from 
BLG. 

25. The method of claim 1, wherein BLG is separated from 
IgG. 

26. The method of claim 1, wherein said charged ultrafil 
tration is effected by a multistage cross-flow positively 
charged of ultrafiltration membrane. 

c c c c c 
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