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Whey protein (WP) is a mixture of proteins, and is of high nutritional values. WP has become an important

source of functional ingredients in various health-promoting foods. In this study, size-exclusion chromatography

(SEC) and asymmetrical flow field-flow fractionation (AsFlFFF) were used for separation and analysis of

whey proteins. It was found that a lab-prepared WP from raw milk is mostly of β-lactoglobulin with small

amount of higher molecular weight components, while a commercial whey protein isolate (WPI) powder

contains relatively larger amount of components other than β-lactoglobulin, including IgG and protein

aggregates. Results suggest that AsFlFFF provides higher resolution for the major whey proteins than SEC in

their normal operation conditions. AsFlFFF could differentiate the BSA and Albumin, despite a small

difference in their molecular weights, and also was able to separate much smaller amount of aggregates from

monomers. It is noted that SEC was able to show the presence of low molecular weight components other than

the major whey proteins in the WP samples, which AsFlFFF could not show, probably due to the partial loss

of those low molecular weight species through the membrane. 

Key Words : Whey proteins, Whey protein isolate (WPI), Separation, Asymmetrical flow field-flow fraction-

ation (AsFlFFF), Size-exclusion chromatography (SEC) 

Introduction

Whey protein (WP) is a mixture of proteins, having the

four major components such as β-lactoglobulin (β-Lg), α-

lactalbumin (α-Lac), bovine serum albumin (BSA), and

immunoglobulin (IgG).1,2 Minor components include lacto-

ferrin, lactoperoxidase, enzymes, and proteose-peptone (PP)

fractions.3 The composition of WP varies depending upon

the whey resource and the procedure by which the WP was

processed. 

WP is of high nutritional value, and has become an

important source of functional ingredients in various health-

promoting foods.4 WP is also widely used as an emulsifier

and stabilizer in the food industry. It has been reported that

WP may possess anti-inflammatory or anti-cancer proper-

ties,5,6 and has been tested as a supplementary treatment for

human diseases.7

Various methods such as ultrafiltration, high pressure8 or

heat-treatment are used to improve the functional properties

of WP, which may cause changes in physico-chemical

properties as well as the functional properties of WP pro-

teins. A high pressure-treated whey proteins showed better

stabilizing properties by an increase of their surface hydro-

phobicity, thus enhancing foaming ability and stability.8 WP

proteins are heat-sensitive, and have a tendency to form a gel

or aggregates after heat-induced denaturation due to con-

formational changes and subsequent aggregation.4,9,10 The

heat-induced denaturation and aggregation are also affected

by pH and ionic environment of the medium.11,12 For value-

added industrial applications of WP, the composition and

the changes in both the physico-chemical and functional

properties need to be accurately analyzed. It is noted that,

even for the same WP sample, there may be wide variation

in the protein concentrations measured by different analy-

tical methods.1 

Because WP is a mixture of proteins, accurate analysis of

WP requires separation of the WP proteins. Various separation

methods have been suggested to separate and analyze the

whey proteins.3 They include gel electrophoresis.1,8,13-15

capillary zone electrophoresis,1,16-18 and various forms of

high performance liquid chromatography (HPLC).15,19-25 The

HPLC methods include reversed-phase,15,19-22 ion exchange,23-26

and size-exclusion chromatography (SEC).8,11,12,18,26,27 No

single method is applicable for separation of all whey

proteins and the choice of a method is usually based on one

or two components of interest.15 In ion-exchange HPLC,

usually a large amount of mobile phase is used with various

concentrations of salts or at different pH to wash out the

target proteins, and in reversed-phase HPLC, some organic

solvents or an acidic mobile phase are often used, all of

which could cause denaturation of whey proteins. 

Compared to other forms of HPLC, SEC is relatively gentle

to protein molecules and has been widely used in separation

of proteins.27,28 SEC is a standard method in various industries

for determination of molecular weight distribution (MWD)

of polymers because it provides separation based on the

molecular size. However SEC, like other forms of HPLC

using packed columns, can only be applied to soluble com-

ponents. As mentioned earlier, heat-induced denaturation of

whey proteins and associated formation of insoluble protein

aggregates can occur, thus leading to loss of proteins

measurable by SEC or reversed-phase HPLC. It has been
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reported that the protein concentrations measured by reversed-

phase HPLC were lower than those found by gel electro-

phoresis due to the removal of insolubles or large aggregates

during analysis.15 Application of SEC is also limited by the

pore size of the stationary gels. The aggregates or large

molecules are often too large to be effectively separated on

typical SEC columns. Also an adsorption of the sample may

occur onto the stationary gels of the SEC columns due to

solute-gel interactions, which disturbs the size-based separation.

Electrostatic repulsion between the sample and the stationary

gels may also occur.29 

Flow field-flow fractionation (FlFFF) provides separation

of particles or macromolecules based on the differences in

the diffusion coefficients,30 and may become an alternative

to SEC for separation of whey proteins. The applicability of

FlFFF has been shown for analysis of proteins,31 where BSA

was used to study the effect of carrier composition (ionic

strength and pH) on the retention FlFFF. It was reported that

the retention of BSA in FlFFF increases with ionic strength

of the carder liquid. Also reported was the hydrodynamic

diameters obtained from FlFFF retention data agrees well

with theoretical values. It has also been reported that FlFFF

is useful for characterization of various samples such as

polymers,32,33 polysaccharides,34 ribosome,35 tRNA levels in

bacterial cells,36 gelatin nanoparticles drug carrier systems,37

and pullulan,38 etc. 

The openness of the FlFFF channel (unpacked) may

provide several potential advantages over SEC for WP

separation and analysis. An open channel has much less

surface area than packed columns, reducing opportunity for

adsorption. And the flow through open channels is less

tortuous than in packed columns, minimizing shear-induced

molecular degradation. It has been reported that FlFFF

provides better resolution than SEC for the species having

molecular weight higher than about 10,000 Da,29 although

SEC is better for lower molecular weight region. 

In this study, two WP samples (the WP isolated from raw

milk in the laboratory and a commercial whey protein isolate

(WPI) powder) were analyzed using asymmetrical FlFFF

(AsFlFFF) and SEC. The capabilities of the two separation

techniques were compared. 

Theory

In AsFlFFF, the retention time (tr) of a sample is deter-

mined by its diffusion coefficient (D) and is given by39

 (1)

, where to is the void time, w the channel thickness, V 0 the

void volume of the channel, and Fc the cross-flow rate.

According to eqn. (1), D can be directly determined by

measuring tr, from which the hydrodynamic diameter (dH)

can be measured by the Stokes-Einstein equation:

 (2)

, where k is the Boltzmann constant, T the absolute temper-

ature, and η the viscosity of the carrier liquid. It is noted that

eqn. (1) is a simplified expression of tr that is applicable only

for spherical particles having relatively high retention.

Application of eqn. (1) is also limited to the cases where

there are no physical interactions such as the interactions

among the sample molecules or the interactions between the

sample and the channel wall (membrane). 

As shown in eqn. (1), the ratio of the flow rates, Fc/Fout, is

an important parameter that determines the degree of reten-

tion of a sample. For the same sample, tr increases with Fc/

Fout. It can be seen from eqns. (1) and (2) that, with all the

experimental parameters fixed , dH is directly proportional to

tr, thus allowing a size-based separation.

Experimental Section

Materials. Raw milk was purchased from Pasteur Milk

(Hweng-Seong, Korea). A commercial whey protein isolate

(WPI) powder was obtained from Hansol Tech (Gim-Po,

Korea). WPI powder is whey protein obtained by removing

fat and lactose, and is high in protein content (usually higher

than 90%). Five protein standards were purchased from

Sigma-Aldrich Co. (St. Louis, MO, USA), and are listed in

Table 1. 

Isolation of Whey Proteins from Raw Milk. Whey

proteins were isolated directly from a raw milk by a simple

and gentle procedure similar to that described elsewhere.18

Raw milk was refrigerated at −18 oC overnight. The fat

solidified at the top was removed. The remainder was thawed

by storing the solution at 4 oC for about 1 hr, and then

centrifuged at 12,000 rpm for 30 min to remove other

residues which are precipitated by centrifugation. After the

centrifugation, the pale-greenish transparent solution was

taken, and then was treated with 0.1 M HCl solution to

adjust the solution pH to 4.6, which resulted in precipitation

of casein. Finally the solution was filtered through 0.45 μm

disposable filter (Whatman, Maidstone, UK) before the

injection into the SEC columns or into the AsFlFFF channel.

Preparation of Solution of WPI Powder. A 3% (w/w)

stock solution was prepared by adding WPI powder to

deionized water and stirring gently for 2 h at room temper-

ature. The solution was then stored overnight at 4 to allow

complete hydration. Some insolubles were precipitated. The

solution was taken, and pH was adjusted to 6.0 using 1 M

tr = 
t
o
Fcw

2

6DV
0

---------------

dH = 
kT

3πηD
---------------

Table 1. Protein standards used in this study

Protein
Nominal MW 

(Da)

β-lactoglobulin (β-Lg, from bovine milk, appr. 80%) 1.8 × 104

Albumin (bovine albumin, min 98%) 6.6 × 104

Bovine Serum Albumin (BSA, min 99%) 6.7 × 104

Immunoglobulin (IgG, from human serum, reagent 

grade, min 95%)

1.50 × 105

Ferritin (from horse spleen, 76 mg/mL) 4.40 × 105
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HCl.8 Finally the solution was filtered through a 0.45 μm

disposable filter (Whatman, Maidstone, UK) before the

injection into the SEC columns or into the AsFlFFF channel.

Asymmetrical Flow Field Flow Fractionation (AsFlFFF).

The AsFlFFF system used in this study was the Eclipse AF4

(Wyatt Tech., Europe GmbH, Dernbach, Germany) assembled

with a 350-μm-thick Mylar spacer and a regenerated cellu-

lose membrane (Millipore, Bedford, MA, USA) having the

cutoff-molecular weight of 10,000 Da. The channel geometry

was trapezoidal with the tip-to-tip length of 26.5 cm and the

breadth at the inlet and the outlet of 1.7 and 0.39 cm,

respectively. To measure the actual channel thickness, ferritin

was injected with the carrier liquid of water containing

0.02% NaN3. The channel thickness determined from the

measured retention time of ferritin was 289 μm. A HPLC

pump was used to deliver the carrier liquid which was water

containing 0.05 M Tris-HCl (pH 7.2) and 0.02% NaN3 to the

channel. The channel and the cross-flow rate were measured

using liquid flow meters (Optiflow 1000, Agilent Technologies,

Palo Alto, CA, USA). Eluted samples were monitored using

a refractive index (RI) detector (Shodex RI-71, Showa Denko,

Tokyo, Japan). The sample solution was injected using a 20

μL loop injector (Rheodyne 7125, Cotati, CA, USA). A

syringe pump (KD Scientific Model 100, Holliston, MA,

USA) was used at the flow rate of 0.2 mL/min for 60 sec to

load the sample into the channel. After the injection, the

sample was focused and relaxed for another 50 sec before

the elution began at the channel flow rate of 2 mL/min.

Size-exclusion Chromatography (SEC). A series of

three Shodex OHpak columns (SB-803HQ, SB-804HQ, SB-

805HQ) was used to separate the WP samples. The carrier

liquid was water containing 0.05 M Tris-HCl (pH 7.2) and

0.02% NaN3. The flow rate was set at 0.5 mL/min for all

SEC analysis in this paper. Proteins were detected by a RI

detector (Shodex RI-71, Showa Denko, Tokyo, Japan). Sample

solution was injected using a 50 μL loop injector (Rheodyne

7125, Cotati, CA, USA).

Results and Discussion

Separation of WP by AsFlFFF. Figure 1 shows AsFlFFF

fractograms obtained at various cross-flow rates (Fc) for the

WP isolated from raw milk (Fig. 1(a)) and the WPI powder

(Fig. 1(b)). All the experimental conditions were the same

including the channel-flow rate (Fout) which was 0.2 mL/

min. The signals shown in Figure 1 at the beginning of the

fractograms (before about 2 min) are combinations of the

pressure pulses and the void peaks. The void time (to) was

1.04, 0.90, 0.84, and 0.77 min at Fc of 2.4, 3.0, 3.3, and 3.8

mL/min, respectively. 

In Figure 1(a), the AsFlFFF fractograms show a major

peak eluting first, followed by a few unresolved minor ones.

The retention of the sample (and thus the resolution)

gradually increases as Fc increases from 2.4 up to 3.3 mL/

min, as expected from FlFFF theory. Generally in FlFFF, as

Fc increases, sample components are pushed closer to the

accumulation wall, which results in longer retention time.

When Fc was further increased from 3.3 up to 3.8 mL/min,

no significant changes were found. In the range of Fc em-

ployed, the elution of WP isolated from raw milk was

completed within about 15 min.

In Figure 1(b), the elution profiles of the WPI powder are

rather continuous and much broader than those in Figure

1(a). Longer analysis time of about 35 min, instead of 15

min, was required, indicating the WPI powder contains

higher molecular weight species than the WP isolated from

raw milk or the aggregates that were produced during manu-

facture of WPI powder. Also the change in retention with Fc

is less obvious than in Figure 1(a). It is noted in Figure 1(b)

that, when Fc was increased from 3.0 to 3.3 and to 3.8 mL/

min, the latter part of the fractogram (higher retention) tends

to elute earlier. It may be partly due to repulsion among the

sample molecules or by the steric inversion by the large

sized aggregates.40 In FlFFF, the sample layer formed on the

accumulation wall becomes thinner, and the sample compo-

nents come closer to each other, increasing the probability of

repulsion among the sample molecules. Fc of 3.0 mL/min

was chosen in all AsFlFFF analysis of WP samples in this

paper.

Figure 2 shows AsFlFFF fractograms of whey protein

standards obtained at Fout and Fc of 0.20 and 3.0 mL/min,

respectively. All other experimental conditions were the same

as those in Figure 1. As expected, the retention time of the

Figure 1. AsFlFFF fractograms of WP isolated from raw milk (a)
and WPI powder (b) obtained at various cross-flow rates. Fout was
fixed at 0.2 mL/min. 
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protein standard increases as the nominal molecular weight

increases, showing the capability of AsFlFFF for molecular

weight-based separation of proteins. As the molecular weight

increases, the diffusion coefficient, D, decreases, and thus

the retention time, tr, increases as shown in eqn. (1). The

fractograms of β-Lg, BSA and Albumin show small peak

eluting right after the main population, which are probably

of the aggregates. The fractogram of IgG is much broader

than those of other proteins. It is noted that the elution time

of Albumin and BSA is 8.9 and 9.6 min, respectively,

suggesting AsFlFFF can differentiate them, despite a small

difference in their molecular weights (the nominal molecular

weight of Albumin and BSA is 6.6 × 104 and 6.7 × 104,

respectively). 

Table 2 shows the diffusion coefficients (D) of the proteins

shown in Figure 2 that were determined using eqn. (1) from

their retention times (tr). The retention times were measured

at the highest points of the RI signals. Table 2 also shows the

hydrodynamic diameters (dH) of the proteins determined

using eqn. (2) from the measured D values (Dmeasured). It can

be seen that the Dmeasured values agree well with those from

other literatures.41-44 Figure 3 shows the log-log plot of the

diffusion coefficients measured for the proteins (open circles)

vs. their nominal molecular weights (M). The dashed line is

the result of the first order linear regression. The linear

function and the correlation coefficients are also shown in

Figure 3. Figure 3 may be used to determine the molecular

weights of unknown proteins from the diffusion coefficients

obtained from its AsFlFFF retention time. 

Figure 4 shows AsFlFFF fractograms of the protein

standards (shown in Figure 2) overlaid with those of two WP

samples. All the fractograms of the protein standards are in

dotted lines, while those of the WP samples are in solid lines

(grey line for the WP from raw milk and dark line for the

WPI powder). It can be seen that the leading major popu-

lation of WP from raw milk is of β-Lg. And the partially

resolved minor components eluting after β-Lg are other

higher molecular weight whey proteins and their aggregates.

Figure 3 also shows β-Lg is a major component of the WPI

powder. 

Compared to the WP obtained from raw milk, the WPI

powder contains relatively higher amount of other compo-

nents than β-Lg, including IgG. This result may suggest the

efficiency in isolating whey proteins from raw milk was not

high. The earlier eluting shoulder to the major peak (β-Lg) is

predicted to be that of the α-lactalbumin, whose molecular

weight is slightly lower (1.4 × 104 Da) than that of β-Lg

(1.8 × 104 Da).

Separation of WP by Size-exclusion Chromatography

(SEC). Figure 5 shows SEC chromatograms of the protein

standards obtained at the flow rate of 0.5 mL/min. The

column temperature was set to be 30 oC. This time, the

elution order is reversed from that obtained from AsFlFFF,

where the elution time of the protein standards decreases as

the nominal molecular weight increases. In Figure 5, the

Figure 2. AsFlFFF fractograms of protein standards obtained at
Fc = 3.0, Fout = 0.2 mL/min. All other experimental conditions were
the same as those in Figure 1.

Table 2. Diffusion coefficients of proteins measured by AsFlFFF

Proteins
Dreference

a

(cm2/s)

Dmeasured
b

(cm2/s)

dH,measured
c

(nm)

β-lactoglobulin 9.7 × 10−7 1.1 × 10−6 4.7

Albumin 7.8 × 10−7 7.1 × 10−7 6.9

BSA 6.7 × 10−7 6.8 × 10−7 7.2

Immunoglobulin 3.8 × 10−7 3.4 × 10−7 14.5

aliterature values [41-44]. bmeasured using Eq. (1) from tr measured at
the peak maximum. c measured using Eq. (2) from Dmeasured.

Figure 3. Diffusion coefficients (D) determined for proteins shown
in Figure 2 plotted against their nominal molecular weights (M). 

Figure 4. AsFlFFF fractograms of proteins standards overlaid with
those of two WP samples. Experimental conditions are the same as
those in Figure 1.
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elution times of Albumin and BSA are almost same at

around 44.2 min. Thus, unlike AsFlFFF, SEC could not

differentiate albumin and BSA due to the closeness in their

molecular weights. Also the resolution between monomers

and aggregates are poorer than in AsFlFFF (Fig. 2) for β-Lg,

BSA and Albumin. In Figure 5, the chromatogram of IgG is

not shown because it was difficult to obtain a reason-

able elution profile for IgG at the same experimental condi-

tions, which seems to need more investigation. 

Figure 6 shows SEC chromatograms of WP samples over-

laid with those of the protein standards. Again, all the

chromatograms of the protein standards are in dotted lines,

while those of the WP samples are in solid lines (grey line

for the WP obtained from raw milk and dark line for the

WPI powder). The SEC results of the two WP samples are

generally in the same trends with the AsFlFFF results (Fig.

4). However, the resolutions for the major whey proteins are

lower in SEC than in AsFlFFF. Also the total analysis time

for SEC analysis is longer than that for AsFlFFF.

The SEC results shown in Figure 6 suggest a large amount

of low molecular weight components are present in both WP

samples, which are most probably the low molecular weight

species such as the proteose-peptone (PP) fractions, orotic

acid and hippuric acid.1 These low molecular weight species

were not found in AsFlFFF fractograms. It is likely that, in

AsFlFFF, those low molecular weight species may have

passed through the membrane, which has the cutoff-mole-

cular weight of 10,000 Da. 

Conclusions

Capabilities of SEC and AsFlFFF were compared for

separation of whey proteins in their normal operating condi-

tions. It is clear that the two techniques are different in the

separation mechanism, and one can do something better that

the other, and vice versa. SEC can provide better resolution

than AsFlFFF for lower molecular weight components of

whey protein. For the major whey protein components,

however, results suggest AsFlFFF could provides higher

resolution than SEC. Unlike SEC, AsFlFFF could differ-

entiate the BSA and Albumin, despite a small difference in

their molecular weights. AsFlFFF was also able to separate

protein aggregates present in much lower concentration

from the monomers. 

The performance of AsFlFFF could be further improved

by adopting the field- or flow programming.45 Testing of

various types of membranes may be needed. The online-

coupling of the multi angle light scattering (MALS) will also

improve AsFlFFF by allowing absolute determination of the

molecular weight, sizes, and the molecular conformations of

the proteins.46-49 With further improvements, and fine-tuning,

AsFlFFF is expected to have wide application in the routine

analysis of whey proteins.
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