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a b s t r a c t

The adsorption of sodium caseinate (NaCAS) and whey protein isolate (WPI) to both normal and waxy
rice starch granules was investigated using SDS-PAGE. This showed that the proteins present in NaCAS
and WPI do adsorb to normal and waxy rice starch granules and that in the case of NaCAS, for both normal
and waxy rice starch, �s-casein adsorbed preferentially and in higher amounts than �-casein. In the case
of WPI, although the amount of adsorbed �-LG is higher than that of �-LAC, no preferential adsorption is
eywords:
ice starch granules
ilk proteins

odium caseinate
hey protein

dsorption

observed. Confocal laser scanning microscopy, with specific dyes, was also used in an attempt to locate
the milk proteins adsorbed to the starch granules. The adsorption isotherms of these two milk protein
ingredients to rice starch granules, were modelled using the BET equation which is usually used to model
multilayer adsorption, and a simple equation is proposed to take into account possible absorption of the
proteins into the core of the starch granules. Good agreement is found between these models and the
experimental results. Possible mechanisms involved in the interaction between milk proteins and starch

granules are discussed.

. Introduction

Milk proteins and starch co-exist in several food formulations
uch as yoghurts, processed cheese and custards. Despite their
ndustrial importance, only a few fundamental studies have been
edicated to the investigation of the interactions between these
wo food ingredients. Recently, it was shown that the addition
f sodium caseinate (NaCAS) and whey protein isolate (WPI) into
axy and normal rice starch dispersions did affect their past-

ng behaviour; that is their viscosity when the temperature was
ncreased gradually from ambient temperature to 95 ◦C (Noisuwan,
ronlund, Wilkinson, & Hemar, 2008). In fact, it was found that
he addition of very small amounts (0.1 wt%) of NaCAS did result
n the shift of the temperature at which the viscosity reaches a

aximum to higher temperature values. This led to the suggestion,
n view of the small amount of the protein involved, that interac-
ion between the milk proteins and the starch granule could occur
hrough hydrophobic interactions leading to the adsorption of the
roteins to the starch granule interface.
NaCAS and WPI are known to be very good emulsifiers, and their
dsorption to oil–water, air–water and solid–water interfaces are
ell documented. In brief, milk proteins are large complex amphi-
athic macromolecules having a combination of ionic, polar and

∗ Corresponding author. Tel.: +61 3 9731 3435; fax: +61 3 9731 3200.
E-mail address: Yacine.Hemar@gmail.com (Y. Hemar).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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non-polar regions (Dickinson, 1999). Although, several studies have
shown that other proteins do adsorb onto starch granules (Dahle,
1971; Dahle et al., 1975; Eliasson and Tjerneld, 1990; Lundh et al.,
1988; Ryan & Brewer, 2005a, 2005b; Wannerberger, Wahlgren, &
Eliasson, 1996) that this adsorption reduces the ability of the starch
granules to absorb water and swell, to the best of our knowledge,
the adsorption of milk proteins to starch granules was not pre-
viously reported. However, the adsorption of BSA, low molecular
weight wheat protein fraction (WP1), and high molecular weight
wheat protein fraction (WP2) onto wheat, maize and potato starch
granules was previously studied, and the adsorption behaviour
was found to be low for BSA and WP1 but higher for WP2, and
that the adsorption behaviour depended also on the type of starch
(Eliasson & Tjerneld, 1990). In fact, removal of the native wheat
starch granule surface protein and resulted in a decrease in the
binding of added proteins, suggesting that native granule proteins
might mediate the binding of exogenous protein (Ryan & Brewer,
2006).

Despite the recent increase in awareness of the interactions
between exogenous proteins and starch granules (Ryan & Brewer,
2005a, 2005b), the underlying mechanism of these interactions is
still not fully understood. The objective of this paper was to estab-

lish whether caseins and whey proteins, the major proteins in milk,
do adsorb to the surfaces of rice starch granules and to identify
the mechanisms of the interactions involved. To do so, we quan-
tify the amount of the adsorbed proteins by adapting an SDS-PAGE
method, which was proven to quantify accurately the adsorption

dx.doi.org/10.1016/j.carbpol.2010.11.029
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:Yacine.Hemar@gmail.com
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Table 1
Chemical composition, including carbohydrates (Carb) and lactose (Lact) of dairy
ingredients and rice starches. NaCAS, sodium caseinate; WPI, whey protein isolate.

Lact. Carb. Protein Fat Ash Moisture

NaCAS 0.1 – 93.0 0.7 3.6 2.6
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WPI 0.6 – 93.2 0.3 2.1 3.8

Normal rice starch – 87.60 0.42 0.58 0.17 11.20
Waxy rice starch – 87.92 0.30 0.11 0.17 11.50

f milk protein in emulsions. In an attempt to confirm the pres-
nce of these milk proteins at the surface of the starch granule,
onfocal laser scanning microscopy with specific protein dyes was
mplemented.

. Materials and methods

.1. Materials

Normal and waxy rice starch were generously donated by
ational Starch and Chemical Co., Bangkok, Thailand. Sodium
aseinate (NACAS) and whey protein isolate (WPI) were obtained
rom Fonterra Co-operative Group Ltd, New Zealand. The chem-
cal compositions of the starch and milk protein ingredients are
eported in Table 1.

All chemicals used were of analytical grade and were purchased
rom either Sigma Chemical Co. (St Louis, MO, USA) or BDH Chem-
cals (BDH Ltd, Poole, England).

.2. Sample preparation

A 10% (w/w) stock solution of NaCAS or WPI was made by mixing
he protein powder in MilliQ water using a magnetic stirrer at room
emperature for at least 2 h. This stock solution was kept overnight
t 4 ◦C to ensure complete hydration. The stock solution was cen-
rifuged at 2000 × g for 10 min to remove any undissolved protein
ggregates, and different protein solutions of different concentra-
ions were made by mixing the appropriate amount of the stock
olution and MilliQ water. The milk protein/rice starch mixtures
ere made by mixing, at room temperature, 3 g of rice starch and

0 g of the milk protein solutions with a magnetic stirrer.

.3. Determination of starch granule size, density and specific
rea

A Malvern MasterSizer 2000 (Malvern Instruments Ltd, Malvern,
K) was used to determine the average particle size of the starch
ranules using the general purpose (spherical) analysis mode.
ecause the starch granules are relatively large, and not spheri-
al, starch granule particle size was obtained using the Fraunhofer
pproximation of light scattering theory. Result showed that both
ormal and waxy starch granules could be represented by a bi-
odal size distribution, with the first distribution ranging from

.5 to 2 �m and the second distribution ranging from 2 to 15 �m
pproximately (Fig. 1). The average Sauter-mean radius R32 calcu-
ated from the particle size distributions was found to be equal to
.60 and 5.79 �m, for normal and waxy rice starch granules respec-
ively. Note that bi-modal size distributions have been previously
eported for rice starch granule dispersions (Cardoso, Samios, &
ilveira, 2006; Chen, Lii, & Lu, 2004; Zhong et al., 2009) including
or the same rice starch granules that were used in this study (Zuo,

noerzer, Mawson, Kentish, & Ashokkumar, 2009).

The absolute density (�) of rice starch was determined using
modification of the xylene displacement method (Schoch &

each, 1964). The measurements yielded values of 1.5151 g/cm3

nd 1.5023 g/cm3 for normal and waxy rice starch respectively,
Diameter (μm)

Fig. 1. Particle size distribution of normal (�) and waxy (�) rice starch granules.

which are in very good agreement with that previously reported
in literature (Juliano, 1984). Using the values of the density and
those of R32 a specific surface area of 0.484 m2/g for normal rice
starch and 0.491 m2/g waxy rice starches are obtained.

2.4. Determination of the amount of milk protein adsorbed onto
the rice starch granules

The method developed by Hunt and Dalgleish (1994) was
adapted to determine the amount of protein and the proportions
of the individual proteins that were adsorbed onto the rice starch
granules. The proportions of the individual proteins in milk protein
ingredients were also determined by this method, which is based on
the quantification of the milk proteins by sodium dodecyl sulphate
polyacrylamide gels electrophoresis (SDS-PAGE).

The milk protein/starch mixture sample for SDS-PAGE exper-
iment were prepared as follow: approximately 30 g of the rice
starch/milk protein ingredients mixtures were weighed (to 4 dec-
imal places) directly into 50 ml polypropylene centrifuge tubes
(catalogue number 430829, Corning Co., Corning, New York, USA)
and centrifuged at 1000 × g for 10 min in a Heraeus Megafuge 1.0
(Heraeus, Hanau, Germany). The supernatant was removed and the
pellet was resuspended in MilliQ water and centrifuged to remove
any non-adsorbed milk proteins. The procedure was repeated six
times. Then the final pellet was resuspended in enough MilliQ water
to produce a 40% (w/w) starch slurry. The adsorbed milk proteins
were desorbed from the rice starch granule with a 2% SDS in buffer
(0.5 M Tris, 0.009% bromophenol blue, pH 6.8). The 40% starch slurry
was weighed out (∼0.6 g) into 1.5 ml Eppendorf vials, and 500 mg
of SDS sample buffer was added. The vial was mildly shaken using
a Vortex shaker for 30 mins, then centrifuged at 14,000 rpm for
5 min at 20 ◦C using an Eppendorf centrifuge (5417R; Eppendorf AG,
Hamburg, Germany). A 20 �l aliquot of the supernatant was loaded
onto the sodium dodecyl sulphate-polyacrylamide electrophoresis
gel (SDS-PAGE). All the SDS-PAGE measurements were performed
at least in duplicate.

Quantification of the protein was performed by scanning the
SDS-PAGE gels on a Molecular Dynamics Scanner (Molecular
Dynamics, Sunnyvale, CA) and by determining the intensity vol-
ume of proteins in each band of the samples using ImageQuant

5.0 software. Standards were prepared and loaded in exactly the
same way as the samples. In each SDS-PAGE gel, the standard pro-
tein solution was run in conjunction with samples to indicate the
position of known proteins on the gel. An example of a scanned
SDS-PAGE gel, obtained for normal rice–NaCAS mixtures is shown
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Fig. 2. SDS-PAGE patterns of adsorbed �-casein and �-casein obtained from normal
rice as function of NaCAS concentration. Lane 1: starch in MilliQ water, lane 2: starch
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rice starch. The amount of adsorbed �s-casein reached a plateau
n 0.25% NaCAS, lane 3: starch in 0.50% NaCAS, lane 4: starch in 0.75% NaCAS, lane
: starch in 1% NaCAS, lane 6: starch in 2.5% NaCAS, lane 7: starch in 5% NaCAS, lane
: starch in 7.5% NaCAS, lane 9: starch in 10% NaCAS, lane 10: 0.0075% NaCAS.

n Fig. 2. The amount of protein in each band for each milk protein
ngredient was determined from the respective protein concentra-
ion/volume band densitometry standard curve. All the standard
urves were linear in the dilution range used for the experiments.

.5. Confocal laser scanning microscopy (CSLM)

To ensure that only the milk protein was stained, the Alexa Fluor
88 protein labelling Kit A-10235 (Molecular Probes, Eugene, OR,
SA) was used. This reactive dye (Alexa Fluor 488 carboxylic acid,

uccinimidyl ester, dilithium salt, MW ∼643) has a succunimidyl
ster moiety, which can react efficiently with primary amines in
he proteins to form stable and highly fluorescent dye-protein con-
ugates. The milk proteins (2 mg/ml) were mixed with the dye and
tirred for 1 h, then eluted through a Bio-rad BioGel P-30 fine size
xclusion resin column. This allows the separation of the proteins
rom the excess dye. Starch granule dispersions were added to the
tained protein solutions to give a concentration of 1% starch gran-
le in the stained protein solution. The starch granules and stained
rotein mixtures were then gently mixed with the starch granules
or 30 min using a magnetic stirrer, and then left overnight at 4 ◦C.
ote that the final concentration of the milk protein to rice granules

s 0.2 g/g. The next day the mixtures were centrifuged at 1000 × g
or 10 min and the supernatant discarded, in order to remove any
xcess of the labelled proteins or dye from the mixture. The pel-
et was rewashed by resuspending in Milli-Q water and further
entrifuged at 1000 × g for 10 min to remove any non-adsorbed
abelled proteins or unincorporated dye. This washing procedure

as repeated 3 times. An aliquot of the sample was transferred into
glass slide with a cavity and a coverslip was placed on it and sealed
ith nail polish to prevent water evaporation. The CSLM obser-

ations were carried out on a Leica TCS 4D confocal microscope
Leica Lasertechnik GnbH, Heidelberg, Germany) with a 100 mm oil
mmersion objective lens equipped with an air-cooled Ar/Kr laser,
or which the absorption and fluorescence emission maxima were
94 and 519 nm, respectively.

. Results
Because NaCAS and WPI are known to behave differently at
nterfaces, the results of their adsorption measurements to starch
ranules are reported separately. Comparison of their adsorption
nto starch granule behaviour will be reported in Section 4.
Fig. 3. Adsorption isotherms of NaCAS on normal rice starch granules (� ) and the
proportion of the individual proteins (�) as a function of added protein concentration
c. NaCAS proteins are: �s-casein (�) and �-casein (�).

3.1. Adsorption of NaCAS to rice starch granules

SDS-PAGE measurements were carried out in order to establish
whether milk proteins are adsorbed to rice starch granules. The
amount of protein present in the mixture of 10% rice starch con-
taining milk protein, after six washings, was measured for different
mixing times ranging from 15 min to 24 h. It was found that the
measured amount reached a constant value after 30 min (result not
shown). Thus, all the SDS-PAGE measurements were performed on
starch–milk protein mixtures, mixed at room temperature for 1 h.
Fig. 3A shows the amount (mg) of �s-casein and �-casein present
in the NaCAS/normal rice starch mixture as a function of the ini-
tial amount of NaCAS added. The proportion of these two proteins
as a function of the added NaCAS to the 10 wt% normal starch dis-
persion is reported in Fig. 3B. �-Casein, which is also present in
very small amounts in NaCAS, was not detected by the SDS-PAGE
method. At low NaCAS concentrations, the amount of adsorbed �s-
casein gradually increased with the increase in NaCAS to reach a
plateau value of 0.35 mg/m2 at 0.25% added NaCAS. At concentra-
tions greater than 7.5% NaCAS, the amount of adsorbed protein
suddenly increased again to reach a value of 0.7 mg/m2 at the
maximum (10 wt%) NaCAS concentration used. A similar behaviour
is observed for �-casein, where the amount of adsorbed protein
increased to reach a plateau value of 0.25 mg/m2 at 0.25% NaCAS.
At NaCAS concentrations higher than 5%, the amount of adsorbed
�-casein also increased to reach a maximum value of 0.3 mg/m2 at
10 wt% added NaCAS.

The amounts and proportions of �s-casein and �-casein
adsorbed onto waxy rice starch granules are reported in Fig. 4A and
B respectively. The adsorption behaviour is similar to that observed
in the case of normal rice starch, although the amounts of �s-
casein and �-casein measured were smaller in the case of waxy
value of 0.3 mg/m2 at 0.2% added NaCAS, then increased at concen-
trations higher than 2.5% to reach a maximum value of 0.4 mg/m2

when 10 wt% NaCAS is added to the waxy rice starch dispersion
(Fig. 4A). The amount of adsorbed �-casein also reached a plateau
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Fig. 4. Adsorption isotherms of NaCAS on waxy rice starch granules (� ) and the
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orescence background similar to that observed in the continuous
phase made of water containing the fluorescent dye. This indicates
that the dye can diffuse into the starch granules. The micrographs
show also that, as indicated previously, the starch granules are not
spherical but have a polyhedral morphology.

A

0.000 0.005 0.010 0.025 0.050 0.075 0.100

0.0

0.1

0.2

0.000 0.005 0.010 0.025 0.050 0.075 0.100

0

25

50

75

100

Γ (
m

g
/m

2
)

c(g/g)

B

0.000 0.005 0.010 0.025 0.050 0.075 0.100

0.0

0.1

0.2

0.000 0.005 0.010 0.025 0.050 0.075 0.100

0

25

50

75

100

Γ (
m

g
/m

2
)

χ(
%

) 

c(g/g)
roportion of the individual proteins (�) as a function of added protein concentration
. NaCAS proteins are: �s-casein (�) and �-casein (�).

alue of 0.2 mg/m2 at 0.2% added NaCAS concentration. The amount
f �s-casein that was adsorbed onto both normal and waxy rice
tarch granules was higher than the amount of �-casein for all con-
entrations of NaCAS, and the difference in the amounts adsorbed
f the two proteins increased with the increase in NaCAS concen-
ration (Figs. 3B and 4B). This indicates a preferential adsorption of
s-casein to �-casein to the rice starch granules.

.2. Sorption of WPI to rice starch granules

The amounts of adsorbed �-lactalbumin (�-LAC) and �-
actoglobulin (�-LG) onto normal starch granules and waxy rice
tarch granules, when WPI is added, are shown in Figs. 5A and 6A
espectively. The amount of adsorbed �-LG and �-LAC gradually
ncreased with increases in WPI concentration. A pseudo-plateau
s observed when WPI was added in the range of 0.25–2.5%, with a
alue of 0.1 and 0.02 mg/m2 for �-LG, and �-LAC, respectively. The
mount of adsorbed �-LG, and �-LAC increased when the amount of
dded WPI is increased from 5% to 10%, to reach a maximum value
f 0.2 mg/m2 and 0.03 mg/m2 for �-LG and �-LAC at 10% added
PI, respectively (Fig. 5A). Similarly to normal rice starch, when
PI is added to waxy rice starch, the amount of adsorbed protein

lso increased with added WPI concentration (Fig. 6A). A pseudo-
lateau is also observed, in the range of 0.25–2.5% added WPI, with
value of 0.1 and 0.02 mg/m2 for �-LG, and �-LAC, respectively, as
bserved in the case of normal rice starch. A second increase in the
mount of adsorbed �-LG, and �-LAC is observed when the amount
f added WPI is increased from 5 to 10%, where a maximum of 0.15
nd 0.05 mg/m2 for �-LG, and �-LAC respectively at 10% added WPI.

The proportions of �-LG and �-LAC that were adsorbed from
PI onto normal rice starch granules and waxy rice starch granules

re shown in Figs. 5B and 6B respectively. For both types of rice
tarch granules, it was found that the ratio of adsorbed �-LAC to

-LG was not affected by the added WPI concentration, indicating

hat these two proteins showed no preferential adsorption to rice
tarch granules.
Fig. 5. Adsorption isotherms of WPI on normal rice starch granules (� ) and the
proportion of the individual proteins (�) as a function of added protein concentration
c. WPI proteins are: �-LAC (�) and �-LG (�).

3.3. Confocal microscopy of protein/rice starch granule mixtures

CSLM images for normal and waxy rice starch granules after 24 h
incubation with the incorporated Alexa FluorTM 488 fluorescent
dye are shown in Fig. 7A1 and B1, respectively. Although the major-
ity of starch granules are mostly seen as dark particles, the core of
some starch granules in both normal and waxy starches show a flu-
Fig. 6. Adsorption isotherms of WPI on waxy rice starch granules (� ) and the pro-
portion of the individual proteins (�) as a function of added protein concentration
c. WPI proteins are: �-LAC (�) and �-LG (�).
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ig. 7. Confocal micrographs of normal rice starch (A1, A2, and A3) and waxy rice st
88 dye (A1 and B1), labelled proteins from 0.01% NaCAS (A2 or B2), and labelled

ndicate intensely fluorescent particles.

The CSLM images of rice starch granules, after 24-h incubation
ith the labeled NaCAS proteins for normal and waxy rice starch

re reported in Fig. 7A2 and B2. In the case of both normal and
axy rice starches, few individual granules showed brightly fluo-

escent regions on the granule surface or a ring around the granule’s
eriphery. A similar behaviour could be observed in the case of

abelled WPI proteins (Fig. 7A3 and B3), where some starch granules

ppear to be covered by a fluorescent layer. Note that the confocal
icrographs also show intensely fluorescent particles (indicated by

rrows in Fig. 7A2 and B2). Although, it is difficult to identify clearly
hese particles as they could be small starch granules or the result
f the optical section intersecting only a small part of the starch
B1, B2, and B3) after incubation for 24 h at 4 ◦C with; incorporation of Alexa FluorTM

ins from 0.01% WPI (A3 or B3), scale bar represents 10 �m. Arrows in A2 and B2

granule. Alternatively, it cannot be overruled that these particles
are made of milk protein; particularly NaCAS particles are known
to self associate through hydrophobic interactions. However, the
NaCAS aggregates have been reported to be smaller than 100 nm
(Chu, Zhou, Wu, & Farrell, 1995; Nash, Pinder, Hemar, & Singh,
2002) while the aggregates seen in Fig. 7A2 and B2 are in the �m
range. In addition, the protein solutions were of low concentration

(2 mg/g) and were eluted through a size exclusion column during
their staining, and the protein–starch mixtures being three times
washed from any excess protein. Thus, it is expected that the suc-
cessive washing would result in the removal of the non-adsorbed
NaCAS aggregates from the continuous phase.
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.4. Modelling of the adsorption isotherms

At higher added concentration, the adsorption isotherms, for
oth starches and the two milk protein ingredients, showed clearly
hat there is a second increase in the amount of adsorbed proteins
fter the plateau is reached. This behaviour could be the result of the
rotein adsorbing at the granule interface as a multi-layer, when
he amount of added proteins is in excess. Usually, similar adsorp-
ion isotherms are modelled using the Brunauer, Emmett, and Teller
BET) equation where the adsorbed surface protein concentration

as a function of the protein concentration c is given by (Brunauer,
mmett, & Teller, 1938):

= ABS�maxc[
(cS − c)(1 + (ABS − 1)(c/cS)

] (1)

here ABS is the affinity of the adsorbed molecules and is related to
he enthalpy of adsorption, � max is the monolayer coverage value
f surface protein concentration and cs is the solute concentration
n the subsurface area.

Another plausible explanation to the increase in the amount of
dsorbed proteins is their diffusion into the starch granules. Starch
ranules are reported to present pits, channels and holes at the
ilum of starch granules (Baldwin, Adler, Davies, & Melia, 1994).

t was suggested that these pores and channels are large enough
or water, reagents or enzymes to diffuse into the starch gran-
le (Baldwin et al., 1994; Fannon, Hauber, & Bemiller, 1992). This

s shown in the confocal micrographs (Fig. 7) where the core of
ome starch granules appears fluorescent (Fig. 7). In the case, where
bsorption to these cavities does occur, we propose to model the
sotherm using the following simple equation:

= ABS�maxc

(1 + ABSc)
+ ADSc (2)

This equation is simply the addition of the absorption behaviour
o the Langmuir adsorption behaviour. The absorption behaviour
tipulates here that the amount of protein that diffuses freely
nto the starch granule is proportional to the added concentration
hrough the constant ADS. The constants in the Langmuir equation
ave the same definition as in Eq. (1).

Eqs. (1) and (2) are used to model the adsorption isotherms of
aCAS and WPI to normal and waxy rice starches and are reported

n Fig. 8. Note that the adsorption isotherms reported in Fig. 8
epresent the total amount of the protein adsorbed, calculated by
umming the amounts of the individual proteins, �s-casein and �-
asein for NaCAS, and �-LAC and �-LG for WPI. Using OriginPro8
oftware, fits to Eq. (1) (solid line) and to Eq. (2) (dashed lines) were
arried out, and the results are reported in Fig. 8. NaCAS is known
o form casein aggregates at high NaCAS concentration (Chu et al.,
995; Creamer & Berry, 1975), thus the high value obtained at 10%
aCAS addition (Fig. 8A) could be due to its adsorption onto starch
ranules in its aggregated form. To take into account this pecu-
iar adsorption pattern, Eqs. (1) and (2) were also used to fit the
ame data in Fig. 8A with the last data points corresponding to 10%
aCAS addition excluded (dotted line in Fig. 8A). Values of the dif-

erent parameters resulting for these different fits are reported in
rackets in Table 2.

Qualitatively, it can be clearly seen in Fig. 8 that both Eqs. (1)
nd (2) yield very similar results. A slight discrepancy could be
een at higher added proteins, where the fit obtained by Eq. (2)
s linear, while the fit obtained by Eq. (1) is curved upward. In fact

his is expected, and could be simply demonstrated by subtracting
he Langmuir term from each equation and performing a Taylor
eries development to the second order. This results for small added
rotein concentrations, in � ∼ c for Eq. (1) and � ∼ c2 for Eq. (2)
espectively.
(B) rice starches as a function of the concentration of added protein c. Lines are fits
obtained using Eq. (1) – BET equation (solid line) and Eq. (2) – modified Langmuir
equation (dashed line). Dotted line in A is a fit obtained using Eq. (2) to data with
the highest NaCAS concentration (10%) omitted. Error bars are standard deviations.

4. Discussion

The measured adsorption isotherms, using SDS-PAGE, demon-
strated clearly that there is adsorption of both NaCAS and WPI to
both normal and waxy rice starches. However, the fitting exer-
cise could not establish whether the different milk proteins were
adsorbed as a multilayer to the granules or alternatively if the pro-
teins were absorbed into the starch granule. Confocal microscopy
observations could not establish clearly whether the respective
constituent proteins of NaCAS or WPI had been just adsorbed at
the surface of the granules or whether there was both adsorption
and absorption by the two types of starch granules (Fig. 7). As men-
tioned in the introduction, to the best of our knowledge there are
no published reports on the interactions between caseins or whey
proteins with starch granules, thus the results obtained in this work
will be discussed in the light of the adsorption of these milk pro-
teins onto oil–water interfaces or solid interfaces, which are well
documented.

In the case of the adsorption of NaCAS to normal and waxy rice
starch granules respectively, the value for full monolayer coverage
� max obtained was ∼0.6 mg/m2 and ∼0.5 mg/m2, and ∼0.1 for the
adsorption of WPI for both normal and waxy rice starch granules
(Table 2). The low amount found in the case of the adsorption of
WPI compared to NaCAS is due to the highly flexible structure of

extended casein molecules, compared to the more rigid structure
of globular whey proteins, as was previously suggested in the case
of the adsorption of these proteins in oil–water emulsions (Euston
& Hirst, 1999). In the case, of NaCAS the caseins exist as free casein
molecules and self-assembled protein particles; both casein com-
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Table 2
Constant values obtained from the fit to the adsorption isotherms using the BET equation and the modified Langmuir equation. Values in brackets are obtained from the fit
to the isotherms of NaCAS–starch mixtures where the highest (10%) NaCAS concentration has been omitted.

BET Normal rice starch Waxy rice starch

NACAS WPI NACAS WPI

BET
AdS 512.09 ± 161.20 (770.97 ± 496.44) 146.128 ± 39.50 3577.80 ± 1366.63 (8367.19 ± 13640.21) 487.31 ± 206.34
� max 0.60 ± 0.04 (0.65 ± 0.05) 0.12 ± 0.01 0.50 ± 0.02 (0.51 ± 0.28) 0.11 ± 0.01
cs 0.27 ± 0.05 (0.54 ± 0.43) 0.22 ± 0.03 0.68 ± 0.28 (1.72 ± 2.98) 0.22 ± 0.031

2 5231.72 ± 1431.82 (4868.52 ± 1285.50) 3647.70 ± 2135.22
1 0.50 ± 0.02 (0.50625 ± 0.02052) 0.10 ± 0.01
1648 0.82 ± 0.39 (0.32 ± 0.54) 1.04 ± 0.18
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Fig. 9. Electrophoresis patterns of adsorbed �s-casein and �-casein from NaCAS or
�-LAC and �-LG from WPI obtained from waxy rice with and without their native
proteins and fat. Standard WPI (Lane 1); waxy rice starch without adsorbed milk
Modified Langmuir
AdS 1978.49 ± 864.85 (1470.82 ± 533.02) 1561.26 ± 0.0
� max 0.592 ± 0.05 (0.643 ± 0.06) 0.092 ± 0.0
Abs 3.30459 ± 0.89751 (1.49097 ± 1.19754) 1.28177 ± 0.1

lexes and aggregates (Creamer & Berry, 1975; Srinivasan, Singh,
Munro, 1999). The main caseins that adsorbed onto normal and
axy rice starches were �s-casein and �-casein, with �s-casein

eing preferentially adsorbed compared to �-casein (Figs. 3B and
B). This result is in agreement with the results previously reported
n the adsorption of these proteins to oil-water emulsions (Euston,
ingh, Munro, & Dalgleish, 1995; Euston & Hirst, 1999). The ratio of
dsorbed �s-casein to �-casein also slightly increased with increas-
ng NaCAS concentration. Finally in the case of WPI, for both normal
nd waxy rice starches, the adsorbed amount of �-LG and �-LAC
rom WPI continuously increased with increases in WPI concentra-
ion. This continuous increase could be due to the ability of �-LG
o adsorb as a multilayer to both hydrophobic and hydrophilic sur-
aces (Addesso & Lund, 1997; Elofsson, Paulsson, & Arnebrant, 1997;
unt & Dalgleish, 1994).

Despite this qualitative agreement between the adsorption
ehaviour of milk protein at oil–water interface and their adsorp-
ion behaviour at the starch granule–water interface, the measured
mounts of adsorbed proteins to oil–water interfaces are much
igher than that measured in the case of normal and waxy rice
tarch. For instance, Hunt and Dalgleish (1994) reported values for
he surface coverage values of about 3.20 mg/m2 for both NaCAS
nd WPI, while values <1 mg/m2 and <0.15 mg/m2 were measured
or NaCAS and WPI respectively on rice granules. These low values
or the surface coverage are not surprising as starch granules are
onsidered to be hydrophilic (Seguchi, 1986). In fact milk proteins
ave been found to adsorb to hydrophilic solid surfaces in smaller
mounts compared to hydrophobic surfaces. For example �-LG is
eported to be adsorbed between 0.1 to 0.4 mg/m2 at hydrophilic
urfaces and between 1.0 and 2.0 mg/m2 at hydrophobic surfaces
Marsh, Jones, & Sferrazza, 2002).

Section 4 above, naively considers starch granules as having
omogeneous surface active properties. In reality the surface of
he starch granule is very complex, as it is known to contain
roteins and lipids (see Table 1) and a proportion of these compo-
ents are present at the starch granule surface. It is thus plausible
hat the adsorption of the milk proteins onto starch granules is

ediated by these indigenous lipids and proteins as suggested
y several authors (Barlow, Buttrose, Simmonds, & Vesk, 1973;
liasson, Carlson, & Larsson, 1981; Seguchi, 2001). Since the amount
f protein and fat is higher for normal rice starch than waxy rice
tarch (Table 1), this could explain the higher amount of protein
dsorbed to normal rice starch when compared to that adsorbed to
axy rice starch. To investigate the influence of the starch surface

ipids and proteins, we first used 2% sodium dodecyl sulfate (SDS) to
isplace these proteins and wash the starch granules as suggested
y Debet and Gidley (2006). To these washed starch granules, milk

roteins were added. Both CSLM observation and SDS-PAGE analy-
is showed that milk proteins were adsorbed to the starch granules.
n example of the electrophoresis patterns of adsorbed �s-casein
nd �-casein from NaCAS or �-LAC and �-LG from WPI obtained
rom waxy rice starch granules with their native proteins and fat
proteins (Lane 2), SDS-washed waxy rice starch (Lane 3), SDS-washed rice starch
with adsorbed whey protein (Lane 4), waxy rice starch with adsorbed whey protein
(Lane 5), SDS-washed rice starch with adsorbed NaCAS (Lane 6), waxy rice starch
with adsorbed NaCAS (Lane 7) and standard NaCAS (Lane 8).

either present or removed by SDS washing are shown in Fig. 9.
For waxy rice starches without adsorbed milk proteins there was
a surface protein (band in Lane 2). This band almost disappeared
(Lane 3) when the starch was treated with SDS to remove the sur-
face proteins and fat, indicating that most of the surface protein was
removed by the SDS extraction. The addition of WPI proteins (Lanes
4 and 5) and NaCAS (Lanes 6 and 7) resulted in the adsorption of the
milk proteins to the surfaces of the waxy rice granules that either
had (Lanes 4 and 6) or were free of their native proteins and fat
(Lanes 5 and 7). The same electrophoresis pattern was obtained in
the case of normal rice starch granules (result not shown). There-
fore, it is uncertain to what extent surface protein and fat mediate
the binding of the added milk proteins.

Finally, although further investigations are required to fully elu-
cidate the mechanisms by which milk proteins interact with starch
granules, the findings of this study could at least explain indirectly
why the addition of milk proteins in small amounts can affect dras-
tically the pasting (gelatinisation) behaviour of rice starch granule
dispersions. In other words, the presence of the milk proteins either
at the interface of the granule or in the voids (pits, channels and
holes) which are present at the hilum of starch granules would
restrict the diffusion of water into the starch granule during pasting.
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