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Abstract

The effect of heating (140 �C, 0–60 min between pH 6.0 and 7.0) on the turbidity, pH 4.6 soluble amino group content and urea
PAGE profiles of sodium caseinate (NaCN) and transglutaminase (TGase)-treated NaCN was determined. pH-dependent heat-
induced changes in the turbidity and urea PAGE profiles of NaCN were initially attributed to casein aggregation followed by

subsequent degradation on extended heating. Cross-linked NaCN samples (incubated with TGase at 20 �C, [E:S] of 1:50 and 1:20
for 185 min) were generally less turbid and had lower pH 4.6 soluble amino group content on heating than unmodified NaCN. The
nitrogen solubility of cross-linked NaCN was improved at pH 2.0, 3.0 and 5.0. Some improvements in emulsifying activity index

and stability of cross-linked NaCN were observed at pH 5.0 and 10.0. The improved heat stability and nitrogen solubility observed
after TGase cross-linking may help extend the range of applications for NaCN.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The ability of transglutaminase (TGase; E.C. 2.3.2.13)
to modify the functional properties of food proteins has
been extensively reviewed (Kuraishi, Yamazaki, & Susa,
2001; Lorenzen, & Schlimme, 1998; Motoki & Seguro,
1998; Nielson, 1995; Zhu, Rinzema, Tramper, & Bol,
1995). By acyl group transfer between the e-amino
group of lysine and the g-carboxyamide group of gluta-
mine residues in proteins/peptides, TGase catalyses the
formation of an e-(g-glutamyl)lysine isopeptide bond. In
the absence of free e-groups, water acts as the acyl
acceptor, resulting in the deamidation of glutamine to
glutamic acid.
The nitrogen solubility of individual caseins and

sodium caseinate (NaCN) has been increased on incu-
bation with a calcium-dependent TGase isolated from
guinea pig liver (Motoki, Nio, & Takinami, 1984;
Motoki, Seguro, Nio, & Takinami, 1986) and with a

calcium-independent TGase isolated from a microbial
source (Flanagan & FitzGerald, in press b; Nonaka,
Sawa, Matsuura, Motoki, & Nio, 1996; Lorenzen,
2000). During a study on the effects of combined enzy-
matic hydrolysis and TGase-catalysed cross-linking of
NaCN, Flanagan and FitzGerald, (2002a) reported
that the solubility of NaCN was dependent upon the
extent of cross-linking with TGase. Limited and exten-
sive cross-linking resulted in significant improvements in
solubility at low pH (pH 2.0 and 3.0). Improvements in
solubility were also observed at pH 5.0 for the minimal
and extensively cross-linked samples. The emulsifying,
foaming and viscosity properties of these cross-linked
samples were subsequently studied (Flanagan &
FitzGerald, in press). In general, improvements in
emulsifying activity index (EAI) were observed for the
minimal, limited and extensively cross-linked samples at
pH 5.0, 9.0 and 10.0, compared to unmodified NaCN.
The extensively cross-linked sample exhibited improved
emulsion stability at pH 5.0 compared to unmodified
NaCN. Minimal and limited extents of cross-linking
resulted in improved foam expansion at the extremes
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of pH, while extensive cross-linking yielded poor
foamability.
Cross-linking NaCN with TGase after emulsion for-

mation was reported to result in increased average dro-
plet size (Dickinson & Yamamoto, 1996) while cross-
linking prior to emulsion formation significantly
reduced Ostwald ripening rates over long storage times
(Dickinson, Ritzoulis, Yamamoto, & Logan, 1999).
Although TGase-catalysed cross-linking of b-casein
decreased emulsifying activity index (EAI), the storage
stability of the emulsions increased with increasing
extent of polymerisation (Liu & Damodaran, 1999).
Lorenzen (2000) reported an increase in the stability and
viscosity of emulsions prepared with cross-linked NaCN
compared to non-cross-linked NaCN. However, cross-
linked NaCN displayed decreased foam volume and
stability compared to non-cross-linked NaCN. The
inclusion of TGase in the formation of casein gels
resulted in faster forming gels with higher viscoelastic
moduli than those obtained by acidification or rennet-
ing (Schorsch, Carrie, & Norton, 2000).
The effect of heating on the physicochemical and

functional properties of milk (O’Connell & Fox, 2002;
Singh & Creamer, 1992) and of NaCN (Guo, Fox,
Flynn, & Kindstedt, 1996; Guo, Fox, Flynn, &
Mohammad, 1989; Hustinx, Singh, & Fox, 1997; Jaha-
niaval, Kakuda, Abraham, & Marcone, 2000; Metwalli
& van Boekel, 1998; van Boekel, 1999) has been exten-
sively studied. However, apart from Lorenzen (2000)
who observed a small decrease in heat stability on
heating a TGase-catalysed cross-linked NaCN solution
at 120 �C for <30 s, little information appears in the
literature on the heat stability of TGase cross-linked
NaCN.
The objective of this study was to characterise the

effect of two different extents of cross-linking with
TGase and heating at 140 �C for up to 60 min between
pH 6.0 and 7.0 on the turbidity, pH 4.6 soluble amino
group content and electrophoretic profiles of NaCN.
Furthermore, the nitrogen solubility, emulsifying and
foaming properties between pH 2.0 and 10.0 of the
cross-linked NaCN samples were also determined.

2. Materials and methods

2.1. Materials

NaCN (85.35 g 100 g�1 protein) was supplied by
Armor Protéines (Saint-Brice-en Coglès, France). Food-
grade oil was purchased at local foodstores (MazolaTM

Corn Oil, CPC (UK) Ltd., Esher, Surrey, UK). Glycine,
trizma base, trichloroacetic acid (TCA), ammonium
persulphate (APS), N,N,N0,N0-tetramethylethyl-
enediamine (TEMED), N, N0 methylene bis-acrylamide,
and acrylamide (all electrophoretic grade), and a-, b-

and k-casein standards for urea PAGE, Sudan III,
l-leucine and trinitrobenzene sulphonic acid (TNBS)
were from Sigma Chemical Co. (Poole, Dorset, Eng-
land). Kjeldahl catalyst tablets and urea (GPR grade)
were from BDH (Leicestershire, England).
Calcium independent TGase from Streptoverticillium

spp. was kindly supplied by Forum Products Ltd.
(Brighton Road, Redhill, Surrey, England).

2.2. Preparation of cross-linked NaCN

Cross-linked NaCN samples, designated CL-a and
CL-b, were prepared by incubating NaCN (4 g protein
100 ml�1) at room temperature with TGase at 20 �C,
pH 7.0 for 185 min at [E:S] ratios of 1:50 and 1:20 (g of
enzyme preparation:g of protein substrate), respectively.
The TGase reaction was inactivated by heating the
sample at 80 �C for 1 min and 0.02 g 100 ml�1 sodium
azide was added on cooling to prevent microbial
growth. Solubility, emulsifying and foaming analyses
were performed after sample generation and the
remaining cross-linked and unmodified NaCN samples
were stored at �18 �C prior to heat treatment studies.

2.3. Heat treatment

Cross-linked and unmodified NaCN samples (�4 g
protein 100 ml�1) were thawed at room temperature,
adjusted to pH values between 6.0 and 7.0 using 0.1 N
HCl or NaOH as required and made up to a final con-
centration of 1.0 g protein 100 ml�1 with distilled water.
Aliquots (1.5 ml) of the samples were pipetted into 3 ml
glass tubes (10 mm i.d.�120 mm, AGB Scientific,
Dublin, Ireland), which were subsequently sealed with
silicone bungs. The tubes were heated in a silicone oil
bath (Elbanton BV, Kerkdriel, The Netherlands) at
140 �C, with continuous rocking at motor speed setting
4 for different times. The tubes were removed and
immediately placed in ice water prior to turbidity and
pH 4.6 soluble amino group content determination.
The heated samples were diluted 1:1 with distilled

water prior to turbidity estimation at 400 nm. Turbidity
was determined at room temperature, at least in dupli-
cate, using an Ultrospec 2000 (Pharmacia, Cambridge,
England) against a distilled water blank using a modifi-
cation of the method of Guo et al. (1989). The turbidity
of an unheated sample at a given pH was subtracted
from the observed turbidity after heating, and the
results were presented as an increase in turbidity due to
heating.
Quantification of the pH 4.6 soluble amino group

content in unheated and heat-treated samples at differ-
ent pH values was performed in duplicate using the
TNBS method of Adler-Nissen (1979) as modified by
Panasiuk, Amarowicz, Kostyra, and Sijtsma (1998).
Two millilitres of unheated or heat-treated NaCN (1 g
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protein 100 ml�1) was diluted with 6 ml of distilled
water. The pH was adjusted to 4.6 using 0.01 N HCl
and all samples were brought to a final volume of 10 ml.
Following centrifugation (1620�g, 15 min), 0.125 ml of
the supernatant was analysed for soluble amino group
content. Absorbance at 340 nm was recorded using an
Ultrospec 2000 (Pharmacia, Cambridge, England). The
pH 4.6 soluble amino group content (mg l�1) in unhe-
ated NaCN was subtracted from the amount in heated
NaCN at each pH value. Distilled water (0.125 ml in
place of test sample) was used as a blank. A standard
curve was prepared with l-leucine.

2.4. Solubility analyses

Nitrogen solubility analysis was performed between
pH 2.0 and 10.0 in duplicate on unmodified and cross-
linked NaCN samples, as previously described (Flana-
gan & FitzGerald, 2002b).

2.5. Emulsifying analyses

Emulsifying analyses were performed in triplicate on
unmodified and cross-linked NaCN samples according
to the method of James and Patel (1988), with minor
modifications (Flanagan & FitzGerald, 2002b). Emulsi-
fying activity index (EAI) values were calculated by the
corrected method of Cameron, Weber, Idziak, Neufeld,
and Cooper (1991) where comparatively large values for
EAI are indicative of smaller oil droplet sizes in protein
stabilised emulsions.

2.6. Foaming analyses

Foam expansion (FE) and foam drainage stability
(FS) analyses were performed on unmodified and cross-
linked NaCN samples in duplicate according to the
method of Slattery and FitzGerald (1998) with minor
modifications (Flanagan & FitzGerald, 2002b).

2.7. Electrophoretic analyses

SDS-polyacrylamide gradient gel electrophoresis
(SDS-PAGGE) was carried out on a Bio-Rad Protean
II Xi electrophoretic system (Bio-Rad, Hertfordshire,
England) in vertical-slab gels, with a 4% stacking gel
and 9–15% gradient separating gel, using the method of
Laemmli (1970). Urea PAGE was carried out by the
method of Andrews (1983), with minor modifications
(Flanagan & FitzGerald, 2002b).

3. Results and discussion

Polymers resulting from TGase-catalysed cross-link-
ing of the caseins were evident by the appearance of

bands at approximately 65 and above 94 kDa on SDS-
PAGGE of the CL-a and CL-b samples (data not
shown). These bands may be indicative of dimers and
trimers of NaCN. However, some individual casein
bands also remained in these cross-linked samples.

3.1. Heat stability of unmodified NaCN

The effect of heating at 140 �C on the turbidity and
pH 4.6 soluble amino group content of unmodified and
cross-linked NaCN is shown in Figs. 1–3. As the heat-
ing time at 140 �C of an unmodified NaCN solution (1 g
100 ml�1) at different pH values was increased up to 20
min, turbidity also increased. However, after 60 min
heating at 140 �C, reduced turbidity was observed for all
samples, compared to the turbidity observed after 20
min heating. The increase in turbidity as heating time
increased to 20 min may be attributed to casein aggre-
gation, while the subsequent decrease in turbidity after
heating for 60 min may be attributed to casein degra-
dation. Guo et al. (1989) attributed an increase in the
turbidity of NaCN solutions (1 g 100 ml�1) at pH 7
heated from 120 to 140 �C for 60 min to aggregation,
while decreased turbidity after heating at 145 and 150 �C
was attributed to degradation of the caseins.
The rate and extent of turbidity increase was depen-

dent on pH of the heated samples with rates of turbidity

Fig. 1. Effect of heating unmodified sodium caseinate at 140 �C for

different time intervals on (a) turbidity at 400 nm in 0.5 g protein

100 ml�1 and (b) pH 4.6 soluble amino group content at pH 6.0

(^), 6.25 (&), 6.5 (~), 6.75 (�) and 7.0 (*). Error bars show

standard deviation.
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on heating up to 10 min as follows: pH
6.0>6.25>6.5>6.75>7.0 (Fig. 1a). Furthermore,
overall turbidity increases on heating up to 20 min were
in the order of pH 6.0>6.25>6.5>6.75>7.0, with the
pH 6.0 sample displaying the highest increase in turbid-
ity (2.90 absorbance units at 400 nm) after 20 min
heating (Fig. 1a).
Urea PAGE patterns of samples heated at pH 6.0,

6.25 and 7.0 for 5, 10 and 60 min (Fig. 4, lanes 5–7, 9–11
and 13–15) revealed increased streaking of the heated
samples compared to the unheated sample (Fig. 4, lanes
4, 8 and 12). Reduced intensities of bands eluting in the
a- and b-casein regions were observed as heating time
increased from 5 to 10 min (Fig. 4, lane 5–6, 9–10 and
13–14); this may also indicate that aggregation of the
caseins had occurred. Furthermore, unmodified NaCN
heated for 60 min did not display bands corresponding
to material which did not enter the separating gel (Fig. 4,
lanes 7, 11 and 15), in contrast to the samples heated for
shorter times (Fig. 4, lanes 4–6, 8–10 and 12–14), indi-
cative of heat-induced degradation. Similar to the
results observed herein, little if any of the individual
caseins remained after heating a NaCN solution at
140 �C and pH 7.0 for 60 min (Guo et al., 1989).
It also appears that the a-caseins are relatively more

susceptible to heat-induced changes at 140 �C and pH

Fig. 4. Urea PAGE profiles of unmodified sodium caseinate (NaCN)

heated at 140 �C. Lanes 1–3: a-, b- and k-casein, respectively; lanes 4–
7: NaCN, pH 6.0, heated for 0, 5, 10 and 60 min, respectively; lanes 8–

12: NaCN, pH 6.25, heated for 0, 5, 10 and 60 min, respectively; lanes

12–15: NaCN, pH 7.0, heated for 0, 5, 10 and 60 min, respectively.

Gels were loaded with 90 mg of the standards and 60 mg of the heat-

treated samples.

Fig. 2. Effect of heating transglutaminase-catalysed cross-linked

sodium caseinate (CL-a; cross-linked for 185 min, [E:S] 1:50) at 140 �C

for different time intervals on (a) turbidity at 400 nm in 0.5 g protein

100 ml�1 and (b) pH 4.6 soluble amino group content at pH 6.0 (^),

6.25 (&), 6.5 (~), 6.75 (�) and 7.0 (*). Error bars show standard

deviation.

Fig. 3. Effect of heating transglutaminase-catalysed cross-linked

sodium caseinate (CL-b; cross-linked for 185 min, [E:S] 1:20) at 140 �C

for different time intervals on (a) turbidity at 400 nm in 0.5 g protein

100 ml�1 and (b) pH 4.6 soluble amino group content at pH 6.0 (^),

6.25 (&), 6.5 (~), 6.75 (�) and 7.0 (*). Error bars show standard

deviation.
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6.0, as evidenced by the decrease in band intensity of the
a-casein band compared to the b-casein band after 5
min heating (Fig. 4, lanes 4 and 5). It was initially
reported that k- and as2-caseins were more susceptible
to thermally induced changes than as1- and b-casein as
indicated by urea PAGE analysis (Guo et al., 1989).
However, using N-terminal amino acid sequencing and
mass spectrometry, Hustinx et al., (1997) subsequently
reported that as1-casein is more susceptible to thermal
degradation than the other caseins. More recently,
Gaucheron, Mollé, Briard, and Léonil (1999) isolated
peptides released from heating casein micelles at 120 �C
for 30 min; 7 of the 12 identified peptides originated
from as1-casein.
The increase in pH 4.6 soluble amino group content

after 10 min heating may be due to heat-induced
hydrolysis resulting in the liberation of peptides which
are soluble at pH 4.6 (Fig. 1b). Deamidation of the
caseins after heating under these conditions may also
have occurred, rendering the deamidated caseins soluble
at pH 4.6 and also increasing NPN content due to the
formation of ammonia. Increases in the concentration
of ammonia in heated NaCN solutions have previously
been used to quantify rates of deamidation (Metwalli &
von Boekel, 1998; van Boekel, 1999). The reason for the
decrease in the pH 4.6 soluble amino group content on
increasing heating time beyond 10 min at pH 6.0 is not
clear. Very little change in the pH 4.6 soluble amino
group concentration was evident on heating NaCN at
pH 6.5, 6.75 and 7.0 up to 60 min (Fig. 1b). In contrast,
almost 25% of the total nitrogen content was reported
to be soluble at pH 4.6 on heating an aqueous NaCN
solution (2.5 g 100 ml�1) at 140 �C and pH 7.0 for 60
min (Hustinx et al., 1997).
The urea PAGE profile of the pH 6.25 sample (Fig. 4,

lanes 8–11) differed from that of the pH 6.0 and 7.0
samples (Fig. 4, lanes 4–7, 12–15); the casein bands were
less evident and after 20 min heating a large number of
distinct new bands appeared indicating heat-induced
cleavage of peptide bonds (Fig. 4, lane 10). However,
these degradation products at pH 6.25 did not appear to
be soluble at pH 4.6 as the pH 4.6 soluble amino group
content was lower for the pH 6.25 than the pH 6.0
sample after 20 min heating (Fig. 1b).
Overall, heating at 140 �C had a major effect on

the turbidity, pH 4.6 soluble amino group content
and electrophoretic profiles of NaCN (Fig. 1). It
appears that most of these changes may be attributed
to heat-induced hydrolysis of the caseins, thereby
altering the heat stability of NaCN. The pH at which
the NaCN solution was heated also had a major
effect on the heat stability, with heating at pH 6.0
resulting in relatively lower heat stability than heating
at pH 7.0. In agreement with these findings, Hustinx
et al. (1997) observed greater quantities of pH 4.6
soluble nitrogen liberated on heating NaCN at 140 �C

for 60 min at pH 6.0 compared to the quantities lib-
erated at pH 7.0.

3.2. Heat-treatment of CL-a sample

The effect of heating at 140 �C between pH 6.0 and
7.0 on the turbidity, and pH 4.6 soluble group content
of TGase-catalysed cross-linked NaCN does not appear
to have been previously reported. NaCN, which had
been cross-linked with TGase for 185 min at an [E:S] of
1:50 (CL-a), displayed remarkably different turbidity
profiles on heating at 140 �C at different pH values than
unmodified NaCN (Fig. 2a). Increases in turbidity were
only observed after 20 and 60 min heating, and a pH
effect was again evident with turbidity at pH
6.0>6.25>6.5>6.75>7.0. The pH 6.0 sample pre-
cipitated after 60 min heating at 140 �C; this prevented
measurement of turbidity and quantification of soluble
amino group content for this sample.
Higher turbidity was observed for the CL-a sample

heated for 60 min compared to 20 min (Fig. 2a). How-
ever, the increased turbidity on 60 min heating may not
necessarily be related to aggregation. While aggregated
material appeared at the top of the separating gel for
pH 6.0, 6.25 and 7.0 samples on heating for 0, 5 and 10
min (Fig. 5, lanes 4–6, 8–10 and 12–14), this material
almost completely disappeared on heating for 60 min
(Fig. 5, lanes 7, 11, 15). The disappearance of individual

Fig. 5. Urea PAGE profiles of sodium caseinate cross-linked with

transglutaminase (CL-a; cross-linked for 185 min, [E:S] 1:50) and

heated at 140 �C. Lanes 1–3: a-, b- and k-casein, respectively; lanes
4–7: CL-a, pH 6.0, heated for 0, 5, 10 and 60 min, respectively; lanes

8–11: CL-a, pH 6.25, heated for 0, 5, 10 and 60 min, respectively;

lanes 12–15: CL-a, pH 7.0, heated for 0, 5, 10 and 60 min, respec-

tively. Gels were loaded with 90 mg for the standards and 60 mg for

the heat-treated samples.
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casein bands is not particularly evident until after 10
min heating (Fig. 5, lanes 6, 10 and 14).
In the region of 40–100 mg l�1 of pH 4.6 soluble

amino groups were observed for all CL-a samples over
the pH range studied (Fig. 2b). There was a notable
reduction in the pH 4.6 soluble amino group content of
the CL-a sample heated for 10 min at pH 6.0 (110 mg
l�1) compared to unmodified sodium caseinate (317 mg
l�1), at the same pH. However, the CL-a samples dis-
played increased susceptibility to formation of pH 4.6
soluble amino groups between pH 6.5 and 7.0 compared
to the concentration in unmodified NaCN at these pH
values (Figs. 1b and 2b).

3.3. Heat-treatment of cross-linked sample CL-b

With the exception of the CL-b sample which showed
a small increase in turbidity after 60 min heating at pH
6.0, increasing heating time from 0 to 60 min at 140 �C
resulted in very little change in turbidity in the CL-b
cross-linked NaCN (Fig. 3a). Urea PAGE was not per-
formed on the CL-b samples as preliminary investiga-
tions of the unheated CL-b sample showed that protein
bands corresponding to individual caseins were essen-
tially absent. Very low quantities of pH 4.6 soluble
material (<30 mg l�1) were evident in the CL-b sample
on heating at 140 �C over 60 min at all pH values
examined (Fig. 3b). This was in contrast to the quantity
of pH 4.6 soluble material observed on heating the
unmodified (up to 316 mg l�1) and the CL-a samples
(between 0 and 110 mg l�1; Figs. 1b and 2b).
Overall, cross-linking NaCN with TGase resulted in

lower turbidity and pH 4.6 soluble amino group content
on heating at 140 �C over shorter heating times (2–20
min), compared to heating unmodified sodium case-
inate. This indicated that the cross-linked products were
more heat stable than unmodified NaCN at the pH
values studied. After 60 min heating however, the elec-
trophoretic and turbidity profiles indicate that some
heat-induced changes in the cross-linked products had
occurred.
The much improved heat stability properties of

NaCN between pH 6.0 and 7.0 following incubation
with TGase does not appear to have been previously
reported. Reduced (1.5%) heat stability was observed
on heating a TGase cross-linked NaCN solution (3 g
100 ml�1) at pH 6.8 for 20–30 s at 120 �C, as expressed
by the percentage protein present in the supernatant
after centrifugation (4500�g, 15 min) relative to the
initial protein content (Lorenzen, 2000). O’Sullivan et
al. (2001) treated skim milk with TGase (16 h, 6 �C,
[E:S] 1:2000) prior to freeze or spray drying. The
reconstituted skimmed milk (9.0% total solids) exhib-
ited markedly increased heat stability in the pH range of
minimum stability of the non-cross-linked control, i.e.
pH 6.8–7.1. TGase cross-linking was also shown to

increase the heat stability of reconstituted concentrated
skim milk at pH values greater than 6.7, compared to
control (O’Sullivan et al., 2001).
Resistance to coagulation, gelation and/or sedi-

mentation is a prerequisite for the application of NaCN
in formulated food products which may undergo severe
heat treatment, e.g. UHT processing. The improve-
ments in the heat stability properties of NaCN on
modification with TGase reported herein indicate that
the cross-linked products may find numerous potential
commercial applications.

3.4. Solubility

Both the CL-a and the CL-b samples displayed very
similar solubility profiles between pH 2.0 and 10.0
(Fig. 6). Improved solubility was observed for both
cross-linked samples at pH 2.0 and 3.0, where almost
100% solubility was observed compared to 57 and 74%
solubility for unmodified NaCN at these pH values,
respectively. At pH 5.0, solubility values of 34 and 40%
were observed for the CL-a and CL-b samples, respec-
tively, which were greater than the control (5% solubi-
lity; Fig. 6).
The products of minimal cross-linking (3 min, [E:S]

1:100) were previously shown to display decreased
solubility at pH 2.0 and 3.0 compared to unmodified
NaCN (Flanagan & FitzGerald, 2002a). However, lim-
ited (42 min, [E:S] 1:100) and extensive (290 min, [E:S]
1:10) TGase treatment resulted in almost 100% solubi-
lity at these pH values, compared to 73 and 58% solu-
bility for unmodified NaCN at pH 2.0 and 3.0,
respectively. At pH 5.0, the solubilities were 5, 45, 3 and
91% for unmodified NaCN, and the minimal, limited
and extensively cross-linked samples, respectively (Fla-
nagan & FitzGerald, 2002a).
Improved nitrogen solubility of as1-casein at pH 5 and

6 compared to intact substrate on incubation with
TGase isolated from guinea pig liver was reported
(Motoki et al., 1984). Increased solubility at pH 5 and
5.5 compared to unmodified as1-casein was observed

Fig. 6. Effect of pH on the nitrogen solubility (%) of unmodified

sodium caseinate (NaCN, ^), NaCN cross-linked with transglutami-

nase for 185 min, [E:S] 1:50; (CL-a &) and NaCN cross-linked with

transglutaminase for 185 min, [E:S] 1:20; (CL-b *).
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following deamidation of citraconylated as1-casein using
soluble guinea pig liver (Motoki et al., 1986) and
immobilised microbial TGases (Nonaka et al., 1996).
No change in the nitrogen solubility of microbial
TGase-treated NaCN was observed at pH 7 (Lorenzen,
2000). However, NaCN generally displays 100% solu-
bility at pH 7.0 (Flanagan & FitzGerald, 2002a).

3.5. Emulsifying properties

The EAI of unmodified NaCN, the CL-a and CL-b
samples are summarised in Table 1. Improved EAI was
observed for the CL-a sample at pH 5.0 compared to
unmodified NaCN. However, the CL-a and CL-b sam-
ples exhibited decreased EAI between pH 2.0 and 4.6
compared to unmodified NaCN. The CL-b sample dis-
played improved EAI at pH 10.0 compared to unmodi-
fied NaCN (Table 1).
The CL-a sample exhibited improved ES at pH 4.6,

5.0 and 10.0, while the CL-b sample displayed improved
ES at pH 4.6 and between pH 7.0 and 10.0 (Table 1).
However, the EAI of both CL-a and CL-b were low at
pH 4.6.
Similar results were observed on incubating NaCN

with TGase to minimal, limited and extensive extents of
cross-linking (Flanagan & FitzGerald, in press).
Improved EAI was observed at pH 5.0, 9.0 and 10.0 for
all extents of cross-linking, while improved ES was
observed at pH 5.0 on extensive cross-linking, compared
to unmodified NaCN. Improved ES of TGase-treated
NaCN was reported at an unspecified pH value; how-
ever, the cross-linked NaCN displayed lower oil binding
capacity than non-cross-linked control (Lorenzen,
2000).
While improvements in the emulsifying properties of

NaCN and individual caseins have been reported by
rheological determinations at specific pH values (Dick-
inson & Yamamoto, 1996; Dickinson et al., 1999; Faer-

gemand & Murray, 1998; Faergemand, Otte, & Qvist,
1998; Liu & Damodaran, 1999), little information
appears in the literature on the effect of pH on TGase-
treated NaCN stabilised emulsions.

3.6. Foaming properties

Apart from pH 2.0, where the control and the CL-a
and CL-b samples displayed similar FE values (in the
region of 800–900%), the products of cross-linking dis-
played FE values of less than 500% (Table 1). In gen-
eral, the FS of the cross-linked products were much
reduced, with the exception at pH 4.6, where the CL-a
and CL-b samples displayed 19 and 10% FS, compared
to 1% FS for unmodified NaCN (Table 1). As the CL-a
and CL-b samples displayed similar solubility values to
those of unmodified NaCN at pH 4.6 (Table 1), the
increases in FS may be attributed to the introduction of
covalent e-(g-glutamyl)lysine isopeptide bonds.
However, reduced extents of TGase modification than

those studied herein have previously been shown to
improve FE at pH 2.0, 3.0, 9.0 and 10.0, compared to
unmodified NaCN, although extensive cross-linking
resulted in very poor foamability (Flanagan & FitzGer-
ald, in press). Reduced foam volume and foam stability
of TGase-catalysed cross-linked NaCN compared to
non-cross-linked NaCN were reported (Lorenzen,
2000).
It appears that incubation of NaCN with TGase

alone is of limited benefit for improvement in the emul-
sifying and foaming properties of NaCN. However, it
has previously been shown that combining TGase
treatment and hydrolysis with a Bacillus proteinase
(Protamex), resulted in significantly improved emulsify-
ing and foaming properties compared to unmodified
NaCN or the products generated by hydrolysis or cross-
linking with TGase per se (Flanagan & FitzGerald, in
press).

Table 1

Effect of pH on the emulsifying activity index (EAI), emulsion stability (ES), foam expansion (FE) and foam stability (FS) of unmodified sodium

caseinate (NaCN), and NaCN cross-linked with transglutaminase for 185 min at an [E:S] of 1:50 (CL-a) and 1:20 (CL-b). Values presented are

means�standard deviation

pH EAI (m2 g�1) ES (%) FE (%) FS (%)

NaCN CL-a CL-b NaCn CL-a CL-b NaCN CL-a CL-b NaCN CL-a CL-b

2.0 24�2.3 34�1.4 19�1.8 89�6.2 90�10.1 100�6.4 832�19 881�1 834�10 59�3.2 26�3.2 14�2.4

4.0 22�0.1 4�0.6 4�0.1 55�3.1 64�8.7 44�0.8 670�10 –a – 49�0.1 23�1.7 11�0.9

4.6 8�1.9 4�0.2 3�0.3 11�1.5 70�9.8 88�10.3 – – – 0 19�1.5 10�0.5

5.0 9�0.9 18�0.3 10�0.8 12�5.1 41�9.3 22�3.4 – – – 31�1.1 29�2.1 18�3.1

6.0 35�0.7 23�0.2 29�1.2 71�2.0 72�11.2 80�3.3 823�50 – – 41�7.4 0 0

7.0 40�0.8 37�1.5 26�1.3 57�1.6 60�8.2 89�5.9 917�70 – – 44�0.2 0 0

8.0 41�1.7 43�3.4 45�0.2 52�5.3 61�2.0 77�5.0 934�59 – – 35�5.0 0 0

10.0 43�2.2 41�1.5 56�1.2 58�3.3 74�0.6 78�4.4 750�1 – – 24�1.6 0 0

a –,<500%FE.
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4. Conclusions

The heat stability properties of TGase cross-linked
NaCN between pH 6.0 and 7.0 do not appear to have
been previously characterised. NaCN which was cross-
linked with TGase to two different extents displayed
improved heat stability compared to unmodified NaCN
as indicated by lower turbidity and pH 4.6 soluble
amino group content observed on heating at 140 �C.
Both unmodified and cross-linked NaCN were found to
be more heat stable on heating at pH 7.0 compared to
pH 6.0. The results indicate that TGase may be used to
modify the heat stability properties of NaCN. There-
fore, limitations to the utilization of NaCN in products
which undergo severe heat treatment may potentially be
overcome by TGase cross-linking.
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