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Abstract. Complexes of phosphated cornstarch and waxy cornstarch with casein were
prepared and characterised. They were prepared from casein in defatted milk and corn
and waxy corn starches phosphated to degree of substitution values (DS) of 0.0637 and
0.0968, respectively. The components were blended in starch to casein ratios of 2:1, 1:1,
and 1:2, then precipitated with hydrochloric acid. Aqueous solubility, water binding
capacity, IR spectra, and thermal analysis (thermogravimetry, TG, and differential
thermogravimetry, DTG) of the precipitates revealed that they were not simple physical
mixtures of the components. The components interact with one another electrostatically
with involvement of the starch phosphate groups and the peptide bonds of casein as
documented by the IR spectra. Because of their insolubility in 7 M aqueous urea solution
they might also be considered as complexes in which the components were chemically
bound. Enzymatic studies showed that they are biodegradable materials.
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Introduction

Agricultural economies are controlled by the markets for crops and the products from their
processing. Based on a relation between supply and demand for foodstuffs and fodder, in developed
countries official limits for agricultural production are quite commonplace. Fairly randomly, crops are
utilized for non-nutritional purposes, although such an approach could intensify agricultural production
by increasing the demand levels. The impact of such a utilization of crops was given in the form of an
outlook of the European Community in the area of resources for the chemical industry up to 2040 [1].
It should also be mentioned that such trends permit the utilization of crops whose poor quality would
prohibit its consumption as foodstuffs. Among the various possibilities for crop utilization the
complexes of polysaccharides with proteins have received considerable attention due to their
functional properties and biodegrability [2-4]. Selection of the sources of protein used depends on their
availability. In some countries soy protein is readily available and in the others, milk and whey could
be the principal protein sources.

The choice of polysaccharides for the complexation with proteins has some limits. For binding to
proteins the polysaccharide must be of an anionic nature [2-4]. Potato starch is the most widely
available natural anionic polysaccharide. These circumstances have already been utilized practically by
the authors [5,6] who, in their former papers, described the complexation of potato starch with casein
in milk. However, in several areas throughout the world potato starch is not the principal starch variety
and corn, cassava, or rice starches are more abundant. These starches are non-ionic. In contact with
proteins they only form blends, as shown by Korolczuk et al. [7] for cornstarch co-precipitated with
milk proteins. In those blends, gelatinised starch and protein formed independent gel structures.

There are several enzymatic (phosphorylation, oxidation) and chemical methods [8] for
transformation of non-ionic polysaccharides into ionic ones. They may involve oxidation, sulfation,
phosphation, and carboxymethylation of the starches. Among the chemical procedures leading to
anionic starches, phosphation seems to be particularly simple and the most readily controllable [8].
Thus, in this paper phosphation of cornstarch and waxy cornstarch are described, their application in
the formation of complexes with casein in milk is presented and selected functional properties of
resulting complexes are characterized. The resulting complexes differ in their physical properties and
functionality from complexes similarly designed from milk casein and potato starch [5,6], the latter
being a natural starch phosphate. Differences between complexes of phosphates of both starches result
from several factors. For instance, potato starch can readily be purified from natural contaminants,
mainly proteinic in nature, and, therefore, the commercial product is fairly pure. In contrast,
cornstarch cannot be purified from residual lipids occupying channels of the native amylose — lipid
inclusion complexes. The size of starch granules is essential for their functionality. Potato starch
granules range in size from between 20 to 150 um and are thus, approximately, 10 times larger than the
size of cornstarch granules [9]. This affects, among other things, their susceptibility to swelling and,
hence, their chemical and enzymatic reactivity [8]. Potato starch granules swell at the rate which higher
is by several orders of magnitude than that of cornstarch granules [10].
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Results and Discussion

Addition of hydrochloric acid to milk in which the sodium salt of potato starch phosphate was
suspended resulted in precipitation of a solid material. Granular phosphated cornstarch (GPCS), being
anionic to a higher extent than pasted phosphated cornstarch (PPCS), precipitated in higher yield only
in the casein deficient mixture (where the casein to starch ratio was 1:2). Otherwise, PPCS, although
less anionic, provided higher yields of complexes (Table 1). In contrast to cornstarch, waxy cornstarch
was better phosphated when pasted. Less anionic granular waxy cornstarch (GPWCS) always provided
lower yields of the complexes than the more anionic phosphated pasted waxy cornstarch (PPWCS).

Table 1. Properties and yields of casein (C), GPCS, PPCS,
GPWCS and PPWCS and their complexes with

casein
Propelrtyb
Species” N1trogcen Moisture Yield, %
Content”, % content, %
Casein (C) 12.9 0.05 84.8
GPCS 0.70° 7.3 86.2
C:GPCS 2:1 11.91 (8.84) 6.9 71.1
C:GPCS 1:1 8.83 (6.81) 6.3 66.4
C:GPCS 1:2 5.86 (4.77) 8.1 95.1
PPCS 0.61 7.8 78.6
C:PPCS 2:1 9.57 (8.81) 5.5 99.0
C:PPCS 1:1 6.16 (6.76) 6.3 100.0
C:PPCS 1:2 4.82 (4.71) 5.3 94.4
GPWCS 0.42° 7.2 85.3
C:GPWCS 2:1 8.60 (8.75) 6.3 78.3
C:GPWCS 1:1 6.58 (6.67) 6.6 85.5
C:GPWCS 1:2 4.71 (4.58) 5.9 83.9
PPWCS 0.31 8.7 61.5
C:PPWCS 2:1 9.90 (8.71) 11.2 100.0
C:PPWCS 1:1 7.49 (6.61) 9.4 100.0
C:PPWCS 1:2 5.55 (4.51) 9.8 95.0

“Ratio of components of complexes are given as intended compositions.
® Estimated for dry residue.

‘ Theoretical values are given in parentheses.

4 Original starch prior to phosphation contained 0.42% N.

¢ Original starch prior to phosphation contained 0.49% N.
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The overall yields of the precipitated product were high, making this a useful process from a
practical point of view. The yields of complexes with pasted starches were higher. Analyses for
nitrogen content (Table 1) revealed that products made from GPCS and casein had slightly higher
contents of nitrogen than the theoretical values corresponding to a selection of different component
proportions, this is, 2:1, 1:1, and 1:2. In other words, the complexes had more casein than that
anticipated for a given component proportion. Complexes made of PPCS contained practically the
intended amount of casein. An opposite trend was noted for phosphated waxy cornstarches. Thus,
GPWCS trapped the amount of casein as intended by selection of the proportion of the reaction blends
whereas PPWCS trapped more casein, to the same extent as GPCS did. These findings likely depended
on the accessibility of the phosphate groups differently distributed on the surface and hidden in the
matrices of both starch varieties.

Phosphation of both granular starches significantly increased their solubility in water at 60 and
80°C. As shown in Table 2, the aqueous solubility (AS) of native granular cornstarch increased by a
factor of 4.7 times when the temperature was increased from 60 to 80°C. Certainly pasting of that
starch had some impact on this result. However, after phosphation, only a 1.5-fold increase in AS was
noted under such circumstances. After complexation with casein the corresponding increase in AS rose
up to 1.8-2.1 times. The AS values for particular complexes were distinctly lower than those for non-
complexed phosphated cornstarch. These data clearly pointed to the complexation. Additionally, the
experimental AS were always lower than the theoretical AS calculated from the AS for the particular
components of complexes at a given temperature. For example, the AS of PPCS at 60°C was 3.8 times
lower than the AS of GPCS due to higher degree of substitution with the phosphate groups which, to a
higher extent, crosslinked starch. A lower uptake of casein by PPCS as deduced from a lower nitrogen
content (Table 1) in complexes of that starch with casein than in the casein — GPCS complexes
confirmed this opinion. Complexes of PPCS with casein dissolved in water at 60°C slightly better than
non-complexed starch and this experimental solubility was also higher than the theoretical one. The
effect of complexation was more clearly visible at 80°C. After complexation the AS was lower by a
factor of 3.6 to 5.2 than that of non-complexed starch and lower by a half than the theoretical AS.

Native granular waxy cornstarch was much more water-soluble than native granular cornstarch.
Therefore, complexes of GPWCS and pasted PPWCS with casein were also more water-soluble than
the corresponding complexes with GPCS and PPCS. Trends in AS changes due to phosphation were
similar in both starches, but the AS of complexes of GPWCS and PPWCS were practically insensitive
to increases in temperature.

The water binding capacity (WBC) of native granular waxy cornstarch was higher than that of
native cornstarch. Phosphation of those starches significantly increased the WBC and to a higher
extent in granular starches than in pasted starches. Complexation of phosphated starches with casein

strongly decreased the WBC. It was higher for complexes of waxy cornstarch than for cornstarch
(Table 3).
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Table 2. Solubility of GPCS, PPCS, GPWCS and PPWCS and their casein
complexes in water [g/100g H,O] at 60 °C and 80°C.

Solubility at
60°C 80°C
Species™ Found Calculated® Found Calculated®
GPCS |GPWCS |GPCS |GPWCS [GPCS |GPWCS |GPCS |GPCWS
PPCS |PPCWS |PPCS |PPWCS |PPCS |PPWCS |PPCS |PPWCS
Phosphated | 12.8 10.4 18.9 10.6
Starch 3.4 30.6 30.4 32.3
2:1 2.4 7.3 5.8 5.0 5.0 6.5 7.3 4.5
Complex 3.1 8.1 2.7 11.8 5.8 10.6 11.1 11.8
1:1 4.0 9.5 7.6 6.4 8.4 10.6 10.2 6.0
Complex 3.9 18.3 2.9 16.5 6.3 20.1 15.9 16.9
1:2 6.3 11.6 93 7.7 11.4 214 13.1 7.5
Complex 5.8 21.8 3.0 21.2 8.5 24.6 20.8 22.0

*Notation of complexes according to intended composition
®Solubility of casein was 2.4 and 1.5 g/100 g H,O at 60 and 80°C, respectively.

¢ Calculated from corresponding solubility of non-complexed components.

Table 3. Water binding capacity of GPCS, PPCS, GPWCS and PPWCS
and their casein complexes [g/g of dry residue] at 60°C.

GPCS GPWCS
Species™” PPCS PPWCS
Found |Calculated" Found Calculated®
Phosphated 73.6 30.0
starch 41.8 13.7
5.0 12.5 13.3 27.1
2:1 Complex
5.3 7.1 9.7 16.5
7.3 16.9 18.0 38.7
1:1 Complex
5.7 8.7 11.9 22.8
13.1 21.3 26.7 50.3
1:2 Complex
6.8 10.4 16.2 21.1

*Notation of complexes according to intended composition.
® Water binding capacity of casein was 3.8 g/100 g of dry residue.

“Calculated from water binding capacity of non-complexed components.
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Solubility tests with 7 M aqueous urea showed that all the complexes did not dissolve in that
solvent but rather strongly swelled instead. Thus, one could assume that the partners in the complexes
were chemically bound to one another. Analysis of the IR spectra of complexes provided arguments
supporting this point of view. Also, the covalent bonding of the partners involved was documented in
previous studies [5,6,11] on complexes of casein with potato starch. The complexation of casein with
phosphated corn and waxy corn starches led to spectral changes dependent on the starch and on
whether they were granular or pasted. The IR spectra of original casein and phosphated GPCS, PPCS,
GPWCS, and PPWCS together with band assignments are given in Table 4.

Table 4. IR spectral characteristics of casein, GPCS, PPCS, GPWCS and PPWCS

Casein

Phospated starch

Band™®

Band®®

.. -1
Position , cm

Assignment

. -1
Position, cm

Assignment

3402 vs

2947 m, 2924 m

2879 vw
1652 vs

15455, 1522 s
1455 m

1394 w

1250 w
1076 w, 1068 w

924vs

vnu Intramol. H-bond

VCH

VcH
Vc=0 amide

OoH, VC-N
dcH

dcu

8NH; 8C-N

8C—OH

dcc

3418vs, 3393vs
3459 vs, 3369vs
2934 m, 2934, 2893m
2934m, 2934m

1648m, 1631 m
1648m, 1639m

1451m, 1434m
1451m, 1467m
1410m, 1393m
1418m, 1414m
1361m, 1393m
1373m, 1348m

1160s, 1139s
1172s, 1139 s
1082s, 1073s
1066s, 1057 s
1024vs, 998vs, 1024vs
1024vs, 987vs, 1024vs

vopu Intramol. H-
bond

VCH

vc.o hemiacetal

dch

don

Vp=0

O0H,cOC,C-0H

vs, s, m, w denote very strong, strong, medium and weak bands, respectively.

®Band positions in bold are those for cornstarch and those printed with normal font are for waxy

cornstarch. Data in normal and italic fonts are those for granular and pasted starches, respectively.
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Definitely, because of the low degree of starch phosphation, the vibrations of random covalent
bonds between casein and starches could not be seen. Due to complexation, spectral changes could be
anticipated around 3400 cm’! (vou in starch and vy in casein), 1650 cm’! (vco in casein and starch),
1545 and 1520 cm™ (8np and 8¢y in casein), 1410 and 1160-980 cm™ (8oy in starch), 1390-1360 cm™
(Vpo in starch), and 1250 cm™ (8xu and Scy in casein) (Table 4). Indeed, in all spectra, strong changes
in the region of 3400 cm™ could be observed, showing involvement of the corresponding groups in the
interactions. Some of them could result from changes in the starch macrostructure leading to
cancellation and/or reconstruction of intramolecular hydrogen bonds. Consequently, shifts and changes
in the pattern of the domn.coc.con could be noted. Changes in the position of the vco band were difficult
to interpret because the corresponding bands in the spectra of both components appeared in
approximately the same spectral region (Table 5).

Table 5. IR spectral characteristics of casein complexes with GPCS, PPCS, GPWCS and

PPWCS
Band positions™”, cm™
2:1 1:1 1:2

GPCS GPWCS GPCS GPWCS GPCS GPWCS
PPCS PPWCS PPCS PPWCS PPCS PPWCS
3393 3402 3402 3362 3393 3410
3377 3418 3410 3418 3426 3421
1658 1658 1658 1658 1652 1652
1652 1652 1652 1652 1652 1652
1530 1517 1530 1517 1524 1511
1524 1516 1517 1513 1517 1525
1395 1390 1402 1395 1389 1390
1389 1393 1389 1393 1377 1390
1242 1242 1242 1241 1242 1243
1241 1230 1246 1247 1248 1242
1163 1165 1165 1156 1158 1158
1158 1152 1158 1165 1158 1158
1081 1087 1081 1081 1081 1088
1087 1081 1081 1081 1081 1081
1042 1056-1043 1024 1030 1024 1027
1024 1036 1024 1029 1024 1024

927 926 906 927 927 934

927 927 934 934 927 926
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* Only those bands which moved by over 5 cm™ with respect to their positions in the spectra of
pure components of the complexes are specified.

® Data printed in bold are for cornstarches and the other are for waxy cornstarches. The numbers
in normal and italic fonts are for the complexes with granular and pasted phosphated starches,

respectively.

As anticipated, vibrations in the amide group in casein and the phosphate group in phosphated
starches were considerably shifted towards lower wave numbers. Such changes suggested that in the
complexes, aside from covalent bonds between casein and phosphated starches, postulated based on
the solubility of complexes in aqueous urea solution, electrostatic and polar interactions were also
involved.

Differential spectra provided evidence for binding between the complex components in a covalent
manner. The differential spectra for casein : GPCS = 2:1, casein : GPWCS = 1:1, and casein : PPWCS
= 1:2 complexes were selected to exemplify all cases. Spectra for all other complexes looked similar
although they differed from one another in details of the patterns of particular bands.

Figure 1. (1) Differential FTIR spectra of casein/GPWCS 2:1 complex from which (a)
the spectrum of GPWCS was subtracted and (b) the spectrum of casein was
added for comparison; (2) Differential FTIR spectrum of the same complex
from which (a) the spectrum of casein was subtracted and (b) the spectrum of
GPWCS added for comparison.
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Figure 1.1 presents the spectrum of the casein/GPWCS 2:1 complex from which the spectrum of
casein was subtracted. The spectrum of casein is also added for comparison. One can see essential
differences between the spectra in the 1650, 1250, and 1000 cm™ range. Figure 1.2 presents the
spectrum of the same complex from which the spectrum of GPWCS was subtracted and the spectrum
of GPWCS added for comparison. Also in this case, both spectra differed from one another in the

spectral pattern around 1550 cm™ and 1400 cm™.

Figure 2. (1) Differential FTIR spectra of casein/GPCS 1:1 complex from which (a) the
spectrum of GPCS was subtracted and (b) the spectrum of casein was added
for comparison; (2) Differential FTIR spectrum of the same complex from
which spectrum of casein was subtracted (a) and spectrum of GPCS (b) added

for comparison.
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Figures 2.1 and 2.2 present the spectra of the casein/ GPCS 1:1 complex from which spectra of
casein and GPCS were subtracted, respectively. Again in these cases similar distinguishing details
could be observed. Also similar differences can be observed in Figures 3.1 and 3.2 which are
collections of the casein/PPWCS 1:2 complex differential spectra from which spectra of casein and

PPWCS were subtracted, respectively.
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Figure 3. (1) Differential FTIR spectra of casein/PPWCS 1:2 complex from which (a) the
spectrum of PPWCS was subtracted and (b) the spectrum of casein was added
for comparison; (2) Differential spectrum of the same complex from which
spectrum of casein was (a) subtracted and (b) the spectrum of PPWCS added

for comparison.

Thermogravimetric studies delivered further information on complexes formed. Regardless the
starch variety and method of their phosphation, their thermal decomposition to 500°C as presented in
Figure 4 by the pattern of the thermogravimetric (TG) line proceeded in three consecutive steps.

Figure 4. Thermogram (TG, DTG, DTA) of GPWCS in the 25-500 °C range.
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In the first step, included and sorbed water were removed. In the second step starch decomposed in
a fast process followed by a third, by now slow decomposition. On the differential thermogravimetric
(DTG) diagram, a shallow, broad peak related to the first step, a strong fairly sharp and symmetric
peak reflected the second step and no effect was seen in that diagram corresponding to the third step.
The differential thermal analysis diagram was typical for decomposition of polysaccharides. There was
a series of small peaks showing complex transformations without accompanying decomposition as
there was no related weight loss on the TG line. Because the further part of the DTA presented a
continuum it pointed to a complex path of decomposition.

Again, regardless of the type of phosphated starch complexed with casein and the casein to starch
proportions, all complexes, except two, decomposed in five steps as manifested by the TG lines of the
corresponding diagrams. The first step corresponded to the evolution of water. The second, slow step
preceded the main fast decomposition step. Two subsequent steps reflected further subsequent slowing
down of the decomposition of the products. In the DTG lines for complexes in which casein dominated
(intended casein/starch = 2:1) two peaks could be distinguished (Figure 5). The first and second peaks
could be ascribed to the decompositions of the complex and excessive casein, respectively.

Figure 5. Thermogram (TG, DTG, DTA) of casein/PPCS 2:1 complex in the
25-500 °C range.

ora o]

Temperastare [*C)

In the relevant thermograms of the complex of intended 1:1 composition, the first decomposition
peak on the DTG line was accompanied by a small peak reflecting, presumably, decomposition of
excess casein in the complex (Figure 6). Such an assumption implied that the correct, “stoichiometric”
composition of the complex required an excess of phosphated polysaccharide.



Molecules 2004, 9 561

Figure 6. Thermogram (TG, DTG, DTA) of casein/GPCS 1:1 complex in the 25-500°C range.
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In the diagrams for the complexes in which phosphated starches dominated (intended 1:2

compositions), the main DTG peaks were sharp and no signs of the peaks, which could be related to
decomposition of casein, could be observed (Figure 7).

Figure 7. Thermogram (TG, DTG, DTA) of casein/GPCS 1:2 complex in the 25-500°C range.
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It should also be noted that the transition usually denoted as the second step in the TG lines of such
complexes were either be barely distinguishable or, in two cases, they were absent.

In Table 6 the thermal characteristics of the complex components and complexes are given. One
could observe that phosphated starches were always less thermally stable than original starches.
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Table 6. Shortened thermal (TG/DTG) characteristics of casein, native corn
(NCS) and waxy corn (NWCS) starches, phosphated granular corn
(GPCS) and pasted corn (PPCS), granular waxy corn (GPWCS) and
pasted waxy corn (PPWCS) starches and their casein complexes.

Species Moisture | Slope of TG line in particular stages®, tg oo | DTG peaks, °C

content, % |y 11 v V| Main | Side"

Casein 5.0 0.09 0.63 0.29 0.11 291 340s

NCS 12.0 2.73 0.13 282

NWCS 14.0 5.25 0.15 282

GPCS 10.0 1.20 0.17 278

PPCS 9.0 1.17 0.15 270

GPWCS 7.5 1.42 0.18 280

PPWCS 9.0 1.43 0.15 270

GPCS

complexes

71 5.0 0.09 0.39 0.10 268 298

1:1 7.0 0.38 0.62 0.30 0.11 262 290s

1:2 7.5 0.08 1.17 0.25 0.13 264

PPCS

complexes

2:1 5.0 0.08 0.61 0.31 0.08 272 300s

1:1 6.0 0.84 0.27 0.12 270 305s

1:2 6.0 0.94 0.17 262

GPWCS

complexes

2:1 7.0 0.08 0.82 0.29 0.13 270

1:1 8.0 0.06 0.83 0.25 0.13 262

1:2 6.5 2.17 0.21 0.14 255

PPWCS

complexes

2:1 12.0 0.06 0.42 0.16 280 300s

1:1 11.5 0.06 0.54 0.31 0.09 274 300s

1:2 10.0 0.10 0.80 0.24 0.10 262

*The first step in the diagram relates to evolution of water.

(I3
S

®Shoulders are denoted as
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Complexes were less thermally stable than free non-complexed phosphated starches. The
complexation reduced the moisture content as compared to non-complexed polysaccharides. Among
all complexes, these precipitated with PPWCS contained the highest levels of moisture (8-9%).
Examination of the data in Table 6 reveals that the main decomposition step of normal cornstarch (tg o
= 5.25) was approximately twice as fast as the relevant step for waxy cornstarch (tg a= 2.73).
Phosphation of granular as well as pasted starches led to products which almost uniformly decomposed
two times slower than did native waxy cornstarch (tg oo = 1.17 — 1.43). Undoubtedly, casein
complexation of those starches resulted in a preliminary, slow decomposition step. Complex
composition had a practically negligible effect on the rate of that step. Except for 1:2 complexes with
GPWCS and PPWCS where the TG-grams of such a step could not be observed, tg a varied between
0.1 and 0.06. The second decomposition steps were faster by approximately one order of magnitude
than the latter and there were no trends relating the rate of that step and composition of the complexes.

Studies were conducted to determine the degradability of starch, phosphated starches, and their
casein complexes by means of maltogenic amylase. Native waxy cornstarch was more susceptible to
the enzyme (Table 7). Phosphation of starches increased their digestibility by amylase to a higher
extent in case of normal cornstarch. Casein complexes with phosphated starches were, generally less
susceptible to the enzyme. Starch complexes phosphated after pasting were digested with more
difficulty than those phosphated in the granular state. This could be rationalized by more uniform
phosphation of pasted starches and, hence, more compact structures of complexes with such starches.

Table 7. Biodegradability of native corn (NCS), waxy corn (NWCS),
phosphated granular corn (GPCS) and pasted corn (PPCS), granular
waxy corn (GPWCS) and pasted waxy corn (PPWCS) starches and
their complexes with casein

Species Change in the maltose content [mg/100 g complex] after
6h 14 h 24 h 30h 48 h
Casein +0.5 0.0 +1.0 0.0 +0.3
NCS 0.0 0.0 +26.0 0.0 +211.0
GPCS +15.0 +49.0 +198.3 +61.0 0.0
PPCS +63.0 +533.0 +44.0 +146.8 | +554.0
GPCS complexes
2:1 +61.5 +34.5 +8.0 +4.5 +5.0
1:1 +92.5 +86.0 +87.5 +21.3 +33.0
1:2 +132.0 | +133.3 +30.0 | +19.0 | +16.3
PPCS complexes
2:1 +89.3 +69.0 +15.0 +3.3 +4.0
1:1 +94.5 +143.3 +152.0 +16.5 +38.5
1:2 +136.0 +161.0 +14.5 +8.5 +17.0
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Table 7. Cont.

NWCS +26.5 +49.0 +198.3 +61.0 0.0
GPWCS +0.8 +62.5 +40.5 +3.0 +54.5
PPWCS +275.5 +483.5 +481.0 +110.0 | +306.0
GPWCS complexes

2:1 +229.0 +243.0 +145.5 +135.0 +56.5
1:1 +107.5 +302.8 +335.5 +58.5 +13.0
1:2 +414.5 +497.5 +463.5 +465.5 +432.5
PPWCS complexes

2:1 +153.0 +172.3 0.0 -7.5 -43.3
1:1 +95.5 +198.5 +160.0 -22.0 +89.3
1:2 +249.5 +341.5 +106.5 +135.5 | -122.0

Conclusions

1. Phosphated corn and waxy corn starches form complexes with milk casein in which components
are bound by electrostatic interactions and random covalent bonds.

2. The stoichiometric composition of the complexes is approximately 1:1. Excess component is
sorbed on the nucleus formed by the stoichiometric complex.

3. High yields of the formation of complexes are promising for the development of bulk production.

Experimental
General

Pasteurised and centrifuged “Gorskie” cow milk without chemical preservatives was purchased
from the Regional Milk Co-operative in Limanowa, Poland. It contained 0.05 % w/v of fat. The total
protein content determined by the Kjeldahl method was 3.25 % and the casein content, according to
Aschaffenburg and Drewry, was 2.76 %. The pH of the milk was 6.70, whereas the titrated acidity
reached 7.2 °SH. The milk density was d 1.0312 g/mL. Prior to use, the milk was stored under
refrigeration at 7 °C, then warmed to 20 — 25 °C. Cornstarch (10.5 % moisture content) and waxy
cornstarch (Amioca Powder TF) (12.0% moisture content) were purchased from National Starch &
Chemical (Berkeley, California, U.S.A.). Hydrochloric acid (Polish Chemicals, Gliwice) d=1.19 was
diluted ten-fold with distilled water. 12% Fungal (Aspergillus oryzae) maltogenic a-amylase was
purchased from Fungamyl — Novo, (Salem, Virginia, U.S.A.). Pentasodium tripolyphosphate (PSTP)
and trisodium trimetaphosphate (TSTP) were purchased from Sigma, Saint Louis, Missouri, U.S.A.
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Pasting of starch

Pasting was carried out in 9 % aqueous starch suspension heated up to 95 °C and maintaining at
this temperature for 15 min.

Starch phosphation

Granular as well as pasted starches (0.017 % and 0.000% P content in granular starches,
respectively) were phosphated according to Lim and Seib [12]. In case of phosphation of granular
starch a mixture of PSTP (1.5 g) and TSTP (0.6 g) was dissolved in an aqueous solution of sodium
sulphate (1.5 g) in water (30 g). Granular starch (30 g, dry-weight basis) was dispersed in that solution.
In the case of phosphation of pasted starch the solution was made up of PSTP (1.5g), TSTP (0.6 g) and
sodium sulphate (1.5 g) in water (20 g). Pasted starch (333.3 g) was then blended with that salt
solution. The pH of these solutions was brought to 8 by adding 10 % aqueous hydrochloric acid. The
slurry was agitated for about 1 hour at room temperature, followed by air dryin, initially at 40 °C for 1
hour and then at 130 °C for 2 hours. After cooling to room temperature the solids were dispersed in
deionised water (35 mL), and recovered by centrifugation (15 min at 4000 rpm). This procedure was
repeated three times with 60 mL deionised water. Prior to each centrifugation the pH was adjusted to
6.5. The final product was dried at 40 °C. Determination of phosphorus bound to starch was carried out
according to Marsh [13]. Granular phosphated corn and waxy corn starches contained 1.235% and
0.714% bound P, respectively, in their dry masses and, in both cases, no inorganic P was found (DS
0.0637 and 0.0373). Pasted corn and waxy corn starches contained 0.928 % and 1.852% bound P (dry
mass), respectively and, again, no inorganic P was found in both cases (DS 0.0476 and 0.0968).

Preparation of complexes

Milk (600 mL) was blended at 20 — 25 °C with starch phosphates in the proportions specified in
Table I and then agitated with a magnetic stirrer. The temperature of the blend was increased to 40 °C
before it was acidified to pH 4.6 with dilute hydrochloric acid. Thereafter, the temperature of the
blends was raised to 55 °C (at a rate of 1 °C/min), then they were cooled down and agitated for an
additional 14 h at 23-25 °C. Subsequently, with continuous agitation, the temperature of the blend was
raised to 60 °C at a rate of 1 °C/min, then they were allowed to stand to cool to room temperature.
Whey was decanted and the precipitate was subjected to a three-step washing with deionised water (3 x
420 mL). Each step lasted 20 min. The first washing was performed at 55-60 °C and the second
washing was performed at 20 °C, after acidification of the water to pH 4.6 with dilute sulphuric acid.
The same procedure was then repeated at 10-15 °C. Washed products were centrifuged (10 min at
4000 rpm) and dried for 2 h at 45 °C and then at 65 °C until the water content was below 12 %. Yields
of the complexes are reported in Table 1. Co-precipitations were run in triplicate.
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Elemental analysis for nitrogen content

Analysis was carried out according to Dumas [14] on a semimicro instrument of our own
construction. Analyses were run in duplicate.

Aqueous solubility (AS) and water binding capacity (WBC)

These analyses were carried out gravimetrically according to Richter [15]. Estimations were run in
duplicate.

Dissolution in urea
Dissolution was carried out in 7M aqueous urea at room temperature.
IR spectroscopy

The samples were examined as KBr discs containing 3 mg of either complex or its components in
300 mg of KBr. The spectra were obtained on a Mattson 3000 FTIR (Pye-Unicam, Cambridge, UK)
spectrophotometer.

Thermal analysis (TG, DTG)

Samples (about 200-220 mg) were analysed on a Paulik-Paulik-Erdey Q-1500-D Derivatograph
(Budapest, Hungary). They were heated in the open in corundum crucibles from room temperature to
500 °C (5 °C/min). Alumina was used as the standard (¢ = 8 um).

Enzymatic degradation

An aqueous solution of a-amylase (30 mg in 120 mL water) was prepared. Complex (0.5 g) was
treated with the enzyme solution (50 mL). The mixture was maintained at 50 °C for 48 h at pH 4.5 and
the maltose concentration was measured at 0, 6, 24, 30, and 48 hrs of treatment using the
dinitrosalicylic acid method [15].
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