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A water soluble three way complex composed of starch, whey protein, and free fatty acid (FFA) was
detected in a dilute three component system after heating. In high-performance size exclusion
chromatography (HPSEC) profiles of the starch—protein—FFA system, the three way complex eluted
between amylopectin and amylose. The molecular mass of the complex, based on multiangle laser
light scattering/HPSEC and pullulan standards, was estimated to be ~(6—7) x 10® Da. Carbohydrate
measurement by the phenol—sulfuric acid method clearly showed that the starch amylose fraction
shifted to a higher molecular weight elution volume following complexation. Whey protein existed as
large disulfide-linked aggregates and is speculated to be the organizer of the three way complex.
Differential scanning calorimetry of the freeze-dried complex showed the presence of an amylose—
FFA melting endotherm, thus proving that FFA was the third component in the three way complex
and that the amylose—FFA complex was one of the structural components of the complex. The
complexation mechanism and its relationship with changes in starch functionality were discussed.
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INTRODUCTION formed during the three way interaction. Starch, protein, and

) . . FFA are the three primary structural elements of the three

Starch, protein, and I|p|d§ are three major components of component system, and it was established in related work that
many fOOd. systems. Inter_actlon among these _fOOd COMPONeNtSqiarch-FFA and proteir-FFA complexes are secondary struc-

plays an important role in food quality, particularly on the 5| elements formed during the three way interaction. On the

texture and mechanical properties of food products. The paqjs of these findings, the possible formation of a new ternary

existgnce of a three way interaction among starch,. solqble structure was investigated in a dilute three component system
protein, and free fatty acid (FFA) and its affect on functionality afier cooking using high performance size exclusion chroma-
were recently established in our laboratoty. (Using a Rapid tography (HPSEC)

Viscoanalyzer (RVA), a high paste viscosity cooling stage peak
was produced when whey protein and FFA were combined with
starch. Characteristics of the cooling stage viscosity peak were
affected by the relative quantity of each component, the A normal sorghum cultivar, P721N, was harvested from the Purdue
sequence of addition of each component into the system, andUniversity Agronomy Farm in 1997 and was conditioned {7 67%

the molecular structure of the FFAs. Moreover, amylose was relative humidity) for 2 weeks to approximately 13% moisture content.

found to be involved, as waxy starch did not produce the RVA Starch was isolated from Wh_ole s_orghum grain according tq a general
cooling stage peak. In other work in our laboratory, whey protein toluene procedure for starch isolatiaf).(Starch was defatted with 85%

; R methanol for 16 h at room temperature. Whey protein isolate (WPI-
was shown to compete with amylose for the binding of FFAs BioPro, 97.5% protein) was from Davisco Foods International, Inc.

as demonstrated through reduction of the amyid&A melting (Eden Prairie, MN). Palmitic (C16:0), oleicié-9-octadecenoic acid,
endotherm when the protein was present (Zhang and Hamakerc1g:1), and linoleicdis-9 cis-12-octadecenoic acid, C18:2) acids were
unpublished data). This follows numerous reports of FFA from Sigma Chemical Co. (St. Louis, MO). Purified water was obtained
binding to g-lactoglobulin (2,3) and indicates that the two  from a Barnstead 3 module E-pure, organic free system (Dubuque, IA).
component complexes, stareRFA and protein—FFA, are Starch, Protein, and FFA Complexation in a Dilute SystemA
common in the three component system. dilute system was used to examine starphotein—FFA complexation.

It is well-known that functions of food polymers are related Starch concentration was 0.5% (w/v), whey protein concentration was

to their structures. The key to understanding the formation of 10% (W/w, based on starch), and FFA concentration was 5% (w/w,

. . : . based on starch). The starch solution (0.5%) was prepared by heating
the RVA cooling stage viscosity peak was to find the structure for 20 min in a boiling water bath and was then cooled overnight at

room temperature. After it was centrifuged at 149®0r 20 min, the

* To whom correspondence should be addressed. E-mail: hamakerb@ Supernatant was further purified by ultracentrifugation at 109360
foodsci.purdue.edu. 1 h at 20°C. The supernatant was then used as the starch sample for
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interacting with protein and/or FFA. Interaction among starch, FFA, 0.025 0.35 -
and protein was achieved by adding 5 mg of whey protein (dissolved - St M 03 1w E
in purified water, 10 mg/mL) and/or 2.5 mg of FFA (palmitic, oleic, 0.02 oo
and linoleic acids, dissolved in petroleum ether, 10 mg/mL) to a 10 o
mL starch solution sample and then cooked for another 20 minina & *™*| & & o2
boiling water bath. The protein control was similarly cooked for 20z Z o
min. After the samples were cooled overnight at room temperature, o1
the supernatant following centrifugation at 14@0@r 20 min was 0.005
filtered through a 0.4%m filter and injected into a HPSEC system °'°5‘_;L
(described below) for analysis. o 0
Differential Scanning Calorimetry (DSC). A differential scanning ARY 20 e i) 0 A o * e (miny %
calorimeter, DSC 2920 (TA Instruments, New Castle, DE), was used 0037  aeen- Whey + ME 035, hey+ e
to examine starchlipid complexation. The complexed samples (su- ——Whey b ey

pernatant from final step of above procedure) were frozen in liquid 0028 ° i

nitrogen and were then freeze-dried. Yield represented the ratio of the 0.02 8251
amount of dried material to the amount of the starch (dry basis) added
before preparing the samples. The starch content was measured by the z
phenol sulfuric acid methodby) after dissolving the freeze-dried samples 0.01
in purified water (1 mg/mL) and expressed in the table as relative
content based on the starch control samples (as 100%). Dried samples
(3—5 mg) and purified water (1:3, w/w) were hermetically sealed in o
aluminum pans. Experiments were carried out at a heating rate of 10 18y 20
°C/min from 20 to 13¢°C and then cooled to 2%C at the same rate.
The value of enthalpy (J/g starch) is the value of measured enthalpy
divided by starch content (dry weight basis).

HPSEC. The chromatography system consisted of a Varian model 0.025 -
9012 HPLC pump (Walnut Creek, CA), a HR 16/50 (Pharmacia,
Sweden) column packed with Sephacryl S 500 HR (Pharmacia),-a UV .
vis detector (Varian model 9050), and a refractive index detector (Varian £
model 9040). The mobile phase was filtered (022 filter) and 2
degassed with purified water containing 0.02% sodium azide. The eluent 0005
at a flow rate of 1.5 mL/min first passed through the t¥s detector 0 :
at 280 nm and then the RI detectér 1 mL sample loop was used. o (RI)20 “ . 60 oo o 2 “’Time(min)e" 80
Column backpressure was-8 atm. Flow cell temperature of the
refractive index detector was maintained at 3D. Data from the 0025~ giarcn+ starch+
refractive index and UVvis detectors were collected and analyzed 002+ e mem o1z s
using the Varian Star 4.5 software program. The eluent was collected
at 2 min/tube. The phenekulfuric acid method §) was used to ]
measure total carbohydrate content, and the blue value was measured &
at 620 nm after mixing 0.2 mL of iodine solution (0.2% 2% KI) 0,005 -
with 2.5 mL of eluent. Pullulan standards (Polymer Laboratories, Inc., . . - ‘
Amherst, MA; molecular masses (Da): 788 000, 404 000, 212 000, 2B(RI) 2 40 50 80 2B {(UVio 40 60 80
112 000, 47 300, and 22 800) were used to obtain a general estimate
of molecular weight of the three component complex. A multiangle
laser light scattering detector (MALLS, Dawn DSP-F, Wyatt Technol-
ogy, Santa Barbara, CA) was used to determine absolute molecular § o'~ L
mass of the complex. The MALLS detector had a K5-cell and a &
wavelength of 488 nm. The calibration constant for the detector
(1.151E-04) was obtained by measuring the light scattering intensity
of toluene at a scattering angle of°9@letector 11) and normalizing 26 R) 20 40 50 % 50w
with bovine serum albumin. 2 “ 60 &
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Figure 1. HPSEC profiles from RI and UV signals of starch (A) and
whey protein (B). Concentrations are the same as in other samples.
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HPSEC Profiles of One and Two Component System#\ §
representative HPSEC RI profile of water soluble cooked starch
had one sharp amylopectin peak eluting at the column void
volume (at about 30 min) followed by a broad amylose peak 2D(RI>OZO " o % 2020 " o -
from 40 to 60 min Figure 1A). There was some absorbency , )
at 280 nm in the amylopectin region of the chromatogram, Flgure 2. HPSEC profiles from Rl and UV signals of starch/whey samples
presumed to be due to slight turbidity caused by the eluting Without and with FFAs.
amylopectin fraction. The HPSEC profile of cooked whey a strong reducing agent, cleaves intermolecular S—S linkages
protein showed a small peak at the void volume and one to reduce whey protein aggregates to their monomers, at the
significant peak at about 58 min using both UV and RI detection. same time, denatured whey protein can form another type of
It has been shown that whey protein, of which the major aggregate through hydrophobic interaction. This may have been
p-lactoglobulin component has a molecular mass of ap- the reason that two peaks appeared in the UV signal profile
proximately 34 kDa, forms large aggregates through disulfide after treatment with 1% ME, one at the void volume and the
bond (S—S) linkages upon cookin@)(-Lactoglobulin forms other at 70 min. In the RI profile, there was only one small
aggregates up to 4 1(° Da (7). While 2-mercaptoethanol (ME), peak observed at the void volume (Figure 1B), although a




Detection of Three Component Complex J. Agric. Food Chem., Vol. 51, No. 9, 2003 2803

0.025 06 1.2 -
starch + protein + ME starch + protein + ME starch

0.02 ) 1-
08 - kS

06 -

o
2 o
8 o
(=] 5 -
0D280
o o o
o - N w
Absorption

0.4 -

20 40 60 80 20 40 60 80
3A(Rl} Time (min) 3A{UV) Time (min) 0.2 -
0.025 - 06 -
starch + oleic acid starch + oleic acid 0 - i
0.02 +whey+ ME 05-  +whey+ME 20 30 40 50 60 70 80
0.4 jon ti i
3 0015 o Elution time (min)
E 8 o3
E  001- o 02 12 -
: starch + whey
0.005 - 0.1 11
o 0 < 081 Ea
3B(RD 20 40 60 80 3B(UV)20 40 80 80 %
S 064
0.025 06 ! 2
starch +linoleic acid starch + linoleic acid pay
.02 + whey +ME 05 +whey + ME < 04
04 1
§ 0.015 2 0.2
< g 03 0 ; ; .
Z 001 S
02 20 30 40 50 60 70 80
0.005 01 Elution time (min)
0+ o+
3c Ry 2 40 60 80 3c(UV)20 40 60 80 12-
whey +starch + ME(2%)
0.025 06 1-
starch + palmitic acid os starch + palmitic acid
+whey + ME hey + ME
0.02 whey *whey c 08
0.4 L
0015 2 st
g £ o 5 06
z o001 © 2
4 0.2
< 04 -
0.005 01
0+ ; 0.2 -
0 20 40 60 80
3D (RI) 20 40 60 80 3D (UV) 0

20 30 40 50 60 70 80
Elution time (min)

Figure 4. HPSEC profiles of starch and starch with whey protein. The

negative Rl peak at around 70 min elution time may have dotted line denotes OD 620 nm (blue value). The solid line denotes total
masked a second peak. For water soluble cooked starch, additior?HO content (OD 490 nm).

of 1% ME slightly increased the height of the first amylopectin
peak in the UV profile without affecting the amylose peak; there
was no effect on the RI profile (Figure 1A). It was important

; FFA.
to the study that ME removgd the _whey protein aggregates thgt HPSEC Profiles of Three Component Systems and Com-
appeared around the 58 min elution volume and, thereby, did

. . . L plexation. Prepared starch samples cooked in the presence of
not interfere with the amylose peak in RI profiles in subsequent . -
. whey protein and FFA produced supernatant HPSEC elution
experiments where ME was used.

-~ i profiles substantially different as compared to profiles of one
The addition of whey protein to starch produced a large o two component samplesFigure 2). A new molecular
protein peak at abo_ut 58_ min elution time_as_ seen i_n both the complex was found in RI profiles that eluted at the HMW end
Rl and the UV profiles Kigure 2A) that coincided with that ¢ the amylose profileRigure 2, see arrows in three component
observed inFigure 1B. The high molecular weight (HMW)  hrofiles). The molecular mass of the new complex was (6—7)
amylose portion of the peak was still visiblEigure 2A, see x 10° Da, as estimated by MALLS/HPSEGifure 6). This
arrow). After treatment with ME, the protein signals separated molecular mass range was supported by pullulan standards (not
completely from the amylose peak and the RI elution profile shown). Comparison of RI profiles between the stakgbrotein
of starck& whey protein (Figure 3A).appeared sjmilar to starch (Figure 2A) and the starch- FFA + protein (Figure 2B—D)
alone (Figure 1A). Thus, the reducing agent did not affect the shows that all three components were required to produce the
carbohydrate portion of the HPSEC profile of the statclvhey  complex. No indication of the complex was observed in the
sample. Neither did whey protein change the HPSEC profile starch+ protein profiles (Figure 2A). Linoleic acid produced
of soluble cooked starch molecules measured by the phenol—the highest amount of complex, followed by palmitic and oleic
sulfuric acid methodRigure 4). These experiments showed no  acids. While RI profiles showed the complex most clearly, the
observable interaction between starch and whey protein. presence of the complex could also be seen in the UV profiles,
When starch was cooked with FFA, only the amylopectin thus verifying that protein was part of the compl&igure 2B—
peak appeared in the elution profiles with little or no second D, see curved arrows). Starch, protein, and FFA were clearly
eluting amylose peake{gure 5). This was caused by precipita-  the structural elements of the novel ternary complex.
tion of amylose—FFA complexes, because the amylose—FFA Whey protein aggregates formed through disulfide bond
complex, like most starch—lipid complexes, is water insoluble linkages appeared to be the main structural organizer of the new
at pH < 7 (8). Amylose—FFA complexation occurred in the complex. After treatment with 1% ME, complex detection in
dilute system used in this study, suggesting that interaction HPSEC RI and UV elution profiles disappeared (Figure 3B—

Figure 3. HPSEC profiles from RI and UV signals of starch/whey samples
without and with FFAs after treatment with 1% ME.

between amylose and FFA is an important factor when
considering the three way interaction among starch, protein, and
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Figure 5. HPSEC profiles from RI signals of starch in the presence of 2 40 80 g 20 0 &0 80
different FFAs. Figure 7. HPSEC profiles of starch samples in the presence of whey
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Complex summary, the above data show clearly that a water soluble three

component complex was formed through interaction among
starch (amylose), soluble protein, and FFA.

Starch—FFA Complexes in the Three Component Com-
plex. As noted above, the formation of this novel three way
complex was not through specific binding between starch

. molecules and whey proteins. Obviously, FFA molecules played
TV & a critical role in the three way complex formation. In this regard,
it is well-known that whey protein binds FFA molecules 8)
and that starch—FFA inclusion complexes form between amy-
lose and FFAs. Amylose was shown above to be part of the
complex, and in a previous papé),(we reported only nonwaxy
starches resulted in the three component interaction. However,
further evidence for amylosé=FA complexation within the
D), resulting in profiles very similar to those of control samples three way complex was needed, due to the fact that amylose
(starch, starch- whey protein). Therefore, reduction of disul- FFA complexes are normally water insoluble, while the three
fide-bound polymers to protein monomers caused disruption of way complex was water soluble. DSC was used to study the

100107

Molar Mass (g/mol)

1,010
0

Figure 6. Molar mass vs elution time of amylopectin and the three
component complex determined using the MALLS detector (dots are molar
mass, solid line is RI profile). Note that molar mass of amylopectin was
between 107 and 108 Da. The molar mass of the three component complex
was ~(6-7) x 10° Da; flow rate, 1 mL/min.

the complex. contribution of the amyloseFFA complex in the formation of
HPSEC elution profiles of the three component system before the three way complex.
and after treatment with ME as measured by phesalfuric DSC data of freeze-dried water soluble materials after the

acid and the blue value provided supporting evidence for the three way complexation showed that FFA was complexed with
existence of the three way compldxigure 7) and also showed  amylose Table 1). Samples that contained starch, whey protein,
that amylose was the participating starch molecule in the threeand FFA produced a large endothermic peak @00 °C upon
way complex. In these experiments, HMW starch peaks heating (due to melting of the amylosEFA complex) and a
representing the complex at the trailing edge of the amylopectin large exothermic peak at75 °C during cooling (due to
void volume peak were separated by 1% ME treatment into amylose—FFA complex reformation). These two peaks are
two distinct peaks typical of amylopectin and amyloB&y(ire characteristic of loss and formation of stardipid complexes.

7), while no changes were found in the elution profiles for the Isolated starch itself showed low enthalpic transitions that were
starch+ whey sampleKigure 4) before and after ME treatment.  due to native amyloselipid complexes, and addition of whey

ME had no effect on starch alond-igure 1). After ME protein to starch resulted in a reduction of the complex
treatment, the newly appearing second peak was amylose apresumably due to competitive lipid binding by the protein.
shown by its elution profile and its high blue valudsgure Yield of the three component compleXgble 1) represents

7). Its increase in molecular mass in the three component systemthe ratio of the amount of dried material to the amount of the
was due to complexation with the other two components. In starch added before preparing the samples. The values obtained



Detection of Three Component Complex J. Agric. Food Chem., Vol. 51, No. 9, 2003 2805

Table 1. Starch Content, Yield, and DSC Results of Water Soluble no peak observed without protein, and viscosity increase was
Materials from the Three Way Interaction small as compared to addition to starch of oleic and linoleic
acids with protein (palmitic acid with protein produced a lower
) temp (°C) enthalpy viscosity cooling stage peak). Thus, the rapid increase in system
| starch (f/) y';ld p:’/cceass p—k S/A"g viscosity appeared to start at the point where the starch
samples  content(%) (%) (H/CY) onset peak (JgS) protein-FFA complex started to form. It was unclear why paste
H 924 1026  2.34 viscosity then peaked and decreased.
S control 100.0 275 C 835 794 2.20
H 941 1017 072
S +whey (W) 85.0 29.1 c 795 762 080 CONCLUSION
H 9.3 1031 887 .
S + W+ palmitic 758 326 C 821 792 861 A novel ternary complex was found from three way interac-
H 921 1010 828 tion among starch, whey protein, and FFAs. The complex was
S +W +oleic 83.0 ggg 9% ) Sé-gl 780 669 identified by HPSEC with detection by refractive index and UV
S +W + linoleic 80.7 56 c 179 749 678 detectors and by carbohydrate and iodine-binding analyses. The

structural basis of a three way interaction among starch, protein,
and FFAs was established. StardfFA complexes were one
structural element of the three way complex, presumably
protein—FFA complexes another, and a disulfide bond-linked
protein aggregate was an important structural element and the
organizer of the three way complex. This three way complex
combined starch and protein molecules, two important biopoly-
mers that are inherently difficult to interact with each other.
FFAs played an important role to bridge starch and protein,
although specifically how this occurs is unclear. The three way
complex was related as the structural basis for changes in starch
pasting properties during the RVA cooling stage.

@ H, heating; C, cooling.

by multiplying the yield by starch content for each sample
represented the total amount of water soluble starch. These
values were not notably different from each other. This indicates
that most of the original water soluble starch component
(primarily amylose) remained water soluble after complexation.
Therefore, amylose—FFA complexes in a three component
system were water soluble and most of the stafeRA complex
stayed in solution. Interaction with protein apparently provided
the structure and increased water interaction to bring the starch
FFA complex into solution. It was observed that solubilities of
the freeze-dried materials were different between control
samples (starch, starch whey protein) and three component (1) zhang, G.; Hamaker B. R. A three-component interaction among
samples. Freeze-dried materials from control samples required starch, protein, and free fatty acids revealed by pasting profiles.
90% dimethyl sulfoxide for dissolution, while materials from J. Agric. Food Chem2003,51, 2797—-2800.
the three component system were easily dissolved in water. This (2) Spector, A. A.; Fletcher, J. E. Binding of long chain fatty acids
provides other indirect evidence that indeed a three way complex to B-lactoglobulin.Lipids 1969,5, 403—411.
formed. (3) Pérez, M. D.; Calvo, M. Interaction @flactoglobulin with retinal
Relationship between the Three Way Complex and the and fatty acids and its role as possible biological function for

. . this protein: a reviewd. Dairy Sci.1995,78, 978—988.
Three Way Interaction. In a previous paperlj, we showed (4) Badenhuizen, N. P. General method for starch isolation. In
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