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Influence of Heating on Oil-in-Water Emulsions Prepared with
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The effect of heating on the physicochemical properties of emulsions prepared with soybean soluble
polysaccharide (SSPS) was investigated. The emulsions were stable after heating at 90 °C for up to
30 min. Heating at different pH values or in the presence of CaCl, (<10 mM) did not affect the stability;
however, at higher concentrations of calcium ions, the emulsion particle size increased. Two fractions,
a high molecular weight (HMF) and a low molecular weight (LMF) fraction, were separated from the
crude SSPS preparation by gel fitration. Emulsions prepared with SSPS/HMF (MW = 310—420 kDa)
showed little change in size with heating, while the protein impurities of the SSPS/LMF fraction formed
aggregates by heating at pH 7. Analysis of the heat-induced aggregation of the two fractions of SSPS
suggested that the changes in SSPS functionality with heating can be attributed to the protein impurities
(LMF) present in the SSPS.
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INTRODUCTION heating in the presence or in the absence of €@ been
investigated (9). The diluted emulsions (0.01%) prepared with

um arabic or modified starch were stable to heating up to
90 °C for 20 min, in spite of the presence of 25 mM CaCl

A large number of beverage systems are prepared as
concentrated oil-in-water emulsion and then diluted into the final

products (1). This type of emulsion has to be stable not only . .
i~ - . Soybean soluble polysaccharide (SSPS) is a polymer extracted
unde.r_concentrat.e.d conditions bu'g also under highly d||ut§ad from };he residual cgrgohydrate by(produgt of rr;aiing isolated
conditions. In addltlo.n., as the gmulsmns are exposed to a Varletysoy protein, okara. SSPS is an acidic polysaccharide containing
of temperature conditions during production, storage, transport, 18% of gallalcturonic acid (GalAJLQ). The main backbone of
or consumption, it is important to understand the changes in . :
. . . . . . SSPS consists of homogalacturonan and rhamnogalacturonan,
the physicochemical properties of the emulsions during heating. branched by-1 4-ga|actagn and-1 3- oro-1 5-arabin§n chains
Beverage emulsions are often formulated with surface-active (12). SSPS has a pectin-like structure but a more branched
golysacchbgrldfes, such asgum ar?bu: or modified Stlﬂ'elﬁx.d conformation. It has been recently shown using static and
um arapic rquqama senegals most commonly used, dynamic light scattering methods that the radius of gyration of
because of its high dispersability in water and low bulk viscosity the polysaccharide is about 23552.8 nm with a globular shape
and its ability to create a strong protective film around the oil structure 13). It has also been demonstrated that SSPS contains

droplet .(6’7)' Modified stqrch has also been investigated asan 5 protein fraction, which plays a major role in its functionality
alternative to gum arabic3]. These polysaccharides have (14, 15)

relatively low surface activity when compared to low molecular

. g . SSPS can be used to stabilize oil-in-water emulsions over a
weight surfactants or proteins, and they need to be used in a_. .
. . wide pH range (15) and at lower concentrations than those
large amount to obtain stable emulsio®s 9). For example,

under comparable homogenization conditions, it has been reported for other polysaccharides, for example gum arabic or

. o . —~  modified starch 16, 17). Without heating, the emulsions
reported that 20% gum arabic or 12% modified starch is required . . =
topobtain a stablg gemulsion contain?ng 12.5% 6. G:urthe?- prepared with SSPS are not influenced by the addition of £aCl

h . or NaCl up to 25 mM. The protein fraction associated with SSPS
more, the excess unabsorbed polysaccharide present in the . - s

. Seems to be responsible for anchoring the carbohydrate moieties
aqueous phase of the emulsions can promote droplet floccula-

tion, coalescence, or creaming®( 11). The stability of the of the polysaccharide onto the oil/water interfadd), SSPS

emulsions prepared with qum arabic or modified starch durin stabilizes the emulsion particles by steric repulsion, as its
prep 9 9 hydrophilic portion creates a thick, hydrated layer of about 30

nm, which prevents the droplets from coalescirig)( The
52*6%gg68p0ndm9 author. E-mail 940080@so.fujioil.co.jp, Fe&1297- interactions of SSPS at an eilvater interface were also studied
T ; in mixed systems containing small molecular weight surfactants

T University of Guelph. :
* Fuji il Co. (Tween 20 or Tween 80). The thick layer of SSPS was not
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Table 1. Analytical Data of Soybean Soluble Polysaccharides Il TOF/TOF time-of-flight mass spectrometer equipped with LIFT
system, and controlled by the Flexcontrol Ver. 2.4 software package
sugar composition (mol %)? (Bruker Daltonics GmbsH, Bremen, Germany). Fifty milligrams of
Rha Fuc Ara Gal Xyl Glc GalA sugar®(%) proteint (%) precipitates obtained from SSPS-M/LMF after heating at pH 7 was
SSPSL 23 15 153 483 15 16 275 88 82 suspended m_sqm_ ofMllll_Q_water containing 1% SDS and dlssolve_d
HME 105 13 192 366 25 05 294 916 21 completely with gentle stirring. SDS was removed from the solution
LMF 08 62 315 383 70 04 158 133 524 by filtering through a ZipTip filter (ZipTip Gs; Nippon Millipore Inc.,
SSPS-M 41 24 201 472 12 11 239 879 5.9 Tokyo, Japan). The protein fraction bound to the filter was then
HMF 40 18 175 467 05 49 246 923 20 extracted with 10QcL of 90% acetonitrile. One microliter aliquots of
b 19 24 406 401 05 23 122 15.9 533 . .
the sample solutions were placed on concave flat surfaces of a stainless
2Rhamnose (Rha), fucose (Fuc), arabinose (Ara), galactose (Gal), xylose (Xyl), steel plate, mixed with kL of the matrix solution, the supernatant of
glucose (Glc), galacturonic acid (GalA). ® The sugar content was measured by a 50% acetonitrile with 0.1% trifluoroacetic acid (TFA) solution
phenol-sulfuric acid method. ¢ The protein content at 20 °C was measured by saturated withi-cyano-4-hydroxycynamic acid, and then air-dried. The
Lowry method. spectra were obtained using reflector mode, and ions generated by a

pulsed laser beam (nitrogen lasér= 337 nm, 5 Hz) were accelerated
displaced by small molecular weight surfactarit8)(and was to 23.5 kV with a delayed extraction (100 ns). To determine the amino
considered to be stable in comparison with that prepared with acid sequence of SSPS-M/LMF, the precursor ions obtained were
whey protein or casein. As heating is an important unit operation accelerated to 8 kV and selected in_a time ion gate. The fragments
in the manufacture of food emulsions, the objective of this study Were further accelerated by 19 kV in the LIFT cell (LIFT means

was to investigate the effect of heating on the stabilizing “lifting” _the potential energy for the secon(_j acceleration of ion source)_,
behavior of SSPS. and their masses were analyzed after the ion reflector passage (reflection

mode). The masses and amino acid sequences of the peptides were
analyzed and assigned by FlexAnalysis, Biotools (Ver. 3.0, Bruker
MATERIALS AND METHODS Daltonics GmbH, Leipzig, Germany) and Mascot Database search

Soybean oil was obtained from Sigma-Aldrich Chemical Co. Ltd. System (Matrix Science Inc, Tokyo, Japan). 3
(St. Louis, MO). Hemicellulase (fromispergillus niger) and other _ Effect of Heating on SSPS Solution at Different pH Conditions.
analytical grade reagents were also purchased from Sigma ChemicalFive grams of whole, HMF, and LMF from SSPS-L or SSPS-M were
Co. Ltd. (St. Louis, MO). MilliQ water was used in the preparation of ~Suspended in 50 g of 20 mM sodium acetate buffer, pH.3The SSPS
all solutions. suspensions were heated at 90 for 30 min in a water bath
Soybean cotyledons, after removal of the hulls and hypocotyls, were (ThermoNESLAB), cooled immediately to room temperature in iced
powdered and defatted at 4G with 5 volumes ofr-hexane. Proteins ~ Water, and centrifuged by Optima LE-80K (Beckman Coulter Inc.,
and water-soluble substances in the defatted meal were extracted twicd-ullerton, CA) at 300§ for 20 min. Both supernatants and precipitates
at 50°C at pH 7.0 for 1 h with 11 volumes of water. SSPS (SSPS-L) Were separated, collected, and freeze-dried.
was extracted from the residue with hot water by heating at°t2at Preparation of Emulsions. SSPS was slowly added, at room
pH 3.0 for 2 h. After removal of insoluble materials by centrifugation, ~temperature with gentle stirring, to a 20 mM sodium citrate or sodium
the extract was desalted by electrodialysis (Micro acylyzer G1, Asahi acetate buffer, containing 0.02% sodium azide as an antimicrobial. The
Glass Co., Ltd, Tokyo, Japan) and spray-drid®,(15). Another pH of SSPS solutions was adjusted to pH 4 by adding 0.1 M HCI. The
extraction (SSPS-M) was carried out from another batch of the same PH values indicated in the text refer to the pH of the SSPS solutions
residue at 120C at pH 4.6-5.0 for 2 h. The differences in sugar and before emulsification. SSPS solutions were filtered through a @5
protein composition between the two SSPS types (L and M) are filter (Millex-HV, Millipore Co. Ltd., Billerica, MA) and mixed with
summarized irTable 1. soybean oil, to obtain the final concentration of 20% (w/w) and 4%
Fractionation of SSPS.The high molecular mass fraction (HMF)  (w/w) for oil and SSPS, respectively. This concentration of SSPS was
and low molecular mass fraction (LMF) of SSPS-L and SSPS-M were chosen because, under the homogenization conditions employed, most
prepared by preparative gel-filtration chromatography using a SepharoseSSPS should be adsorbed onto the oil droplets and very little left in
CL-6B column (2.5 cmx 90 cm; Amersham Biosciences Co., the dispersed phase (15). All mixes were dispersed using a Power Gen
Piscataway, NJ) according to the method described by Nakamura et125 (Fisher Scientific Co. Ltd, Nepean, ON, Canada) for 5 min before
al. (14). Samples were eluted with 50 mM sodium acetate buffer, pH homogenization. Emulsions were prepared at room-temperature using
5.0. Aliquots (15 mL) of 5.0% (w/w) SSPS solutions filtered through @ laboratory homogenizer (EmulsiFlex-C5, Avestin Inc., Ottawa,
a 0.45um filter (Millex-HV, Millipore Co. Ltd., Billerica, MA) were Canada) with two passes at 40 MPa. The results presented are averages
injected. Separation was carried out at a flow rate of 0.3 mL/min, and Of at least two independent experiments.
4 mL of fractions were collected. The injection was performed 20 times,  Effect of Heating on Emulsion Stability. Heat treatment was carried
and the eluted peaks were collected together to obtain sufficient materialout on diluted emulsions. The emulsions prepared were diluted to 0.01%
for further studies. Fractions of SSPS/HMF and SSPS/LMF were (w/w)in 20 mM sodium acetate buffer containing different concentra-
desalted by electrodialysis (Micro acylyzer G1, Asahi Glass Co., Ltd, tions of CaCi (adjust the final concentrations te-@5 mM), pH 3-7.
Tokyo, Japan) and then freeze-dried. The sugar and protein compositionFive milliliter amounts of the diluted emulsions in sample tubes were
of fractionated SSPS are also showrTiable 1. heated from 60 to 90C for up to 60 min in a temperature-controlled
The polysaccharide samples were enzymatically hydrolyzed by water bath (ThermoNESLAB), cooled immediately to room temperature
Driselase (Kyowa Hakko Kogyo Co., Ltd., Tokyo, Japan) to measure in iced water and stored at 2@ for 24 h. The particle size distribution
the galacturonate contents. A solution containing 0.1% polysaccharide was then measured by the Mastersizer X (Malvern Instruments Ltd.,
and 0.1% glycerol (as an internal standard) in a 50 mM sodium acetate Malvern, England). The presentation code used was 0303, correspond-
buffer at pH 4.0 was hydrolyzed at 3& for 48 h with 100 units/mL ing to a relative refractive index of the particles of 1.06, a sample
of Driselase. After passing the reaction solution through a Millipore absorption of 0.001, and a refractive index of the solvent of 1.33. The
Molcut 1l GC filter, the filtrate was directly analyzed for sugar emulsifying ability was determined by comparing the shape of the
composition by HPLC on a Shodex SUGAR SH-1821 colurh) ( distributions and the values of the average particle db{d,(3]).

and on a TSKgel SUGAR AXI columrQ). The apparent diameter of the emulsion droplets was also measured
The protein concentration was measured with the Lowry method by dynamic laser light scattering (DLS) using a Malvern 4700 optical
(21) with bovine serum albumin as the standard. system attached to a 7032 correlator at’@5 Measurements were all

Analysis of Molecular Mass and Amino Acid Sequence of made at a scattering angle of°9@nd all emulsions were diluted at a
Peptides Comprising of SSPS-M/LMF.Positive-ion MALDI-TOF/ rate of 0.5uL emulsion per 4 mL of 20 mM sodium acetate buffer, at
TOF mass spectrometry was performed to obtain the molecular masspHs ranging from 3 to 7. For each sample, repeated sets of five
information of proteins or peptides in SSPS-M/LMF using an Autoflex individual runs were carried out.
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Figure 1. Average particle size of emulsions (D[4, 3] measured by Mastersizer X) heated at different temperatures (O: 60 °C, a: 70 °C, O: 80 °C,
W: 90 °C) after dilution in water to 0.01% (w/w) at pH 4. The original emulsion contained 20% oil and 4% SSPS-L (A) or SSPS-M (B).

Table 2. Mean Droplet Size D[4, 3] of Emulsions, Which Were Prepared with SSPS-L or SSPS-M, Measured by Mastersizer after Heated or
Nonheated at 90 °C for 30 min at pH 3-7 with or without CaCl,. In Parentheses Are Mean Standard Deviations

nonh eated, heate d,
conen of CaCl, (mM): concn of CaCl, (mM):

SSPS-L pH3 0.60(0.02) (0.03) (0.02) (0.04) (0.02) (0.03) (0.03) (
pH4 0.66 (0.02) (0.04) (0.03) (0.03) (0.02) (0.05) (0.02) (
pHS5 0.67(0.02) (0.03) (0.05) (0.06) (0.04) (0.03) (0.04) (
pH6 0.86 (0.03) (0.06) (0.03) (0.05) (0.04) (0.04) (0.06) (
pH7 0.97 (0.04) (0.05) (0.03) (0.04) (0.09) (0.12) (0.17) (.

SSPS-M pH3 0.66(0.02) 0.68(0.02) 0.71(0.03) 0.74(0.05) 0.79(0.03) 0.81(0.04) 0.78 (0.04) 0.79(0.03
pH4 0.68 (0.02) (0.04) 0.72(0.03) 0.73(0.03) (0.05) 0.82(0.05) (0.03) (
pH5 0.65(0.03) (0.04) (0.04) (0.06) (0.02) (0.06) (0.02) (
pH6 0.69(0.02) (0.02) (0.05) (0.03) (0.08) (0.07) (0.04) (
pH7 0.75(0.04) (0.05) (0.12) (0.09) (0.16) (0.23) (0.09) (

Enzymatic Treatment of SSPS at the Oil/Water Interface. Ontario) and digital image-processing software (Image-Proplus, Media
Aliquots of hemicellulase suspension (400, 60 units asfp-galac- Cybernetics Inc., MD). All experiments reported were carried out at
tosidase) were added to a clean cuvette containing the emulsionleast in triplicate, and unless otherwise indicated, the average values
previously diluted at a rate of 0,6L of emulsion per 4.0 mL of 20 and standard deviations are reported in Results and Discussion.

mM sodium acetate buffer, pH 7. The changes in droplet size during
hydrolysis were measured with the DLS, at 4 min intervals, atG0 RESULTS AND DISCUSSION
for 80 min. Emulsions prepared with SSPS-M, SSPS-M/HMF, non-

heated, heated at 9C for 30 min at pH 7 with or without CaGivere Effect of Heating on the Emulsions Prepared with SSPS.
tested. The heating stability of emulsions prepared with SSPS-L or
Microstructural Observations of Emulsions Prepared with SSPS- SSPS-M was assessed by heating the diluted emulsions (0.01%

M. Phase contrast microscopy observations were carried out after 24 hfinal oil (w/w) in Milli Q water at pH 4.0. The original

of storage at refrigeration temperatures. Selected emulsions wereemulsions were composed of 20% oil and 4% SSPS (L or M
analyzed using phase contrast optical microscopy (Olympus BX 60, type)) at different temperatures from 60 to 90 for up to 60
Markham, Ontario). EmuIS|_ons, r_10nheated, heated, and _heated Wlthmin' Figure 1 illustrates the average particle siB4, 3]
CaClb, were gently agitated in their test tube before analysis to ensure measured by light scattering (Mastersizer X). Differences in the

homogeneous sampling. Five milliliter amounts of emulsions were tion behavi h bet Isi d
diluted with 20uL of 10 mM imidazole-acetate buffer containing aggregation behavior were shown between emulsions prepare

0.002% sodium azide (to prevent microbial growth) at the same pH of With SSPS-L and SSPS-M. Heating at 60 or"Tfor up to 60
the emulsions. Samples were placed on a microscope slide, coveredNin did not affect the average particle size of the emulsions,
by a cover slip, and observed using>dbjectives. Images were  While aggregation was shown with heating at 80 or@aafter
acquired using a digital camera (Sensys, Carsen Group Inc., Markham,30 min. A higher extent of aggregation seemed to be presentin
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Figure 2. Particle size distribution of diluted emulsions (0.01% oil) heated
at 90 °C for 30 min at various pH values. ®@: pH 3, O: pH 4, a: pH 5,
O0: pH 6, m: pH 7. After heating, the emulsions were immediately cooled
to room temperature and stored at 20 °C for 24 h before measurement.
(A) Emulsions prepared with SSPS-L. (B) Emulsions prepared with
SSPS-M. .

Particle Size (um)

Figure 3. Particle size distribution of emulsions prepared with SSPS-L
(A) and SSPS-M (B), heated at 90 °C for 30 min after dilution (final
concentration 0.01%) in 20 mM sodium acetate buffer containing various
concentrations of CaCl, solution at pH 4. Emulsions were stored at
20 °C for 24 h before measurement. (®) 0 mM CaCly, (O) 5 mM CaCl,,
(a) 10 mM CaCl,, (O) 15 mM CaCl,, (m) 20 mM CaCl,, (O0) 25 mM

CaCl,.
the emulsions prepared with SSPS-M. Based on these results,
further work was carried out on heating of emulsions at@0 covered with the long galactan and hairy arabinan chains of
for 30 min. SSPS and dispersed by stronger steric repulsion than those
The effect of pH on the heating stability of the diluted prepared with SSPS-L even after heating.
emulsions stabilized by SSPS-M and SSPS-L was also assessed Effect of Calcium on the Heat-Induced Aggregation of

by heating at 90C for 30 min at different pH values from pH g1y isions Prepared with SSPSEmulsions were tested for
3 to 7. The particle size distribution of heated emulsions iS peat stapility at various pH values in the presence of varying
shown inFigure 2. The heating stability of emulsions prepared . J ntration of CaGl (Table 2). The 20% oil-in-water

\(/:Vr:t:nSesspv?;;ev;isovlvnrfl?(i'rlﬁiderayu|Fs)li-(|):rlgur?ezg\r)é(;,vvr\;:![ﬁ ISeSs;S-M emulsions prepared with 4% SSPS-L or SSPS-M were diluted
9 prep t0 0.01% (w/w) in 20 mM sodium acetate containing 5 to 25

Emulsions containing SSPS-L showed a monomodal distribution mM CaCb. The diluted emulsions were then heated at@0

of sizes after heating at pH 3 and 4, while at a higher pH, ; . .
aggregation occurred. On the other hand, emulsions preparecfc_’r . min, ar_ld A of_heatlng an_d Ca@_h the particle
size distribution at pH 4.0 is summarized kigure 3. The

with SSPS-M showed a monomodal distribution after heating ] ' - )
at all pHs, although showing a larger average size at pH 7 (1.22 measurements of particle size were carried out 24 h after heetlng
+ 0.07 um). (the emuI_S|ons were stored at room te_mpera_ture). All emuls_|ons
To confirm the results obtained with integrated light scattering after heating showed a monomodal distribution of droplet sizes.
(Mastersizer X measurements), the average apparent diametelt Was demonstrated that 10 mM Cadlas a critical concentra-
of the heated emulsions was also measured using DLS at variougion which affected the average size of the particles.
pH values. The particle diameter of emulsions prepared with  In the previous report, we assessed the influence of £aCl
SSPS-L increased about 26 nm after heating at®@dor 30 on the particle size of emulsions prepared with SSPS-L or
min at all pHs. For example, the diameter of the emulsion SSPS-M without heating in the concentrated system diluted to
prepared at pH 3 increased from 416:75.3 nm to 442.7+ 50% (15), and no significant change was observed in mean
8.6 nm after heating. No significant changes in the average groplet size of the emulsion for CaQtoncentrations up to 25
apparent di_ameter after_ heating were noted for the emuIsio_nsmM The difference in the critical concentration of Ca@lay
prepared with SSPS-M in the pH range between 3 and 6, with pe caused by the difference in dilution factor of the emulsions
dlameter values remaining at la.lbout 440 nm. .These resultSiasied in the two studies. It has been previously suggesied (
cenﬂrmed that_ the heatm_g stability of the emuIS|on$ prepared for emulsions made with gum arabic or modified starch that
with SSPS varies depending on the type of SSPS, with SSI:’S'Mchanges in the mineral environment affect the changes in the

showing oyerall a better heating stability than SSPS-L. It h.as electrostatic interactions between the emulsion droplets. How-
been previously demonstrated (15) that these polysaccharides

show a different thickness at the interface (17 versus 35 nm ever, no information is available for these emulsions with

for SSPS-L and SSPS-M, respectively). The difference in’heating and in the presence of CaClhese present results
heating stability between ,the two types of SSPS may be indicate that heating affected the interface of the emulsions, and

attributed to the differences in the thickness of the adsorbed I the presence of Cag larger extent of aggregation occurred.
layer made by SSPS molecules. As SSPS-M, which has higher To confirm the measurements by light scattering, phase
arabinose and galactose content than SSP$dblé 1), is contrast microscopy was carried out on the emulsions before
considered to have longer neutral chains, the emulsion particleand after heatingFigure 4 shows the effect of heating and
droplets prepared with SSPS-M were suggested to be fully CaCh on diluted emulsions prepared with SSPS-M. Although
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Figure 5. The amount of insoluble materials resulting from SSPS-L (A)
and SSPS-M (B) suspensions (10% (w/w)) after heating at 90 °C for 30
min at various pHs. Values indicated in brackets are protein content (w/
w, as determined by Kjeldhal) for (M) whole SSPS, (O0) SSPS/HMF, (m)
SSPS/LMF.
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Figure 6. Particle size distribution of emulsions prepared with SSPS-L/
Figure 4. Phase contrast microphotographs of 20% oil-in-water emulsions HMF () and SSPS-MHMF (B), heated at 90 °C for 30 min after dilution

prepared with SSPS-M (pH 7). (A) Nonheated, (B) heated, (C) heated (final concentration 0.01%) in 20 mM sodium acetate buffer containing
with 20 mM CaCl,. Scale bar 10 um. ' ' various concentrations of CaCl, at pH 7. Emulsions containing (@) 0 mM

CaCl,; (O) 5 mM CaCl,; (a) 10 mM CaCl,; () 20 mM CaCl,.

all emulsion droplets showed similar sizes, a larger extent of
flocculation was shown in the heated emulsions in the presencepH values for SSPS-L and SSPS-M and their respective HMF
of CaCkb. and LMF fraction. In addition, the figure indicates the amount
Effect of Heating on SSPS, SSPS/HMF, and SSPS/LMF  of protein (measured by KjeldahN x 6.25) present in the
Solution. To better understand the effect of heating on the pellets. It was clearly shown that heating affected the solubility
interfacial changes of emulsions prepared with SSPS, two of the protein fraction present in the SSPS, and that heating at
fractions were prepared from SSPS. It was previously demon- pH 7 showed a higher extent of precipitation compared to lower
strated that a fraction of low molecular weight can be separatedpH values. The amount of insoluble material obtained from the
from SSPS, and this fraction negatively affects the emulsifying LMF suggested that this fraction does affect the stability of the
properties of SSPS14). SSPS/HMF and SSPS/LMF were SSPS-L and SSPS-M. For this reason, the effect of heating on
separated by size exclusion chromatography and tested forthe emulsions prepared with HMF of SSPS-L and SSPS-M was
stability to heating compared to the whole SSPS fraction. SSPS,further evaluated.
SSPS/ HMF, and SSPS/LMF were dissolved in 20 mM sodium  Effect of Heating with CaCl, on Emulsions Prepared with
acetate buffer, pH-37, and the suspensions were heated at 90 SSPS/HMF.Some 20% oil in water emulsions were prepared
°C for 30 min. After being cooled to room temperature, the with SSPS-L/HMF or SSPS-M/HMF and diluted to concentra-
samples were separated by centrifugation into a soluble andtions of 0.01% (w/w) in 20 mM sodium acetate buffer containing
insoluble phase and then freeze-driedyure 5 illustrates the different concentrations of Ca£{0 to 20 mM) at pH 3 to 7
amount of insoluble material obtained after heating at various and then heated at S for 30 min. The average diameter
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Figure 8. Mass spectrum of insoluble materials from SSPS/LMF with heating at 90 °C for 30 min analyzed by MALDI-TOF/TOF mass spectrometer
(Autoflex [l TOF/TOF) after being dissolved in 1% SDS. *: These fragment ions were analyzed for their amino acid sequences by LIFT-TOF/TOF mode.

Table 3. Particle Size D[4, 3] of Emulsions, Prepared with SSPS-L/HMF or SSPS-M/HMF, Measured by Mastersizer after Heated at 90 °C for
30 min at pH 3-7 with CaCl,. Parentheses Mean Standard Deviations

SSPS-L/ HMF, concn of CaCl, (mM):

SSPS-M/HMF, concn of CaCl, (mM):

0 5 10 20 0 5 10 20

pH3 0.62 (0.02) 0.60 (0.03) 0.64 (0.05) 0.68 (0.06) 0.71(0.04) 0.69 (0.06) 0.73 (0.06) 0.68 (0.08)
pH 4 0.64 (0.02) 0.63 (0.04) 0.68 (0.04) 0.70 (0.05) 0.75 (0.08) 0.80 (0.06) 0.78 (0.06) 0.82(0.10)
pH5 0.65 (0.03) 0.64(0.03) 0.69 (0.06) 0.72 (0.10) 0.75 (0.06) 0.77 (0.04) 0.76 (0.06) 0.84(0.09)
pH 6 0.66 (0.06) 0.67 (0.05) 0.69 (0.08) 0.73(0.12) 0.72 (0.02) 0.74 (0.04) 0.77 (0.06) 0.81(0.10)
pH7 0.70 (0.05) 0.70 (0.04) 0.79 (0.08) 0.88 (0.10) 0.74 (0.06) 0.75 (0.06) 0.85(0.11) 0.93(0.18)

D[4, 3] of the emulsions is summarized Tiable 3. Emulsions

increase only at pH> 6.0 and in the presence of high

concentrations of CaglAs the emulsions showed the highest
showed a monomodal distribution of particles with a size extent of aggregation at pH 7.0, further work was carried out
to characterize the heated particles at thisfigure 6 illustrates
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Figure 9. Postsource decay MALDI-TOF/TOF spectra and amino acid
sequences assigned to peptide fragments in SSPS-M/LMF. Arrows show
the sequences from N and C termini based on y, and by, ions, respectively
(where m and n denote positions counted from the C and N termini) that
were produced by cleavage of peptide bonds during MS/MS analysis.
Amino acids were expressed by a one-letter code.

Nakamura et al.

with hemicellulase. The emulsions prepared at pH 7.0 with
SSPS-M or SSPS-M/HMF either before or after heating and in
the presence of 20 mM CaQlvere treated with hemicellulase

as previously described1%). The enzyme was added to
emulsions diluted in buffer at pH 7.0, and the average apparent
diameter was measured over timgigure 7). In unheated
emulsions (both prepared with SSPS-M or SSPS-M/HMF) the
average diameter showed a drop in the average size after about
20 min and then showed a slow increase in size. The change in
size before the aggregation has been previously related to the
thickness of the adsorbed polymer layg4(15). In nonheated
emulsions, the size difference between control and hemicellu-
lase-treated emulsion was 5%61.8 nm for SSPS-M and 50.4

+ 1.2 nm for SSPS-M/HMF. It could be concluded that the
layer thickness between emulsions containing SSPS-M or SSPS-
M/HMF were comparable, although the HMF fraction showed
a lower average droplet diameter change. After heating, the size
difference between control and hemicellulase-treated emulsion
was 230.4+ 12.2 nm for SSPS-M and 104F# 9.4 nm for
SSPS-M/HMF. The presence of CaClffected the average
diameter of the emulsions, showing an average at 45318.1

nm and 444.8 8.7 nm, for the unheated emulsions prepared
from SSPS-M or SSPS-M/HMF, respectively, while heating
showed a significantly higher apparent diameter when the
emulsions contained Caglwhich confirmed the results de-
scribed above. The minimum value of droplet size for emulsions
prepared with SSPS-M during hemicellulase treatment was
388.8+ 5.2 nm for nonheated emulsions and 4124.5 or
430+ 7.8 nm for heated emulsions without or with CaClittle
changes were shown in emulsions prepared with SSPS-M/HMF,
where the minimum value reached after hemicellulase treatment
was 372.14& 3.8 nm, 386.2- 4.7 nm, and 391.4 7.6 nm, for
unheated, heated, and heated in the presence of calcium,
respectively. These results suggested that the LMF fraction of
SSPS-M induced aggregation between the emulsion particles
or precipitation of SSPS on the surface of emulsions particles
via Ca™ bridging.

These results indicated that the LMF of SSPS negatively
affected the heating stability of emulsions prepared with SSPS.
The insoluble material obtained after heating 10% SSPS
suspensions contained a high amount of protein fSgare
5), and was dissolved in 1% SDS. These results may suggest
that the protein fraction is strongly affected by heat and is
sensitive to CaGland that this fraction caused droplet aggrega-
tion on heating of the emulsions at pH 7.0.

Molecular Masses and Amino Acid Sequences of Peptide
Fragments Obtained from SSPS/LMF.To better understand
the composition of the LMF fraction from SSPS, the insoluble
material formed after heating of SSPS-M/LMF at D for 30
min at pH 7 was dissolved in 1% SDS and analyzed by a
positive-ion MALDI-TOF/TOF mass spectrometer. The mass
spectrum shown ifrigure 8 demonstrated that the LMF fraction
separated from SSPS-M is composed of impurities, being

the particle size distribution of heated emulsions prepared with composed of less than 3.5 kDa of proteins or polypeptides. The

SSPS-L/HMF Eigure 6A) or SSPS-M/HMF FEigure 6B). The

amino acid sequence of some ion signals was also determined

D[4, 3] of heated emulsions prepared with SSPS-L/HMF and by using PSD/ LIFT-MS/MS techniquésigure 9 shows the

SSPS-M/HMF changed from 0.70n to 0.88um and 0.74:m
to 0.93um, in 20 mM CaCj,

three peptide ions in SSPS-M/LMF measured and assigned by
Biotools. The amino acid sequences of the ions isolated (with

As indicated inTable 2, the average size of the emulsions m/z = 1122.7, m/z = 1734.9, andm/z=1863.0) were as
prepared with the whole SSPS (SSPS-L and SSPS-M) showedollows: FPFPRPPHQ, IMENQSEELEEKQK, and IMENQ-
an effect of CaGl with heating. To better understand the SEELEEKQKK, respectively. The database search suggested
difference in behavior of whole SSPS and SSPS/HMF, the that the first peptide was rich in proline (derived from the
thickness of the membrane which surrounds the oil droplets wasa-subunit of3-conglycinin of soybeans, Mascot Score: 56.6).
characterized using DLS and treating the oil droplet surfaces This peptide also contained other hydrophobic and basic amino
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acids (phenylalanine and arginine). The other two peptides were (10) Dickinson, E.; Stainsby, Golloids in foods Applied Science

rich in glutamic acid (derived from fragments from the 2S Publishers: London, UK, 1982; p 553.

albumin subunit of soybeans, Mascot Score: 58.3) and also (11) McClements, D. JFood emulsions-principles, practice and

contained methionine, isoleucine, and leucine (N-terminal) and techniques; CRC Press: Boca Raton, FL, 1999; p 378.

lysine. (12) Nakamura, A.; Furuta, H.; Maeda, H.; Nagamatsu, Y.; Yoshim-
Conclusions. The heat-induced aggregation of emulsions oto, A. Analysis of structural components and molecular

prepared with SSPS seems to be mainly related to the presence ~ construction of soybean soluble polysaccharides by stepwise

of low molecular weight impurities, which included proline- enzymatic degradatioriosci. Biotechnol. Biochen2001,65,

rich and glutamic acid-rich peptides. Emulsions prepared with 2249-2258.

SSPS/HMF (with no LMF impurities) showed much better ~(13) Wang, Q.; Huang, X. Q.; Nakamura, A.; Burchard, W.; Hallett,

stability to heating and to CaglThese results are the first F.R. Molecula_r characte.rlzatlon of soybean polysaccharldes: an

evidence of the effect of heating on SSPS-stabilized emulsions, approach by size exclusion chromatography, dynamic and static

light scattering method€arbohydr. Res2005 340, 2637-2644.
Nakamura, A.; Yoshida, R.; Maeda, H.; Furuta, H.; Corredig,
M. Study of the role of the carbohydrate and protein moieties
of soy soluble polysaccharides in their emulsifying properties.
J. Agric. Food Chem2004,52, 5506—5512.

(15) Nakamura, A.; Takahashi, T.; Yoshida, R.; Maeda, H.; Corredig,

and they emphasize the important role played by the protein
fractions present in the polymer fraction in affecting the (14)
functional properties of the polysaccharide.
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