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Abstract

The Maillard reaction in the aqueous system witld amthout ultrasound
treatment was used to prepare conjugates betwsgorstein isolate (SPI) and citrus
pectin (CP) / apple pectin (AP). Ultrasound treattnat a power of 450 W and a
temperature of 70C significantly accelerated the conjugation procedsetween SPI
and pectin samples and led to much greater graféixignts compared to the
traditional wet heating. A higher degree of grafttbe SPI-CP conjugates was
achieved at a shorter ultrasound duration compdocedhe SPI-AP conjugates,
possibly attributed to the larger molecular weightl the more flexible structure of
AP. SDS-PAGE analysis confirmed the formation of-@&ttin conjugates. Analysis
of the protein secondary and tertiary structuregested that the attachment of CP or
AP changed the spatial conformation of SPI andt¢ed looser protein structure. In
addition to the grafting process, ultrasound wase abserved to play a marked role in
unfolding the SPI resulting in more favorable stmwes for the Maillard reaction.
Furthermore, the application of ultrasound to tl@jegation process significantly
increased the surface hydrophobicity and emulsgfypnoperties of both conjugates,
indicating that ultrasound can be a desirable nmietfar protein-polysaccharide
conjugation.
Keywords:. ultrasound; wet heating; soy protein isolate; ipestructure; emulsifying

property
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1. Introduction

In the past few decades, O/W emulsions stabilizgdpitoteins have been
extensively introduced as a useful delivery sys(Bimoshkam & Varidi, 2019). It is
these emulsions that food and pharmaceutical ssigrtave used over the years to
protect lipophilic active compounds against envinemtal stress or degradation,
allow for controlled release, and cover up an umgdd@t smell or taste (Bouyer,
Mekhloufi, Rosilio, Grossiord, & Agnely, 2012). Hewer, the main challenge raised
by the use of such protein-stabilized emulsiornadk of stability, given that they are
prone to coalescence, creaming and phase sepatiadibnan be induced by a series
of factors such as extreme pH, temperature and &tnength (Yang, et al., 2015). To
overcome these techno-functional issues, recentignssts have focused on
anchoring polysaccharides onto oil droplet surfdmgshe use of a simple Maillard
reaction (Nooshkam & Varidi, 2019).

The Maillard reaction is an umbrella term for a @bex group of reactions
between an amino acid and a reducing sugar, wtanhpcoduce various colored and
volatile products (Yu, Seow, Ong, & Zhou, 2017)eTdarly stage of Maillard reaction
involves an initial condensation of the carbonybiugy of a reducing sugar with an
amino group of the protein, resulting in the forimatof Schiff base. It then
undergoes Amadori rearrangements and a range ofiaes and finally turns into
melanoidins that gives the brown color to food meas. These advanced products
however can be very harmful, and have been repddedause variousliseases

including diabetes and Alzheimer’s (Silvan, As§&aey, Del Castillo, & Ames, 2011).
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This has led increasing research effort to theiegibn of polysaccharides to the
Maillard reaction. Compared to mono- and oligosacicles, polysaccharides have
relatively weaker reducibility and stronger molexusteric hindrance, which could
restrict the advanced reactions and thus reducerrbesired products (de Oliveira,
Coimbra, de Oliveira, Zufiiga, & Rojas, 2016; Zhaegal., 2019). The formation of
protein-polysaccharide conjugates also combines therits of these two
biomacromolecules together, resulting in uniquerattaristics such as the excellent
solubility, improved emulsifying properties and Iy stability against various
environmental conditions (Nooshkam & Varidi, 2019).

Today, most protein-polysaccharide conjugates amglg prepared via dry
heating without extra substrates. However, thishwetinvolves a lyophilization
process prior to the reaction and requires cordkmperature and humidity, leading
to the high cost for industrial applications (dev@ira, et al., 2016; Zhang, et al.,
2019). In addition, the relatively moderate cormis (60°C) and lack of medium
generally result in very slow reactions that coakt for several weeks (Zhang, et al.,
2019). In this case, some researchers start touctridaillard reaction in aqueous
mediums, where the conjugation time can be shaitdneincreasing the reaction
temperature, though protein denaturation alsoyeasiurs (Zhang, et al., 2019). This
is why diverse non-thermal processing techniqueduding ultrasound (Li, Huang,
Peng, Shan, & Xue, 2014; Qu, et al., 2018), putdedtric field (Guan, et al., 2010)
and high pressure (Xu, et al., 2010), are incregghgimtroduced to the traditional

Maillard reaction.
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Among these non-thermal processing techniquesetutius far, ultrasound is of
particular interest because of its unique cavitatfect,i.e. the rapid formation,
growth and collapse of gas bubbles. It has beemwrshthat ultrasound could
accelerate the Maillard reaction and improve thaftong extent; further, it also
proved effective in altering the structures of pmotpolysaccharide conjugates
resulting in more desirable functionality (Qu, &t 2018). As supported by Li, et al.
(2014), a degree of graft (DG) of peanut proteiolate (PPl)-glucomannan
conjugates of 30.15% was achieved with ultrasoveakinent for 80 min, whereas it
took 40 h for classical wet heating to obtain ailsimDG. Furthermore, ultrasound
treatment was also observed to improve the sotyhkaid emulsifying properties of
the conjugates. Similar findings have also beeronted for the rapeseed protein
isolate (RPI)-dextran (Qu, et al., 2018) and PPIltodaxtrin (Chen, Chen, Wu, & Yu,
2016) conjugates prepared by ultrasound.

In this work, soy protein isolate (SPI) and two toesamplesj.e. citrus pectin
(CP) and apple pectin (AP), were selected as tlvemraterial for conjugation. As an
ideal protein product that contains more than 90étgmn, SPI has received extensive
research interest for its low cost and desirablgitranal and functional properties
(Wang, et al., 2008). Likewise, pectin is also w-mst plant material with 85.5%
commercial source from citrus peel and 14.0% frgwple pomace (Chan, Choo,
Young, & Loh, 2017); its excellent gelling, stabihg and emulsifying properties
have made it a promising material for the food stdu In the previous work (Ma, et
al., 2020) we have studied the Maillard reactiotwleen SPI and CP/AP in the dry
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106  state, where the SPI-CP and SPI-AP conjugates el@eened at 60 °C and a relative
107 humidity of 79% for 5 days, achieving the DG of @®% and 21.85%, respectively.
108  As ultrasound offers possibility of enhancing tlmmjagation process within shorter
109  period of time, in this study we will employ theghtintensity ultrasound to prepare
110 the SPI-pectin conjugates. On the other hand, etlyrtethe systematic research
111  involves in the Maillard reaction between proteindapolysaccharide under an
112 ultrasonic field, including the effects of diffeteperational factors, structural
113  changes, and relevant functionality improvementghefconjugates is still deficient,
114  since only a small amount of studies regardingdlaspects have been published (Qui,
115 et al., 2018). Therefore in this study, our objezsi are to investigate the effects of
116  ultrasound conditions (e.g. power, temperaturege}ion SPI-pectin conjugation, to
117 analyze the quantitatively structural changes ofjuwgates that occurred at the
118 secondary and tertiary levels, and to illuminate ithplications of these changes on
119 the emulsifying properties of the resulting conjigga Furthermore, the performance
120  of traditional wet heating and ultrasound treatmergreparing conjugates, as well as
121  the properties of conjugates produced by diffepattin samples, will be compared
122 to provide references on both method and matespeas for innovative food
123 emulsifier design.

124 2. Materialsand Methods

125 2.1. Materials

126 Defatted soybean meal was obtained from HengruidFom. (Guangzhou,

127  China). Citrus pectin (P9135), apple pectin (93854)and
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8-Anilino-1-naphthalenesulfonic acid (ANS) were ghaised from Sigma—Aldrich
(Shanghai, China). Sodium-dodecyl-sulfate polyasrytle gel (SDS-PAGE) kit was
purchased from Beyotime Biotechnology (Shanghaijn&h All other reagents
including o-Phthaldialdehyde (OPA), sodium azidBSSetc., were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghan&)hi
2.2. Preparation of SPI
Preparation of SPI was carried out according topoavious studies (Ma, et al.,

2020; Ma, et al., 2019). The final protein conterats 96.22 + 0.48 (%).
2.3. Analysisof molecular information of pectin

The weight-average molecular weight (Mw), numbesgrage molecular weight
(Mn), polydispersity (Mw/Mn), z-average root meajuare (RMS) radius of gyration
(Rz) and intrinsic viscosity ] were measured through a size exclusion
chromatography (SEC) combined with a multi-angketalight scattering (MALLS,
Wyatt Dawn Heleos-Il, USA) system, equipped withredractive index detector
(RID-10A, Shimazu Corporation, Kyoto, Japan) anaadine differential viscometer
(ViscoStarTMII, Wyatt Technology, USA). The mobijghase was 0.2 M NacCl
solution (containing 0.02% NaNand used to dissolve pectin samples to obtain a
concentration of 3 mg mt Solutions were stirred overnight and then filtetierough
a 0.22um membrane before loading. The flow rate, elutioretand dn/dc value were
set at 0.75 mL mifh, 90 min and 0.1355 mLgChen, et al., 2017; C. Y. Wei, et al.,
2018), respectively.
2.4. Preparation of SPI-pectin conjugates

7
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2.4.1. Wet-heating conditions

SPI and pectin (1 : 1 w/w) were dissolved and tHewas adjusted with NaOH
to 6.0, 7.0, 8.0, 9.0, 10.0, 11.0 and 12.0, reppsygt The mixed solution was then
reacted at different temperatures (50, 60, 70,8090°C) for different times (4, 8, 12,
16, 20 and 24 h). Then, the reactor was immediai@iyed in an ice bath for 3 min to
terminate the reaction. The conjugates were freemet and ground into fine powders
for measurements. The optimum pH and temperature determined by the DG of
the conjugates.
2.4.2. Ultrasound treatment

SPI and pectin (1 : 1 w/w) were mixed at pH 10.d 460 mL of the mixtures
were put in a cylinder reactor to be processed witbrobe sonicator (JY92-1IDN,
Ningbo Scientz Biotechnology Co., Ningbo, China)hna maximum output power of
900 W and an operating frequency of 22 kHz. Theptnature of reactants was
controlled with a water bath and monitored by apgerature probe. Samples were
subjected to ultrasound at different powers (280, 350, 540 and 630 W), durations
(15, 30, 45, 60, 75, 90, 105 and 120 min) and teatpees (50, 60, 70, 80 and 90).
Then, the reactor was immediately cooled in anbath for 3 min to terminate the
reaction. The optimum power, duration and tempeeaivere determined by the DG
of the conjugates.
2.5. Measurement of degree of graft (DG)

The DG of conjugates were determined by the matlifdA assay as described
in our previous study (Ma, et al., 2020) and wdsuwated according to Eqn (1):

8
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DG = “‘OA;:“ x 100% (1)
where A, is the free amino groups content of the mixtureS®Il and pectinA; is
the free amino groups content of SPI-pectin coripgygprepared with or without
ultrasound.

2.6. Sodium-dodecyl-sulfate polyacrylamide gel (SDS-PAGE) electrophoresis

SDS-PAGE electrophoresis was carried out as destiito our previous work
(Chen, et al., 2019; Ma, et al., 2020). The stagkjal (5%) and separating gel (12%)
were prepared. Samples, including SPI, SPI andirpeucixtures, and SPI-pectin
conjugates prepared under traditional wet heatmgith ultrasound treatment, were
dissolved with a constant protein concentratiot afg mL*, and then mixed with the
protein loading dye. The mixtures were heated iingpwater for 5 min and then
loaded in the gel slot. Electrophoresis for thelstay gel and the separating gel was
conducted at 80 V and 120 V, respectively. Gel staghed with Coomassie Brilliant
Blue R250 dye for 30 min followed by destaining ansolution comprising 40%
methanol and 10% acetic acid to the proper colositglevel.

2.7. Measurement of circular dichroism (CD)

Solutions of SPI and SPI-pectin conjugates (prepareder traditional wet
heating or with ultrasound treatment) were prepateal protein concentration of 0.25
mg mL? in the 0.01 M PBS at pH 7.0 and then put in aguauvette of 1 mm optical
path length. The CD spectra of samples were medshbyea spectropolarimeter
(JASCO J1500, Tokyo, Japan) at 20 °C +1 °C. Secamnmwas conducted in the

wavelength range of 190 nm to 250 nm at a ratedafrB min* with a bandwidth set

9
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at 1 nm. The CD data were expressed in the forrme&n residue ellipticity8]
(deg cnidmol™®). The secondary structures of samples were ardlyzsing
DICHROWERB.

2.8. Measurement of intrinsic fluorescence

Samples were dissolved using 0.01 M PBS solutith{j®) to obtain a protein
concentration of 0.25 mg miL The fluorescence spectig{ 280 NM;Aem, 300-500;
slit = 5 nm) were measured with a Model Cary Edippectrophotometer (Varian Inc.,
Palo Alto, USA) at a scanning rate of 600 nm Thin
2.9. Measurement of surface hydrophobicity (Hg)

The H) was measured using ANS as a fluorescence prologhilized samples
were dissolved using 0.01 M PBS solution (pH 7dpbtain protein concentrations
ranging from 0.001 mg mitto 0.4 mg mr*. Then, 5QL of 8 MM ANS was added to
4 mL of sample solutions. Fluorescence intensity, (365 nm; Ay, 484) was
measured with a Model Cary Eclipse spectrophotonfgtaian Inc., Palo Alto, USA).
The slope of fluorescence intensity versus prateimcentration was used as thedf
protein.

2.10. Analysis of emulsifying properties

Theemulsifying activity index (EAI) and emulsifyingadiility index (ESI) were
measured according to the method established bycé&eamd Kinsella (1978) with
some modifications. Briefly, 5 mL of the blend aitd 15 mL of 2.5 mg mit.samples
were mixed and homogenized at 13500 r for 2 mire prepared emulsion (50.)
was then sampled from the bottom of the tube afilaegime intervals and diluted

10
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with 10 mL of 0.1% (w/v) SDS solution. The absorbamf the diluted emulsion was

measured at 500 nm. EAI and ESI were calculatedvy(2) and (3), respectively:

2X2303%XA D
EAl (mz/g) = (j—q))x)c(xolz)(‘* (2)
ESI (%) = % x 100% (3)
0

where A, and A4,, are the absorbance measured at 0 and 10 mincteghg ¢ is
the oil phase fraction¢ is the initial concentration of SPI (g mjLand D is the
dilution factor.
2.11. Statistical analysis
One-way analysis of variance (ANOVA, p < 0.05) &uhcan’s multiple range

tests were performed using SPSS 17.0 to evaluatedifferences among various
samples. Data were represented as the meanslefrtrgasurements.
3. Resultsand discussion
3.1. Effect of initial pH and temperature on the conjugation of SPI and pectin
3.1.1. Initial pH

SPI and pectin were conjugated at°Zdor 24 h at a pH range of 6.0 to 12.0. Fig.
1 A and B illustrate the DG of the SPI-CP and SIPI-€onjugates, respectively, at
each tested pH; Fig. 1 C and D show the correspgrajppearance of these samples.
The large molecular weight and complicated strestwof both SPI and pectin make it
difficult for Maillard reaction to take place, lead to the low DG values for all the
samples as can be observed from Fig. 1 A and B.dD®oth conjugates was
increased as pH was increased from 6.0 to 10.Gilggsattributed to the increased
proportion of unprotonated amino acid at higher(pertittikul, Benjakul, & Tanaka,

11
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2007). However when pH was further increased frah® 2o 12.0, the DG of both

samples started to decrease, and the solutionsduona dark brown color (Fig. 1 C
and D). This was considered to be related to tlema&zation and formation of

lysinoalanine under combined heating-alkaline trest, which could cause great
damage to SPI (Schwass & Finley, 1984). As well, aat alkaline medium,

B-elimination and demethoxylation readily happeneducing pectin molecules to
degrade (Fraeye, et al., 2007), which could alfiaence the conjugation process. In
this study, the best pH for preparing both samypias determined at pH 10.0.

On the other hand, the conjugates prepared by @Pbeaseen to show an
obviously greater extent of conjugation than ARath pH. For instance, DG of the
SPI-CP conjugates at pH 10.0 was 20% higher thandhthe SPI-AP conjugates,
which was due to the structural differences oftthe pectin samples. As can be seen
in Table 1, AP has a significantly higher Mw (108D .kDa) than CP (478.00 kDa),
with a larger polydispersity and Rz. The exponeritom Mark-Houwink equation
(In] = KM,") was measured to provide information of pectinicltanformations. As
a characteristic constant,indicates the stretching forms of polymers in sohy its
value within the range of 0 — 0.3, 0.5 — 0.8 ari-1 2.0 indicates that polymers are
presented as spheres, flexible chains and roditjiet chains, respectively (C. Wei, et
al., 2018). As shown in Table &, for CP and AP was 0.85 and 0.71, respectively,
demonstrating that AP exhibited more flexible clsathan CP in the 0.1 mol™L
NaNG; solution. These flexible chains can readily int@ne together in the aqueous
system and burry the reactive groups for Mailladction, impeding the conjugation
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process and resulting in the low DG values.
3.1.2. Temperature
DG of the SPI-CP and SPI-AP conjugates prepardtifferent temperatures is
illustrated in Fig. 2 A and B, respectively; therresponding appearance of these
conjugates is shown in Fig. 2 C and D. Despitedifferences in pectin structures,
the optimum temperature for Maillard reaction fatlb samples was 7%, where
the SPI-CP conjugates and SPI-AP conjugates shtvee®G values of 8.25% and
6.60%, respectively. This suggested that the vanatrend for DG was mainly
influenced by changes in SPI at high temperatukesieported in previous studies
(Chen, et al., 2019; Mu, et al., 2010), an incraagemperature could accelerate the
Maillard reaction and lead to higher DG of conjegat however, German,
Damodaran, and Kinsella (1982) have reported thatttansition temperature for
glycinin (11s) ang-conglycinin (7s) is 92C and 77°C, respectively, indicating that
there is an “upper threshold”, beyond which theHher increase in temperature will
result in severe protein aggregation (Chen, et28l19) and in turn, the decreased
DG. Looking at Fig. 2 C and D, both conjugates fednat 90°C presented a deep
brown color and precipitated a lot after being pthéor a few minutes (not shown in
pictures). Mu, et al. (2010) has reported that heghperatures could induce serious
browning of conjugates, while the phase separatéonbe attributed to the insoluble
protein aggregates formed at high temperatureseasiomed above.
3.2. Effect of ultrasound conditions on the conjugation of SPI and pectin
3.2.1. Ultrasound power

13
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DG of SPI-pectin conjugates prepared at differémasound powers for 20 min
is depicted in Fig. 3. As ultrasound power waseased from 270 W to 450 W, DG
of SPI-CP and SPI-AP conjugates was significantigreased by 248.43% and
85.63%, respectively, indicating that more enenggui accelerated the Maillard
reaction and led to a higher grafting extent. TWiss in line with the previous
observations (Chen, et al., 2019; Li, et al., 2084, et al., 2010). Li, et al. (2014)
applied ultrasound to the Maillard reaction of R glucomannan; it was found
that when the ultrasound intensity was increasenh f802.55 W cfi to 786.62 W
cm? at 60°C, 70 °C and 80°C, the DG of PPl-glucomannan conjugates was
increased by 90.66%, 55.25% and 65.84%, respegtideih-intensity ultrasound is
able to induce local translational motions andrgironicro-jets in liquid systems,
which bring reactive groups into closer proximitpdaenhance their contacts,
resulting in a more steady grafting process (Cle¢ml., 2016). Furthermore, it has
also been suggested that proper doses of ultrasourid generate certain amounts
of shear forces and free radicals that favorabldifgdahe structures of proteins and
polysaccharides, causing more exposure of aminaariwbnyl radicals for Maillard
reaction (Chen, et al., 2016; Qu, et al., 2018)weleer, looking at Fig. 3, when the
ultrasound power was further increased beyond 456h&/DG of both conjugates
started to decrease, indicating that after excgedimertain level of energy input,
proteins would be denatured by the shear forcedraedradicals produced from the
intense ultrasonic field, leading to the formatioh protein aggregates and thus
impeding the grafting process (Chen, et al., 2R&sendiz-Vazquez, et al., 2017).
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Similar phenomenon was also observed in our pravgiudy (Chen, et al., 2019),
where the DG of whey protein isolate (WPI)-gum @&&4GA) conjugates was firstly
increased as the ultrasonic power was increased #@0 W to 500 W, whereas it
decreased as the power was further increased t@/700
3.2.2. Temperature

The DG of SPI-pectin conjugates prepared at diffietemperatures under an
ultrasonic field at 450 W for 20 min is depicted kig. 4. Similar to the routine
wet-heating process, DG of SPI-CP and SPI-AP cat@gsgywas observed to increase
from 3.76% to 8.25%, and 2.93% to 6.60%, respegtivehen the temperature was
increased from 50C to 70 °C; whereas it was decreased to 3.57% and 0.27%,
respectively for CP and AP, as the temperaturefuréiser increased to SC. Qu, et
al. (2018) has reported that ultrasound treatmentidc increase the optimum
temperature for conjugation of RPI and dextran. hdud ascribed this to the
ultrasound cavitation increasing the denaturatiemperature of RPI and thus
preventing protein aggregations at high temperatus@wever in this study, DG of
both conjugates prepared with and without ultradotreatment peaked at 7Q,
indicating that at 80C and 90°C, the effect of thermal denaturation of SPI might
outweigh the positive effects brought by ultrasouradiation.
3.2.3. Ultrasound duration

The DG of SPI-CP/AP conjugates prepared by trauifiovet heating and
ultrasound treatment at different times is showifable 2. Ultrasound treatment at
short bursts of time can be seen to significantgeterate the Maillard reaction

15
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between SPI and pectin. For example, the DG of (GPleonjugates treated by
ultrasound at 45 min was 24.06%, nearly treblevdiee obtained by wet heating for
24 h. As stated before, the favorable changesrirctsires of both macromolecules,
as well as the enhanced contacts of the reactaulsr ia high-intensity ultrasonic
field could result in an improved grafting proceSanilar observations have been
reported for WPI-GA (Chen, et al.,, 2019), SPI-GA uMet al., 2010) and
PPI-glucomannan conjugates (Li, et al., 2014) mexgbavith ultrasound treatment.
However, prolonged ultrasound irradiation was obserto be less beneficial for the
grafting process. As shown in Table 2, when ulwasbduration was increased from
15 min to 45 min, the DG of SPI-CP conjugates wasdased by 128.71%; whereas
when the duration was further prolonged to 120 rhia,increase in DG can be seen
to hit the plateau and was only 10.85%. Similanizen ultrasound was applied to
the conjugation between SPI and AP, the DG of SPlednjugates treated at a
duration of 60 min was 261.44% higher than thdtSamin; while for the last 60 min
(from 60 min to 120 min), the DG was increased byyd4.66%. These results
suggested that long-time ultrasound treatment nigitature the proteins (Zhu, et
al., 2018) and lead to a decreased grafting effayieConsidering both productivity
and energy efficiency, the ultrasound durationgtierpreparation of the SPI-CP and
SPI-AP conjugates were selected at 45 min and 80 nespectively.

It is also worthwhile to note that the increasdhe DG of SPI-AP conjugates
with ultrasound treatment was higher than thathef $PI-CP conjugates. Table 1
lists the conformational parameters of CP and Akhwind without ultrasound
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treatment. After being treated with ultrasound #orcertain duration, both pectin
samples showed significantly lower Mw and Rz, ahelirt polysaccharide chains
tended to be more rigid (with an increased exponrgntwhich in combination
facilitated the conjugation process with SPI. Woand mechanical breakage is
known to act on the midpoint of polymer chains (Kpdlaguchi, & Futamura, 2011)
and is more effective for long-chain polymers (Eokanger, et al., 1997). Therefore,
AP with higher Mw was more accessible for ultragbummeakage, resulting in a
larger increase in the grafting extent than CPtHeumore, under a high-intensity
ultrasonic field, CP would be degraded into smeljreents at a shorter treatment
time compared to AP, making ultrasound less effecfor degradation. This also
explained why the optimum condition for SPI-CP cmgtion was obtained at a
shorter ultrasound duration.
3.24. SDS-PAGE analysis

Fig. 5 shows the SDS-PAGE profiles of SPI, mixtuwéSPI and pectin samples,
and SPI-pectin conjugates prepared by wet heatml wtrasound treatment. SPI
mainly consists of glycinin (11s globulin) afeconglycinin (7s globulin), which are
known to contain a series of polypeptide chaingwiverse Mw (Petruccelli & Anon,
1995). The two mixture samples in Lanes 2 and 3veddca same pattern as the native
SPI, indicating that both pectin samples contaiitdd protein impurities and did not
change the electrophoretic profiles of SPI. Howgetlee Maillard reaction generated
various conjugated products with too large Mw, whean be seen to form a new
band on the top of the separating gel in Lanes 4.tMeanwhile, compared with
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Lanes 1-3, the featured bands of SPI at the Mweaahd5 kDa, 25-35 kDa and 55—
70 kDa clearly faded out in Lanes 4-7, indicatihgttthese proteins had participated
in the grafting process. Furthermore, compared Wighconjugated samples prepared
by the traditional wet heating, the ultrasoundtedaconjugates displayed darker new
bands and lighter featured bands of the native BEicating the greater grafting
extent for these samples, which is in line with tesults of DG analysis.
3.25. CD analysis

The far-UV CD spectrum was employed to identify thariations in the
secondary structures of SPI during different coajiogn processes. Fig. 6 depicts the
CD spectra of SPI, mixtures of SPI and pectin saspind SPI-pectin conjugates
prepared by wet heating and ultrasound treatmeamd, Bable 3 summarizes the
secondary structures of each sample. Huang, Diag,dnd Ma (2017) analyzed the
secondary structures of SPI and found that theectstofa-helix, -sheet, turn and
random coil were 6.5%, 36.7%, 23.0% and 33.8%,ea@sgely, which is very similar
to our results. As shown in Table 3, the simplegudgl mixing with pectin samples
did not change the secondary structures of SPIl.edewy the conjugation process by
either traditional wet heating or ultrasound treatinreduced the contents @whelix,
B-sheet and turn in the protein conformation, whele@ncreased the contents of the
random coil. Similar results were reported by Muale (2010), where the contents of
a-helix, B-sheet and turn in the SPI-GA conjugates were dsextby 73.58%, 76.69%
and 46,79%, respectively, while the contents of rdmedom coil were increased by
112.95%, compared to the original SPI. It has besgorted that thei-helix and

18



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

B-sheet are generally buried inside the polypeptitins (Mu, et al., 2010), therefore
the decrease of these structures indicated thatttaehment of CP or AP changed the
spatial conformation of SPI and led to a loosetgirostructure (Qu, et al., 2018). The
increase in the content of random coil further coméd the unfolding of proteins
during the Maillard reaction resulting in a moresalidered molecular structure.
However, the SPI-CP and SPI-AP conjugates prepasedhe same conjugation
processi(e. traditional wet heating or ultrasound treatmehtvged similar secondary
structures, indicating that the grafting methodheathan the different pectin samples
played a more important role in changing the seapndtructures of proteins. It was
revealed that the conjugates prepared by ultrastneéatinent lost more-helix and
B-sheet but gained more random coil compared toetloiained by traditional wet
heating, suggesting that in addition to the grgffinocess, ultrasound also had a hand
in breaking the peptide bonds and unfolding theqins, which was reported to be
related to the pressure alterations and turbulgeoerated from cavitation (Mu, et al.,
2010). Such an extension in the protein structpossibly made SPI more favorable
for binding to pectin, which could be a reason tlee higher DG values obtained
under an ultrasonic field as described in Sectio2.33 These structural
transformations led to a greater conformationatilfidity of proteins, allowing for
easier adsorption at the oil-water interface andldccoresult in the improved
emulsifying properties (Martinez, Sanchez, Ruizé$trosa, Patino, & Pilosof,
2007).

3.2.6. Intrinsic fluorescence analysis
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Alterations in the proteins’ tertiary structures ridg conjugation were
determined by the intrinsic fluorescence spectseefan the tryptophan (Trp) content.
Fig. 7 depicts the intrinsic fluorescence spectr&®l, mixtures of SPI and pectin
samples and SPI-pectin conjugates prepared witlwa@hdut ultrasound treatment. It
was shown that the highest fluorescence intengitheoriginal SPI was obtained at
341 nm; and this maximum absorption wavelength,) remained unchanged for the
two mixture samples. However, a slight decreaghenintensity can be observed for
both mixtures, as a result of the steric-hindraefect of pectin samples. As
mentioned in Section 3.1.1, AP had a higher Mw iauade flexible chains than CP, so
it could induce a stronger steric-hindrance effaedl in turn, a lower fluorescence
intensity. Conjugation under the traditional wettyeg conditions caused a further
decrease in the fluorescence intensity, and ithed . to shift from 341 nm to 343
nm, suggesting that the Trp residues reached a nexmosed and polar
microenvironment (Sheng, et al., 2020). The trams&bion of SPI secondary
structures, exposure of hydrophobic groups in pmefeand the shielding effects of
pectin during the Maillard reaction were considerasl the reasons for this
phenomenon (Sheng, et al., 2017; Sheng, et alQ)263 the DG of both conjugates
were very low (as shown in Table 2), the stericdhamce effect of pectin still played a
main role in shielding the fluorescence signals démags the SPI-AP conjugates
showed a lower fluorescence intensity than the GPkonjugates. Compared to the
conjugates obtained by traditional wet heating, twnjugates prepared with
ultrasound can be seen to have much less compatarye structures, with
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significantly lower fluorescence intensities angreater red shift to 345 nm. This was
possibly due to the unfolding of protein molecuéesl the destroyed hydrophobic
interactions during ultrasound treatment (SubheflaGogate, 2014). Despite the
more complex structures and the potentially strorgjeelding effect of AP, the
ultrasound-treated SPI-CP conjugates showed aralbV@wer fluorescence intensity
than the SPI-AP conjugates, which can be ascribdiget greater grafting extent.
3.2.7. Hpanalysis

Ho is one of the most important factors determiningaage of functional
properties of proteins, such as the solubility, ksmying ability and foaming ability
(Jiang, et al., 2015). Here we employed a hydrojmhftborescent dyei.e. ANS, to
evaluate the klof SPI, SPI and pectin mixtures, and SPI-CP/AHugates prepared
by wet heating and ultrasound treatment; resuésshown in Fig. 8. The addition of
CP or AP can be seen to block the way of ANS tohydrophobic residues, resulting
in the 38.93% and 40.08% lower, Walues for the SPI-CP and SPI-AP mixtures,
respectively, compared to the original SPI. Gly¢asgn under the traditional wet
heating conditions induced further reduction in Hg indicating that the Maillard
reaction has changed the SPI conformation and aieett the exposure of
hydrophobic groups (Sheng, et al., 2020); alsanight have produced advanced
glycation products with little surface hydrophobyciChen, et al., 2016). When
ultrasound was introduced to the conjugation precasignificant increase ingldan
be observed for both conjugates, which was in acadth the previous studies (Chen,
et al., 2016; Li, et al., 2014). This can be attrdal to the unfolding of proteins and/or
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dissociation of protein aggregates under a highasity ultrasonic field, leading to
the exposure of the previously buried hydrophobmugs (Chen, et al., 2016). The
increased blis known to be able to increase proteins’ adsonptate to the oil/water
interface, which is helpful in improving the emiysng properties (Delahaije,
Gruppen, Giuseppin, & Wierenga, 2014). Furthermdespite the higher DG of the
SPI-CP conjugates, no significant differences vadrgerved for blof the SPI-CP and
SPI-AP conjugates under a specific conjugation itmmd (i.e. wet heating or
ultrasound treatment), which was possibly due &dtnonger steric-hindrance effect
provided by AP.
3.2.8. Emulsifying properties analysis

Fig. 9 shows the EAI and ESI of SPI, SPI and pegctixtures, and SPI-CP/AP
conjugates prepared by wet heating and ultrasouratnmbent. Both indices were
increased with the addition of CP or AP, possible do the emulsifying properties
provided by pectin samples. It has been recogriizatthe conjugation of protein and
polysaccharide combines the characteristic propafrigroteins to adsorb strongly to
the oil-water interface, with the excellent solitpibf polysaccharides in the aqueous
medium (Dickinson & Galazka, 1991). As expectedjegation under the traditional
wet heating conditions significantly improved thendsifying properties of the
SPI-CP/AP conjugates when compared to the origadl however, due to the low
DG of both conjugates (less than 10%), there wersignificant differences in EAI
and ESI as compared with the mixture samples. Nesiesss, ultrasound can be seen
to significantly improve the emulsifying properties both conjugates. As shown in
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Fig. 9, the EAI and ESI of the ultrasound-treatéd-SP conjugates were increased
by 147.59% and 102.76%, respectively, comparetidse prepared by the traditional
wet heating; as for the SPI-AP conjugates, the BAd ESI were significantly
increased by 104.42% and 111.56%, respectivelypeaoed to those prepared by the
traditional wet heating. As described in the ab®extions, the improved DG,
enhanced surface hydrophobicity, together withetktended spatial conformations of
proteins obtained with ultrasound treatment, hawatrdbuted to this significant
enhancement in the emulsifying properties of thejuggates. As can be seen, the
SPI-CP/AP conjugates prepared by ultrasound dematedt satisfying emulsifying
properties (with the EAI more than 30% and ESI mihva@n 80%), suggesting that
both pectin samples in conjugation with SPI canmf@xcellent emulsions under a
high-intensity ultrasonic field.
4. Conclusions

In this work, SPI was conjugated with CP and APtvaalitional wet heating or
ultrasound treatment. Ultrasound treatment at agp@i/450 W and a temperature of
70 °C significantly accelerated the conjugation procesBetween SPI and pectin
samples and led to much greater grafting extentspaoed to the traditional wet
heating. However, it took a longer time for SPI-édhjugates to achieve a desirable
DG when compared to the SPI-CP conjugates, possitihbuted to the larger
molecular weight and the more flexible structuré&f Considering both productivity
and energy efficiency, the ultrasound durationspi@paring the SPI-CP and SPI-AP
conjugates were selected at 45 min and 60 mingwacty the DG of 24.06% and
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20.06%, respectively. SDS-PAGE analysis confirnied the conjugates were formed
between SPI and pectin samples. CD spectra sholadttie ultrasound-assisted
conjugation process led to lower contentsudfelix andp-sheet, and higher contents
of random coil. Fluorescence spectra showed that cibnjugates prepared with
ultrasound had much less compact tertiary strusfureith lower fluorescence

intensities and a greater red shift. These resutgested that in addition to the
grafting process, ultrasound also played a marlk#e mn the unfolding of SPI,

resulting in more favorable structures for Maillardaction. Furthermore, the
application of ultrasound to the conjugation pracesgnificantly increased the
hydrophobicity and emulsifying properties of botbnpigates. Despite the different
structures of CP and AP and their different perfamoe in conjugation with SPI, no
significant differences were observed for the eifyilgy properties of the two

conjugates, indicating that both pectin samplesewaapable of forming excellent

conjugates with ultrasound treatment.
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Figure captions

Fig. 1 Effects of pH on the DG of (A) SPI-CP conjugates (70 °C, 24 h) and (B)
SPI-AP conjugates (70 °C, 24 h); and the morphology of (C) SPI-CP
conjugates and (D) SPI-AP conjugates.

Fig. 2 Effects of temperature on the DG of (A) SPI-CP conjugates (pH 10.0, 24 h) and
(B) SPI-AP conjugates (pH 10.0, 24 h); and the morphology of (C) SPI-CP
conjugates and (D) SPI-AP conjugates.

Fig. 3 Effects of ultrasound power on the DG of SPI-pectin conjugates (pH 10.0,
70 °C, 20 min).

Fig. 4 Effects of ultrasound temperature on the DG of SPI-pectin conjugates (450 W,
pH 10.0, 20 min).

Fig. 5 SDS-PAGE of SPI, mixtures of SPI and pectin, and SPI-pectin conjugates
prepared by traditional wet heating and ultrasound treatment. Lane M,
molecular weight markers (kDa); Lane 1, SPI; Lane 2, mixtures of SPI and CP;
Lane 3, mixtures of SPI and AP; Lane 4, SPI-CP conjugates prepared by
traditional wet heating (70 °C, 24 h); Lane 5, SPI-AP conjugates prepared by
traditional wet heating (70 °C, 24 h); Lane 6, SPI-CP conjugates prepared with
ultrasound treatment (450 W, 70 °C, 45 min); Lane 7, SPI-AP conjugates
prepared with ultrasound treatment (450 W, 70 °C, 60 min).

Fig. 6 CD spectra of SPI, mixtures of SPI and pectin, and SPI-pectin conjugates
prepared by traditional wet heating (70 °C, 24 h) and ultrasound treatment (450
W, 70 °C; 45 min for the SPI-CP conjugates and 60 min for the SPI-AP

conjugates).

Fig. 7 Intrinsic fluorescence spectra of SPI, mixtures of SPI and pectin, and

SPI-pectin conjugates prepared by traditional wet heating (70 °C, 24 h) and



ultrasound treatment (450 W, 70 °C; 45 min for the SPI-CP conjugates and 60
min for the SPI-AP conjugates).

Fig. 8 Hp of SPI, mixtures of SPI and pectin, and SPI-pectin conjugates prepared by
traditional wet heating (70 °C, 24 h) and ultrasound treatment (450 W, 70 °C;
45 min for the SPI-CP conjugates and 60 min for the SPI-AP conjugates).

Fig. 9 The EAl and ESI of SPI, mixtures of SPI and pectin, and SPI-pectin conjugates
prepared by traditional wet heating (70 °C, 24 h) and ultrasound treatment (450
W, 70 °C; 45 min for the SPI-CP conjugates and 60 min for the SPI-AP

conjugates).



Tables

Table 1 Conformational parameters of pectin samples withsithout ultrasound treatment (450 W, °TY).

CP AP
Parameters cP (with ultrasound for 45 min) AP (with ultrasound for 60 min)
M,, (kDa) 478.00 + 0.60 246.40 + 1.86 1050.50 + 5.58 575.50 + 0.86
M, (kDa) 188.00 +0.16 115.60 + 1.56 314.10 + 1.16 249.00 + 4.36
Polydispersity ~ 2.54 + 0.00 2.13+0.04 3.34+0.03 2.31+0.04
R, (nm) 36.80 + 0.00° 34.60 + 0.26 40.70 + 0.5¢ 38.00 +1.20°
o 0.84 +0.00 0.89 + 0.0 0.71 +0.03' 0.79 + 0.00

Note: values with different italic superscript letters-@a in the same column within each pectin indicadaificant differences as estimated by

Duncan’s multiple range test (P < 0.05).



Table 2 The DG of SPI-CP/AP conjugates prepared by wetifiggand ultrasound treatment (450
W) at pH 10.0 and 7€C.

Wet heating With ultrasound
Samples
Time (h) DG (%) Time (min) DG (%)
4 1.92 +0.09 15 10.52 + 0.57
8 2.75+0.18 30 17.29+0.16
SPI-CP 12 3.85+0.37 45 24.06 + 0.08
conjugates 16 5.96 + 0.27 60 24.55 + 0.41¢
20 6.78 + 0.00 75 25.12 +0.16°
24 8.25+0.18 90 25.53 +0.57°
105 26.51 +0.08"
120 26.67 +0.08
1.92 +0.64 15 5.55 + 0.49
8 3.12+0.18 30 11.74 +0.38
12 458 +0.37 45 16.64 + 0.38
SPI-AP 16 5.13+0.18 60 20.06 + 0.49
conjugates 20 5.50 + 0.37" 75 20.55 + 0.16°
24 6.60 + 0.37 90 21.37+0.49
105 22.76 +0.24
120 23.00+0.18

Note: values with different italic superscript letters-@q in the same column within each conjugate sainglieate

significant differences as estimated by Duncan'#tipia range test (P < 0.05).



Table 3 Secondary structures of SPI, mixtures of SPI anadtip samples, and SPIl-pectin
conjugates prepared by traditional wet heating 47,024 h) and ultrasound treatments
(450 W, 70°C; 45 min for the SPI-CP conjugates and 60 miner$PI-AP conjugates).

a-Helix B-Sheet Turn Random caoll
(%) (%) (%) (%)
SPI 6.70 38.30 22.10 32.90
Mixtures of SPl and CP 6.70 38.30 22.10 32.90
Mixtures of SPI and AP 6.70 38.30 22.10 32.90
SPI-CP conjugates (wet heating) 4.60 38.00 19.40 .0038
4.41 37.68 19.21 .7(88

SPI-AP conjugates (wet heating)

SPI-CP conjugates (with ultrasound) 2.60 35.76 89.9 41.66

SPI-AP conjugates (with ultrasound) 3.70 35.97 20.3 39.96
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Highlights

Ultrasound enhanced the conjugation process resulting in higher grafting extents.
Formation of the conjugates was confirmed by SDS-PAGE analysis.

The ultrasound-assisted conjugation process led to looser protein structures.
Ultrasound increased the Hy and the emulsifying properties of the conjugates.

Both pectin samples are capable of forming excellent conjugates by ultrasound.
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