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ARTICLE INFO ABSTRACT

Keywords: This study aims to optimize the ultrasound treatment conditions for enhancing the degree of glycation (DG) of

Ovalbumin ovalbumin (OVA)-xylose conjugates through Maillard reaction and investigate the correlation between DG and

g}tras?m‘d functional properties affected by structural changes. The structural and functional properties of classical heating
ycation

OVA, glycated OVA, ultrasonic treated OVA, and ultrasound-assisted glycated OVA were investigated to explore
the interaction mechanism of ultrasound treatment on foaming and emulsifying properties improvement. Results
indicated that the ultrasound assistance increased free sulfhydryl content, surface hydrophobicity and particle
size of OVA-xylose conjugates, and thus enhancing the surface properties, which were strongly linear correlated
with DG under different glycation parameters (pH, xylose/OVA ratio, heating time). Additionally, circular di-
chroism spectroscopy analysis revealed that ultrasound promoted the conversion of a-helices to f-sheets and
unfolded structures, which was consistent with the formation of short amyloid-like aggregates that observed by
atomic force microscopy phenomenon. Overall, our study provides new insights into the effects of ultrasound
treatment on Maillard-induced protein functional properties enhancement, which may be a new strategy to tune

Surface properties
Structure characteristics

the DG and functionality of protein-saccharide grafts during ultrasound processing.

1. Introduction

Egg white protein, as a functional, nutritional, and well-obtained
ingredients, is widely utilized in the formulation of foods and bever-
ages[1]. Ovalbumin (OVA), is the main protein produced from separa-
tion of value-added component present in egg white, similar to other
surface-active agents, contains both hydrophilic and hydrophobic
groups which have excellent foaming (air-water interface), emulsifying
(water—oil interface) and gelation properties. However, the functional
properties are sensitive to environmental changes (e.g. pH, ionic
strength, and heating treatment)[2]. Several physical, chemical, and
biochemical attempts, including irradiation[3], sonication[4], high-
pressure[5], phosphorylation[6] and glycosylation[7] have been made
to improve protein functional properties. Nevertheless, the physical
techniques would increase processing costs, while the chemical tech-
niques process is difficult to control and remove the remaining chem-
icals. Hence, developing a cost-effective and novel method to enhance

the functional properties of proteins and further broad their application
in foods industry with desired functionalities is urgently needed.
Accordingly, protein-saccharide grafts are useful as a new functional
biopolymer, which have excellent emulsifying[6], foaming[7], solubil-
ity[8], and heat stability[9] for food processing applications. That was
due to Maillard reaction could cause more groups and regions inside the
molecule to expose or induce unfolding of protein which might affect the
tertiary conformation, spatial structure, and surface properties[10].
Assuredly, long processing time and higher saccharide concentration
would cause higher degree of glycation (DG), with which the confor-
mational changes would be more significant. However, the relationship
between DG and functional properties improvement remains not fully
clear yet. Additionally, the grafting of protein-saccharide through the
Maillard reaction is a time-consuming process using dry- or wet-heating
alone, which usually takes tens of hours to several weeks[11]. Moreover,
the reaction extent is uncontrollable, and proteins are easily getting
denaturation and aggregation at high temperatures and/or long
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processing time which may have negative effects on the functionalities
of the conjugates[12]. In past decades, xylose has been studied as a sugar
substitute in the food, beverage, and pharmaceutical industries. Addi-
tionally, xylose could conjugate with protein and accelerate the cross-
linking process which led to a higher glycation rate[13]. Fu et al.[7]
found ultrasound-assisted glycation with xylose could enhance solubil-
ity and foaming properties of OVA, however, the relationship between
DG and the structural and functional properties improvement of gly-
cated proteins remains unknown. Hence, it is indispensable to looking
for a more rapid and effective approach to protein structural and func-
tional modification.

Studies have found that the Maillard reaction assisted by ultrasound
treatment as an alternative strategy would be a suitable candidate for
promoting the glycation of proteins with saccharide and the functional
properties of grafted products can be significantly improved, which is
conducive to the industrial application of the Maillard reaction. Several
studies showed a number of Maillard reaction product contribute to
increased antioxidative[14] and antimicrobial capacities[15], as well as
high-value nutritional and functional properties (solubility, emulsifying,
gelling and foaming abilities, etc.) of products that can be generated
with assistance of ultrasound treatment[11]. This can be explained with
the fact that ultrasound treatment could cause large number of cavita-
tion bubbles which leads to protein unfolding and peptide bonds
braking. Simultaneously, ultrasound treatment resulted in the collision
probability increased between the reactive groups, speeding up the
conjugation process[16]. Consequently, the grafting between protein
and saccharide through the Maillard reaction was markedly accelerated
and enhanced in terms of DG.

In this work, the changes in the physical and conformational changes
of classical heating OVA, glycated OVA (G-OVA), ultrasonic treated OVA
(U-OVA) and ultrasound-assisted glycated OVA (U-G-OVA) were inves-
tigated. The objectives of this work were to explore the interaction
mechanism of ultrasound treatment on surface (foaming and emulsi-
fying) properties improvement, and to discern the correlation between
DG and functional properties of OVA. Our study would provide an
attempt to improve the functional properties of OVA and expand its
applications as functional agents in the food industry.

2. Materials and methods
2.1. Materials and reagents

OVA with an average molecular mass of 44.5 kDa and xylose were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Other re-
agents were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the reagents were analytical grade purity.

2.2. Preparation of the OVA-xylose conjugates

OVA (1 mg/mL) and xylose were dissolved in 50 mL phosphate
buffer solution (pH 7.0) with mass ratio of 3:1, 2:1, 1:1, 1:2, 1:3. The pH
of the mixtures was adjusted to 4.0, 6.0, 7.0, 8.0, 10.0 by adding 0.1
mol/L HCI and NaOH. Then, the solution was stirred for 10, 30, 60 and
120 min at 50 °C. The browning intensity, DG, emulsifying and foaming
properties of different samples were studied.

7Further, the ultrasound-assisted OVA (1 mg/mL) were dissolved in
50 mL phosphate buffer solution (pH 7.0) with xylose at mass ratio of
1:3, the pH value was adjusted to 7. The mixture was treated by the
optimal ultrasound process for 61.2 min using an ultrasonic unit (20-25
kHz, JY92-2D, SCIENTZ, China) equipped with a 13 mm titanium tip
probe. The sonication condition was set to an ultrasonic power of 189.5
W with pulse mode (2 s on and 5 s off) at 54 °C. All the samples were
placed in the ice bath for 30 min to stop the reaction. The surface
properties and conformational changes of OVA, G-OVA, U-OVA and U-
G-OVA were investigated. All the experiments were performed in
triplicate.
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2.3. Measurement of browning intensity

The browning intensity of the conjugate was measured according the
method described by Ashoor[17] with a slight modification. In short, the
samples were diluted 5-fold with 10% (w/v) sodium dodecyl sulfate
(SDS) solution and 0.05 mol/L borax to a concentration of 0.2% w/v of
protein. The blank samples were diluted to 1% (w/v) with deionized
water. The extent of browning was measured at 420 nm (A420) by a
UV-Vis spectrophotometer (UV-2550, Shimadzu, Tokyo, Japan).

2.4. Degree of glycation (DG)

The DG value of the samples were determined using the o-phthal-
dialdehyde (OPA) assay[18] with some modifications. OPA of 40 mg
was dissolved in 1 mL of methanol, 2.5 mL of 20% (w/w) SDS and 25 mL
of 0.1 mol/L borax and then adding 0.1 mL of 2-mercaptoethanol (2-ME)
and finally diluted to 50 mL with distilled water. Then, 0.2 mL of sample
solution was mixed with 4 mL of OPA reagent and incubated at 35 °C for
2 min. The mixture of distilled water and OPA reagent was used as
blank. The absorbance was measured at 340 nm by a UV-Vis spectro-
photometer (UV-2550, Shimadzu, Tokyo, Japan). Lysine was used as a
standard to calculate the content of free amino groups. The DG value
was determined as:

A — A

0

DG(%) x 100%

where Ay and A; are the absorbance values before and after OVA
glycated with xylose, respectively.

2.5. Emulsifying properties analysis

The emulsifying activity index (EAI) and emulsifying stability index
(ESI) were determined by the turbidimetric method of Pearce and Kin-
sella[19]. For emulsion formation, 20 pL of 1% (w/v) protein solutions
in 5mL PBS (0.01 M, pH 7.2) and 5 mL of soybean oil were homogenized
in Ultra-Turrax T25 homogenizer (AE300L-H; Shanghai Angni In-
struments Co., Shanghai, China) for 2 min at 10000 rpm. After ho-
mogenization for 0 min and 10 min, 1000 pL of the emulsion was
immediately taken from the bottom of the beaker, and diluted (1:100, v/
v) in 0.1% (w/v) SDS solution. The absorbance was recorded at 500 nm
with a UV-Vis spectrophotometer (UV-2550, Shimadzu, Tokyo, Japan).
EAI and ESI were calculated as follows:

_ 2x2.303 x Ay X DF

2 -1
EAl(m’e ™) 10° x gLC

10 x Ao
ESI(min) =
( ) AO - A]O
where DF is the dilution factor (100), C is the protein concentration
(g/mL), ¢ is the optical path (1 cm) and is the oil phase (0.25), Ay and
A;o are the absorbance of the emulsion at 0 min and 10 min, respec-
tively. Measurements were performed in triplicate.

2.6. Foaming properties analysis

The measurement of foaming properties was performed according to
the modified method of Sheng et al.[20]. Briefly, an aliquot (30 mL) of
1% sample solution (w/v) was placed in a graduated glass cylinder
(internal diameter 22 mm) in a water bath at 25 °C and whipped for 3
min with a laboratory homogenizer at a speed of 10000 rpm (AE300L-H;
Shanghai Angni Instruments Co., Shanghai, China). After whipping, the
propeller was immediately removed, and the glass cylinder sealed with
parafilm to avoid the foam disruption. The foaming ability (FA) and
foaming stability (FS) were calculated according to the following
equations:
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H
FA(%) = ﬁ" x 100%
1

H-
FS(%) = f x 100%
0

where H; is the foam height at before homogenizing, Hy and Hsg is
the foam height at 0 min and 30 min after homogenizing.

2.7. Atomic force microscopy (AFM)

AFM image was generated according to the method described by Liu
et al. [21] using multimode microscope (Bruker Multimode 8, Bruker
(Beijing) Technology Co. Ltd, Beijing) with some modifications. The
morphological properties of OVA, U-OVA, G-OVA and U-G-OVA were
observed. A 5 pL supernatant was deposited on the fresh mica sheet,
which was placed in sterilized clean bench to evaporate liquid. The AFM
data were analyzed with the aid of NanoScope Analysis Software.

2.8. Dynamic light scattering (DLS)

The aggregation of OVA, U-OVA, G-OVA and U-G-OVA and their
particle size distributions were measured by a Zetasizer Nano ZS90
particle size analyzer (Malvern, U.K.)[9]. The samples were dissolved
with distilled water (0.1 mg/mL). Then 1 mL of each of the diluted
samples was transferred into the measuring cell (10 mm x 10 mm x 45
mm). Subsequently, the cells were stabilized at 25 °C for 5 s and each of
the measurements were obtained in triplicates at 25 °C.

2.9. Circular dichroism (CD) measurements

The CD spectra were obtained using a MOS-500 Circular Dichroism
Spectrometer (Bio-Logic Science Instruments, Grenoble, France) ac-
cording to the method of Greenfield[22] with some modifications. 350
uL sample solutions (0.1 mg/mL) were placed in quartz cuvettes with
0.1 cm path lengths. The measurements were recorded from 200 nm to
250 nm with a resolution of 1 nm. The structure content of a-helices,
B-sheets, p-turns and unordered regions were calculated using the
BeStSel software[23], which can be accessed online at http://bestsel.
elte.hu.

2.10. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra were recorded on an IR Prestige-21 Fourier
transform infrared spectrophotometer (Shimadzu, Japan)[24]. Approx-
imately 200 mg of KBr, which was dried at 150 °C for 6 h, was mixed
with 2 mg of protein sample and then pressed into a pellet under an
incandescent lamp. The KBr flake was used to obtain the background
spectrum. The infrared radiation absorbency scans were analyzed in the
range of 4000 to 400 cm ™! to identify the main functional groups.

2.11. Measurement of free sulfhydryl (-SH) group

The free sulfthydryl (-SH) group contents of OVA, U-OVA, G-OVA and
U-G-OVA were determined according to the method described by Bev-
eridge, Toma and Nakai [25] with some modifications. The free -SH
group was determined as follows: Ellman’s reagent was prepared by
dissolving 4 mg 5, 5-dithio-bis 2-nitrobenzoic acid (DTNB) (Sigma-
Aldrich, Italy) in 1 mL Tris-glycine-SDS buffer (0.1 M Tris, 0.1 M glycine,
4 mM EDTA, 0.5% SDS (w/v), pH 8.0). Different treated samples (10
mg), dissolved in 5 mL Tris-glycine-SDS buffer with PBS buffer was
added to the Ellman’s reagent (40 pL), and the mixture was set in dark at
room temperature (25 °C) for 30 min. The mixture solutions were
analyzed for total and free thiol groups at a wavelength of 412 nm by a
UV-vis spectrophotometer (UV-2550, Shimadzu, Tokyo, Japan) to
calculate the free -SH group (As;) as following Eq. (1):
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Free SH(umol/g) = 73.53 x As, * D/C 1)

where As; in Eq. (1), is the absorbance at 412 nm, C is the sample
concentration (mg solid/mL) and D is the dilution factor. The results
shown are the mean values of three independent measurements.

2.12. Surface hydrophobicity (Hp) measurement

Surface hydrophobicity was determined using 1-anilino-8-naphtha-
lenesulfonate (ANS) as a fluorescence probe according to the method
of Shigeru and Shuryo [26] with some modifications. Briefly, 4 mL
samples (0.5 mg/mL) were well-mixed with 20 uL. 8 mM ANS solution
(100 mM phosphate buffer, pH 7.0), and then incubated for 15 min at
room temperature in the dark. The ANS fluorescence was excited at a
wavelength of 390 nm, and the emission spectrum was collected from
400 to 600 nm by an Rf-5301pc fluorescence spectrophotometer (Shi-
madzu, Japan). Both slit widths used were 2 nm. The fluorescence in-
tensity was labelled as normalized intensity (a.u.), which indicated the
surface hydrophobicity. Each emission spectrum represents the average
of three scans.

2.13. Experimental design and Statistical analysis

The effects of ultrasound power (50, 100, 150, 200 and 250 W), ul-
trasound time (0, 10, 30, 60 and 120 min) (pulse duration: on-time, 2 s;
off-time, 5 s)and ultrasound temperature (50, 60, 70, 80 and 90 °C) on
DG were studied. Thereafter, the slurry was cooled in the ice-water to
stop the reaction. Then, several levels with a considerable effect on the
DG value were selected in accordance with the single-factor test. The
Response Surface Methodology (RSM) and Box-Behnken design (BBD)
method were performed to optimize the effects of ultrasound power (A),
ultrasound time (B) and ultrasound temperature (C) for enhancing the
DG value (Y). Encoding of factor levels is shown in Table 1. The results
were analyzed by Design Expert Version 8.05 software.

All experiments were performed in triplicate and data are expressed
as mean + standard deviation (SD). Statistical analysis was performed
using Least-significant difference (LSD) and regression analysis. Signif-
icant differences were determined with 95% confidence intervals.

3. Results and discussion
3.1. Effect of process parameters on DG and functional properties

The DG value and browning value of xylose-induced OVA glycation
were demonstrated by different process parameters (pH, Xylose/OVA,
and heating time), as shown in Fig. 1 (a-c). The browning value and DG
increased first and then decreased at initial pH values ranging from 4.0
to 10.0 (Fig. 1(a)), the highest DG (27.21 + 0.39%) was observed at pH
7.0, which might cause by the degradation of reducing sugars under
non-neutral conditions[27]. Additionally, with the reducing sugar/
protein ratio decreasing from 3:1 to 1:3, the DG and browning value
shown the similar changing trends, which decreased sharply and then
increased slightly (Fig. 1(b)). Conversely, the DG value increased with
the heating time increased gradually from 0 to 120 min (Fig. 1(c)). These
results potentially indicated that proteins in general can readily ob-
tained higher DG, under conditions of high reducing sugar concentration

Table 1
The factors and levels of the Box-Behnken design for ultrasound-assisted degree
of glycation of ovalbumin-xylose conjugates.

Factors Code Levels

-1 0 1
A: Ultrasound power (W) A 150 200 250
B: Ultrasound time (min) B 30 60 120
C: Ultrasound temperature (°C) C 30 50 70
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Fig. 1. Effect of pH, xylose/ovalbumin (OVA) ratio and heating time on browning value and degree of glycation (a-c), foaming and emulsifying activity (d-f), and
foaming and emulsifying stability (g-i). Values that do not bear the same letter are significantly different (P < 0.05), and error bars represent the standard deviations.

and a long time heating treatment[28].

It has been widely reported that protein-saccharide grafts having
excellent functional properties as a new functional biopolymer, here we
investigated the effects of glycation process parameters on the emulsi-
fying and foaming properties, consequently. The EAI (the blue line) and
FA (the tangerine line) of xylose-OVA conjugates are shown in Fig. 1(d-
f). A significant increase (P < 0.05) was found which EAI of 62.25 +
2.33 m?/g at pH 7, and FA was 163.12 + 6.16% likewise. Interestingly, a
similar tendency was observed for functional properties at different the
sugar/protein ratio (Fig. 1(e)) and heating time (Fig. 1(f)) compared
with DG. The best treatment was with 3:1 of xylose/OVA ratio,
obtaining a maximum EAI of 58.10 + 2.37 m2/g and FA of 153.40 +
3.49%, respectively. On the other hand, the EAI and FA increased from
38.53 + 2.42 mz/g t0 67.52 + 2.28 mz/g and 125.26 + 5.57% to 152.13
+ 6.38% with heating time ranging from O min to 120 min. The
improvement in emulsifying and foaming performances of OVA seemed
to be attributed to the increase of DG and conformational changes,
which made the protein flexible and loose to increase the solubility of
proteins and accelerated adsorption at the gas—water/oil-water inter-
face. Several studies have noted that the protein-saccharide conjugates
colligated the two characteristic properties of protein and saccharides
often exhibit favorable emulsifying and foaming property[29-31].
Conversely, it was obvious that ESI and FS of the conjugates decreased to
the minimum 2.49 + 0.38 min and 75.12 + 6.35% at pH 7 (Fig. 1(g)). As
shown in Fig. 1(h), with the increase of saccharide-protein ratio, the ESI
and FS of the conjugates significantly increased from 2.06 + 0.03 min to
6.85 + 0.53 min and 85.32 + 3.87% to 96.53%, respectively. Fig. 1(i)
shows the ESI and FS of influenced by heating time of glycation, the ESI
and FS gradually decreased compared to the stability of the early stage
of reaction. Admittedly, numerous studies have reported that proteins
and polysaccharides are capable of forming associations through cova-
lent bonds and non-covalent interactions, which allow polysaccharide-
protein complexes to alter the interfacial behavior, and consequently

stabilize the emulsions[32]. However, the correlation between ESI, FS
and DG value remains unclear. We assumed the probably occurred
because, the unpolar compounds formed in the final stage of the Mail-
lard reaction which caused the aggregation of denatured protein.

To further investigate the correlation between DG and functional
properties, the relationship analysis was performed in Fig. 2. The cor-
relation coefficients of DG with EA, ESI, FA and FS were depended on the
glycation parameters. Noteworthy, most of the coefficients (R%) were
higher than 0.9, which indicating a strong correlation between the DG
and surface properties. The correlation coefficients of EAI, ESI and DG
with different processing parameters were strong positive correlation
and moderate negative correlation (Fig. 2(a-b)). Similarly, the correla-
tion between foaming properties and DG were strong [R? > 0.9) (Fig. 2
(c-d)). This indicated that glycation changed the conformational char-
acteristics, which result in the conjugates structure unfolded and flexible
and could easily expand and quickly be adsorbed at oil-water/air-water
interface. With higher DG, the hydrophobicity-hydrophilicity balance
would be destroyed, and thus induced the steric hindrance and hydro-
philicity of the conjugates increasing, which result in the conjugates
molecules more surface active and absorb to the oil phase more quickly
[33]. These results inspired us to find an efficient way to enhance DG,
hence ameliorate the functional properties of the conjugates.

3.2. Optimization of ultrasound treatment parameters on the DG value

As shown in Fig. 3(a-c), the browning value and DG of ultrasound-
assisted glycation were demonstrated by different ultrasound power,
time and temperature. With the increase of ultrasound power, the
highest DG value was obtained at 200 W and then decreased slightly.
Similar results were confirmed by Resendiz-Vazquez et al.[34], which
indicated the ultrasound power has positive efficient in speeding up the
glycation while high ultrasound power caused the protein aggregation
thus prevent reaction. Correspondingly, the DG value increased quickly
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Fig.2. Correlations coefficients between degree of glycation of ovalbumin and emusifying activities (a), emusifying stability (b), foaming activities (c) and foaming

stability (d).

with the rise of ultrasound time 0 to 60 min and then slight declined at
120 min, which may be caused by the aggregation of unfolded protein
with flexible structure. Fig. 3(c) showed that the DG value increased at
50 to 70 °C and then decreased. According to Chen et al.[12], the
extensive unfolding of protein resulting the buried reactant groups
became exposed to the surface when ultrasound temperature was lower
than 70 °C, however, when the temperature higher than 70 °C, protein
denature and aggregation would occur, thus the DG value decreased.
Hence, to optimize the ultrasound-assisted glyction parameters, the RSM
experiments were performed (Fig. 3(d-i)).

The coding values of the three factors and the corresponding actual
values were designed. The experimental results are shown in Table 2.
The results of ANOVA are shown in Table S1. The final mathematical
model can be expressed by the following quadratic equation.

Y =33.89— —0.20A — 0.13B +0.95C — 0.84AB — 0.10AC + 1.25BC
—4.36A% —3.79B% — 2.53C?

The model coefficients of determination (Rz) value for the model was
0.9850 and adjusts the complex correlation coefficient R? (adj) was
0.9657, which were both higher than 0.80, indicating that the model has
high reliability. The quadratic regression equation obtained can predict
the response value well and has a good fit. The optimal process predicted
by the software involved the following conditions: ultrasound power
189.5 W, ultrasound time 61.2 min and ultrasound temperature 54 °C. In
the optimal conditions, the validated experimental DG was 32.65 +
2.34%, which matched the predicted value (33.98%) very well.

3.3. Ultrasound-assisted functional properties changes of OVA-xylose
conjugates

Several studies have been proposed that glycation optimized the
hydrophobic-hydrophilic balance on the protein surface, and thus
modified the protein surface properties[35]. With the promotion of
glycation process induced by ultrasound treatment, the surface proper-
ties of OVA, G-OVA, U-OVA and U-G-OVA were investigated as Fig. 4
showed. The conjugates were treated by ultrasound under the optimal

DG parameters according to 3.2. As expected, the foaming and emusi-
fying activity of G-OVA increase significantly (P < 0.05), which might
be due to the more unordered, flexible and less compact structure than
native OVA. Compared with G-OVA, the U-G-OVA conjugates achieved
higher FA and EAL The results were consistent with previous results[7],
reporting that the increase in functioal properties was attributed to the
exposure of the internal hydrophobic groups of OVA under ultrasound
treatment, which reacted easily with the reducing-end carbonyl group in
polysaccharides and favored emulsion formation. The mechanical ef-
fects caused by ultrasound cavitation consequently accelerated the
molecules mobility and the adsorption on the oil-water interfaces.
Likewise, it can be observed that both FS and ES have been increased
statistically significant (P < 0.05) after ultrasonication, which might be
related to the balance between the aggregation and exposure of hydro-
phobic groups of denatured protein[36]. The increasing of surface
properties susceptibility to glycation may be attributed to ultrasonic-
induced conformational changes of protein, which can cause unfolding
of polypeptides and exposure of buried peptide bonds, and thus make
proteins more accessible for attacking. Simultaneously, ultrasound
treatment resulted in the increase of collision probability between
reactive groups, which could undoubtedly speeding up the conjugation
process.

3.4. Macroscopic and microscopic phenomena of ultrasound-assisted
glycation

The functional properties were highly correlated the protein struc-
ture, and with the physical-chemical modifications allowing greater
conformational flexibility, which probably resulted in the improvement
of emulsifying and foaming properties. With this consideration, we
performed the AFM and DLS to investigate the ultrasound and glycation
affact on macroscopic and microscopic conformational changes of OVA
as shown in Fig. 5(a-d). Compared to the OVA (Fig. 5(a)), the mean
particle size increased slightly from 4.17 + 1.50 nm to 4.92 + 1.08 nm
after glycation (Fig. 5(c)). Interestingly, Fig. 5(b) show that ultrasound
treatment slightly reduced the protein size and a broadening of particle
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size distribution, which attributed that high ultrasound energy could
cause modifications in protein molecules like breaking of covalent
bonds, generation of low molecular weight peptides, and/or fragmen-
tation of large aggregates into smaller particles[37]. Moreover, the
mean particle size significantly increased to 86.73 + 6.18 nm (P < 0.05)
with ultrasound-assisted glycation, which provides significant evidence
that OVA denatures and forms aggregates. We speculated the phenom-
enon was due to the ultrasound treatment speeds up the Maillard reac-
tion which resulting in higher DG, and thus promoting the
rearrangement of the conjugates. Similarly, Liu et al. [9] found that high
polysaccharides concentration resulted in higher DG, and thus promoted
the formation of short amyloid-like aggregates.

To validate these hypotheses, the morphology and depth of OVA, U-
OVA, G-OVA and U-G-OVA was investigated using AFM. Obviously,
ultrasound treatment increased the depth of protein molecules as shown
in Fig. 5(b) and Fig. 5(d), which might due to the hydrophobic groups
and regions existed in the interior of OVA molucules were exposed to the
surface. Notably, for the U-G-OVA, the AFM images revealed that the
OVA has a tendency to form a fibrous structure. According to Jones &
Mezzenga[38], the building blockes of amyloid-like aggregates linked
by intermolecular p-sheet, and hydrophobic sequestering in the interior
gap may be partily responsible for the formantion of f-sheet. A similar
phenomenon was observed by Wei & Huang[39], whose speculated that
the building blocks of ultrasound treated samples could linked with
more saccharides and resulted in the formation of aggregation in a
twisted coil way to diminish streric hindrance brought by saccharides.

According to Wang et al.[40], amyloid-like fibrils from food proteins
possess unique functional properties due to the fibril structures formed
stonger entanglement among the macromolecules. Overall, the macro-
scopic and microscopic phenomena were attributed to the conforma-
tional changes, thereby resulting in the enhancement of surface
properties.

Table 2
Box-Behnken design matrix with the encoded ultrasound-assisted degree of
glycation of ovalbumin-xylose conjugates.

Order  A: Ultrasound B: Ultrasound C: Ultrasound Degree of
power (W) time (min) temperature (°C) glycation (%)
1 0 0 0 33.17 £ 0.89
2 1 1 0 25.27 +1.35
3 -1 -1 0 24.52 + 1.19
4 1 0 -1 25.34 + 0.56
5 0 1 -1 25.11 + 2.11
6 -1 1 0 26.56 + 1.54
7 -1 0 -1 26.35 + 0.93
8 1 0 1 27.44 + 0.32
9 0 -1 -1 28.52 + 1.05
10 -1 0 1 28.85 + 0.45
11 0 -1 1 27.51 + 0.68
12 0 0 0 34.11 +1.29
13 1 -1 0 26.59 + 2.23
14 0 0 0 34.07 £ 0.76
15 0 0 0 34.22 +1.39
16 0 1 1 29.12 + 0.37
17 0 0 0 33.89 + 1.45
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3.5. Secondary structure analysis

The results of secondary structure and functional groups changes
performed by CD and FT-IR presented in Fig. 6 seemed to confirm
further the hypothesis of ultrasonic-induced structural changes of OVA.
The secondary structure content of OVA, U-OVA, G-OVA and U-G-OVA
were estimated using CD secondary analysis tool BeStSel[23]. Compared
with the classical heating sample (black volume), with ultrasound

treatment, the a-helix content decreased from 25.07 + 1.815% to 19.73
+ 1.93%, while the content of unfolded structures increased signifi-
cantly from 37.03 + 1.57% to 41.10 + 2.42% and p-sheet increased
slightly from 24.43 + 1.04% to 25.20 + 1.21%, which indicated the
ultrasound drives the conversion of a-helix to unfold structures and
pB-sheet. It might be due to the binding of polysaccharides to protein
involves a condensation between the carbonyl group and e-amino group,
which is within the a-helix region or its neighbor protein[12,41]. With



X. Liu et al.
a == OVA a
mmm  U-OVA
mmm  G-OVA p 2
mmm  U-G-OVA
40— <
s
TE’ ab 2
Q a be
< ¢
5 b
20— d
a b ab
: b ab a

a-helix B-sheet p-turns disorder
OVA 3293 1662 1534 1245
J-OVA
L0 | 2857
- 29772928
S
<
g
£ leov /2857
a8 [cova 29772928
-
E
@
=
<
L
[
‘nz 768

L L L L L) L}
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Fig. 6. Secondary structure content (a) and functional groups changes (b) of
ovalbumin (OVA), ultrasound-assisted OVA (U-OVA), glycated OVA (G-OVA)
and ultrasound-assisted glycated OVA (U-G-OVA). (Note: ultrasound power
189.5 W, ultrasound time 61.2 min, and ultrasound temperature 54 °C). Values
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the assistance of ultrasound treatment, more evident changes in the
distribution of secondary structure were found. The observed changes
may be related to the DG, and higher DG endowed lower o-helix content
[42]. The decrease in a-helix (9.53 + 1.43%) and increase in B-sheet
(27.70 + 3.08%) and unfolded structures (53.67 + 0.92%) of U-G-OVA
indicative the higher DG promoted by ultrasound, which may contribute
to the improvement of surface properties. The increase in OVA’s p-sheet
content provides further evidence of fibrillar conformation as shown in
Fig. 5(d). Analogously, several previous reports proved that ultrasound
assisted glycation caused protein unfolding would give a novel of pro-
tein functional properties enhancement[12,43,44].

FT-IR spectroscopy was used to characterize the intermolecular in-
teractions between xylose and OVA, where the results of OVA, xylose-
OVA conjugates, ultrasound-assisted OVA, and ultrasound-assisted
conjugates were shown in Fig. 6(b). The chemical changes in xylose-
OVA conjugates would lead to the formation of functional groups,
such as Amadori compound (C = 0), Schiff base (C = N), and pyrazines
(C-N)[45]. The typical broad band in 3200-3600 em! region (amide A)
became wide in G-OVA and U-G-OVA, which suggesting that the
stretching vibration of intermolecular H-bonded N-H and O-H groups
after glycation[5]. The wavenumber associated with the stretching of
the C-H bonds in methyl groups (-CHs) at 2857, 2928 and 2977 cm !
shifted as one peak at 2977 cm ™! after the glycation, which indicated the
xylose was successfully conjugated to OVA. The peaks signal intensity
located at approximately 1662 and 1534 cm ™' decreased after glycation,
which are attributed to amide I (C = O stretching) and amide II (N-H

Ultrasonics Sonochemistry 73 (2021) 105477

deformation), respectively[33]. For G-OVA and U-G-OVA, there are a
series of peaks in the 543-1050 cm ™! region, which could be ascribed to
the vibration modes of C-O and C-C stretches and bending mode of C-H
[46], especially at 768 and 919 cm™ L. The adsorptions of the glycation
samples indicated the consumption of amine groups and the formation
of covalent bond in Schiff base. Additionally, the absorptions of conju-
gates in 950-1050 cm ™! regions were stronger than those of OVA and U-
OVA, which indicated the side-chain vibrations and alteration of protein
structure[47], and thus probably resulting in the exposure of more hy-
drophobic clusters and increase the surface properties of OVA. This
proved the effect of ultrasound treatment on accelerating the glycation
reaction and was consistent with the results of DG, AFM and CD analysis.

3.6. Free sulfhydryl content and surface hydrophobicity analysis

To further probe the effect of ultrasonic pretreatment on Maillard-
induced protein structural conformation changes, we characterized the
surface exposed hydrophobic regions of proteins by ANS fluorescence,
and the free sulfhydryl group (-SH) content. Fig. 7(a) show the ANS
fluorescence intensity of OVA, G-OVA, U-OVA, and U-G-OVA, respec-
tively. For the Maillard-induced samples (blue line), the intensity of the
maximum peak drastically increased from 83.73 a.u. for the control
samples (black line) to 131.05 a.u. after grafting with xylose, which
probably demonstrated the expose of hydrophobic groups due to the
protein unfolding and the saccharide modification resulted in the ag-
gregation via crosslinking hydrophobic interactions. Although some
reports proved that the conjugates hydrophobic groups buried in
intramolecularly due to the bonding of hydrophilic straight-chain
polysaccharide increasing the hydrophilicity on the molecule surface,
thus inhibited the accessibility of ANS[12,48]. However, compared to
the classical heating OVA and G-OVA, the ANS fluorescence intensity of
U-G-OVA was significantly increased with ultrasound treatment, which
was consistent with the hypothesis according to AFM results. We sup-
posed the reason may because the ultrasonic cavitation and mechanical
effect generated in the biopolymer solution to destroy protein confor-
mation and structure, which leading to protein subunit dissociation and
the internal hydrophobic residues exposed. This presumably promoted
the Mallard reaction and resulted in the peptide chain being more
unfolded and surface hydrophobicity enhancement. Analogously, Xie
et al.[49] also illustrated that ultrasonic-induced saccharide modifica-
tion of protein exhibited higher surface hydrophobicity than native
protein.

Simultaneously, the free sulfhydryl group (-SH) content of OVA-
xylose conjugates obtained by ultrasonic treatment were significantly
higher than that of conjugates obtained by glycation and ultrasound
treatment, respectively (Fig. 7(b)). As shown, the content of free -SH
groups of OVA showed an increase with ultrasound treatment (U-OVA),
which revealed the unfolding of OVA. Correspondingly, most -SH groups
that exited in the interior of OVA were exposed with ultrasound dena-
turation[50], and thereby causing the enhancement of DG and the
rearrangement of conjugates, which correlated with the improvement of
foaming and emulsifying properties (Fig. 4). A similar result was re-
ported by Chen et al.[51], who attributed that the ultrasonic cavitation
effect and mechanical effect destroyed the protein conformation and
structure, which resulted in the exposure of the internal hydrophobic
residues and buried -SH groups. Overall, the improvement in functional
performances of OVA proved to be associated with the conformational
changes and was positively correlated with both free sulfhydryl content
and surface hydrophobicity.

4. Conclusion

Ultrasound treatment was able to speed up the DG between OVA and
xylose, which has a strong linear correlation with the surface properties.
Ultrasound treatment significantly increased the DG of OVA which the
optimum treatment conditions were: ultrasound power 189.5 W,
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ultrasound time 61.2 min and ultrasound temperature 54 °C. The
structural changes induced by ultrasound were found to mainly involve
tertiary and secondary structure, in which loss of a-helix with the for-
mation of B-sheet and disorder was presented, and causing an increase in
free sulfhydryl content and surface hydrophobicity. Moreover, The ul-
trasound treatment induces the formation of amyloid-like fibrils struc-
ture, which helps to form a network structure of conjugates, hence result
in the enhancement of surface properties. Therefore, covalent linkage of
OVA with xylose through ultrasound-assisted Maillard reaction might be
an ideal method to improve its functional properties and thus expand its
utilization in the food industry. More investigations on the glycation
mechanism between protein and polysaccharides and process optimi-
zation under ultrasound treatment need to be carried out in the future.
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