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A B S T R A C T   

In this work, two different covalent reactions, namely, alkaline reaction and free radical oxidation, were selected 
to compare the difference in the strengthening effects of ultrasound treatment (UDT). The grafting effects were 
verified by protein electrophoresis and bound gallic acid (GA) assay. Furthermore, non-covalent interactions 
between myofibrillar protein (MPN) aggregates were destroyed by UDT, as proved by the lower particle sizes and 
higher ζ-potential. Comparatively, the results from tertiary structure index and circular dichroism revealed UDT- 
assisted free radical oxidation could lead to better conjugates with greater structural properties. The atomic force 
microscope (AFME) and protein flexibility showed that MPNs appeared to display as irregular spherical particles 
after alkaline reaction, however, maintained fibrous structure during the free radical oxidation. Consequently, 
the combination of UDT and free radical oxidation were more effectively for strengthening the influence of 
acoustic cavitation on MPNs, of which mechanism was the changes in viscosity properties, microstructure and 
acoustic cavitation radicals.   

1. Introduction 

Developing high-quality protein products from meat as nutritional 
supplements for the special populations has been the goal of food re-
searchers in recent years [1]. Myofibrillar proteins (MPNs), the most 
abundant protein in meat, have been considered as a special choice for 
many years. In virtue of their unique structure and superior biological 
digestibility, researchers are eager to apply MPNs as building blocks for 
exploiting brand-new protein products. Moreover, a large number of 
novel strategies have been tried to ameliorate the water solubility, 
dispersion [2] and thermal stability [3] of MPN system. These studies 
interpret the possibilities of developing MPN as nutrient supplements 
from different perspectives. However, due to the lack of functionality, 
such products seem to be difficult to further attract consumers. At this 
time, polyphenol modification of MPN is essential for improving its 
insufficient functionality. 

Benefiting from its excellent antioxidant properties and pharmaco-
logical actions, gallic acid (GA) is often selected for the modification of 
protein systems to make up for their lack of functional properties. As 
reported, GA exhibited good anti-inflammatory [4], anti-carcinogenic 
[5] and anti-obesity properties [6]. Additionally, GA could form 

intermediate object to react with active sites, including amino group 
(–NH2) and/or sulfhydryl group (–SH), in MPN to change the structural 
and functional properties of protein. 

Although GA modification exhibited excellent ability in improving 
various properties of MPNs, unfavorable precipitation may be formed by 
protein crosslinking. Moreover, traditional covalent grafting is time- 
consuming and inefficient. Hence, several studies are seeking for crea-
tive approaches to replace the traditional ones. Ultrasound treatment 
(UDT) in combination with GA modification is assumed to be an inter-
esting method to improve the undesirable characteristics of MPNs [7]. It 
has long been considered that the critical advantages of UDT-assisted 
modification are the improvement of efficiency and ease of operation. 
As reported [6,8], UDT could directly trigger the generation of OH⋅ in 
the Japanese seerfish MPN solution, contributing to the covalent reac-
tion between MPN and GA. Moreover, another study [9] also confirmed 
that additional hydroxyl radicals (OH⋅) produced by UDT directly 
enhanced the yield of (− )-epicatechin gallate-MPN complex. In this re-
gard, cavitation bubbles can be produced rapidly during UDT, cutting 
the solvent molecules to generate OH⋅ at the moment of their periodic 
rupture (H2O → OH⋅+ H⋅). In comparison to free radicals induced by the 
conventional ascorbic acid system, UDT-triggered radicals are more 

* Corresponding author. 
E-mail address: xlxus@njau.edu.cn (X. Xu).  

Contents lists available at ScienceDirect 

Ultrasonics Sonochemistry 

journal homepage: www.elsevier.com/locate/ultson 

https://doi.org/10.1016/j.ultsonch.2022.105973 
Received 9 January 2022; Received in revised form 18 February 2022; Accepted 1 March 2022   

mailto:xlxus@njau.edu.cn
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2022.105973
https://doi.org/10.1016/j.ultsonch.2022.105973
https://doi.org/10.1016/j.ultsonch.2022.105973
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ultrasonics Sonochemistry 84 (2022) 105973

2

controllable. However, radicals provided by UDT are highly transient, 
and their yields are closely related to the environment [10]. In addition, 
the protein structure and system status under different covalent re-
actions may also affect the strength of cavitation bubbles. Notably, an 
UDT-induced “stress response” of myosin during the acoustic cavitation 
was also related to the action of cavitation bubbles [11]. Therefore, it is 
of great importance to investigate the difference in the strengthening 
effects of UDT for different covalent reactions. 

In this study, alkaline reaction and free radical oxidation were 
selected for covalent reactions of GA. The objective of this work was to 
compare the difference in the strengthening effects of UDT for different 
reactions. Covalent structure and conjugate efficiency were firstly 
evaluated after different modifications. Then, structural properties of 
MPN after various modifications were also assessed. In addition, vis-
cosity properties, microstructure, MPN flexibility and antioxidant 
properties were compared to study the difference of functional proper-
ties caused by the UDT. This study contributed to seek the best syner-
gistic action to maximize process efficiency. 

2. Materials and methods 

2.1. Materials and reagents 

Fresh chicken breast (white feathered chicken, ~9 pieces, pH24h ≈

6.0, L*24h ≈ 52, 4 ◦C) was purchased from Jiangsu Sushi Meat Co., Ltd. 
(Nanjing, Jiangsu). Chicken breast meat was obtained from broilers after 
being slaughtered according to the industrial standards. GA (off-white 
powder, molecular weight: 170.12, purity ≥ 98%, origin: plant), 2,2- 
diphenyl-1-picrylhydrazyl (DPPH), 3-ethylbenzothiazoline-6-sulfonic 
acids (ABTS), and vitamin E (Trolox) and other reagents (analytical 
grade) were provided by Solarbio Technology Co., Ltd. (Beijing, China). 

2.2. Isolation of MPNs 

The isolation of MPNs was conducted based on the procedure of a 
previous study [9]. Extracted solutions (1440 mL, 0.1 mol/L KCl, 2 
mmol/L EGTA, 1 mmol/L MgCl2, pH 7.0) were prepared two days in 
advance. Briefly, selected chicken breast was minced (3000 rpm, 30 s, 
4 ◦C) into meat slurry. Subsequently, these slurries (120 mL) were 
washed with the extracted solution (480 mL) for the homogenization 
(8000 rpm, 10 s, 3 times). Obtained slurries were then subjected to a 
suitable centrifugation (9.5 min, 4 ◦C, 4100 rpm). After carefully 
collection, the same procedure was conducted in triplicate. Then, ob-
tained precipitations (120 mL) were also mixed again with the NaCl 
solution (0.1 mol/L, 480 mL) for the homogenization (8000 rpm, 10 s, 3 
times). These slurries were subjected to a suitable centrifugation (9.5 
min, 4 ◦C, 4100 rpm). These treatments were also performed in triplicate 
to achieve the final MPN samples. 

2.3. Preparation of MPN samples 

To investigate the strengthening effects of UDT on different covalent 
modifications, MPN samples were subjected to 5 different treatments: 
CON: without GA and UDT; A1: without UDT, but GA was incorporated 
for the alkaline reaction; A2: GA was incorporated for the alkaline re-
action during UDT; F1: without UDT, but GA was incorporated for the 
free radical reaction; F2: GA was incorporated for the free radical re-
action during UDT. 

Briefly, different GAs (15 μmol/g MPN) were incorporated into the 
MPN samples (30 g/L) to obtain the mixture (50 mL) for the homoge-
nization (6500 rpm, 10 s) [9]. For the A1 group, the mixture containing 
GA and MPN was adjusted to a pH of 9.0. Then, the alkaline reaction was 
activated during the stirring process (350 rpm, 30 min). Afterwards, the 
pH of experimental mixture was adjusted back to 7.0. To note, the steps 
of the alkaline reaction in the A2 group were the same as those in the A1 
group. However, UDT (pulsed UDT, power: 350 ± 20 W/L, actual 

processing time: 6 min, temperature: 4 ◦C, diameter of the probe: 2.0 
cm) was performed during the stirring. For the F1 group, 0.125 g of 
ascorbic acid and 0.5 mL of hydrogen peroxide (10 mol/L) were added 
to 50 mL of the MPN solution. Thereafter, the GA was incorporated into 
the mixture under stirring (350 rpm, 30 min) for the free radical reac-
tion. It should be noted that the steps of the free radical reaction in the 
F2 group were the same as those in the F1 group. However, UDT was 
performed during the stirring. All unreacted GA was removed (24 h) via 
using dialysis at 4 ◦C, which can be verified through Folin-Ciocalteu 
method. 

2.4. Verification of covalent structure 

Covalent structure of prepared MPNs (CON, A1, A2, F1 and F2) was 
verified by protein gel electrophoresis. Briefly, 80 μL of different MPN 
samples (CON, A1, A2, F1 and F2, 1.5 g/L) were thoroughly mixed with 
20 μL of 5 × loading buffers (125 mmol/L Tris, pH 6.80, 200 mmol/L 2- 
mercaptoethanol, 4% sodium dodecyl sulfate). Thereafter, 5 μL of mixed 
samples containing different MPNs were vortexed for 3 s (3 times). The 
uniform mixtures were loaded into the fixed well for the structural 
verification at a recognized voltage (90 V). The premade dye and 
deintegration solution was used for the incubation (2 h) of the strips to 
facilitate the scanning of the obtained gels. 

2.5. Bound GA assay 

The contents of GA bound to MPN after different modifications were 
evaluated through traditional Folin-Ciocalteu method [12]. A mixture 
(9 mL) containing 1.5 mL of different MPN solutions after various 
modifications and 7.5 mL of purchased Folin-Ciocalteu reagent (0.25 
mol/L) was put in the cold storage (5 min, 4 ◦C) for the reaction. Then, 6 
mL of prepared Na2CO3 (7.5%, w/v) solution was thoroughly mixed 
with previous solution for 120 min. After centrifugation at 6000 rpm 
(4 ◦C) for 15 min, 200 μL of the supernatant was transferred for the 
measurement of the absorbance (760 nm). The contents of GA bound to 
different MPNs were calculated by using the standard curves of GA. 
Final results were expressed as μmol GA equivalent per g copolymer. The 
conjugate efficiency was also calculated as follows: 

Conjugate efficiency =
measured GA contents

total GA
× 100% (1)  

2.6. Measurements of free radical contents 

2.6.1. Terephthalic acid dosimetry 
Terephthalic acid tends to be oxidized by the OH⋅ [13] to form 2- 

hydroxyterephthalic acid. The free radical contents of MPN samples 
was also evaluated through the contents of formed 2-hydroxytereph-
thalic acid in the solution. Briefly, terephthalate solution (2 mmol/L 
terephthalic acid, 25 mmol/L NaOH, 2.5 mmol/L phosphate buffer) was 
added to samples before UDT. Then, the free radical contents were 
assessed through the fluorescence intensity of final samples (excitation 
wavelength: 310 nm, emission wavelength: 400–500 nm) after UDT. 

2.6.2. Phenanthroline dosimetry 
Phenanthroline-Fe2+ tends to be oxidized by the OH⋅ in the solution 

to form Phenanthroline-Fe3+. The free radical contents of MPN samples 
was also evaluated through the contents of formed Phenanthroline-Fe3+

in the solution. Briefly, phenanthroline solution (0.75 mmol/L 1,10-phe-
nanthroline, 0.75 mmol/L ferrous sulfate) was added to samples before 
UDT. Then, the free radical contents were assessed through the absor-
bance value (536 nm) of final samples after UDT. 

2.6.3. Crystal violet dosimetry 
The addition reaction of C = C in crystal violet with OH⋅ leads to the 

changes of the solution color. The free radical contents of MPN samples 
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was also evaluated through the contents of changed crystal violet in the 
solution. Briefly, crystal violet solution (0.1 mmol/L) was added to 
samples before UDT. Then, the free radical contents were assessed 
through the absorbance value (580 nm) of final samples after UDT. 

2.7. Particle sizes and ζ-potential 

The particle sizes [14] of prepared MPNs (CON, A1, A2, F1 and F2) 
were determined through using the principle of light scattering (Mas-
tersizer 3000, Malvern Instruments Ltd., UK). The MPN samples were 
diluted to the set concentration (1 mg/mL). Then, 2 mL of prepared 
proteins were added to the sample box. The particle size of MPNs and 
their corresponding particle size distribution can be obtained directly by 
the instrument. ζ-potential of prepared MPNs (CON, A1, A2, F1 and F2) 
were evaluated through another instrument (Nano ZS 90, Malvern In-
struments Ltd., UK). Briefly, 0.5 mL of prepared proteins (1 mg/mL) 
were added to the sample box. Also, ζ-potential of these MPN samples 
was calculated based on the frequency shifting of the light scattered by 
the charged protein. Final results were provided by the instrument. 

2.8. Surface hydrophobicity (SEH) and sulfhydryl content (SLT) 

The SEH [15] of prepared MPNs (CON, A1, A2, F1 and F2) was 
measured through hydrophobic probe. Briefly, MPN samples (8 mL, 
0.5–5.0 mg/mL) and 8-anilino-1-naphthalenesulfonic acid (40 μL) was 
mixed to obtain the stable liquid. Then, the fluorescence intensity of 
MPN was detected (4 ◦C) after the reaction for 20 min (excitation: 375 
nm, emission: 470 nm). To note, experimental SEH was assessed via 
using the slope of measured fluorescence intensity versus MPN con-
centrations (0.5–5.0 mg/mL). 

The SLT of prepared MPNs (CON, A1, A2, F1 and F2) was measured 
through Ellman’s reagent (5,5′-Dithiobis-(2-nitrobenzoic acid)). Briefly, 
MPN samples (2 mL, 1 mg/mL) and experimental Ellman’s reagent (50 
μL) was thoroughly mixed to achieve a reaction (4 ◦C) for 25 min. To 
note, experimental SLT was assessed via using the absorbance of final 
MPN samples (412 nm) [9]. 

2.9. Secondary structure 

The secondary structure of fresh MPN samples (CON, A1, A2, F1 and 
F2) were evaluated through the circular dichroism (Jasco, Tokyo, 
Japan) [9]. In brief, MPN solutions (1.5 mL) after various treatments 
(CON, A1, A2, F1 and F2) were transferred to a quartz tube (1 cm). Then, 
the spectral information was collected at 5 nm/s (190–260 nm, 4 ◦C). 
The final secondary structure were carried out through using their inner 
program (Secondary Structure Estimation). All measurements were 
performed in triplicate. 

2.10. Turbidity 

The turbidity of MPN samples (CON, A1, A2, F1 and F2) was eval-
uated through the Microplate Reader (Tecan, Austria). To be specific, 
MPN samples were mixed with phosphate buffer (50 mM) to achieve a 
suitable concentration (1 mg/mL). Subsequently, experimental turbidity 
was assessed via using the absorbance of final MPN samples (660 nm). 

2.11. Viscosity properties 

The viscosity properties of fresh MPN samples (CON, A1, A2, F1 and 
F2) were conducted through the changes of shear rates (Anton Paar, 
Austria). Briefly, MPNs were firstly placed on the rheometer for 60 s. 
Then, the shear rate range (0.1 to 100 s− 1) was selected for the mea-
surements (4 ℃) of viscosity properties. In addition, changes in apparent 
viscosity under high-speed (400 s− 1) and low-speed shear rate (1 s− 1) 
were also measured. In this regard, the shear rate was constant at 1 s− 1 

for 50 s. Thereafter, the shear rate rapidly increased to 400 s− 1, and 

remained constant at 400 s− 1 for 50 s. Ultimately, the shear rate quickly 
decreased to 1 s− 1 again, and remained constant at 1 s− 1 for the next 50 
s. 

To evaluate the viscosity properties of MPNs comprehensively, some 
proposed models (e.g. Power law model and Carreau model) were 
applied in this work. Power law model [9] was fitted according to the 
following formula:. 

η = k × γn− 1 (2) 

Where η is apparent viscosity of measured MPNs, γ and k are pre-set 
shear rates and consistency parameter of MPNs, respectively. n is fitted 
non-newtonian parameter. 

Carreau model [16] was fitted according to the following formula: 

η = η0
[
1 + (λγ)2 ]a− 1

2 (3) 

Where η0 and λ are zero shear viscosity and relaxation coefficient of 
MPN samples, respectively. a is fitted shear index. 

2.12. Antioxidant properties 

2.12.1. DPPH scavenging activities 
The DPPH scavenging activities (%) of fresh MPN-GA samples (CON, 

A1, A2, F1 and F2) were evaluated via using the methods of Zhang et al. 
[17]. To be specific, fresh MPN-GAs (2.0 mL, 0, 0.01, 0.05, 0.25, 1 and 4 
mg/mL), DPPH ethanol solution (0.8 mL, 0.4 mM) were incorporated 
into the water (4.0 mL). Then, obtained mixtures were centrifuged 
(6000 rpm, 15 min) after the reaction for 30 min (4 ◦C, in the darkness). 
Final DPPH scavenging activities were assessed through the trans-
formation of measured absorbance (517 nm). 

2.12.2. ABTS scavenging activities 
The ABTS scavenging activities (%) of fresh MPN-GA samples (CON, 

A1, A2, F1 and F2) were evaluated via using the methods of Yıldırım 
et al. [18]. To be specific, ABTS (25 mg) was added to the potassium 
persulfate (6.5 mL, 2.45 mmol/L) solution. Subsequently, the prepared 
ABTS solution was stored (14 h) at a constant temperature (25 ℃). The 
maintenance of the absorbance (734 nm, 0.70 ± 0.10) was confirmed 
before the experiments. Then, fresh MPN-GAs (1.0 mL, 1 mg/mL) and 
the prepared ABTS (3 mL) solution were subjected to an incubation 
process (60 min). Final ABTS scavenging activities were evaluated 
through the transformation of measured absorbance (734 nm). More-
over, these changes were converted to μmol Trolox equivalents (TE) per 
g of experimental samples (MPN-GAs). 

2.12.3. Ion reduction capacities 
The ion (III) reduction capacities (%) of fresh MPN-GA samples 

(CON, A1, A2, F1 and F2) were evaluated via using the strategy of Xu 
et al. [19]. Briefly, the mixture containing 2 mL of fresh MPN-GAs (1 
mg/mL), 5 mL of buffer solution (phosphate, 0.2 mol/L) and 5 mL of 
potassium ferricyanide (1%, w/v) were mixed (51 ◦C) for 21 min. 
Thereafter, 5 mL of prepared trichloroacetic acid (10%, w/v) was 
incorporated to the mixed system immediately. Then, obtained solutions 
were centrifuged (14 min, 3500 rpm). Final ion (III) reduction capacities 
were evaluated through the transformation of measured absorbance 
(700 nm) of the mixture containing the supernatant (1.25 mL), distilled 
water (0.25 mL) and ferric chloride (0.5 mL, 0.1%, w/v). Moreover, 
these changes were converted to μmol Trolox equivalents (TE) per g of 
experimental samples (MPN-GAs). 

2.13. Microstructure 

The microstructure of different groups (CON, A1, A2, F1 and F2) was 
evaluated through atomic force microscope (AFME). For AFME, the 
fresh MPN sample was dripped onto a mica sheet. Subsequently, the 
silicon cantilever operated in acoustic percussion mode (75 kHz, 0.4 N/ 
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m) to facilitate image formation. Final AFME images were analyzed 
through Nanoscope Analysis software. Cross-sections and Rq are the 
uniformity and roughness average of the system, respectively, which 
were directly given by the software. 

2.14. MPN flexibility 

The MPN flexibility of different groups (CON, A1, A2, F1 and F2) was 
measured via using the hydrolysis of trypsin [20]. Briefly, fresh mixtures 
containing trypsin (0.5 mL, 1000 U/mL, 1 mg/mL, pH 8.0) and prepared 
MPN (8 mL, 1 mg/mL, pH 8.0) were heated in a water bath at 38 ◦C (450 

rpm). After 5 min of reaction, the mixed samples were heated at high 
temperature (100 ◦C) to stop the digestion. Subsequently, obtained 
mixture was centrifuged (3500 rpm, 4 ℃) for 10 min, and the protein 
concentration was also measured (biuret method). MPN flexibility was 
assessed as follows: 

MPN flexibility (%/min) =
Ci − Cm

5 × Ci
× 100 (4) 

Where Ci and Cm are the initial protein concentration and the 
measured protein content, respectively. 

Fig. 1. Protein pattern by (A) SDS-PAGE of chicken MPN as affected by covalent grafting and UDT (band 3: myosin heavy chain). Impact of the UDT upon various 
modifications (alkaline reaction and free radical oxidation) on the (B) conjugation efficiency of GA on MPN. Effects of different covalent reactions and added UDT on 
the free radical contents of the systems through terephthalic acid (C-D), phenanthroline (E) and crystal violet (F) dosimetry. Values with different letters (a − e) in (B, 
D, E and F) indicate significantly different (p <.05). 
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2.15. Statistical analysis 

The data were presented in the form of mean ± standard deviation. 
Statistical significances of these data were analyzed by SAS software. 
Significant differences among means (CON, A1, A2, F1 and F2) were 
measured through one-way analysis of variance (ANOVA, p <.05). 
Difference groups were also evaluated through Tukey’s multiple 
comparisons. 

3. Results and discussion 

3.1. Synthesis of MPN-GA polymers 

Alkaline reaction and free radical oxidation have been proven as 
efficient methods for the formation of MPN–GA polymers. In Fig. 1, two 
obvious polymers (band 1 and 2) were observed in the A1 and A2 
groups. Moreover, the density of identified myosin heavy chain (band 3) 
decreased after the grafting. These changes indicated that GA quinone 
generated in alkaline environment reacted with some active residues [9] 
in MPNs, contributing to the formation of MPN cross-links 
(MPN–N–GA–N–MPN and/or MPN–S–GA–S–MPN). Similar trends 
were also observed in the F1 and F2 groups. It was understandable since 
amino acids in the MPN chains tended to be oxidized by the ascorbate 
radicals produced in the ascorbic acid/hydrogen peroxide system [21]. 
In this regard, these radicals localized on MPN further reacted with GA 
through newly formed covalent bonds. In contrast to free radical 
oxidation, a more obvious change in myosin heavy chain (band 3) was 
achieved in Fig. 1. This result showed that MPNs were easier to form 
protein cross-linking under alkaline conditions. Our results were 
inconsistent with previous studies. It was reported [22] that more active 
sites were available to interact with polyphenols in the free radical 
oxidation. However, Liu et al. [23] concluded that the synthesis of 
phenolic–protein conjugates was highly correlated with the nature of 
protein. Additionally, diverse reaction times might also lead to the dif-
ferences between our results and those reported studies. 

Notably, the relatively lower density of myosin heavy chain (band 3) 
in the F2 group than in the F1 group were probably attributable to the 
strengthening effect of UDT. During free radical oxidation, UDT pro-
moted the structural transformation of MPN via the strong cavitation 
effect, contributing to the protein cross-linking. Liu et al. [2] also re-
ported that the destruction of the filamentous protein structure after 
UDT (150–600 W, 15 min, 20 kHz, 20 ◦C) provided additional binding 
sites. Unfortunately, this advantage was not observed in alkaline re-
actions. This can be ascribed to the fact that a relatively higher cross- 
linking degree of myosin in the MPN has already been induced under 
the conventional alkaline condition (A1). At this time, the crosslinking 
process cannot be further enhanced by UDT. Our previous study [9] 
concluded that UDT-triggered radicals were helpful to the generation of 
low molecular weight MPN fragments (350 W/L, 6 min, 4 ◦C). Pan et al. 
[6] reported that the improved effect of UDT (400 W, 10 min, 20 kHz, 10 
◦C) on protein cross-linking was connected with the dose of GA. 
Furthermore, the strengthening effect of UDT could also be ascribed to 
the actual intensity [24] of the treatments. 

In view of the shortcoming of SDS-PAGE, total GA contents and 
conjugation efficiency were evaluated. As summarized, the GA contents 
were 4.69, 6.57, 1.27 and 3.55 μmol/g in the A1, A2, F1 and F2 after 
modifications, respectively. This result revealed that GA was success-
fully grafted on MPN molecules. It was noteworthy that conjugation 
efficiency increased by 12.57% and 15.25%, respectively, at strength-
ening system of alkaline reaction (A2) and free radical oxidation (F2) 
when compared with their original groups (A1 and F1). UDT often ex-
hibits excellent impacts on decreasing the aggregation level of various 
proteins via using their turbulent forces, such as fish MPN (400 W, 10 
min, 20 kHz, 10 ◦C), bovine serum albumin (500 W, 0–30 min, 20 kHz, 
0–4 ◦C), and β-casein (500 W, 0–30 min, 20 kHz, 0–4 ◦C) [6,25]. In this 
regard, the dynamic reaction equilibrium proceeds in a direction that is 

conducive to the formation of MPN-GA conjugates. Previous study of Li 
et al. [7] demonstrated that the transformation of protein conformation 
during UDT (100–300 W, 40 min, 20 kHz, 70 ◦C) also resulted in the 
production of more conjugates. Interestingly, the change of conjugation 
efficiency in F2 was more markedly evident (from 8.44 ± 0.85% to 
23.69 ± 1.26%) when compared with that in A2 (from 31.24 ± 0.93 % 
to 43.81 ± 3.12%). This could be explained by the limited reactive sites 
of MPN available for further reactions under the alkaline environment 
[26]. As aforementioned, a relatively high cross-linking degree of MPN 
was not conducive to the further covalent grafting of GA during the 
strengthening effect of UDT. It was therefore concluded that MPNs were 
easily modified by UDT in the free radical oxidation system. Besides, 
extra OH⋅ generated by UDT can also affect the covalent reaction of 
MPN, which will be discussed in the following chapters. 

3.2. Free radical contents 

Free radical contents of different reactions were measured through 
terephthalic acid, phenanthroline and crystal violet dosimetry. The 
result implied that the application of UDT into the system did not 
decrease the production of final OH⋅, but on the contrary did accelerate 
the generation of phenanthroline-Fe3+ and 2-hydroxyterephthalic acid. 
A previous study [6] also confirmed the important role of free radicals 
triggered by UDT in the oxidation. Furthermore, the lifting effects of the 
final products in the F2 group was more pronounced than that in the A2 
group, indicating that more OH⋅ was generated during UDT-assisted free 
radical reaction. In this regard, the presence of hydrogen peroxide in the 
F2 group caused additional dissociation [27] under the action of UDT 
(formula 5–8), thereby enhancing the formation of OH⋅ and hence 
higher rise rate of conjugation efficiency. This also evidenced that the 
maximum degree of intensification was achieved by the combination of 
UDT and free radical oxidation. 

H2O+UDT→OH⋅+H⋅ (5)  

H2O2 +UDT→2OH⋅ (6)  

UDT→h+ + e− (7)  

H2O2 + e− +H+→H2O+OH⋅ (8) 

Generally, a stronger disruption effect can be obtained when coupled 
with physical forces of UDT if the concentration of OH⋅ in the liquid is 
higher [10]. Additionally, free radicals are highly transient, and their 
yields are closely related to the environment. To simplify discussion, this 
study discussed using the OH⋅ as free radicals in strengthening pathways 
only (ascorbate radicals in the free radical oxidation was ignored). In 
this work, the strengthening effect of the chemical part depended on the 
free radicals provided by UDT. These free radicals could be acquired by 
two pathways. First, the water molecule was firstly dissociated (H2O → 
OH⋅+ H⋅) by ultrasonic cavitation, resulting in the generation of OH⋅ 
[28], subsequently attacking the MPNs and GA to form the conjugates. 
Due to the structure changes of GA induced by OH⋅ during UDT, MPN 
cross-linking could be strengthened [6]. Furthermore, the production of 
radicals was associated with the properties of cavitation bubbles in the 
medium [10]. Clearly, a relatively high cross-linking degree of MPN in 
the A2 group may be detrimental to the role of OH⋅ in cavitation bub-
bles. This will be further discussed in the viscosity properties part. The 
second way referred to the extra generation of free radicals in the 
presence of hydrogen peroxide [19,23]. It is important to note that the 
OH⋅ in this way can only be obtained in the group F2. As a result, a more 
obvious grafting change rate was acquired in the free radical oxidation. 

3.3. Particle sizes and ζ-potential 

Particle size distribution and D[4,3] values were shown in Fig. 2. 
Noticeably, a broad peak at 100 μm was achieved in particle size curves 

J. Chen et al.                                                                                                                                                                                                                                     



Ultrasonics Sonochemistry 84 (2022) 105973

6

of all groups. Moreover, another new peaks of the F1 group could be 
observed in the larger size number (about 1000 μm), indicating that 
some irregular MPN-GA aggregates were formed after conventional free 
radical oxidation. A certain number of hydroxyl groups in GA [19] could 
form hydrogen bonds with amino groups in MPN side chains. At the 
same time, OH⋅ attacked the MPN chain, leading to the formation of 
covalent bonds between GA and protein. These covalent and non- 
covalent interactions caused the protein aggregation to shift toward 
higher particle sizes. In the UDT-assisted oxidation system, due to the 
application of UDT, these peaks dissociated into small particle size dis-
tribution in the F2 group. UDT damaged non-covalent interactions be-
tween MPN molecules through the strong agitation (150–600 W, 15 min, 
20 kHz, 0–20 ◦C) [29], allowing these aggregates previously formed in 
the molecules to be destroyed. The decrease of particle size was also 
reported in other proteins, such as beef protein, soy protein isolate and 
rapeseed protein [30–31]. UDT exhibited the ability to effectively 
destroy hydrogen bond and electrostatic force of plant proteins (50 W/L, 
10 min, 20 kHz, 40 ◦C) [32]. By comparison, meat proteins, especially 
MPNs, are more sensitive [33]. Furthermore, the area of filamentous 
meat proteins that can be cavitated is larger than that of whey protein 
particles [2]. 

These acquired data were further evaluated through D[4,3] values. 
The D[4,3] decreased by 30.80% and 84.74%, respectively, at UDT- 
assisted oxidation groups of alkaline reaction (A2) and free radical 
grafting (F2) when compared with their natural groups (A1 and F1). 
UDT treatment has been recognized [2] as an useful and green method to 
disarrange the ordered structure of experimental protein, resulting in a 
noticeably reduction in the D[4,3] values of MPN. Moreover, initial 
myofilament structure of MPN might be dissociated after the action of 
violent physical cavitation force produced by UDT. In this regard, 

myosin and/or actin were released, accompanied by the protein 
unfolding, leading to the decrease in D[4,3] values. Another studies 
[14,33] also attributed this change to the breakdown of chemical bonds 
in protein. Interestingly, no significant difference was achieved in D 
[4,3] between the A2 group and the F2 group, showing that UDT dis-
rupted the original agglomerates and masses in free radical oxidation 
(F1). This, in turn, verified that stronger cavitation bubble effects in the 
free radical oxidation, which was in line with the discussion in section 
3.2. 

The ζ-potential was applied to assess the depression and aggregation 
of MPNs. Amiri et al. [30] mentioned that MPNs with high absolute 
values changed the protein aggregation, as well as promoting the 
dispersion of MPN. Our results also indicated that whereas the alkaline 
reaction enhanced the surface charge (absolute value) of MPN, free 
radical oxidation decreased this tendency, thereby disturbing the MPN 
aggregation. The differences between the A1 group and the F1 group 
could be ascribed to the reaction principle and properties of these con-
jugates [23]. Interestingly, the lowest ζ-potential intensity (negative 
charge) was achieved in the A2 group subjected to the UDT, indicating 
that MPN particles were stabilized by the strongest electrostatic repul-
sion [29]. Besides, this transformation was also tightly associated with 
the accessibility of MPN polar residues on their surface [2]. It was 
noticed that the increasing rate of ζ-potential intensity of the F2 group 
(71.32%) was much higher than that of the A2 group (11.48%) after 
UDT, indicating that more polar residues were available on MPN surface 
after being treated by the sonication. Larger ζ-potential change in the F2 
group could also be attributed to the stronger binding ability of GA 
(negative charges) to MPN under the free radical oxidation. Our previ-
ous discussion pointed out that more OH⋅ produced at this time (the F2 
group) contributed to the grafting reaction of MPN. Chen et al. [11] 

Fig. 2. Effects of different covalent reactions (alkaline reaction and free radical oxidation) and added UDT on (A) turbidity value, (B) ζ-potential, (C) particle size 
distribution and (D) D [4,3] value of MPNs. Values with different letters (a − e) in (A, B, and D) indicate significantly different (p <.05). 
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attributed the ζ-potential changes to ‘stress response’ and unfolding 
structure during UDT. Likewise, Liu et al. reported that the assembly of 
fibrous protein was inhibited by the additional electrostatic repulsion 
[2], resulting in the improvement of the MPN stability. Extra action of 
cavitation bubbles and free radicals in the UDT-assisted free radical 
oxidation might destroy the natural structure of MPNs, thereby the 
looser conformation was obtained owing to the negative charges 
distributed on the MPN surface. Consequently, the combination of UDT 
and free radical oxidation was more effective due to the stronger action 
at this time. 

3.4. SEH and SLT 

SEH was applied as an essential indicator for assessing the unfolding 
degree of MPN. As reported [34], it reflected the amounts of exposed 
hydrophobic binding cavities on MPN. As shown in Fig. 3, SEH content 
of protein decreased from 28646.48 to 20773.33 and 25285.56 after 
alkaline reaction and free radical oxidation, respectively. As subjected to 
the UDT, two groups (A2 and F2) exhibited significantly upward trends, 
whose measured fluorescence intensities were 52500.93 and 58792.96, 
respectively. These results implied that conventional oxidation treat-
ments inhibited the exposure of hydrophobic groups. In addition, the 
crosslinking structure formed during the oxidation hindered the partial 
unfolding of protein, making original hydrophobic groups buried in the 
interior regions hard to be exposed. However, noticeable enhancement 
in SEH contents were observed by Huang et al. [35] when they inves-
tigated the oxidation reaction between mulberry polyphenols and beef 
MPN. Furthermore, Zhou et al. [36] reported that the addition of 
quercetin also increased the SEH of MPN, thereby improving the cooking 
quality of cured meat. A potential explanation for the differences in SEH 
changes could be the various properties of experimental polyphenols. 

More so, protein state and polyphenol contents may also affect the MPN 
unfolding state. 

The noteworthy point is that the SEH value of MPN was enhanced 
substantially after UDT. Additionally, the increasing rate of SEH in-
tensity of the F2 group (183.02%) was significantly higher than that of 
the A2 group (83.27%) after the sonication, implying that extra action of 
cavitation bubbles and free radicals in the F2 group promoted the 
migration of the MPN hydrophobic groups. Conformational stretching 
and/or partial unfolding of protein were responsible for leading to a 
sensitive state [11] of MPN during the UDT. Meanwhile, these proteins 
could not return to their original state. In this regard, slight increase of 
free radical contents and repeated action of cavitation bubbles 
strengthened the denaturation of MPN structure. Thus, a relatively 
higher rate of SEH enhancement was found in the F2 group. A previous 
study [30] reported that most hydrophobic amino acids were negatively 
charged. Also, the increase of these SEH values in MPN samples 
improved the electrostatic repulsions between MPN chains, contributing 
to the stability of the system. As supported by the ζ-potential results, a 
stronger interaction in the F2 group was obtained. Pan et al. [6] also 
believed that the alteration of protein SEH was closely connected with 
the amount of GA. The best synergistic effect of UDT and GA on the SEH 
of MPN could be obtained at 400 W, 5 min and 25 μmol/g. Another study 
[37] reported that this changes maybe result from the different re-
sistances of the conjugation containing quercetin and whey protein to 
UDT. 

In Fig. 3, SLT of the control group was 176.38 μmol/100 mg protein. 
In general, GA formed their corresponding quinone structure under 
alkaline condition, which could further reacted with –SH in MPN, 
leading to the decrease in SLT. However, a slight enhancement of SLT 
was observed in the A1 group (195.47 μmol/100 mg). This result can be 
explained by the protein unfolding process during the experiment. 

Fig. 3. Effects of different covalent reactions (alkaline reaction and free radical oxidation) and added UDT on (A) SLT and (B) SEH of MPNs. (C) Circular dichroism 
spectra and (D) secondary structure information of MPNs following different treatments. (E) Steady-state shear and (F) transient shear properties of MPNs as affected 
by covalent reactions and UDT. Values with different letters (a − e) in (A, B, and D) indicate significantly different (p <.05). 
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Before the alkaline reaction, the system was adjusted to a pH of 9.0. At 
this time, a certain amount of sulfhydryl groups were exposed to the 
MPN surface, accompanied by the expansion of MPN compact structure 
[32]. After the reaction, the system was readjusted back to a pH of 7.0. 
However, these exposed SLT groups were not buried during this 
refolding process, resulting in the increase of final SLTs. This may be 
related to the hydrogen bonds between exposed SLT groups and poly-
phenols [38]. To note, this explanation was further confirmed in the 
neutral pH oxidation group. Obviously, SLT of the F1 group decreased 
from 176.38 to 164.13 μmol/100 mg (the control group), corresponding 

to the consumption of sulfhydryl groups in the covalent reaction. 
Notably, the SLT change rates of alkaline reaction and free radical 
oxidation were 74.86% and 119.38% after the UDT, respectively. It was 
implied that UDT-assisted free radical oxidation group (F2) promoted a 
more intense MPN unfolding. Amiri et al. [14] reported that the majority 
of these buried active groups were unmasked via disrupting the natural 
MPN structure after the UDT. In addition, another study [32] concluded 
that changes in protein size also accelerated the transformation of SLT 
groups. In conclusion, a stronger cavitation effect in the free radical 
oxidation system boosted the SLT changes when compared with alkaline 

Fig. 3. (continued). 
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system. 

3.5. Secondary structure 

While SEH and SLT measurements showed the unfolding state of 
treated proteins, the secondary structure of various MPNs was also 
evaluated to further investigate more about the conformational changes 
after modifications. The circular dichroism spectra of different MPNs 
exhibited two obvious peaks at 209 and 226 nm (Fig. 3), corresponding 
to their natural α-helix structure. As can be seen, the magnitudes of these 
bands of the CON group were destroyed after covalently binding with 
GA, indicating that ordered MPN structures were disrupted and/or lost. 
According to the obtained results, the α-helix contents were decreased 
apparently by 12.94% and 3.98% for the A1 (p <.05) and F1 group (p 
>.05), respectively. The α-helix structure might be dissociated during 
the pH changes of the alkaline reaction. This finding was in agreement 
with that reported by Li et al. [15], since pH-shifting treatment increased 
the misfolding degree of chicken MPN. Moreover, this result can also be 
explained by more severe MPN crosslinking in the A1 group than in the 
F1 group (section 3.1). Another study [39] also suggested that the 
interaction between phenolic hydroxyl groups of polyphenol and pro-
teins might also change the α-helix structure of MPN. 

In regard to the UDT-assisted oxidation groups, the sonication 
further decreased the α-helix proportions of experimental conjugates, 
corresponding to 29.83% and 27.17%, respectively, in the A2 and F2 
group. Needless to say, UDT broke hydrogen interactions [11] in MPN- 
GA, converting compact α-helix into random coil. It could also be 
attributed to the fact that the UDT disrupted the MPN strands [30], 
thereby promoting the expansion of protein structure. In contrast, UDT- 
assisted alkaline reaction group (A2, 29.36%) showed a higher per-
centage of decline than that of UDT-assisted radical grafting system (F2, 
35.67%). This may be linked with the stronger synergistic effect be-
tween UDT and free radical oxidation. Another report [19] also sug-
gested that the partially unfolding state and loose structure of the MPN 
was intensely beneficial to the covalent reaction of protein and poly-
phenol. At this time, the increased OH⋅ was more conductive to the 
improvement of conjugation efficiency in the UDT-assisted free radical 
oxidation. 

3.6. Turbidity 

The turbidity testing of various MPN solutions after modifications 
was shown in Fig. 2, which was widely studied to reflect the protein 
molecules aggregation state [40]. It has been proven [41] that the 
greater turbidity value represented poor MPN distribution. All the 
conventional oxidation treatments markedly increased the turbidity 
value, followed by a significantly downward trend when the UDT was 
introduced. It can be attributed to the fact that newly formed protein 
crosslinks after the covalent reactions interfered light scattering, thereby 
increasing the turbidity. Additionally, exposed hydrophobic residues on 
MPN are prone to aggregate via hydrophobic interaction. Meanwhile, 
the sample turbidity significantly decreased after the UDT. This may be 
because the high-intensity physical effect [33] of UDT inhibited the 
potential of MPN aggregation. Also, protein dissolution behavior [41] 
during UDT was obviously beneficial to the decrease of turbidity. Un-
expectedly, the proportion of turbidity reduction of the UDT-assisted 
alkaline reaction group (30.61%) was marginally higher than that of 
UDT-assisted radical grafting system (27.16%). A potential explanation 
for the results may be the fact that covalent grafting [9] of phenolic 
compounds on proteins contributes to the browning reactions of 
experimental conjugates. Yan et al. [42] also reported the unique color 
changes in the alkaline reaction. 

3.7. Viscosity properties 

3.7.1. Steady-state shear properties 
The steady-state shear properties of various MPN and MPN-GA sys-

tems (CON, A1, A2, F1 and F2) are depicted in Fig. 3. Generally, the 
apparent viscosity changes of the systems are essential to reflecting the 
molecular transformation and physicochemical properties of proteins. 
As can be seen, similar shear-thinning behaviors of all protein samples 
were achieved as the shear rate increasing from 0.01 s− 1 to 100 s− 1. 
These viscosity results indicated the typical non-Newtonian character-
istics of different MPN systems. Previous literature [14] also reported 
similar viscosity properties of meat MPNs. Moreover, apparent viscos-
ities of CON, A1, A2, F1 and F2 at 0.01 s− 1 were 186, 105, 21.4, 4.29 and 
13.3 Pa⋅s, respectively. It seems that UDT caused completely different 
effects on the viscosities of these two different systems. Our previous 
study [9] pointed out that UDT could increase the viscosity of MPN at 
100 s− 1 through rearranging the protein molecules. However, Amiri 
et al. concluded [14] that strong forces of UDT destroyed stable chemical 
bonds in MPNs, leading to the decrease of the sample fluidity. These 
differences of viscosity change after UDT may be closely related to the 
intensity of acoustic cavitation, protein state and experimental 
environment. 

As designed, Power law model (final fitting degree ≥ 0.99) and 
Carreau model (final fitting degree ≥ 0.91) were applied in this part to 
further assess the viscosity properties of different MPNs. Consistency 
parameter (k) of MPNs in the power law model was linked with 
conjugate-conjugate interactions and pseudoplastic behaviors in the 
system. As summarized (Table 1), lower k values were observed in the 
A1 (14.37 Pa⋅sn) and F1 (0.58 Pa⋅sn) group. It is considered that covalent 
reaction destroyed internal frictions among MPN-GAs. Similar weaker 
protein interactions were reported by Li et al. [15]. The results showed 
that UDT decreased the k value of the A1 group (from 14.37 Pa⋅sn to 
7.26 Pa⋅sn), while the F1 group performed a strengthening trend (from 
0.58 Pa⋅sn to 0.90 Pa⋅sn). A postulation was that UDT enhanced the 
protein crosslinks in the free radical oxidation, insinuating an intensive 
increase in consistency. Meanwhile, a higher protein crosslinks has been 
already achieved in the A1 group. At this time, consistency cannot be 
further enhanced by UDT [43] in the alkaline reaction. It was also 
supported that modified protein state [44] and steric hindrance after 
different covalent reactions might also cause the differences in UDT 
effects. 

Zero shear viscosity (η0) in Carreau model provides more informa-
tion about the effects of different reactions on the initial MPNs structure. 
Our previous study [9] also concluded that the alternation of breaking 
speed and winding speed in this work led to the destruction of original 
complex structure of MPNs. All of η0 values decreased significantly, 
which indicated the weak entanglement state of MPN suspensions after 
modifications. Also, two notable decreases in the A1 and F1 group 
(Table 1) referred to a more thinner system due to the regulations of 
covalent reactions. Compared with non-UDT-treated group after free 
radical oxidation, MPNs treated with UDT showed higher η0 values, 
which reflected the more chain frictions. However, the η0 values of 

Table 1 
GA contents, rheological parameters (k and η0) and protein flexibility of MPNs 
after different treatments (CON, A1, A2, F1 and F2).  

Treatments CON A1 A2 F1 F2 

GA contents 
(μmol/g) 

— 4.69 ±
0.14b 

6.57 ±
0.47a 

1.27 ±
0.13d 

3.55 ±
0.19c 

k (Pa⋅sn) 18.94 ±
0.60a 

14.37 ±
0.56b 

7.26 ±
0.23c 

0.58 ±
0.02e 

0.90 ±
0.02d 

η0 (Pa⋅s) 483.58 ±
74.86a 

309.67 ±
45.72b 

61.53 ±
5.34c 

7.22 ±
0.44e 

35.05 ±
4.17d 

MPN flexibility 
(%/min) 

0.99 ±
0.34c 

0.66 ±
0.36c 

1.42 ±
0.43ab 

1.08 ±
0.16bc 

1.52 ±
0.43a 

Note: Different letters (a-e) indicated significant differences. 
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alkaline oxidation-treated group decreased obviously after UDT, ac-
counting for the serious destroying of the rod-shaped chain structure of 
MPNs. These changes further confirmed the difference of acoustic 
cavitation in the process of free radical oxidation and alkaline oxidation. 

It was also found that the important factor affecting the action effect 
of acoustic cavitation [10] is the viscosity of the experimental solution. 
It can be predicted that the increase of protein viscosity hindered the 
generation of cavitation bubbles because of the low oscillating effects in 
the medium. The higher viscosity of the A1 group revealed that alkaline 
oxidation allowed harder diffusion of cavitation bubbles. In comparison, 
evident decrease in viscosity led to a stronger strengthening effect in the 
F2 group. Therefore, the distinctive synergy of the F2 group cannot be 
simply ascribed to the additional degradation of hydrogen peroxide 
during UDT. Taken together, it was proposed that both viscosity prop-
erties and extra OH⋅ in the free radical oxidation improved the potential 
of UDT to enhance the covalent reactions. 

3.7.2. Transient shear properties 
Viscosities of various MPN and MPN-GA systems (CON, A1, A2, F1 

and F2) under high-speed (400 s− 1) and low-speed shear rate (1 s− 1) 
were also measured (Fig. 3F). In early trials (0–50 s), the viscosity of 
modified protein suspension decreased in the order of CON > A1 > A2 >
F2 > F1. As experimental time increased, the viscosity values also 
decreased for both conventional oxidation groups and UDT-assisted 
groups. The main reason for decreasing viscosity [45] in this shear 
rate range may be the rearrangement of MPN-GA. Furthermore, non- 
covalent interactions [14] between negatively charged MPNs also had 
an impact on the final viscosity of the system. These non-covalent in-
teractions might be broken down by high-speed (400 s− 1) shear rate. 
Evidently, all groups showed a decrease trend when the shear rate 
changed from 1 s− 1 to 400 s− 1. With the increasing experimental time 
(100–150 s), the viscosities of MPN and MPN-GA systems gradually 
increased. It can be attributed to the production of MPN-MPN (or MPN- 
GA-MPN-GA) aggregates during the high-to-low-speed (from 400 s− 1 to 
1 s− 1) shearing process. Besides, non-covalent interactions increased 
again under the low-speed (400 s− 1) shear rate. Notably, there was no 
obvious difference (p >.05) in the viscosity for the free radical oxidized 
samples (F1 and F2) in the third period. This further verified the low 
degree of protein crosslinking in the process of free radical oxidation. 
Results were consistent with those of protein gel electrophoresis. 

Based on these results, we concluded that MPNs with a relatively low 
viscosity exhibited excellent responses during the action of cavitation 
bubbles. As going through covalent reactions of MPN, natural structures 
of these proteins were easier to be modified by enhanced acoustic 
cavitation. As a consequence, the contents of GA bound to MPN were 
improved. Hence, antioxidant properties, microstructure and protein 
flexibility of MPNs after various treatments (CON, A1, A2, F1 and F2) 
were subsequently evaluated. 

3.8. Antioxidant properties 

The antioxidant activities of MPN-GA conjugate after different GA 
modifications (CON, A1, A2, F1 and F2) were systematically investi-
gated through DPPH, ABTS and ion reduction capacities (Fig. 4). 
Obviously, all MPN-GA samples (0.01–4 mg/mL) showed sufficient 
DPPH scavenging capacities. At a relatively higher concentration (4 mg/ 
mL), the DPPH scavenging capacities of CON, A1, A2, F1 and F2 were 
15.22%, 71.83%, 80.32%, 45.86%, and 59.18%, respectively. Similar 
antioxidant activities of MPNs after covalent binding with GA were also 
reported by Xu et al.[19]. Besides, the ABTS and ion reduction capacities 
of MPN-GA samples (A1, A2, F1 and F2) were apparently higher than 
those of MPN group (CON). Above results demonstrated that the GA 
grafting on MPNs tremendously enhanced the original antioxidant ac-
tivities of protein. Notably, the proportion of changes in DPPH scav-
enging capacities of the UDT-assisted alkaline reaction system (29.24%) 
was obviously higher than those of UDT-assisted radical grafting system 

(11.82%) at an equivalent concentration. Similarly, the increasing rates 
of ABTS and ion reduction capacities of the F2 group (ABTS: 55.16%, ion 
reduction: 50.98%) was significantly higher than those of the A2 group 
(ABTS: 16.82%, ion reduction: 10.98%), showing that UDP induced 
better antioxidant activities in free radical oxidations. 

These results were consistent with the improvement of conjugate 
efficiency in in section 3.1. Chen et al. [46] studied the antioxidant 
activities of protein–polyphenol conjugates, they finally connected these 
properties with the concentration of oxidized polyphenols. Our previous 
study [9] believed that the antioxidant properties of polyphenols-MPN 
conjugates were closely related to the strength of the synergistic effect 
produced by UDT and covalent reaction. It is well established that more 
active sites were available on MPN after being influenced by the forceful 
sonication [6], leading to the improvement of antioxidant activities 
when compared with non-UDT-treated groups (A1 and F1). In our work, 
the low-viscosity environment of the free radical oxidation system 
resulted in the stronger cavitation, promoting the covalent binding with 
GA and final antioxidant properties. Additionally, a more clear 
enhancement of antioxidant activity in the F2 group could also be 
ascribed to their significantly structural changes, which were in agree-
ment with previous results. In summary, the combination of UDT and 
free radical oxidation was more effective for improving the antioxidant 
activities because of the best synergistic action. 

3.9. Microstructure 

The microstructure of various MPN and MPN-GA systems (CON, A1, 
A2, F1 and F2) was evaluated by AFME (Fig. 5). MPN in the CON group 

Fig. 4. Effects of different covalent reactions (alkaline reaction and free radical 
oxidation) and added UDT on (A) DPPH scavenging activities, (B) ABTS scav-
enging activities and ion reduction capacities of MPNs. Values with different 
letters (a − e or A-E) in (B) indicate significantly different (p <.05). 
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exhibited aggregated fibrous distribution. With the application of alka-
line reaction, MPNs appeared to display as irregular spherical particles 
(A1). However, these accumulated fibrous structures were retained after 
the free radical oxidation (F1). Interestingly, all MPN-GA systems began 
to show a well-distributed fibrous structure after the UDT (A2 and F2). 
Additionally, the cross-sections (height distribution) and Rq were 
effectively influenced by UDT. It illustrated that the roughness and in-
homogeneity of the system were reduced by acoustic cavitation. Liu 
et al. [2] found that the stable filamentous structure of MPN were 
changed when proteins were subjected to UDT. Li et al. [15] also linked 
this microstructure change with their loose structure. It was assumed 
that sharp change of MPN morphology under alkaline reaction led to an 
inert state of proteins. Hence, it was hard for cavitation bubbles to act on 
the proteins due to the transformation in their shapes. In comparison, 
the retention of fibrous structure under free radical oxidation was more 
susceptible to acoustic cavitation than the spherical shape [47]. It 
certificated that the slight change of MPNs microstructure resulting from 
free radical oxidation contributed to a notable improvement on acoustic 
cavitation effects. 

3.10. MPN flexibility 

The protein flexibility is usually recognized as a distinctive property 
for reflecting MPN function. In this situation, MPNs with higher mo-
lecular flexibility are more likely to change their spatial structure as the 
surrounding environment changes. The MPN flexibility of the A1 group 
was slightly lower than that of the CON group, but the measured value 
after free radical oxidation was marginally higher for the F1 group. The 
more cross-linked protein structure after grafting suggested a lower 
molecular structure flexibility of MPNs, resulting in a reduction in 
flexibility value. In contrast to the UDT-assisted free radical oxidation in 
the F2 group, the MPN flexibility treated with UDT and alkaline reaction 
increased more significantly. It seemed to be contrary to our previous 
discussion that UDT-assisted free radical oxidation displayed a better 
synergy. Actually, protein flexibility [48,49] is highly connected with 
their hierarchical structures. As confirmed in the microstructure, a 
relatively lower change of fibrous structure in free radical oxidation 
suggested a smaller protein flexibility at this time. Even though there 
was almost no change in the fibrous structure of MPN after UDT-assisted 
free radical oxidation, it was more sensitive than the spherical structure 
in the alkaline reaction. It was reasonable to speculate that the retention 

of MPN fibrous structure improved the action effects of acoustic 
cavitation. 

3.11. Proposed molecular mechanism of different systems 

The key mechanism of the synergistic effect of UDT and covalent 
reactions on MPNs was explained by chemical (acoustic cavitation 
radical) and physical effect (acoustic mechanical action). In the present 
work, the stronger improvements in the combination of UDT and free 
radical oxidation (F2) were discussed by the following deductions 
(Fig. 6): 1) the UDT promoted the additional decomposition of hydrogen 
peroxide in the F2 group, increasing the contents of OH⋅ and final 
oxidation effects. 2) Furthermore, the distinctive synergy of the F2 group 
cannot be simply attributed to the additional generation of OH⋅. The 
decrease of protein viscosity in the free radical oxidation also speed up 
the generation of cavitation bubbles due to the high oscillating effects 
during the UDT. 3) the retention of fibrous structure under free radical 
oxidation was more susceptible to acoustic cavitation than the spherical 
shape formed in the alkaline reaction. 

4. Conclusions 

This work successfully verified that the synergistic effect of UDT and 
free radical oxidation was better than alkaline reaction. It was found that 
UDT-assisted reactions promoted the stronger changes of conjugate ef-
ficiency, structural and physicochemical properties of MPN. UDT trig-
gered the exposure of more SEH and SLT during the covalent reactions. 
Notably, the secondary structure of MPN were modified by both UDT 
and covalent reactions, of which the proportions of α-helix decreased 
but random coil increased. Moreover, the advantages from UDT-assisted 
free radical oxidation were also proven by more drastic rate of particle 
sizes and ζ-potential change of the MPN-GA. Simultaneously, higher 
increasing rate of antioxidant properties of UDT-assisted free radical 
oxidation were also found. It should be noticed that the relatively low 
viscosity, retained fibrous structure and additional OH⋅ in the free 
radical oxidation jointly accelerated the maximization of synergy. This 
study explained the potential mechanisms of MPN changes induced by 
UDT-assisted covalent reactions, which aims to seek the better syner-
gistic action to maximize process efficiency. 

Fig. 5. Effects of different covalent reactions (alkaline reaction and free radical oxidation) and added UDT on (A1-A5) 3D images, (B1-B5) 2D images, (C1-C5) cross- 
sections, Rq values of MPNs. Values with different letters (a − d) in the figure indicate significantly different (p <.05). 
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