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A B S T R A C T   

Kiwifruit can trigger allergic reactions that can lead to death, causing public health concerns worldwide. In the 
present study, we treated kiwifruit samples with high-intensity ultrasound (20 kHz, 400 W, 50% duty cycle) for 
0 to 16 min to evaluate its effect on the IgE binding capacity of kiwifruit allergen Act d 2, secondary structure and 
in-vitro digestibility of kiwifruit proteins. The changes in the protein solubility and microstructures of kiwifruit 
were also analyzed. The results showed that treatment with powerful ultrasound caused a significant disruption 
in the microstructure of kiwifruit tissues, leading to the changes in the secondary structures of proteins, including 
a loss of alpha-helixes and an increase in beta-sheet structures. These structural changes were due to the ul
trasound treatment, especially 16 min of treatment, resulted in a 50% reduction in Act d 2 allergen content and 
significantly improved in-vitro digestibility up to 62% from the initial level of 35%. Furthermore, the solubility of 
the total proteins present in kiwifruit samples was significantly decreased by 20% after 16-min ultrasound 
processing. The results of this work showed that high-intensity ultrasound treatment has a potential application 
in reducing the allergenicity of kiwifruit or related products.   

1. Introduction 

Food allergy causing public health-related issues has become a global 
challenge, which affects >10% of the total population, with a higher 
prevalence among infants and children [1,2]. In 2004, the Food and 
Drug Administration (FDA) of the United States required labeling of 
products containing the “Big Eight” allergenic food items, including 
milk, eggs, fish, shellfish, tree nuts, peanuts, wheat, and soybeans [3]. 
Currently, kiwifruit is considered to cause the most common plant-based 
food allergies among fruits worldwide after the “Big Eight” [1,4]. In 
Turkey, allergic reactions triggered by kiwifruit is ranked fourth among 
children aged 6 to 9 years old [5]. In Sweden and Denmark, studies 
found that 50% of individuals with food allergy history showed cross- 
reactivity to kiwifruit since proteins in kiwifruits share amino se
quences present in other allergens [6]. In North America, up to 2% of 
individuals in the total population are allergic to kiwifruit or related 
products [7]. Since 2012, kiwifruit has been confirmed in Japan as the 
eighth-most prevalent food that triggers allergic reactions after shrimp, 

and Japan also has enacted a law for it to be listed in the ingredients of 
related food products [8]. 

In addition, many studies have found that pollen such as birch and 
ragweed pollen, and other fruits and vegetables showed cross-reactivity 
with kiwifruit since they contain similar allergenic epitopes in their 
proteins [9–13]. To date, 20–40% of the population around the world 
are allergic to pollen [4]. Thus, the number of people susceptible to 
kiwifruit allergens is increasing. Furthermore, allergic reactions to 
kiwifruit have symptoms ranging from mild to severe. The mild symp
toms are in the form of oral allergy syndrome (OAS), which includes 
itching, redness, and rashes on the skin [1,9]. Severe reactions such as a 
sudden decrease in the blood pressure and an increase of heart rate can 
result in anaphylaxis and in death [14]. Thus, kiwifruit allergy is 
becoming one of the primary health-related public issues worldwide. 

In medical studies, there are no practical approaches to cure food 
allergies. A few studies on oral immunotherapy (OIT) have obtained 
some positive results in managing peanut and milk allergy [15,16]. In 
comparison, many studies have reported that the application of thermal 
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food processing methods showed potential in reducing the allergenicity 
of kiwifruit by denaturing and aggregating allergen structures [17]. 
Fiocchi et al. (2004) boiled raw kiwifruit samples at 100 ◦C for 5 min, 
and using the samples of the boiled kiwifruit in skin prick test found that 
only 5 of 20 volunteers with histories of kiwifruit allergy developed 
allergic reactions [18]. Recently, Uberti et al. (2015) reported that the 
allergenicity of kiwifruit was significantly decreased after heating at 65 
to 110 ◦C for 15 s to 21 min [17]. However, thermal processing nega
tively affected the color attributes, flavor, and bioactive compounds (e. 
g., ascorbic acid and phenolics) present in fruit samples. Thus, novel 
non-thermal processing techniques are needed [4]. 

High-intensity ultrasound (>1 W cm− 2, 20–100 kHz), a non-thermal 
processing technique, has attracted much attention among researchers 
who are working on reducing food allergenicity. Li et al. (2006) found 
that ultrasound treatment (30 Hz, 800 W) for 1.5 h caused structural 
changes of shrimp proteins, which led to a reduction in their overall 
allergenicity [19]. Also, the inhibition value of IgE binding to immobi
lized Pen a 1 (major allergen) reached 20% when compared to the un
treated samples. Similarly, a study has reported that ultrasonic 
treatment (0–1.5 h at 50 Hz) alone significantly reduced Ara h 2 (a major 
peanut allergen) content, compared to the raw peanut samples [20]. 
However, no studies about the influence of ultrasonication on kiwifruit 
allergenicity have been reported. Therefore, in this study, we aimed to 
evaluate the effects of high-intensity ultrasound processing on the 
allergenicity and digestibility of kiwifruit proteins. The changes in 
microstructure and the secondary structures of proteins in kiwifruit 
were also analyzed. This study provided data that can be used to reveal 
the mechanisms by which ultrasound can cause a reduction in allerge
nicity of kiwifruits. 

2. Material and methods 

2.1. Sample preparation and ultrasound processing 

Green kiwifruits (A. deliciosa) were purchased and stored at room 
temperature until reaching full ripeness (15–18 ◦Brix, total soluble 
solids; firmness, 6–8 N) [21]. As described in Fig. 1, the peeled ripe 
kiwifruits were extracted with water at the ratio of 1:1 using a juicer. A 
200 mL juice sample was treated with an ultrasonicator (20 kHz, 400 W, 
Model 450 Sonifier, CT, USA), and the output power was set at 50% duty 
cycle. Ice packs were applied to keep the low temperature of the samples 
during processing. Different samples were processed for 0 min (US0), 4 
min (US4), 8 min (US8), 12 min (US12), and 16 min (US16) in triplicate. 
After each treatment, a 100 mL sample was collected and stored at 4 ◦C 
for analysis. The remainder of the juice was freeze-dried and sorted at 
− 20 ◦C. 

2.2. Total soluble protein measurement 

The Pierce BCA protein assay kit (Pierce Biotechnology, Rockford, IL, 
USA) was used to quantify the total soluble protein content in the 
kiwifruit samples. The ultrasound treated samples and untreated sam
ples were determined as described by the kit protocol. 

2.3. In-vitro protein digestibility (IVPD) and peptide content 

According to the method described by Yao et al. (2018), two enzymes 
(pepsin and pancreatin) with three-stage digestion were applied to 
simulate in-vivo digestion of proteins in the gastrointestinal tract [22]. 
During the first-stage digestion, 500 mg of dried kiwifruit samples were 
mixed with 20 mL of phosphate buffer (0.01 M, pH 7.0) and incubated at 
23 ◦C for 30 min, after which the mixture was centrifuged at 5000×g for 
10 min. The supernatant was considered to be the initial protein extract 
solution. In the second-stage digestion, the pH of the initial protein 
extract (10 mL) was adjusted to 1.5 using 1 M HCl. Then, 100 µL of 
pepsin solution (10 mg pepsin/mL in 0.01 M HCl) was added. After 30- 
min incubation at 37 ◦C, 1.0 M NaOH solution (100 µL) was mixed with 
each sample to stop the second-stage digestion. A 1.0 M NaOH solution 
was used to adjust the pH of the mixture to 7.8, and 300 µL of pancreatin 
solution (10 mg/mL in sodium phosphate buffer, pH 7.0) was added to 
start the third-stage digestion, and the mixture was incubated at 40 ◦C 
for one hour. Then, 100 µL of Na2CO3 solution (150 mM) was added to 
stop the overall digestion stages. The total protein content of samples 
during these three-stages digestions was measured using the Pierce BCA 
Protein Assay kit. The in-vitro digestibility of kiwifruit proteins was 
calculated using the following equation: 

IVPD(%) =
P0 − P1

P0
× 100  

where P0 is initial protein content, P1 is the final undigested protein 
content. 

During in-vitro protein digestion, 1 mL of initial protein extract so
lution, pepsin digested protein solution, and pancreatin digested protein 
solution was collected. These samples were centrifuged at 5000×g for 
10 min, and the supernatant was collected for the peptide measurement. 
As previously described by Iskandar et al. (2015), an o-phthalaldehyde 
(OPA) working solution composed of sodium tetraborate (100 mM), 
sodium dodecyl sulfate (20%, w/v), 40 mg/mL of OPA (methanol as 
solvent), 100 μL of β-mercaptoethanol was prepared [23]. A 10 μL 
sample from each of the three digestion stages was mixed with 150 μL 
OPA solution in a microplate and incubated for 2 min, after which the 
absorbances at 340 nm were measured and recorded using a plate reader 

Fig. 1. Experimental scheme of high-intensity ultrasound processing in kiwifruit samples.  
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(Spectra Max M2, Molecular Devices, QC, Canada). A standard curve 
was obtained using Leu-Gly (0–10000 μM) as a standard. 

2.4. SDS-PAGE and western blotting test 

Protein was extracted from freeze-dried kiwifruit with 0.01 M 
phosphate buffer (pH 7.0) for two hours at 23 ◦C. The mixture was 
centrifuged at 5000×g for 10 min at 4 ◦C [24]. The proteins in the su
pernatants were analyzed using SDS-PAGE and western blotting. Elec
trophoresis was performed using the Fisher brand™ FB-VE10-1 Vertical 
Electrophoresis System at 80 V for one hour. Western blotting was 
performed following the protocol from Bio-Rad through a Trans-Blot 
TurboTM Transfer System (Bio-Rad, QC, Canada). The related figures 
were obtained using the image LabTM software (Bio-Rad, QC, Canada). 

2.5. Measurement of kiwifruit allergen Act d 2 using Sandwich ELISA 

Act d 2 is a soluble protein that has been recognized as one of the 
major allergens presenting in kiwifruit [25]. A Sandwich ELISA kit based 
on Act d 2 was purchased from Elabscience (USA) to measure the con
centration of this allergen. The kit includes biotin-conjugated rabbit 
polyclonal antibodies, goat anti-rabbit secondary antibody, and re
combinant Act d 2. According to the protocol provided by the kit, the 
optical density (OD) is measured at 450 nm [26]. The recombinant Act 
d 2 was used as a standard to obtain the standard curve. 

2.6. Fourier transform infrared (FTIR)spectroscopy 

FTIR spectroscopy (Thermo Nicolet Analytical Instruments, Madi
son, WI, USA) was used to determine the secondary structure of kiwifruit 
proteins. Firstly, a spectrum of the background was recorded prior to 
measurement [27]. Freeze-dried kiwifruit samples (1 mg) used to 
perform the measurement, and the parameters were set with a 32-time 
scan ranging from 1000 to 2000 cm− 1 [27]. 

2.7. Circular dichroism (CD) spectroscopy 

Freeze-dried kiwifruit (0.5 g) was extracted with 5 mL of 0.01 M 
phosphate buffer (pH 7.0) for two hours, and the mixture was centri
fuged at 5000×g for 20 min at 4 ◦C [24]. The supernatants obtained from 
each sample were collected for further analysis. The secondary struc
tures (e.g., α-helixes and β-sheets) of kiwifruit protein extract was 
measured with CD spectroscopy (J-815, JASCO, Tokyo, Japan) [28]. The 
scanning was set in a continuous model ranging from 260 nm to 190 nm 
with a speed of 50 nm/min. The data obtained from 5-time scanning was 
analyzed by a CDPro Software [29]. 

2.8. Microstructure observation. 

Freeze-dried kiwifruit powder was used to evaluate microstructural 
changes due to ultrasound. This was done by using a Scanning Electron 
Microscope (SEM) (TM3000, Hitachi High-Technologies Corporation., 
Tokyo, Japan). Images of dried kiwifruit samples that were either 
treated or not treated (controls) by ultrasound were taken at 100×
magnification. 

2.9. Statistical analysis 

The data obtained from the study presented as mean ± standard 
deviation value was analyzed with a one-way analysis of variance 
(ANOVA). The SPSS software (22.0, SPSS Inc., Chicago, USA) was used 
to detect the significance between different ultrasound treatments 
including US0, US4, US8, US12, and US16 using Duncan’s multiple 
range test (p < 0.05). All the measurements were performed in triplicate. 

3. Results and discussion 

3.1. Total soluble protein content 

Solubility is considered as one of the most practical approaches for 
evaluating the denaturation and aggregation of proteins, and it is an 
indicator of protein functionality [30]. As shown in Fig. 2, the total 
soluble protein content of kiwifruit decreases as the duration of ultra
sonication increases. The initial soluble protein concentration of kiwi
fruit (US0) was 165.09 mg/g DW, which reduced by 10% after 4-min 
ultrasound processing. The protein content of US8 treated samples 
(145.36 mg/g DW) showed a slight decrease when compared with that 
of US4. After 12-min ultrasound treatment, the total soluble protein of 
kiwifruit samples decreased to 138.78 mg/g DW. Among all the treat
ments, US16 treated samples contained the lowest total soluble protein 
content (132.33 mg/g DW), which is approximately a 20% reduction 
compared with the initial level. 

These results agreed with the findings reported in previous studies, 
where processing black bean protein isolates with ultrasound at 150 W 
and 20 kHz for 12 min resulted in a reduction in solubility [31]. Simi
larly, Costa et al. (2013) found that 10 min of ultrasound treatment (376 
W/cm) caused a 50% loss in the concentration of pineapple juice protein 
[32]. The decrease in protein concentration may be associated with the 
breakdown of hydrogen bonds and peptide chains in the proteins by the 
ultrasound treatment, which in turn could alter secondary and tertiary 
protein structures [33]. Another possibility is that the protein molecules 
partially unfolded and reformed, leading to the formation of macro
molecular aggregates, which may have contributed to a reduction in the 
solubility of affected proteins [31]. This indicated that ultrasound 
treatment could potentially modify the structure of proteins or rupture 
their peptide chains, which in turn could affect the allergenicity of the 
proteins. 

3.2. In-vitro digestibility and peptide content 

Many studies have reported that plant-based proteins have lower 
digestibility when compared with the proteins in meat or dairy products 
[34]. The in-vitro digestibilities of proteins in raw soybean and in mature 
pigeon pea seed are approximate 40% [35], and 58% [36], respectively. 
In this study, the in-vitro digestibility of kiwifruit proteins was deter
mined after three-stage digestion using pepsin and pancreatin. The in- 
vitro digestibility of untreated kiwifruit proteins (US0) was 35%, and 

Fig. 2. The total soluble protein content of kiwifruit samples: untreated sample 
(US0) and those treated by ultrasound at 400 W, 20 kHz, for 4 min (US4), 8 min 
(US8), 12 min (US12), and 16 min (US16). Note: values with different letters in 
various columns are significantly different (p < 0.05) from each other. 
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then increased to 41% after four minutes of ultrasound processing 
(Fig. 3). Further slight increases to 44% and 47% in the digestibility of 
kiwifruit proteins were observed for US8 and US12 treatments, respec
tively. The highest digestibility was 62% with US16 treatment, which 
was approximate 2-fold that of the untreated samples (US0). These re
sults agreed with the findings reported by Zhu et al. (2018), where they 
treated egg white proteins with ultrasound at 400 W for 0–16 min. They 
found that the in-vitro digestibility of egg white proteins increased from 
73% to 79% [22]. However, an opposite result was reported with faba 
bean protein isolates, which observed ultrasonication caused a 4% 
reduction in the in-vitro digestibility compared with untreated protein 
samples [37]. 

During the three-stage in-vitro digestion of kiwifruit proteins, the 
peptide content was measured using the OPA assay. As shown in Fig. 4, 
ultrasonication increased the peptide content for all stages of digestion. 
The initial level of peptides in raw kiwifruit protein (US0) was 8.85 mg/ 
g DW. After 4-min and 8-min ultrasound processing, the peptide content 
increased slightly but not significantly compared with the control group 
(US0). Whereas, the peptide content significantly increased in US12 
(14.98 mg/g) and US16 (15.59 mg/g) treated samples. In the second 
stage of in-vitro digestion (pepsin), the peptide content of pepsin diges
ted samples was maintained at a similar level compared with the initial 
level. However, the peptide content was significantly enhanced in all 
treatments after the third-stage digestion with pancreatin. The highest 

Fig. 5. SDS-PAGE protein band (a) western blotting (b) of kiwifruit protein extract.  

Fig. 4. Peptide content of kiwifruit samples during different digestion stages.  

Fig. 3. In-vitro digestibility of kiwifruit proteins treated with ultrasound.  Fig. 6. Kiwifruit allergen Act d 2 content using ELISA test.  
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concentration of peptide was observed in US16 (28.60 mg/g) samples, 
followed by those for US12 (27.54 mg/g) and US8 (25.38 mg/g) sam
ples, which were approximate 3–4 time higher than in the untreated 
samples. 

The increase of peptide in the processed samples could be due to the 
improvement of the in-vitro digestibility in kiwifruit proteins when 
treated with ultrasound processing (Fig. 3). In addition, high-intensity 
ultrasound can form “cavitation effects” causing intense shear stress 
and pressure in a brief time, which can lead to either change in sec
ondary structures in the proteins or disruptions in peptide chains, 
thereby improving in-vitro digestibility and peptide content [22,38,39]. 

3.3. SDS-PAGE and western blotting 

As shown in Fig. 5a, the intensity of each protein band is decreasing 
as processing duration is increasing, especially after 16 min, which 
agrees with the changes in total soluble protein content during ultra
sound processing (Fig. 2). The intensities of the Act d 2 band for US4 and 

US8 samples were slightly but visibly lower compared to the untreated 
sample. After 16-min ultrasonication, the Act d 2 protein band could 
hardly be seen. In order to confirm these results, we performed western 
blotting to evaluate the IgE binding capacity of kiwifruit protein that 
have undergone ultrasound processing. As shown in Fig. 5b, no obvious 
differences in the IgE binding capacity of US4 and US8 treated samples 
were seen when compared with the untreated samples (US0). Whereas 
the IgE binding capacity of Act d 2 was significantly inhibited after 12 
and 16 min of ultrasound processing. Similar results have been reported 
with peach juice, soybean milk, cow milk, and shrimp when treated with 
ultrasound at frequencies of 26–30 kHz, 150–800 W, for 0–30 min 
[40–43]. This indicated that high-intensity ultrasound processing has a 
potential application in reducing the immunoactivity of allergens in 
different food products. 

3.4. Act d 2 measurement using Sandwich ELISA test 

The Sandwich ELISA test was used to quantify Act d 2 content in the 

Fig. 7. (a) Secondary structure of kiwifruit allergen; (b) Ramachandran plots of kiwifruit allergen Act d 2; (c) Sequence chain of kiwifruit allergen. (Source: protein 
data bank, PDB accession code: 4BCT). 
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kiwifruit samples. The initial concertation of Act d 2 in the raw kiwifruit 
samples was 9.6 μg/g DW, and no significant changes in the allergen 
concentration in the samples were detected during the first 8 min of 
ultrasound processing (Fig. 6). With 12 min of processing, Act d 2 
content was significantly decreased by 36%, compared with the initial 
level (US0). The highest reduction in Act d 2 content was observed in 
US16 treated samples (4.77 μg/g DW), which is 50% lower than the 
untreated sample. Thus, ultrasound processing has a potential applica
tion for reducing the allergenicity of kiwifruit. 

Li et al. (2006) treated shrimp samples with high-intensity ultra
sound at 50 ◦C for 1.5 h, and resulted in a reduction in the overall 
allergenicity of shrimp samples because of the disruption in the integrity 
and structure of shrimp proteins by ultrasound processing [19]. Also, the 
inhibition of IgE binding to immobilized Pen a 1, a major shrimp 
allergen, reached 20% when compared to untreated samples. Similarly, 
studies have reported that ultrasonic pre-treatment (0–1.5 h at 50 Hz) 
significantly reduced the Ara h 2 content, a major peanut allergen, 
compared to the raw peanut samples [20]. These reductions in these 
allergens were strongly associated with changes in their secondary 
structures resulting from “cavitation effects” occurring during the ul
trasound processing [4,7,38,44]. Further studies regarding the mecha
nisms of ultrasonication, causing a reduction in the allergenicity of 

proteins are needed. 

3.5. FTIR spectroscopy 

Act d 2 is major kiwifruit allergen with a molecular weight of 24 kDa. 
As shown in Fig. 7, Act d 2 belongs to the thaumatin-like protein family, 
and its secondary structure includes 13% helix (alpha-helix and 310 
helices) and 38% beta-sheet [4]. In the present study, Fourier-transform 
infrared (FTIR) spectroscopy was used to analyze for changes in the 
secondary structure of kiwifruit proteins caused by ultrasonication. The 
results showed that the absorbance of kiwifruit samples increased as 
ultrasound processing time increased (Fig. 8a). The amide I region 
which ranges from 1600 cm− 1 to 1700 cm− 1 is considered as the most 
representative area to evaluate secondary structural changes in the 
proteins due to minor effects resulting from C-H groups [22,45,46]. As 
shown in Fig. 8b, within the amide I region, beta-sheet structures have 
peaks in the 1613–1673 cm− 1 and 1682–1696 cm− 1 ranges, and peaks in 
the 1637–1645 cm− 1 and 1645–1662 cm− 1 ranges are related to unor
dered and alpha-helix structures, respectively. The turns structures have 
peaks in the frequency ranges of 1662–1668 cm− 1 and 1630 cm− 1 

[22,45]. In this study, the results showed that the secondary structures 
of kiwifruit samples were positively affected by the increase in pro
cessing time, especially in the case of US16, as compared with the un
treated samples (US0). This indicated that ultrasound processing has an 
impact on secondary structures. 

3.6. CD spectroscopy 

CD spectroscopy analysis was performed to quantify the secondary 
structural changes in protein due to ultrasound processing. As shown in 
Fig. 9, the beta-sheet is the major structure accounting for 30–45% of the 
total secondary structures, followed by turns and unordered structures, 
which accounted for 20–25% and 30–35% of secondary structures, 
respectively. Alpha-helixes only represented approximately 5–15%. 
Alpha helixes and beta-sheets are two major structures in the proteins 
that are considered to be responsible for the maintenance of the protein 
structure, which affect the functional properties of the protein [22]. As a 
result of ultrasound processing, the amount of alpha helixes in kiwifruit 
proteins decreased as processing time increased, especially after 16 min, 
while an enhancement in the beta-sheet of kiwifruit proteins was 
observed as compared with untreated samples (US0). No significant 
differences in the amount of turns and unordered structure in kiwifruit 
proteins were detected after ultrasound processing. 

In egg white, Zhu et al. (2018) ultrasonicated samples at 400 W for 
0–16 min. A 50% reduction in the amount of alpha-helixes and a 2-fold 

Fig. 8. Secondary structural changes of kiwifruit proteins using FTIR spectroscopy analysis.  

Fig. 9. Secondary structural changes of kiwifruit proteins using CD spectros
copy analysis. 
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increase in the beta-sheets of egg white proteins were observed as 
compared with untreated samples [22]. Similarly, in blackberries, Dou 
et al. (2019) found that the alpha-helix content decreased after ultra
sonication (300 W, 8–24 h), while no significant differences were 
observed in the content of beta-turns and random structures [47]. These 
changes in the secondary structure of the proteins might be due to shear 
forces, shock waves, and turbulence caused by ultrasonication. The 
cavitation effects can disrupt interactions between the local sequences of 
amino acids and between different parts of the protein molecule, 
resulting in the changes in the secondary structures of proteins [47]. 
However, in soy protein isolate, Ding et al. (2019) found that while 
ultrasonication decreased the contents of α-helixes and β-sheets, random 
and coil β-turn structures contents increased [48]. In jackfruit seed 
proteins, Resendiz-Vazquez et al. (2019) reported that ultrasound pro
cessing (200–600 W, 15–30 min) significantly enhanced the content of 
alpha-helixes and random coils, but decreased the beta-sheet content 
[49]. Thus, there are noticeable differences in the effect of ultrasound on 
the secondary structure of proteins extracted from different food 
matrixes. 

Furthermore, many studies have reported that the secondary struc
ture of proteins is strongly associated with their in-vitro digestibility and 
allergenicity [22,50]. In egg white proteins, a study observed a negative 
correlation between alpha-helix structures and in-vitro digestibility of 
proteins [22]. In faba bean proteins, Martínez-Velasco et al. (2018) 
found ultrasound processing resulted in an increase in β-sheets and turns 
in the secondary structures, and a slight decrease in digestibility from 
68.4% to 66% [37]. In addition, Li et al. (2012) reported that high hy
drostatic pressure processing resulted in a 45% reduction in the aller
genicity of soybean proteins, accompanying an increase in turns and 
alpha-helix structures, and a loss in the beta-sheet structures [51]. In 
apples, Meyer-Pittroff et al. (2007) reported that high pressure 
(100–600 MPa) caused a reduction in the IgE binding of apple allergen 
Mal d 1, resulting from the secondary structure deviations in the protein 
allergen [52]. Similarly, in the present study, high-intensity processing, 
especially US16, significantly reduced by 50% allergenicity (Figs. 5 & 6) 
and improved the in-vitro digestibility (55%) of kiwifruit proteins 
(Fig. 3), while contributing to changes in the secondary structure of 

proteins, namely a decrease in alpha-helix structures and an increase in 
beta-sheet structures (Fig. 9). 

3.7. Microstructure 

As shown in Fig. 10, the microstructures of ultrasound treated 
kiwifruit samples were analyzed using a scanning electron microscope 
(SEM). For US4 samples, a slight disruption or tears in microstructures as 
compared with untreated samples (US0) was observed. More disordered 
structures and irregular fragments were observed with increasing pro
cessing time, especially with 12 min of ultrasound treatment. These 
disruptions were strongly attributed to cavitational forces and micro
streaming stresses generated during high-intensity ultrasound treatment 
[31]. The most significant disruption in the kiwifruit microstructures 
was detected when the longest processing duration (16 min) was 
applied. Specifically, numerous small particles and fragments were 
clearly visible in the US16 treated kiwifruit samples, which might be due 
to the formation of transient cavitation that resulted in high pressure 
and stress over the longer duration of ultrasound processing [33,53]. 

Similar results have been reported for strawberries, kiwifruit tissues, 
and black beans when processed with high-intensity ultrasound 
[21,31,39]. High-intensity ultrasound can generate incredible high 
pressures (>1000 atm) within a brief time due to the rapid collapse of 
cavitation bubbles, which provides high energy to modify the protein 
structures [54,55]. These intense shear forces and high pressures could 
result in the breakdown of hydrogen bonds and peptide chains in the 
proteins, contributing to the improvement of their in-vitro digestibility 
[22,44]. Also, the secondary structures (e.g., alpha-helix and beta-sheet) 
of proteins were affected by these intense stresses formed during ultra
sound treatment, which may lead to a reduction in the allergenicity of 
foods [4,44,54]. 

4. Conclusion 

Kiwifruit is one of the most popular fruits worldwide because of its 
nutritional properties and health benefits to human beings. However, 
kiwifruit allergy is becoming a common fruit allergy, causing a 

Fig. 10. The microstructure changes of kiwifruit tissues treated with ultrasonication.  
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worldwide public health concern. In the present study, kiwifruit samples 
were processed with ultrasound (25 kHz, 400 W) for 0–16 min. The 
results found that 16-min ultrasound processing reduced the solubility 
of total proteins by 20%, while the in-vitro digestibility and peptide 
content were enhanced up to 62% and 3-fold, respectively, compared 
with the initial level. Furthermore, intense shear stress and pressure 
generated from ultrasonication led to a significant disruption in the cell 
and protein structures, resulting in the changes in the secondary struc
tures, including a decrease in alpha-helix content and an increase in 
beta-sheets. Finally, a 16 min of ultrasound treatment significantly 
inhibited the IgE binding capacity of Act d 2, contributing to a 50% 
reduction in Act d 2 allergen content. Therefore, high-intensity ultra
sound processing has potential applications in improving the di
gestibility and reducing the allergenicity of kiwifruit and related 
products. However, further studies regarding the mechanisms of ultra
sonication in causing a reduction in the allergenicity of proteins and 
relevant clinical studies are needed. 
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