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state. Remarkably, the IgG binding capacity of TM decreased resulting from the higher power HIU treatment
(300—500 W). After gastrointestinal digestion, the binding capacity of TM to IgG decreased to 1.31 with 500 W
treatment, while the digestibility significantly increased. Overall, the present study suggested that the
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1. Introduction that allergic patients have an immune response to TM that binds to

crab-specific immunoglobulin E (IgE) in these patients'. Therefore,
reduction the antigenicity of TM is beneficial to oyster-allergic
individuals. There is a necessity for effective methods to reduce or
eliminate the allergenicity of oysters.

The subduction of allergenicity in process is one of the effective
strategies to control food allergy. It is possible for some process
techniques to denature proteins in foods, including allergens, thereby

Food allergens are usually proteins with molecular weights in
the range of 10—70 kDa, which has a serious threat to human health
and safety with the worldwide attention"’. As a high quality protein
resource, oyster is widely consumed around the world by fresh food
and processed into various products because of the unique flavor
and nutrition. According to clinical studies, oyster consumption
can trigger a range of allergic reactions including vomiting, edema,

dizziness, hives, breathing difficulties and even life threatening™.
Tropomyosin (TM) is a major allergen in shellfish and possess a
typical coiled-coil structure formed by 2 parallel a-helices with a
molecular weight of about 38 kDa"!. Until now, the only way to
avoid oyster allergy is to avoid eating. Previous studies have shown
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reducing the allergenicity of foods. TM has thermal stability and
more epitopes can expose or form at high temperature, resulting in
the increase of allergenicity”. Thus, conventional thermal processing
is not effective in reducing the allergenicity of oysters. Compared
with chemical methods (acid or metal ion treatment) and biological
methods (enzymatic digestion or fermentation), the emerging physical
treatment technology, especially high intensity ultrasound (HIU) has
become the most common method to eliminate allergen. HIU is a
residue free and low-cost technology that also preserves the original
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flavor and quality of food to the maximum extent. However, there is a
gap in research on the effects of HIU on oyster TM and sensitization
reduction.

Ultrasound can create bubbles or cavities in the fluid and the process
of bubble growth and implosion is called cavitation. This process releases
energy and generates strong turbulence and shear stress in the cavitation
zone'. Moreover, the process accompanied by several special effects,
such as momentary extreme temperature hotspots (approximately
5 500 °C), high pressure shocks (approximately 1 000 bar), high speed
microjets (100 m/s), shock waves, acoustic flow, and free radicals
generated from dissociated water molecules™. These combined
effects can lead to the changes of food allergenicity by affecting the
structure of allergic proteins. The HIU (20—100 kHz, > 1 W/cm®) was
effective in reducing food allergenicity. Previous studies have shown
that ultrasonic treatment can be used to reduce food sensitization.
Dong et al.”’ reported as the duration of the HIU (20 kHz, 400 W)
increased, the shrimp sensitization decreased with an optimal treatment
time of 20 min. Besides, Chen et al!"” illustrated that the allergenicity
of shrimp decreased with increasing ultrasound power. Hussain et al.""
suggested that HIU (25 kHz, 900 W, 60 min) could be used to
produce hypoallergenic milk, which resulted in small diameter
(< 100 nm) of colloidal casein. However, Kerezsi et al."”! showed that
HIU (500 W) treatment was not effective in reducing the major allergens
of milk. The reduction of food allergenicity by ultrasound treatment was
probably related to the intensity and duration of process. Additionally,
the effect of HIU treatment on the structural changes and property
characterization of oyster TM has rarely been reported.

Therefore, the objectives of this study were to investigate the
effects of HIU treatment on the primary and secondary structure and
hydrophobicity of the oyster TM; alterations of in vitro digestive
properties; variations in the ability to bind to IgG. Moreover, an
attempt was made to reveal possible mechanisms of HIU treatment to
reduce the TM of oyster allergenicity. This work provides a theoretical
reference for the development of hypoallergenic shellfish products using
HIU technology.

2. Materials and methods

2.1 Chemical reagents and sample preparation

Fresh oysters (Crassostrea gigas) were acquired from Qingdao aquatic
markets and transported to the laboratory on ice. Oyster specifications
were as follows: shell length 48—50 mm, shell width 27-30 mm,
shell height 85—100 mm, weight 6590 g. The pepsin (3 000 U/g) and
trypsin (250 U/g) was obtained from Solarbio Technology Co., Ltd.
(Beijing, China). 3,3,5,5"-Tetrmethylbenzidine (TMB) and bromophenol
blue (BPB) and was got from Sigma Aldrich Co., Ltd. (Shanghai, China).
BCA Protein Assay Kit and HRP-labeled Goat Anti-Rabbit IgG (H+L)
were purchased from Beyotime Technology Co., Ltd. (Shanghai,
China). All other chemical reagents were analytical grade purchased
from Beijing Reagent Co., Ltd. (Beijing, China).

2.2 Preparation of oyster TM

The preparation of TM was carried out as described with

some modifications!*'". The muscle tissue was crushed and then

homogenized with phosphate buffered saline (PBS) (0.05 mol/L, pH 7) at

the ratio of 1:4 (m/V) by a high-speed homogenizer (D-500, Wiggens
Co., Ltd., Straubenhardt, Germany) for 1 min. The mixture was
centrifuged at 10 000 x g for 15 min. The precipitate was resuspended in
the above buffer and the steps were repeated twice to effectively remove
sarcoplasmic proteins. The obtained precipitate was resuspended in
0.05 mol/L PBS (pH 7, 1:4, m/V) with 1 mol/L NaCl and extracted at
4 °C overnight. The resuspended liquid was centrifuged at
10 000 x g for 15 min. The supernatant was fractionated with 40% and
50% saturated (NH,),SO, solution, respectively. The precipitates were
dissolved and dialyzed before being heated in a 100 °C water bath for 10 min.
Finally, all samples were stored at —20 °C for later use.

2.3 Rabbit anti-sera

The prepared TM was injected into New Zealand rabbits to obtain
rabbit antisera as reported”. The first immunization was performed
by Freund complete adjuvant mixed with immunogen (1:1, V/V).
Freund Incomplete Adjuvant was used to perform subsequent
injections at the same concentration and volume for re-stimulation
every 2 weeks for a total of 4 times. Rabbit serum was centrifuged at
4 000 x g for 10 min (4 °C) after the titre of the indirect ELISA had
reached a stable level.

2.4 HIU treatment condition

HIU treatment was performed using an ultrasonic homogenizer
(JY92-IIDN, Ningbo Scientific Biotechnology Co., Ltd., China). The
operating frequency is 20 kHz, and the diameter of the probe is 10 mm.
TM solutions (1 mg/mL, 300 mL) were treated at various power
levels (100, 200, 300, 400, 500 W) for 20 min (5 s of work and 5 s
of pause). The sample without ultrasound treatment were used as
control. All samples were freeze-dried to powder for further analysis
by a freeze dryer (SCIENTZ-10ND, Scientz Biotechnology Co., Ltd.,
Zhejiang Province, China).

2.5 SDS-PAGE detection of TM

The separation (10%) and concentration gels (5%) were selected
for SDS-PAGE determination according to Liu et al.!'”. Each gel lane
was loaded with 10 pL of samples (1 mg/mL). The electrophoresis
conditions were 30 min at 80 V and then at 120 V for 60 min.
Coomassie brilliant was used for gel staining for 1 h, followed by
destaining 3 times and overnight.

2.6 Fourier transform infrared spectroscopy (FTIR)

A FTIR spectrometer was used to scan FTIR spectrum of oyster
TM from 4 000 to 400 cm ' (Nicolet iS10, Thermo Fisher Scientific,
Madison, WI, USA). The TMs of different HIU treatments was mixed
with KBr (1:100) to detect the secondary structure with amide I region
(1 600—1 700 cm™"). The secondary structure content of the sample
was calculated by PeakFit 4.12 software.

2.7 Surface hydrophobicity measurement

A volume of 80 pL of BPB (1 mg/mL) was added to 2 mL of TM
solution (1 mg/mL, dissolved in PBS). The mixture was stirred at 25 °C
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for 10 min at 250 r/min followed by centrifugation at 2 000 x g for
10 min. The supernatant was obtained by measuring the absorbance at
595 nm. Control values were obtained by examination with PBS. The
binding capacity of BPB was as follows:

80 ng X (ODcontml — ODsampIc)
ODconlml

Binding BPB (pg) = (1)

2.8 Sulfhydryl group content of treated TM

The sulthydryl (SH) content of TM with different HIU treatments
was detected according to the previous method"”. TM (15 mg)
dissolved in Tris-glycine buffer (5 mL) was mixed with 50 pL of
Ellman’s reagent (4 mg/mL). The mixture was incubated at 40 °C
for 25 min and centrifuged (5 000 x g, 15 min). The absorbance of
the supernatant was measured at 412 nm with Tris-glycine buffer
containing Ellman’s reagent as a blank control. The SH content was
calculated according to the following formula:

73.53x4,,. *D

SH (umol/g) = C (2)

Where, 4 was the absorbance value of the sample after removing
the reagent blank; D was the number of dilutions; C represented the
concentration of the sample (mg/mL).

2.9 Intrinsic fluorescence spectra measurement

The intrinsic fluorescence spectra of TM (1 mg/mL) with different
HIU treatments was recorded at 295 nm by a F-4600 fluorescence
spectrophotometer (Hitachi, Kyoto, Japan). The scanning range was
from 300 to 400 nm with the excitation and emission slit widths of 5 nm.

2.10 UV spectra measurement

A spectrophotometer was used to detected the UV spectrum of
different HIU treated TM (UV-2550, Shimadzu, Tokyo, Japan). The
spectrum data were collected from 200 to 400 nm at a 0.2 nm interval.

2.11 Particle size measurement

The particle size of the TM samples was determined using a laser
particle size analyzer (Malvern Nano ZS, Malvern Instruments Ltd.,
Worcestershire, UK). The concentrations of raw and treated TM
solutions were adjusted to 1 mg/mL with 0.02 mol/L PBS (pH 7) and
then filtered with a 0.22 pm filter membrane. A total of 1 mL of the
solution was injected into clear test cells for analysis.

2.12  Detection of atomic force microscopy (AFM)

The morphology of the TM with different HIU treatment was
observed with an AFM (SPM-9700; Shimadzu Corporation, Kyoto,
Japan)'®. The lyophilized TM samples were dispersed in distilled
water (0.3 mg/mL). The 10 puL dispersion was deposited on a mica
plate and dried at room temperature for 2 h. Flat and stereoscopic images
were observed using a NanoScope analysis system (Bruker, USA).

2.13 Invitro digestion of TM with different HIU treatment

The in vitro digestion of TM with different HIU treatment was
based on a previous report with some modifications'”. The TM was
blended with pepsin (400 U/mg pro) which was dissolved in 1 mL
NaCl (2 mg/mL, pH 1.2). Digestion was performed at 37 °C and the
pepsin was added into samples. The reaction solution was transferred
to microcentrifuge tube at 0, 5, 10, 30, 60, and 90 min, respectively,
finally stopped with 0.2 mol/L Na,CO;.

After gastric digestion, the pH of reaction solution was adjusted
to 7.5 and then digested with trypsin (250 U/mg pro) at 37 °C. The
trypsin was added to TM samples at about 1:200 (m/m). The reaction
solution was transferred to microcentrifuge tube and immediately
boiled for 5 min to terminate the reaction at 2, 5, 10, 30 and 60 min,
respectively. Furthermore, the simulated digestion products were
analyzed by SDS-PAGE and indirect ELISA.

2.14 Western blotting analysis

The binding ability of TM to IgG with different HIU treatments
was evaluated by immunoblotting (Western blotting. PVDF membrane
(0.45 um, Wuhan Safeway Biotechnology Co., Ltd., China) was used to
transfer TM bands on SDS-PAGE gels. The transfer was accomplished
by using Tris-glycine buffer system at 200 mA for 70 min. The PVDF
membrane was then immersed in rabbit antiserum (1:20 000 dilution) and
incubated at 4 °C overnight. Subsequently, the membrane was incubated
with HRP-conjugated goat anti-rabbit IgG (1:10 000 dilution) for 1 h at
25 °C. Finally, the immunoassay was photographed using a gel rapid
documentation apparatus (Tanon-5200, Tanon Science & Technology
Co., Shanghai, China) with ECL substrate after being washed extensively
with TBST (0.01 mol/L TBS; 1% Tween-20, pH 7.4).

2.15 Dot blotting analysis

The binding capacity of TM to IgG was further investigated
using dot blot analysis according to the description™. In brief, samples
(3 uL, 0.5 mg/mL) were spotted onto nitrocellulose (NC) membranes
(Servicebio Technology Co., Ltd., Wuhan, China) and incubated with
rapid blocking buffer (Epizyme Biotech., Shanghai, China) for 15 min
at 37 °C. The membranes were incubated with rabbit anti-sera (1:20 000
dilution) at 37 °C for 1 h. After that, the membranes were incubated
with HRP-conjugated goat anti-rabbit IgG (1:10 000 dilution) at 37 °C
for 1 h. Finally, the immunoassay was photographed using a gel rapid
documentation apparatus (Tanon-5200, Tanon Science & Technology
Co., Shanghai, China) with ECL substrate.

2.16 Indirect ELISA analysis

The binding capacity of oyster TM to IgG was further evaluated.
TM was dissolved in carbonate buffer (0.05 mol/L, pH 9.6) to a final
concentration of 50 pg/mL. The above solution was incorporated into
a 96-well ELISA plate and incubated at 4 °C overnight. After 3 washes
with TBST, blocking buffer was added to the per plate and incubated
at 37 °C for 2 h. Afterwards, TMB was added to the incubated 96-well
plates for 5 min at 37 °C in the dark. Finally, H,SO, (2 mol/L) was
moved into 96-well plates to terminate the reaction. Data were obtained
by measuring absorbance at 450 nm.
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2.17 Statistical analysis

All values were presented as mean =+ standard deviation (SD) of
triplicate measurements and analyzed using ANOVA and Duncan’s
multiple range tests (SPSS 22.0 software, SPSS Inc., Chicago, IL,
USA) with a significance level of 0.05 (P < 0.05).

3. Results and discussion
3.1 SDS-PAGE analysis

As shown in Fig. 1, both natural and HIU-treated TM bands were
located at around 38 kDa. Even at the maximum ultrasonic power of
500 W, the band intensity of TM remained almost parallel. However,
compared with control, the electrophoretic band intensities of the TM
with HIU treatment were greater, which resulted from that the higher
solubility of the HIU treated TM. In previous studies, the molecular
weight spectrum of squid mantle protein and grass pea protein had
no change after HIU treatment™”. Tammineedi et al.*" reported that
a-casein treated with HIU showed no significant change in protein
band intensity by SDS-PAGE. These results indicated that TM could
maintain the structural integrity in HIU treatment.

3.2 FTIR

The FTIR spectroscopy is a common method for assessing changes in
the secondary structure of proteins. As displayed in Fig. 2, the secondary
structure in the natural TM was mainly a-helix (75.3%). With the
HIU treatment, the a-helix content of TM was decreased from 75.3%
(control) to 41.8% (500 W). In contrast, the contents of f-turn, S-sheet,
and random coil exhibited increased trends (from 7.5% to 14.8%,
6.5% to 14.0%, and 10.7% to 29.4%, respectively). These results
suggested that HIU mainly induced the conversion of a-helix to
random coil in TM molecules. However, the secondary structure
of TM is basically unchanged with the low ultrasonic power
(100 W), indicating that ultrasonic power is closely related to the

A [ ] ] B
Antigen
Bleeding
e
Immunization Seperate serum
Immobilized l H
antigen o R AZY
ccl:, A
“ 0 All antibodies
© | intheserum
p; N ' = VY
Antibodies that do not

Antigen-specific

Purified antigen-specific N-Sp)
antibodies

polyclonal antibodies recognize the antigen

Fig. 1

180 kDa
130 kDa

110 kDa

70 kDa

55kDa

40 kDa
38 kDa

35kDa

25 kDa

structure. The hydrogen bonds of protein molecule were the main
maintenance role for a-helix structures™. The higher ultrasonic
power and the stronger cavitation facilitated the breakage of
non-covalent bonds and induced the rearrangement of the protein
secondary structure. The a-helix may be critical in IgG binding
activity and digestibility™>"
of the protein, leading to altered IgG binding epitopes, and protease
cleavage sites. The above structural modifications of proteins during

, as it can significantly affect the structure

HIU to form new intramolecular or intermolecular crosslinks were
responsible for secondary structure changes. Therefore, alteration of
hydrophobic surfaces that potentially carried IgG-binding epitopes
could lead to changes in their immunoreactivity. Besides, the
secondary structure rearrangement of TM might lead to significant
changes in the tertiary structure.

3.3 Surface hydrophobicity of TM treated with HIU

Variations in the tertiary structure of proteins can be reflected by
surface hydrophobicity, based on the degree of exposure of hydrophobic
groups. As depicted in Fig. 3C, the surface hydrophobicity of HIU treated
TM was significantly (P < 0.05) enhanced compared to the control. This
indicated that HIU treatment induced protein unfolding and caused the
initial buried internal hydrophobic groups to be exposed to the surface.
In previous study, the enhancement of surface hydrophobicity of oyster

[25]

protein and chicken actomyosin by ultrasound treatment were reported.

3.4 SH group content

The SH content can partly reveal the changes in the tertiary structure
of proteins. Compared to the control group (Fig. 3D), the SH content
significantly (P < 0.05) increased with 100—300 W and exhibited a
downward trend when the ultrasound power was greater than 300 W.
Noticeably, the content reached (18.09 + 0.39) pmoL/g pro in the TM
samples treated at 500 W. The increase in SH content was attributed

Purified antigen-specific polyclonal antibodies (A) and SDS-PAGE of control and HIU treated TM (B). Lane M: marker; lane 1: control; lanes 2—6: TM

treated with 100, 200, 300, 400, and 500 W, respectively.
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Surface hydrophobicity (A), SH group content (B), intrinsic fluorescence spectra (C), and UV spectra (D), and particle size (E) of control and HIU treated

TM. Mean value (n = 3) with different letters means significantly different (P < 0.05).

to the disruption of the structure of the protein molecule, resulting
in the exposure of SH groups within the protein. Besides, ultrasonic
treatment can excite the water molecules in solution and form free
radicals”. This may cause oxidative modification of the sensitive

SH groups to form disulfide bonds, leading to a decrease in the SH

content of TM at higher ultrasonic power (> 300 W). The above
results indicated that the HIU treatment method caused significant
damage to the secondary and tertiary structure of TM. The unfolding
and loosening of the protein affected the conformational epitopes.

Therefore, HIU might affect the sensitization of TM to a great extent.
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3.5 Intrinsic fluorescence spectra

The intrinsic fluorescence spectra of TM under different HIU
treatments were used to further characterize the conformational
changes (Fig. 3A). The results indicated that the fluorescence peak
of the untreated TM was at approximately 333 nm (1 334 au).
Noticeably, the maximum fluorescence intensity of the TM exhibited
an increasing and then decreasing trend with HIU treatment, which
was lowest for the TM treated with 500 W HIU. The maximum value
was reached at an HIU power of 300 W and accompanied by a slight
red shift (333—337 nm). Similar results were discovered in the effect
of ultrasonic treatment on the structure of scallop sleeve membrane
proteins™. Increased exposure of chromophores to the external
environment caused the fluorescence intensity to be quenched by
polar solvents, resulting in a decrease in fluorescence intensity™”.
Meanwhile, this explanation was imprinted with the enhancement
of surface hydrophobicity. Moreover, the red-shift phenomenon
confirmed the alteration of the microenvironment of aromatic amino
acid residues induced by HIU treatment.

3.6 UV spectra

The main regions of the UV absorption peaks of TMs from different
HIU treatments were consistent (250—300 nm), suggesting that aromatic
amino acids determined the position of the UV absorption spectra
(Fig. 3B). The peak intensity at the maximum absorption peak increased
obviously with the increase of HIU power, while the peak position
remained unshifted. HIU increased UV absorption through disruption
of protein particles and intermolecular forces™
the protein structure was unfolded by the HIU treatment, exposing more

1. This result meant that

aromatic amino acid residues and leading to increased UV absorption.

3.7 Particle size

The mean particle size of the untreated and HIU-treated TM
samples was shown in Fig. 3E. The mean particle size of TM
significantly (P < 0.05) decreased with increasing HIU power, from
the initial (165.5 + 3.7) to (85.6 £ 1.8) nm. A study demonstrated that
high-intensity HIU treatment resulted in the formation of granular
colloids of casein with a diameter of less than 100 nm, which was
consistent with the results of the present study™. The decrease in
the mean protein particle size may be attributed to the reduction of
protein aggregates after HIU treatment, which contributed to a more
uniform TM dispersion and was confirmed by the AFM images.

3.8 AFM

The AFM images showed the differences in particle size,
distribution, and morphology between natural and HIU-treated
(500 W) TM samples at the molecular level. As depicted in Fig. 4,
The protein particles of untreated TM were large with smooth
edges, uneven distribution, and obvious aggregation. HIU treatment
decomposes TM into small molecules with irregular edges through
high-intensity dispersion, leading to an increase in surface roughness
and a decrease in aggregation”™. This result provided support for the
reduction in the mean particle size of the HIU-treated TM.

3.9 IgG binding capacity analysis

To investigate the effect of HIU treatment on TM IgG binding
capacity, Western blotting, dot blotting, and indirect ELISA analysis
were performed using TM rabbit antiserum. The Western blotting
results suggested that the immunoblot intensity of TM remained
almost parallel in the range of 100-300 W, but decreased slightly at
400 W (Fig. 5A). In addition, a marked decrease in IgG immunoblot
intensity was observed in the sample treated with the maximum
ultrasound power (500 W). A similar trend was shown in the dot
blotting results of TM samples treated with different ultrasound
powers (Fig. 5B). When the ultrasound power was at 100—200 W, no
difference in immunoblot intensity was observed between untreated
and HIU-treated TM. However, the immunoblotting intensity of
TM decreased with increasing ultrasound power (300-500 W). The
indirect ELISA results showed that IgG binding values started to
decrease (P < 0.05) when the ultrasound power was above 100 W
with the most significant effect at 500 W (Figs. 5C and D). Therefore,
high power HIU treatment effectively reduced the binding capacity of
TM to IgG and had a potential to reduce sensitization.

Since the different processing leads to changes in the conformation
of the allergen, which directly affects its allergenicity. The secondary
structure results indicated that structures increased after HIU
treatment. It has been argued that loss of the a-helix content of
TM decreased and the proportion of disordered structure possibly
hiding allergenic epitopes”®. Consequently, the IgG binding capacity
of HIU-treated TM decreased significantly at higher power levels. The
hydrophobic groups within the TM were more exposed to the surface
after HIU treatment, leading to folding of the protein structure and
alteration of the tertiary structure. However, based on the fundamental
role of epitope formation, the epitope of an allergen could not be
located in a hydrophobic region®". In summary, the exposure of TM
hydrophobic groups with high power HIU treatment increased and the
IgG binding sites were hidden resulting in a reduced binding capacity
to reduce allergenicity.

3.10 Invitro digestibility analysis

A common feature of allergenic proteins is a high resistance to
gastrointestinal digestion, which results in the retention of intact
binding sites that can trigger an allergic reaction®”. Therefore,
it is necessary to investigate the digestive properties of TM. The
in vitro digestibility of TM was analyzed by SDS-PAGE.

The in vitro simulated digestion of control and HIU-treated
TM was characterized by SDS-PAGE, including simulated gastric
digestion stages (Figs. 6A-D) and simulated intestinal digestion
stages (Figs. 6E-H). During gastric digestion, the intensity of
untreated TM bands showed an obvious decrease after 60 min
(Fig. 6A). However, the HIU-treated TM started to be digested
at 30 min (100 W) and 10 min (300 and 500 W), respectively.
In contrast, TM bands were digested more quickly after HIU
treatment. SDS-PAGE results showed that TM bands were
still present in all samples after 90 min of gastric digestion,
indicating that TM was resistant to pepsin. Furthermore, no
newly generated bands were observed because of the TM bands
degradation and generation of small molecular (< 10 kDa), which
were not visible in SDS-PAGE. During intestinal digestion,
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Fig. 6 Molecular weight changes of proteins during in vitro digestion by SDS-PAGE. Gastric stage of digestion of control (A), HIU-treated TM at 100 W (B),
300 W (C), and 500 W (D). Lane M: marker, lanes 1-6: digestion for 0, 5, 10, 30, 60, and 90 min. Intestinal digestion stage of control (E), HIU-treated TM at
100 W (F), 300 W (G), and 500 W (H). Lane M: marker, lanes 1-6: digestion for 0, 2, 5, 10, 30, and 60 min.
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the intensity of untreated and HIU-treated TM bands changed
appreciably with the increase of digestion time. After 60 min of
intestinal digestion, the untreated TM bands were no longer visible
(Fig. 6E). Moreover, the bands from 100 and 300 W treated TM
disappeared at 30 and 10 min, respectively. As presented in Fig. 6H,
the TM bands from samples treated at 500 W disappeared after
only 5 min of intestinal digestion. These results indicated that
HIU treatment promoted the in vitro digestibility of TM. This
result was attributed to the increased proportion of disordered
structures of TM induced by HIU treatment, which led to protein
unfolding and exposed more enzymatic hydrolysis sites”).
The structural change provided more recognition opportunities
for the digestive enzymes and facilitated the binding of the
enzymes to the substrate™™
size of TM accelerated the penetration of digestive enzymes
and improved the efficiency of enzymatic hydrolysis. The
difference between gastric and intestinal digestion was related
to the specificity of enzyme hydrolysis®". The cleavage site of
pepsin was phenylalanine or tyrosine, while the site of trypsin
was lysine and arginine™”!. A study proved that TM was low in
phenylalanine and tyrosine but has high content of lysine and
arginine”®. Therefore, TM was more easily hydrolyzed by trypsin.
The binding capacity with 1gG of different HIU-treated TM
digests to was further investigated by using an indirect ELISA.
For untreated TM, the IgG binding abilities of TM were decreased
after gastrointestinal digestion, particularly, a larger reduction was
detected in the intestinal digestive products (Fig. 5D). This showed
that some IgG binding epitopes of TM could be hydrolyzed by
digestive enzymes. The digestion products of HIU-treated TM

. Additionally, the decrease in particle

showed lower IgG binding values compared to the control group,
reaching the lowest value (1.31) at 500 W. These results revealed
that HIU treatment reduced the IgG binding capacity of TM by
increasing the digestibility.

Notably, the digestion products of the TM retained IgG binding
capacity even when treated at maximum ultrasound power (500 W).
This meant that IgG binding sites were still present in the digested
fragments, and HIU treatment could not completely eliminate the
antibody recognition of TM. Although it was not possible to completely
eliminate the immunoreactivity of oyster TM by HIU treatment at
present, minimization of the excitation threshold could be achieved
by optimizing the treatment conditions (power, time, temperature, etc.)
or combined treatment. Therefore, high-power HIU treatment, as a
non-thermal processing technique without destroying food quality and
nutrition, can be considered as a potential strategy for reducing the
allergenicity of oysters and the products.

4. Conclusion

After high intensity HIU treatment (> 200 W), the IgG binding
capacity of oyster TM decreased in this study. The secondary structure
mainly exhibited a decrease in a-helices and an increase in S-sheets and
random coils. The internal hydrophobic groups of TM were exposed,
proteins were unfolded, particle size was reduced, and aggregation
state was altered after HIU treatment. HIU improved digestibility and
reduced immune-binding activity by inducing conformational changes in
TM and TM aggregates, which led to the exposure of the pepsin and
trypsin cleavage sites. Indirect enzyme-linked immunosorbent results

indicated lower IgG binding values for HIU-treated TM digestion
products. Stronger HIU could loosen the structure of TM, reduce the
immune-binding activity of TM, enhance the gastrointestinal digestibility
of TM and obtain hypoallergenic digested products. High intensity HIU
treatment has the potential to be an effective method for decreasing
oyster allergenicity by reduction of immune binding activity of
allergenic proteins.
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