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In this study, liquid-liquid interfacial protein adsorption was proposed as a means of inactivating soy trypsin
inhibitors (TIs, including Kunitz (KTI) and Bowman-Birk inhibitor (BBI)). Hexane-water was first selected as a
model system to compare three emulsification methods (hand shaking, rotor-stator and ultrasound mixing).

}ﬂ;‘;s‘?;?:n Ultrasound could generate the smallest and least polydisperse emulsion droplets, resulting in highest interfacial
0il type adsorption amount of KTI and BBI as well as the highest inactivation percentage of TIs (p < 0.05). Therefore,

ultrasound was selected to further explore the effect of the non-aqueous phase on interfacial adsorption and
inactivation kinetics of TIs in a food emulsion system containing vegetable oil (VTO). The adsorption amounts of
KTI and BBI in the VTO-aqueous emulsion increased by ~ 25 % compared to the hexane-aqueous emulsion. In
addition, the adsorption amounts of KTI and BBI were rapidly increased as a function of sonication time,
especially for the hexane-aqueous emulsion system. This result suggests that such inactivation of TIs could be
implemented in continuous systems for large-scale processing. Finally, the pathways of interface-induced inac-
tivation of BBI and KTI were investigated based on separate experiments on individual BBI and KTI systems. The
results showed that the interface adsorption caused the changes in the secondary and tertiary structure of KTI
that led to its activitation. However, BBI was quite stable at the liquid-liquid interface without significant
conformational change. Overall, ultrasound-assisted interfacial adsorption can be considered a rapid and highly
efficient method to inactivate KTL

1. Introduction

The continued increase in human population contributes to more
demand for plant-based products and meat alternatives, especially for
some vegans or vegetarians [1]. Compared with other plant-based
products, soy products attracted more interest due to their low-fat
content, high protein content, low price and product diversification
[2]. However, the presence of anti-nutritional compounds in soy prod-
ucts limits their consumption [3]. Trypsin inhibitors (TIs) are the typical
anti-nutritional serine protease enzymes that are found in soy products
[4,5]. Up to now, two different trypsin inhibitors, namely Kunitz in-
hibitor (KTI) and Bowman-Birk inhibitor (BBI), have been identified [5].
Kunitz inhibitor is a stable monomeric, non-glycosylated and globulin-
type protein with a molecule weight of 20 kDa [6]. In comparison,
Bowman-Birk has a rigid structure stabilised by seven disulphide bonds,

with a smaller molecule weight of 10 kDa [7]. Both BBI and KTI are
undesirable because they can inhibit the activity of some important
digestive proteases (e.g., trypsin and chymotrypsin) [8]. The uptake of
BBI, KTI and TIs can impair protein digestibility and absorption as well
as increase pancreatic secretory activity [9]. Therefore, the inactivation
of TIs is vital to acquire soy products with better nutritional quality.
Recently, various traditional and advanced processes have been
applied to inactivate KTI and BBI [5,8-10]. Many of these inactivation
processes require high temperature (e.g., 200 °C) [11], high pressures (i.
e., 600 MPa) [12], extreme pH conditions (<2 and > 10) [13] or
extended treatment times (>30 mins) [8,10], all of which can increase
cost and damage other nutritional components. Accordingly, it is
important to find new methods to inactivate TIs that are effective, effi-
cient, and don’t require these extreme conditions. The simultaneous
interfacial adsorption could be a potential approach to alter the
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biological functions of proteins without involving chemicals or extreme
physical conditions [14-17]. To be specific, proteins can be adsorbed to
the solid-liquid, liquid-liquid and liquid-gas interface due to their
amphiphilic structure and then undergo continuous changes in their
shape or conformation [14,15]. As a result, these conformational
changes may help to inactivate biological functions originated from the
native protein structure [16,17]. Such adsorption procedure has been
commonly studied with food proteins [17-19], and is ultimately influ-
enced by the interfacial properties (e.g., types of liquid pairs) [17,19]
and the physicochemical properties of proteins (e.g., the structure of
proteins) [18]. For instance, Lefevre and Miller [17,19] indicated that
the adsorbed p-lactoglobulin undergoes an irreversible change in sec-
ondary structure at a water—oil interface while it can be slowly desorbed
from a water-air interface of a Langmuir trough by exchanging the
subphase with pure water. Bergfreund et al. [18] demonstrated that the
adsorption rate of random-coil proteins (f-casein) was faster than
globular proteins (egg white lysozyme) at water-MCT (medium chain
triglycerides) interface. Accordingly, interfacial adsorption can be
considered a potential method to inactivate TIs by disrupting their
native conformation. However, to our best knowledge, this approach has
yet to be applied to the inactivation of TIs. In addition, there is limited
knowledge about the conformational changes of KTI and BBI at the
interface with different properties.

Interface between two immiscible liquids widely exists in the food
industry from the upstream processing to the final products [20,21], and
can be easily manipulated by established emulsification and demulsifi-
cation processes [22]. Generally, the emulsification process requires
emulsification methods with high turbulence intensity [22-24], low
interfacial tension [24], suitable process time [25,26] and emulsifiers
[27]. For example, Taha et al. [24] found that the droplet size of soy
protein-palm oil emulsions prepared by ultrasound was 10 times smaller
than that prepared by high-shear homogenization, which contributed to
a higher adsorption amount of soy proteins. Ma et al. [27] reported that
the cod proteins modified by ultrasound as an emulsifier has higher
stability of emulsions with a 50 % increase in adsorption amount
compared to the native one. Additionally, it has been reported that
medium-chain triglycerides produced emulsions with smaller droplets
and higher protein adsorption than long-chain triglycerides in oil-in-
water emulsions stabilized by soy protein isolate [24]. However, little
is known about the effect of emulsification methods and properties of
the non-aqueous phase liquids on the adsorption and inactivation of TIs.

In this study, the feasibility and mechanism of inactivation of KTI
and BBI using liquid-liquid interfacial adsorption were systematically
evaluated in both individual KTI and BBI solutions and in mixtures of the
two. Firstly, a model emulsion system containing hexane and an aqueous
TI mixture was developed to verify the possibility of interface-induced
inactivation of TIs. The effect of turbulent conditions was examined
with hand shaking, rotor-stator mixing and ultrasonication on the basis
of interfacial area, adsorption and inactivation amount of TIs. Next,
ultrasound-assisted interfacial inactivation was investigated in a food
emulsion system (vegetable oil-water) to examine the effect of non-
aqueous phase types and the adsorption kinetic of TIs. Finally, the
interfacial-induced inactivation was examined in individual inhibitor
systems to elaborate their different individual adsorption behaviour at
water—oil interfaces, associated with the conformational characteriza-
tions during the interfacial adsorption. Overall, this research proposed a
novel approach and its mechanism of TIs inhibition for the food industry
without the use of extreme temperature, pressure or pH.

2. Materials and methods
2.1. Materials
KTI standard (Cat No. T2327, purity > 95 %), BBI standard (Cat No.

T9777, purity > 90 %), lyophilised powder of TIs (contains KTI and BBI,
Cat No. T9128, purity > 60 %), Na-Benzoyl-pL-arginine 4-nitroanilide
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hydrochloride (BApNA) and trypsin from porcine pancreas (Type II-S)
were all purchased from Sigma-Aldrich (St Louis, MO, USA) and
stored at 4 °C until use. Vegetable oil (VTO) was bought from a local
supermarket in Melbourne, Australia. 4-20 % Criterion™ TGX™ Precast
PAGE Gels were purchased from Bio-Rad Laboratories (Gladesville,
NSW, Australia) and stored at 4 °C. Chemicals including n-hexane
(HPLC-grade, purity > 99.99 %), hydrochloric acid (HCl, 36 %), tri-
fluoroacetic acid (TFA, HPLC-grade, purity > 99.99 %), acetonitrile
(HPLC-grade, purity > 99.99 %) were purchased from Sigma-Aldrich
and stored at room temperature (20 °C). All materials and chemicals
were used directly without further purification. Deionised water was
acquired from a Millipore RiOs/Origin system (Millipore Australia Pty
1td., NSW, Australia) with a resistivity of 18 mQ cm.

2.2. Interfacial adsorption and inactivation of TIs

2.2.1. Adsorption of TIs at a hexane-water interface under different
emulsification methods

To investigate the feasibility of interface-induced inactivation of TIs,
hexane-water system was chosen as a model because the adsorbed TIs
can be easily collected by volatilizing the hexane. In addition, hexane
has been used to investigate the adsorption behaviour of proteins at the
interface [28]. Three different emulsification methods, including hand
shaking (HS), rotor-stator mixing (ULTRA-TURRAX, UT) and power
ultrasound (US) mixing were compared basis of the volume and droplet
size of emulsion and the adsorption and inactivation amount of TIs. For
the interfacial adsorption emulsification process, hexane was added into
a TI mixture solution (containing both BBI and KTI) with a concentration
ranging from 200 mg/L to 1000 mg/L at a ratio of 1:1 (v:v). Next, the
two immiscible phases were emulsified by hand shaking (2 rotational
cycle/second), rotor-stator mixing (13, 500 rpm, ULTRA-TURRAX, IKA,
Cologne, Germany) and power ultrasound mixing (20 kHz, 1.28 W/mL,
Branson, Model No. 450) for 20 s [29]. The experimental images of
interfacial adsorption generated by different emulsification methods
and microstructure of the emulsion layer observed using microscopy
were presented in SI Fig. 1. To collect the adsorbed TI fraction from the
hexane-aqueous interface, the TI-hexane emulsion (including the
adsorbed and unadsorbed TIs) was collected and subjected to a 48-h
freeze-drying process (Christ Alpha 1-2 LD Plus, Germany) to remove
both hexane and water. The freeze-dried samples were then collected
carefully and redissolved in deionised water to analyse the change in
physicochemical properties. All the experiments were performed in
triplicate.

2.2.2. Adsorption kinetic of TIs in a food emulsion system different non-
aqueous interface

The emulsification method (US) with the highest potential on the
generation of emulsion and enhancement of adsorption and inactivation
of TIs was selected for further study on the effect of non-aqueous phase.
Considering the actual emulsion process in the food industry, VTO is
considered as the representative non-aqueous phase to reflect the effi-
ciency of interface-induced inactivation of TIs in the practical food
system [29,30]. The sonication time was set from O s to 240 s to provide
sufficient interfacial adsorption and avoid denaturation of TIs caused by
long-duration US [8,29-31]. To be detailed, the effect of non-aqueous
phases and ultrasonication time were evaluated using mixed TIs solu-
tions (1000 mg/L, containing KTI and BBI) mixed with hexane or VTO at
a ratio of 1:1 (v: v). Ultrasonic emulsification was performed at 20 kHz
using a Branson, Model No. 450 generator equipped with a 12 mm ul-
trasonic probe. For each emulsion system, 30 mL of immiscible liquids
were put into a 50 mL glass container which was immersed in an ice-
water bath to prevent an increase in temperature during ultra-
sonication. Ultrasonic was applied in pulses (5 s on, 5 s off) for 240 s at a
power density of 1.38 + 0.1 W/mL. 0.8 mL samples were collected at
each time point (20 s, 40 s, 80's, 120 s, 180 s, 240 s) for physicochemical
and activity analysis [29-31]. To measure the adsorbed amount of TIs,
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samples were centrifuged at 10, 000 g for 30 min at 25 °C in a
temperature-controlled centrifuge (Allegra X-30R, Beckman Boulter,
USA) to obtain the cream layer and serum layer [32,33]. Then the
adsorbed TI amount can be calculated by the difference between the
content of initial TI and TI in the serum layer. All the experiments were
performed in triplicate.

2.3. Interfacial adsorption and inactivation of BBI and KTI

To clarify the mechanism of interfacial adsorption-induced inacti-
vation of the individual TI, BBI and KTI standard solutions were pre-
pared and their adsorption procedure at the VTO-water and hexane-
water interface following the method described in section 2.2. Two
immiscible phases consisted of VTO/hexane and BBI solution (500 mg/
L) or VTO/hexane and KTI solution (500 mg/L) as the ratio of 1:1 (v:v).
Then, the immiscible liquids were emulsified by ultrasonication at 20
kHz and 1.28 W/mL. To observe the change of structure and confor-
mation of adsorbed BBI and KTI at the interface, the lyophilise power of
untreated BBI/KTI and desorbed BBI/KTI after removing the hexane-
water interface by freezing drying at —50 °C and under 0.04 mbar
pressure for 48 h (Christ Alpha 1-2 LD Plus, Germany) was collected for
the structural analysis.

2.4. The physicochemical properties of TIs

2.4.1. Quantification of individual TI content of adsorbed TIs at hexane-
water and VTO-water interface

To verify whether the BBI, KTI or both can be adsorbed at the lig-
uid-liquid interface, the amount of residue KTI and BBI was analysed
using an Agilent 1260 Infinity HPLC system (Agilent Technology Com-
pany, USA) coupled with a Jupiter RP-C18 column (250 x 4.6 mm, 5 um,
300 A) following the method described by Wu et al [10]. The binary

mobile phases were composed of (A) trifluoroacetic acid (0.1 %) in
water and (B) trifluoroacetic acid (0.1 %) in acetonitrile at a flow rate of
1 mL/min. The gradient elution program was set as follows: 0-20 min:
17 % B-33 % B; 20-36 min: 33 % B-55 % B; 36-50 min: 17 % B. The
column temperature and detection wavelength were 45 °C and 210 nm,
respectively. 20 pL samples were injected by the HPLC autosampler.
Before injection, samples were centrifuged at 10, 000 g for 30 min at
25 °C in a temperature-controlled centrifuge (Allegra X-30R, Beckman
Boulter, USA) [32,33]. The aqueous phase (serum layer) was collected
and filtered using 0.22 um PES filter to obtain the unabsorbed TIs
[32,33]. The individual TIs (BBI and KTI) were identified according to
the KTI and BBI standards (SI Fig. 2) and their concentrations were
quantified by the calibration curves of the KTI and BBI standards (SI
Fig. 3). The amount of interfacially adsorbed KTI and BBI was deter-
mined based on the differences between the initial concentrations and
unabsorbed concentrations of KTI and BBI.

2.4.2. Determination of inhibitory activity of TIs after interfacial adsorption

To evaluate whether the interface adsorption affected trypsin inhi-
bition activity, a colorimetric assay was used to measure the TI activity
[8]. Interfacial desorbed TIs were collected from the hexane-TI emulsion
and subjected to freeze drying process. TI emulsions prepared with VTO
were first centrifuged and the cream layer removed priority to measure
the residual activity of TIs remaining in the aqueous phase [32].

For the measurement of inhibitory activity of TIs, 40 mg of BApNA
powder was first dissolved in 1 mL dimethyl sulfoxide (DMSO) and then
sonicated in an ultrasonic bath for 1 min to prepare the BApNA solution.
Next, this solution was diluted to 100 mL with Tris-buffer solution (0.05
M, pH 8.2) to obtain the substrate solution. For the assay reaction pro-
cedure [34], all tubes, reagents and samples were pre-heated at 37 °C for
10 min. Then 0.2 mL trypsin solution (500 mg/L) was mixed with 0.2 mL
of diluted samples (50 mg/L) or deionised water (control) and incubated
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Fig. 2. Optical microscopy images (60 x ) and corresponding size distribution of hexane-TIs (1000 mg/L) (al-a6) and VTO-TIs (1000 mg/L) (b1-b6) emulsions
prepared over different sonication times (20 s-240 s). The corresponding interfacial area of hexane-TIs and VTO-TIs emulsion (c). The dynamic change of interfacial
tension of TIs (1000 mg/L) at hexane-water and VTO-water interfaces (1800 s). Note: VTO: vegetable oil; US: ultrasound mixing. Different lowercase letters represent
significant differences in the surface areas at different sonication times (p < 0.05). The experiments were conducted in triplicate.
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at 37 °C for 10 min. Next, 0.5 mL of substrate solution was added before
incubating for 10 min at 37 °C. 0.1 mL of 30 % acetic acid was then
added to arrest the reaction. The reagent blank was prepared by adding
0.1 mL of 30 % acetic acid to a tube containing 0.2 mL trypsin solution
and 0.2 mL deionised water before 0.5 mL of substrate solution was
added. The reaction mixture was pipetted (200 pL) into microplate wells
(96-well, flat-bottom, Greiner Bio-One) and the absorbance at 410 nm
was measured using a microplate reader (SPECTROstar Nano, BMG
Labtech). One trypsin unit is defined as an increase of 0.01 absorbance
units at 410 nm and trypsin inhibitor activity is expressed as trypsin
units inhibited [34].

2.4.3. SDS-Page

SDS-PAGE was carried out to identify the formation of intermolec-
ular interaction of TI molecules (e.g., C—C bonds, S—S bonds) that could
be related to conformational changes of desorbed KTI and BBI [8].
Briefly, 1000 mg/L of initial and desorbed KTI and BBI samples were
mixed with Laemmli sample buffer (non-reducing SDS-PAGE) or sample
buffer with 5 % mercaptoethanol (reducing SDS-PAGE) at a ratio of 1:1
(v:v). Then the mixture was heated at 90 °C for 5 min to unfold the
tertiary structure of TIs. 30 pL of sample or protein standard was
pipetted into the gel lanes of the Criterion™ TGX™ Precast PAGE Gels.
Around 400 mL of Tris/glycine/SDS running buffer was added and the
gel was run at 200 V for 40 min. After running, the gel was stained with
Coomassie Biosafe stain for 1 h following a de-staining using deionised
water for 1 h. The image of the de-stained gel was acquired using a Bio-
Safe Gel-Doc (Bio-Rad).

2.4.4. Particle size of BBI and KTI

To clarify whether the interfacial adsorption of KTI and BBI could
lead to intermolecular aggregation, the average size of untreated BBI/
KTI and desorbed BBI/KTI were measured by dynamic light scattering
(DLS, Zetasizer Nano, Malvern Analytical ltd, Malvern, UK) equipped
with a 633-nm laser at 25 °C [10].

2.4.5. Confocal laser scanning microscopy
To observe the microstructure of desorbed BBI and KTI, a Leica SP8
confocal microscope (Leica Microsystems, Wetzlar, Germany) was

employed. For this, untreated and desorbed KTI and BBI (dyed with Fast
green) from the hexane-water interface were transferred onto micro-
scope glass slides and covered with a coverslip. Fast green dye was
excited at 633 nm using Ar and He-Ne laser lines. The fluorescence
emission was captured through a 60 x lens using 2 photomultiplier
tubes set at 655-755.

2.4.6. Circular dichroism spectroscopy and fluorescence spectrum

Potential changes in the secondary and tertiary structure of KTI and
BBI desorbed from the hexane-water interface were also examined using
circular dichroism and fluorescence spectroscopy, respectively. For the
analysis of the secondary structure [10], desorbed KTI and BBI solutions
(obtained as previously described in section 2.5) and original KTI and
BBI solutions were diluted to 200 mg/L and then pipetted into a quartz
cell with 1 mm path length. The wavelength was scanned from 260 nm
to 190 nm with a scanning speed of 50 nm/min and a bandwidth of 1 nm
using circular dichroism spectroscopy (Mode J-815, JASCO Inc., Japan).
Each circular dichroism spectrogram was the average of three spectra
accumulations. a-helix, -sheet, p-turn and random coil were acquired
using Protein Secondary Structure Estimation Software of Spectra
Manager (JASCO Inc., Japan).

For the measurement of tertiary structure [10], emission fluores-
cence spectroscopy was performed on the original and desorbed KTI and
BBI solutions using an Agilent Cary Eclipse fluorescence spectropho-
tometer (Agilent Technologies, Inc, USA). The excitation wavelength
was fixed at 280 nm and the emission wavelength was measured from
290 nm to 450 nm. In addition, the slit widths of excitation and emission
were fixed at 5 nm for all measurements.

2.5. The physicochemical properties of emulsions

2.5.1. Optical and fluorescence microscopy

The microstructure of TI emulsions was observed using optical and
fluorescence images according to the method of Zhu et al. [35]. Optical
microscopy was performed using an inverted Olympus microscope
equipped with 10 x and 60 x objective lenses (Model IX7, Australia). To
obtain fluorescence images, Nile red (20 mg/L) was added to the hexane
before the preparation of emulsion. Then the Nile red-dyed hexane was
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mixed with the TI solution using handshaking, rotor—stator mixing or
ultrasonication to produce an emulsion for subsequent microscopic
observation.

2.5.2. Emulsion size distribution and average emulsion droplet size

The particle size distribution and the average size of droplets in the
emulsion layer were measured to compare the emulsion stability and
surface area following the method described by Zembyla et al. [36]
using a Malvern Mastersizer 3000 with a Hydro EV accessory (Malvern
Panalytical 1td, Malvern, UK). The emulsion layer was added into the
sample loading container to within an obscuration range of 2 % to 10 %
to avoid multiple scattering [37]. The refractive indices of water, hexane
and VTO were set as 1.33, 1.37 and 1.47, respectively. The absorption
index of 0.001 was applied. The average emulsion droplet size and the
emulsion layer volume were recorded to calculate the interfacial area.

2.5.3. Interfacial tension measurement

To understand the effect of different non-aqueous phase materials on
the adsorption of TIs at a liquid-liquid interface, an optical tensiometer
(OCA20, DataPhysics Instruments Co., Germany) was employed to
measure the water-hexane and water-VTO interfacial tension in the
presence of TIs [38]. For this, a drop of TI solution (1000 mg/L) was
injected into the hexane- or VTO-loaded rectangular cuvette. Then an
image of the pendant drop was simultaneously captured by a digital
camera to record the shape to calculate the real-time interfacial tension
using the Young-Laplace equation. The data points were collected
manually within the first 30 s and then switched to automatic acquisi-
tion at a rate of 1 datapoint every 6 s.

2.6. Statistical analyses

All treatments and analyses were conducted in triplicate. The data
are presented as the mean + SD values. Minitab 18 software was used to
analyse the data. One-way ANOVA test and Fisher’s test (at 5 % level of
probability, p < 0.05) were used to evaluate the statistical differences
among means.

3. Results and discussion

3.1. Comparison of hand shaking, rotor-stator mixing and ultrasound
mixing on the hexane-water interfacial adsorption and inactivation of TIs

To investigate the feasibility of the inactivation of TIs using the lig-
uid-liquid interfacial adsorption method, emulsification of TI solution
was applied to generate the liquid-liquid interface. In addition,
considering the concentration of TIs in the actual food system [39,40],
the initial TI concentration for emulsification was set from 200 mg/L to
1000 mg/L. Hexane as the common solvent in the food industry has been
applied to investigate the adsorption behaviour of proteins [28].
Furthermore, the adsorbed TI molecules can be easily recovered from
the hexane interface due to the highly volatile. Accordingly, the
immiscible liquids consisting of hexane and TI solution were first chosen
as the theoretical model to measure the adsorbed amount of KTI and BBI
at the droplet interface and the residue inhibitory activity of TIs after
removing the hexane-aqueous interface. Three different emulsification
methods (HS, UT and US) were employed to compare their capacity on
the generation of emulsion droplets, adsorption amount of TIs and
inactivation efficiency of TIs.

The microstructure of emulsion droplets generated by HS, UT and US
was presented in SI Fig. 1. It can be seen that emulsions prepared by US
had a higher droplet population and smaller size. For example, the
emulsion produced by HS obviously demonstrated larger emulsion
droplets (around 100 pm) due to flocculation and an uneven droplet size
distribution. In contrast, the UT emulsification of hexane-TIs presented
smaller emulsion droplets (around 50 pm) and exhibited fewer large
emulsion droplets. After US treatment of hexane-TI solution mixture, the

Ultrasonics Sonochemistry 94 (2023) 106315

formation of the smallest emulsion droplet (<20 pm) and more uniform
size distribution can be observed. The different performances of the
abovementioned emulsification methods on the generation of droplet
size may be explained by their different turbulent intensity [29].
Generally, the turbulent intensity is calculated according to the Kol-
mogorov length scale (i.e., energy dissipation rate estimation) regardless
of the total energy input. Li et al. [41] reported that the estimated tur-
bulent intensity of low-frequency US (20 kHz) was 100-fold higher (4.4
x 10 8 W/kg) than that of UT when their energy input was same, which
resulted in a smaller turbulent eddy size of during ultrasonication.

Although the emulsion can be successfully produced by selected
emulsification methods, the adsorption amount and residue activity of
TIs is still required as the direct evidence to verify the proposed inter-
facial adsorption-induced TI inactivation method. The unadsorbed
amount of BBI and KTI and the residue inhibitory activity of TIs on
hexane-TI emulsions generated by HS, UT and US mixing are presented
in Fig. 1. For HS emulsification, almost all of the KTI and BBI remained
in the aqueous phase rather than adsorbing at the hexane-water inter-
face without significant decrease in the activity, at all investigated TI
concentrations (p > 0.05). In comparison, UT showed a stronger ca-
pacity to enhance the adsorption of TIs at the low TI concentration (200
mg/L), especially for KTIL For instance, around 20 % of KTI was adsor-
bed at the interface after UT emulsification which contributed to
approximately 10 % loss of TI activity when the TI concentration was
200 mg/L. Despite this, UT mixing presented obviously low efficiency
when the TI concentration increased to over 500 mg/L (p > 0.05).
Although all selected emulsification methods have limited influence on
the adsorption of BBI. However, compared with HS or UT emulsification,
US emulsification method has the highest potential on the adsorption
and inactivation of KTI, particularly for the high TI concentration (>500
mg/L). For instance, the adsorption amount of KTI was 80 mg/L at the TI
concentration of 1000 mg/L resulting in a 19 % reduction in the TI ac-
tivity. This result is consistent with the emulsion droplet size generated
by HS, UT and US, which the emulsion with a smaller droplet size can
generate more interface for TI adsorption and inactivation. However, it
is still unclear about the reason and influencing factors of the adsorption
behaviour of KTT and BBI at the emulsion droplet interface. On the other
hand, it should be noticed that 30 min low-frequency sonication (20
kHz, 1.28 W/mL) was required to inactivate 84 mg/L of KTI at a TIL
initial concentration of 1000 mg/L according to the report of Wu et al.
[10], which the sonication time is 90-fold longer than the US-assisted
emulsification time. Therefore, the reduction and inactivation of TIs in
this study was caused by interfacial adsorption rather than US. Based on
the satisfactory performance, US was selected to further investigate the
effect of non-aqueous phase and ultrasonic time on the TI adsorption at
emulsion droplet interface.

3.2. The effect of non-aqueous phase on the US-assisted interfacial
adsorption kinetics of TIs

3.2.1. The microstructure and interfacial area of hexane-TIs and VTO-TIs
emulsions generated over different ultrasonication times

Generally, emulsification depends on the interfacial properties and
the energy transferred to a liquid-liquid system, which can be related to
the properties of the non-aqueous phase and to the ultrasonication time
[24]. In contrast to hexane, VTO is involved in the production of prac-
tical food-related products (e.g., emulsions and gels), which can provide
a guidance for the feasibility of US-assisted interfacial adsorption and
inactivation of TIs in actual food system. Images of hexane-TI (1000 mg/
L) and VTO-TI (1000 mg/L) emulsions prepared over different ultra-
sonication times (20 s-240 s) are presented in SI Fig. 4 and their optical
microscopy images and size distribution are shown in Fig. 2a. The
emulsions of hexane-TIs prepared by US exhibited bimodal particle
distributions at shorter sonication times, and became increasingly
monomodal following longer treatments. In comparison, the droplets of
VTO-TIs emulsions appeared to have overlapping bimodal distributions.
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(p < 0.05). The experiments were conducted in triplicate.

In addition, the emulsion droplets were generally smaller in the VTO-TI
emulsions (1-10 pm) than the hexane-TIs (5-100 pm) (Fig. 2¢). As a
result, the VTO emulsions had considerably higher total interfacial area
due to the decreased droplet size. For example, the estimated total
surface area (based on the volume and droplet size of emulsion layer) of
VTO-TIs emulsion droplets was approximately 3.31 m?/g compared to
0.34 m?%/g for the hexane-TIs emulsion after sonication for 20 s. In
addition to the increased surface area, smaller droplets and narrower
droplet size distributions are associated with more stable emulsions
[42]. Accordingly, VTO had better performance on the stability of
emulsion and the generation of droplet interface area, which may
benefit the adsorption process of TIs at the water—oil interface.

To further explore the reason that VTO as non-aqueous phase has
better performance on the generation of TI emulsions, the dynamic
interfacial tension of TIs (1000 mg/L) at the hexane and VTO liquids was
measured (Fig. 2d). The initial interfacial tension of TIs in hexane was
around 37 mN/m while that of TIs in VTO was 2-fold lower (16.9 mN/
m). In addition, the TIs at hexane and VTO presented different reduction
trends in interfacial tension with the increased time. Generally, the
formation (i.e., break-up and coalescence) of emulsion droplets highly

depends on the turbulence energy, interfacial energy and viscosity
[43-45]. It has been reported that the break-up rate of droplets
decreased from around 70 s~ to<10 s~ when the interfacial tension
increased from 1 mN/m to 30 mN/m [45]. This could be the reason to
explain the smaller droplet size and higher surface area observed in the
ultrasonic emulsification of VTO-TIs.

3.2.2. The adsorption amount and residue inhibitory activity of TIs in
hexane-TIs and VTO-TIs emulsions

To further verify whether the increased surface area of emulsion
droplets can benefit the adsorption and inactivation procedure, the
adsorption amount of BBI/KTI and residual inhibitory activity of TIs
were investigated and are presented in Fig. 3. For the ultrasonic emul-
sification of hexane-TIs, the residual amount of KTI in the aqueous phase
was continuously decreased by around 50 % during 240 s sonication,
while that of BBI was insignificantly changed (Fig. 3b). In comparison,
both the residual amount of KTI and BBI in the aqueous phase experi-
enced an obviously decline within the first 80 s sonication and then
plateaued in the ultrasonic emulsification of VTO-TIs. Specifically,
around 70 % of KTI and 30 % of BBI were adsorbed at the water-VTO
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interface after sonication for 240 s. This result is consistent with the
generation of larger emulsion surface area in the VTO-TI emulsion
enabling more interfacial adsorption of TIs. In addition, the residual
inhibitory activity of TIs directly reflected the inactivation efficiency of
interface-induced inactivation. As shown in Fig. 3¢, the residual inhib-
itory activity of TIs in the aqueous phase from ultrasonic emulsification
of hexane-TIs experienced a continuously decreasing trend with the
increase of sonication time from 20 s to 240 s. Differently, the inhibitory
activity of TIs in the VTO-TIs emulsion generated by ultrasound was first
decreased to around 40 % and then plateaued. Apart from the shorter
equilibrium time, the residual inhibitory activity of TIs from the VTO-TIs
emulsion was around half that in the hexane-TIs emulsion. This indicates
that using VTO as the non-aqueous phase and applying longer sonication
times can benefit the inactivation procedure of TIs by providing more
interfacial surface for adsorption. However, it is still unclear whether the
decreased TI activity was contributed by the inactivation of adsorbed
BBI, KTI or both. Also, the exact inactivation mechanism of BBI and KTI
at liquid-liquid interface is not resolved.

3.3. US-assisted interface-induced inactivation on individual BBI or KTI
systems

3.3.1. The microstructure and interfacial area of BBI and KTI emulsions
To clarify the adsorption and inactivation behaviours of KTI and BBI
at the liquid-liquid interface, BBI and KTI standard solutions (500 mg/L)
were applied for the US-assisted interface adsorption separately. The
microstructures and size distributions of BBI-VTO and KTI-VTO emul-
sions during sonication at 1.28 W/mL for 80 s are presented in Fig. 4a
and 4b. For the ultrasonic emulsification of BBI (Fig. 4a), the emulsion
droplets shifted from the bimodal particle distributions to the mono-
modal distribution when the sonication time was increased from 20 s to
40 s. However, the further increase in the sonication time contributed to
the phase inversion of BBI emulsion (from O/W to W/0), which reduced
the emulsion volume and increased the droplet size (SI Fig. 5 and SI
Fig. 6). To further verify the phase inversion in BBI emulsions, the ul-
trasonic emulsification time was increased to 240 s and the same phe-
nomenon can be still observed (SI Fig. 7). As a result, a significant shift in
the interfacial area of BBI emulsion can be found, with a decrease from
over 4 m%/mL to<0.2 m?/mL when the ultrasonic time was increased
from 40 s to 80 s. Differently, the KTI emulsion obtained from ultrasonic
emulsification was more stable without obvious coalescence or phase
inversion. Consequently, the calculated surface area of KTI emulsion
was significantly higher than that of the BBI emulsion after 80 s of
sonication (Fig. 4c). Generally, the catastrophic phase inversion is
triggered by high turbulence intensity such as US [43]. However, the
phase inversion of the emulsion could also be related to the emulsifier
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properties [46-48]. Interfacial rearrangement could reduce system en-
tropy, surface free energy, wetting angle and maintain droplet curvature
which make the system more stable [43,46-48]. In comparison, proteins
with higher stability cannot contribute to the interfacial energy reduc-
tion, which is more likely to trigger phase inversion due to the higher
wetting angle [43,46-48]. Accordingly, the different stability of BBI and
KTI emulsions may be related to their structural properties since the
ultrasonic condition and initial non-aqueous phase fraction were the
same during ultrasonic emulsification. The specific structural change of
KTT and BBI on the interfacial surface was clarified in the later section.

3.3.2. Adsorption amount and residue inhibitory activity of BBI and KIT

To clarify whether the abovementioned differences in the interfacial
areas of BBI and KTI emulsions is related to their different adsorption
and inactivation behaviour, their adsorption amount and residual
inhibitory activity were compared. As shown in Fig. 5a, the residual
amount of KTI was decreased by 80% following ultrasonic emulsifica-
tion for 40 s and then remained at this level over further ultrasonication.
This trend was similar to the change in residual activity, implying that
the adsorption of KTI at the liquid-liquid interface contributes directly
to its inactivation. Contrarily, the residual amount and activity of BBI
showed a decreasing trend after ultrasonic emulsification for 40 s. With
prolonged sonication (>40 s), both the residual amount and activity of
BBI were significantly increased (Fig. 5b). In addition, RP-HPLC spectra
showed that the retention time and peak shape of emulsions of BBI
sonicated for 80 s were similar to a non-sonicated emulsion (SI Figure 8).
It has been proposed that US can help desorb colloidal particles from the
interfaces of emulsions and foams and such desorption behaviour de-
pends on the properties of particles [49]. Therefore, the minor change in
both peak area and retention time of BBI after ultrasonic emulsification
for 80 s may be related to the US-induced desorption of BBI from the
interface due to the instability of the emulsion. This result is consistent
with the aggregation and coalescence of emulsion droplets observed in
ultrasonic emulsification of BBI for 80 s. These results further confirm
the positive association between the interfacial area of the emulsion and
the adsorption amount/residue activity of BBI/KTI. However, it is still
unknown about the relationship between the adsorption and inactiva-
tion behaviours of BBI and KTI at the liquid-liquid interface.

3.3.3. Conformational changes in BBI and KTI at the liquid-liquid interface

To clarify the pathway of interface-induced inactivation of TIs, the
BBI and KTI were first adsorbed at the hexane-water interface and then
desorbed from the interface by freeze-drying. The particle size of orig-
inal BBI/KTI and desorbed BBI/KTI were first compared. As shown in
Fig. 6b, the average size of untreated BBI and KTI were both around 5
nm. After adsorption and desorption from the hexane-water interface,
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the average size of KTI was significantly increased to over 1000 nm with
an observable aggregation using confocal microscopy (Fig. 6a). How-
ever, there was only a very minor change in the particle size of BBI (p >
0.05) following desorption, indicating the different behaviour of KTI
and BBI at the liquid-liquid interface. Generally, the adsorption of
proteins at a liquid-liquid interface can be classified into two stages
[50]. In the first stage, the proteins can migrate and attach to the lig-
uid-liquid interface due to their hydrophilicity and hydrophobicity. In
the second stage, the structural rearrangement of adsorbed proteins al-
lows them to form a viscoelastic film at the interfacial layer, which can
stabilize the emulsion droplets via steric hindrance and electrostatic
repulsion. Therefore, abovementioned different size of desorbed BBI and
KTI may be related to the different adsorption behaviour at the second
stage.

To verify whether the different aggregation degree of desorbed BBI
and KTI is associated with their structural rearrangement at liquid-
-liquid interface, the secondary and tertiary structure of desorbed BBI
and KTI were further compared with their original form. Compared with
untreated KTI, the o-helix and p-turn of desorbed KTI was decreased
while the p-sheet was significantly increased (Fig. 6¢). A similar trend
was demonstrated by Wong et al. [51], in which the a-helix content of
B-casein at an oil-water emulsion interface was decreased while there
was an increase in the p-sheet content. Interestingly, the secondary
structure of desorbed BBI was not signficantly affected by adsorption at
the liquid-liquid interface (p > 0.05).

The intrinsic fluorescence spectra of original BBI, original KTI, des-
orbed BBI and desorbed KTI are shown in Fig. 6d. Intrinsic fluorescence
is mainly generated from tryptophan residues (Trp) and tyrosine resi-
dues (Tyr) in TIs, and can reflect changes in the tertiary structure of
proteins [52]. The obvious decrease in the fluorescence intensity of
desorbed KTI indicates a change in the tertiary structure (Fig. 6d) [10].
For BBI, there was no obvious changes in the shift of A™®* or the fluo-
rescence intensity, which is consistent with the result of secondary
structure. In addition, non-reducing and reducing SDS-PAGE showed
that there was no formation of C—C or S—S bond in either the desorbed
BBI or KTI (Fig. 6e), confirming that the adsorption behaviour did not
involve a chemical reaction. The different phenomena of desorbed BBI
and KTI may be contributed by their different structural properties. BBI
has a rigid (7 disulphide bonds) and compact structure which has been
shown to contribute to its high stability in various extreme environ-
ments (i.e. extreme thermal, proteolytic and pH) [53]. In contrast, the
structure of KTI is more flexible due to fewer disulphide bonds (2
disulphide bonds) [54]. Accordingly, it can be proposed that although
BBI can be partly adsorbed at the liquid-liquid interface, it is still quite
stable during adsorption processing without significant conformational
changes.

3.4. Proposed mechanism of interfacial adsorption-induced inactivation
of KTI and BBI

Based on the aforementioned results, the mechanism of interfacial
adsorption-induced inactivation of TIs can be proposed. Initially, three
different emulsification methods with different turbulent intensities (US
> UT > HS) were applied to a model TI emulsion (hexane as non-
aqueous phase) to verify the feasibility of the TIs inactivation via liq-
uid-liquid interfacial adsorption [22,40]. As a result, the stronger tur-
bulent intensity (US) helped generate more homogenous and smaller
droplets to provide more droplet interface for TI adsorption. Interest-
ingly, KTI showed greater potential for the adsorption at the emulsion
droplet interface compared to BBI.

To continuously explore the effect of non-aqueous phase on the
interfacial adsorption-induced inactivation of TIs, VTO was selected as a
representative oil phase in a food-related system and US with the best
performance on emulsification was applied to assist the creation of the
VTO-aqueous interface. Compared with the hexane-water interface, the
interfacial tension of TIs at VTO-water interface was lower. Generally,
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for given energy transferred to the liquid-liquid system, lower interfa-
cial tension benefits the emulsification procedure in which emulsifiers
can be more efficiently adsorbed at the water—oil interface to reduce the
interfacial tension and produce smaller droplets [55,56]. It has been
shown that the droplet size of VTO-water emulsions was significantly
smaller than that of hexane-water emulsions. Consequently, the smaller
droplet size provides more water-oil interface area for KTI and BBI to
adsorb, with a greater enhancement in the adsorption of KTI at the
water—oil interface than for BBI. However, the specific reason for the
different adsorption behaviour of KTI and BBI at the droplet interface is
still unknown at this stage.

Overall, the modification of the abovementioned turbulent intensity
and non-aqueous phase has limited influence on the adsorption and
inactivation of BBI compared to KTI. To further identify the individual
adsorption and inactivation behaviour of BBI and KTI at the liquid
interface, individual BBI and KTI systems were investigated. For the
adsorption of BBI at the water—oil interface, BBI can be regarded as non-
deformable without obvious conformational change and loss of activity.
Such a phenomenon may be associated with its compact and rigid
structure [7]. In contrast, KTI experienced structural rearrangement
involving both the secondary and tertiary structures. These conforma-
tional changes of KTI at the water—oil interface caused the significant
decrease in its activity. Finally, the water—oil interface adsorption
contributed to the inactivation of KTI instead of BBI.

4. Conclusion

In this study, the liquid-liquid interfacial adsorption properties of
soy trypsin inhibitors are found to play a significant role in the inacti-
vation of their inhibitory activities. Three different emulsification
methods including HS, UT, and US were first investigated. Compared to
handshaking and UT, the droplet size range of TI-hexane emulsions
prepared by US were found to be more homogenous with smaller
droplets due to the higher turbulent intensity generated by acoustic
cavitation. The adsorption amount of KTI and BBI of ultrasonic emul-
sification was significantly higher than that of HS and UT emulsification.
Based on this, ultrasonic emulsification was selected to further investi-
gate the effect of interface properties. Two different non-aqueous pha-
ses, hexane and VTO, were applied to generate the emulsion droplets for
the adsorption of BBI and KTI. The droplet size of VTO emulsions was
over 4-fold lower than that of hexane emulsions, which generated more
water-oil interface to increase the adsorption amount of BBI and KTI (p
< 0.05). A study on individual BBI or KTI systems provided detailed
information about their adsorption behaviours at liquid-liquid in-
terfaces. For the BBI adsorption, the protein is stable at the interface
without detectable conformational changes, which may be associated
with its compact and rigid structure. In comparison, both secondary and
tertiary structures of adsorbed KTI were altered. Consequently, the US
assisted interface adsorption of TIs caused the inactivation of KTI rather
than BBI. This work can provide a guidance for the efficient inactivation
of KTI in soy processing.
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