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Highlights

e Combined theoretical and experimental study was performed on hydrolysis of legumin

e Moderate degree of hydrolysis (3-8 %) influenced surface adsorption positively

e Self-consistent field calculations showed increased fragment number per unit area
upon 5—7 % degree of hydrolysis

e Tryptic hydrolysis decreased the hydrodynamic diameter of legumin aggregates

e Experimentally hydrated mass was higher with 3-8 %DH with high film viscoelasticity

Abstract

The aim of this study was to investigate the effects of enzymatic hydrolysis on surface
adsorption of 11S legumin-rich fraction (LR), extracted from pea protein, using a
combination of theoretical and experimental approaches. Experimentally, tryptic
hydrolysates with 1-12 %degrees of hydrolysis (%DH) were produced at various enzyme

to substrate ratios (1:50 to 1:1000 w/w), where moderate degrees of hydrolysis (up to
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8 %DH) were found to be abundant in high molecular weight fractions. Tryptic hydrolysis
reduced the particle size of LR aggregates from 270 nm to 119 nm and led to a higher
degree of disordered structure as confirmed by circular dichroism (CD). Measurements
using quartz crystal microbalance with dissipation monitoring (QCM-D), corroborated the
observed enhancement in experimentally quantified surface hydrophobicity. Remarkably,
we show that a narrow window of hydrolysis (3—8% DH) resulted in an increase in hydrated
mass adsorbed on the hydrophobic surface as compared to unhydrolyzed legumin with a
higher level of film viscoelasticity in the former. Theoretical Self-Consistent Field (SCF)
calculations, involving the most abundant four fragments, demonstrated the relation
between the nature of these hydrolysate fragments and surface adsorption.
Moderate %DH (3-7%) resulted in a higher number of adsorbed fragments per unit
hydrophobic surface area, supporting the QCM-D observations. However, this effect
diminished at high %DHs. Findings from this study pinpoint the importance of a moderate
degree of hydrolysis in improving surface adsorption behaviour of legume proteins, which

might have implications for the design of sustainable plant protein-based formulations.

Key words: Pea protein; hydrolysates; enzymatic hydrolysis; Self-consistent field (SCF)

theory; QCM-D; surface hydrophobicity

1 Introduction

As the growing population increasingly adopts veganism, there has been a subsequent
rise in demand for plant-based foods (The Good Food Institute, 2023). When coupled with
global sustainability concerns, this has led to significant research attention in plant-based
protein food formulations in recent years. Plant proteins require considerably less energy

to produce and result in fewer greenhouse gas emissions in comparison to their more
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widely used animal counterparts (Poore & Nemecek, 2018). As a consequence, it is vital
to explore palatable, nutritional and functional plant proteins to promote a sustainable
dietary transition away from animal-derived proteins, with much current research devoted
to understanding different functional performance of plant proteins in food systems

(Jafarzadeh et al., 2024).

Pea proteins, part of the big family of legume proteins, are widely utilised due to their
well-balanced amino acid profile, hypoallergenic properties and health benefits (Lu, He,
Zhang, & Bing, 2020; Shanthakumar et al., 2022). However, pea protein isolates produced
by conventional alkaline extraction with acid precipitation often exhibit a high degree of
aggregation and poor solubility due to extensive denaturation caused by the harsh
extraction process. Although there have been various emerging techniques providing mild
extraction and fractionation conditions, the last drying step (either freeze drying or spray
drying) can also be a source of further protein denaturation (Yang et al., 2022; Chen, Chiu,
Feng, Maes, & Serventi, 2021). Consequently, pea protein extracts have been shown to
display poor emulsifying properties (Morell, Lopez-Garcia, Hernando, & Quiles, 2023;
Yang et al., 2023), high frictional performance (Kew, Holmes, Stieger, & Sarkar, 2021;
Vladescu et al., 2023; Zembyla et al., 2021) and inferior functional attributes. As a response,
several modification methods have been developed and currently employed to improve
plant protein techno-functionalities. These include high pressure treatment, ultrafiltration,
fibrillization, micro-gelation to name a few (Kew et al., 2023; Nikbakht Nasrabadi, Sedaghat

Doost, & Mezzenga, 2021).

Enzymatic hydrolysis is a “green” biochemical approach, that has been extensively
used to modify protein structures through peptide bond cleavage, generating hydrolysates

with lower molecular weight (Mw) and an altered hydrophobic-hydrophilic balance
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(Vogelsang-O'Dwyer, Sahin, Arendt, & Zannini, 2022; Wouters, Rombouts, Fierens, Brijs,
& Delcour, 2016). Several studies have reported improved interfacial, emulsifying and
foaming properties of various legume proteins via enzymatic hydrolysis. For instance,
Ghribi et al. (2015) reported a 40% increase in emulsifying ability and comparable emulsion
stability of chickpea isolate as a result of 4 %DH, accompanied by increased solubility,
flexibility and hydrophobicity. Arteaga et al. (2020) employed eleven different enzymes for
pea protein hydrolysis, revealing a general improvement in emulsifying and foaming
properties, especially with trypsin-produced hydrolysates exhibiting the most superior
performance. One of the latest works on pepsin-induced lentil protein hydrolysates showed
that 1.5 and 4.5 %DH led to a dense structured interfacial layer with stronger inter-plane
interactions compared to native lentil protein, as seen in interfacial rheology measurements
(Chutinara, Sagis, & Landman, 2024). However, the authors further observed inter-droplets
flocculation in both sets of hydrolysate-stabilized emulsions, which was attributed to higher
surface hydrophobicity of hydrolysates. Overall, most existing literature has focused on the
effects of enzymatic hydrolysis on specific adsorption relevant functionalities (i.e.
emulsifying and foaming capacities). Nevertheless, the fundamental understanding of
enzymatic hydrolysis of proteins on surface adsorption behaviors, which can have a
broader impact on colloidal properties as well as tribological performance has been rarely

investigated (Wang, Ettelaie, & Sarkar, 2025).

Pea protein primarily consists of globulin (salt soluble) and albumin (water soluble),
where each fraction exhibits its own unique structure and surface adsorption properties
(Grossmann, 2024; Lesme, Kew, Bonnet, Sarkar, & Stellacci, 2024). For instance, legumin
(11S, hexameric subunits with a Mw of 360-400 kDa) as one of the dominant storage

proteins, can display lower solubility and inferior emulsifying capacity compared to vicilin
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(7S, trimetric subunits with a Mw of 150-200 kDa) (Husband, Ferreira, Bu, Feyzi, & Ismail,
2024). It is also demonstrated that legumin shows the highest boundary friction as
compared to albumin and vicilin (Lesme, Kew, Bonnet, Sarkar, & Stellacci, 2024). Hence,
it is obvious that legumin as the most abundant fraction of pea protein has limited surface
adsorption properties which may then influence the overall functional attributes of the

protein, such as its emulsification, foaming and lubricity.

This study specifically aimed to extract legumin fraction from yellow pea and then
examine how hydrolysis by trypsin may affect the physicochemical and surface adsorption
properties of this otherwise poorly soluble protein. Experimentally, the extracted legumin-
rich fraction (LR) was hydrolyzed by trypsin, a highly selective enzyme, to various degrees
of hydrolysis (%DH) from 1% to 12%. We examined a wide range of physical attributes of
such hydrolysates such as molecular weight, size, surface hydrophobicity and secondary
structure as obtained by circular dichroism. This was followed by an examination of the
effect of hydrolysis on surface adsorption behaviors, which were experimentally validated
in a systematic manner for the first time, using quartz crystal microbalance with dissipation
monitoring (QCM-D). Theoretically, to understand the enzyme-induced alteration in the
resulting fragment profile and subsequent surface behaviors at a hydrophobic surface,
mathematical calculations were conducted, followed by applying self-consistent field (SCF)
calculations (Scheutjens & Fleer, 1979, 1980) to abundant legumin A hydrolysate
fragments. The outcomes of this work can provide evidence for the potential of enzyme
engineering of plant proteins to arrive at new plant protein-based ingredients with superior

functionalities in future.

2 Materials and methods
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2.1 Materials

Commercial yellow pea flour was purchased from Plant S (UK). Sodium chloride (NaCl)
and trypsin from porcine pancreas (T4799) in the form of lyophilized powder were bought
from Sigma Aldrich (Dorset, UK). All the chemicals for sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) (NUPAGE™, 4-12%, 1.0 mm X 12 well,
Bis-Tris gradient gel; NuPAGE™ LDS Sample Buffer (4X); NUPAGE™ MES Running Buffer
(10X); NuPAGE™ Sample Reducing Agent (10X); Novex™ Sharp Pre-stained Protein
Standard) were purchased from Thermo Fisher Scientific (Loughborough, UK). The MilliQ
water used for all experiments, which included sample extraction and dispersion) was
retrieved from a Milli-Q apparatus (Millipore Corp., Bedford, MA, USA) with a resistivity of
18.2 MQ-cm at 25 °C. Polydimethylsiloxane (PDMS) (base fluid and cross-linker (10:1
w/w)) was bought from Clearco (Sylgard 184, Dow Corning, Midland, MI, USA). Any other

chemicals stated were analytical grade unless otherwise statement.

2.2 Extraction of pea legumin fraction

An aqueous procedure for extraction of legumin fraction from yellow pea flour was adopted
from Rubio et al. (2014). The method is based on the difference of isoelectric points
between legumin and vicilin fractions (4.6 and 5.5, respectively). Briefly, the yellow pea
flour was dispersed in pH 8.0 MilliQ water with 0.5 M NaCl in a ratio of 1:10 under agitation
for 2 h at room temperature (25 °C). The resultant dispersion was centrifuged (15 min,
5000 rpm, 4 °C), obtaining the supernatant. The supernatant was further adjusted to pH
4.5 by 1 M HCI under agitation for 1 h, followed by a second centrifugation step (15 min,
5000 rpm, 4 °C). The sediments were kept and redispersed in MilliQ water with a ratio of

1:4 w/v at pH 7. The resulting fraction was called legumin-rich fraction (LR) and was
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dialyzed against MilliQ water using a 3.5 kDa cut-off membrane. The LR extracts were
frozen at -80 °C overnight and subsequently freeze-dried (Laconco freeze drier, Kansas,

USA) for 3 days. The final lyophilised LR powders were stored at -20 °C for future use.

2.3 Determination of total protein content

Nitrogen (N) content (%) of the lyophilised LR fraction was measured by combustion
method using Vario MICROCUBE elemental analyser (Elementar; Langenselbold,
Germany). The total protein content (%) was calculated by multiplying the nitrogen content

by 6.25 (Mariotti, Tomé, & Mirand, 2008).

2.4 Production of tryptic hydrolysates of pea legumin

Powder of LR fraction was dispersed in MilliQ water at a protein concentration of 2% w/v
under agitation at room temperature (25 °C) for 2 h and stored in fridge at 4 °C overnight
for sufficient protein hydration. In order to increase the effectiveness of enzymatic
hydrolysis, the protein suspension was treated with ultrasonication (300 W; 5 min) with an
ice bath to avoid sample overheating during the treatment (Ding et al., 2021). LR is referred
to ultrasonic treated LR fraction in the following usage. The LR dispersion was then
adjusted to pH 8.5 by using 1 M NaOH, and preheated to 37 °C, followed by adding trypsin
at various enzyme to substrate (E/S) ratios of 1:50, 1:100 and 1:1000 w/w to manipulate
the %DH. Specifically, a E/S ratio of 1:1000 w/w was chosen for reaching 1 and 3 %DH,
1:100 w/w was chosen for 5 and 8 %DH, and finally 1:50 w/w was applied to achieve 10
and 12 %DH based on our preliminary results. During the entire reaction, constant pH and
temperature were maintained by Metrohm 902 Titrando system (Metrohm Co., USA) and
water bath. The percentage degree of hydrolysis (%DH) was determined based on the pH-

stat method (Adler-Nissen, Eriksen, & Olsen, 1983). Hydrolysis by trypsin was terminated



181 by heating samples at 85 °C for 15 min in a shaking water bath once the target %DH was
182 reached, which was indicated by the pH-stat system. Ater cooling to room temperature
183 (~25 °C), the samples were adjusted to pH 7.0 prior to further analysis. Samples with
184  different %DHs were prepared in duplicates. Samples produced with 1%, 3%, 5%, 8%, 10%
185 and 12% DH were named henceforth as 1DH LRH, 3DH LRH, 5DH LRH, 8DH LRH, 10DH

186 LRH, 12DH LRH, respectively.

187 2.5 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
188 PAGE) analysis

189 SDS-PAGE analysis was carried out to examine the protein composition profile of the
190 extracted LR and its hydrolysates (LRHSs). Protein suspensions of 0.1 % (w/v) were mixed
191  with LDS Sample Buffer (4X) and sample reducing agent (10X) or MilliQ water (for reducing
192  and unreducing conditions, respectively), followed by protein denaturation in a water bath
193 at 70 °C for 10 mins. Exactly, 10 uL of denatured protein samples and 5 uL of pre-stained
194  protein molecular weight markers were loaded onto precast gels in an Invitrogen™ MiniGel
195 Tank and submerged in MES running buffer (1X). After running the gel at a constant
196  voltage 200 V for 30 mins, the gel was washed by MilliQ water and was then stained using
197 Invitrogen™ SimplyBlue™ SafeStain overnight. The final image of the gel was taken by
198 using a ChemiDoc™ XRS+ imaging system and Image Lab Software (Bio-Rad

199 Laboratories, Richmond, CA, USA).

200 2.6 Particle size and zeta-potential
201  The particle size and zeta potential ({~-potential) of LR and LRHs were conducted in a
202 DTS1070 capillary cell using a ZetaSizer Ultra (Malvern Instruments Ltd., Worcestershire,

203  UK) with an equilibration time of 120 s. The particle size was measured by dynamic light
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scattering (DLS) with a backscattering angle of 173°, presented as the average
hydrodynamic diameter (ah) and polydispersity (PDI). The refractive indices (RI) of protein
and aqueous phase were set as 1.45 and 1.33, respectively. All measurements were
conducted in triplicates at a protein concentration of 0.01% w/v in phosphate buffer (PBS)

at the neutral pH condition (pH 7.0), and at room temperature (25 °C).

2.7 Secondary structure

The secondary structure of LR and its hydrolysates (0.02% w/v protein dispersed in PBS
solution) were investigated by Circular Dichroism (CD). Tests were conducted by scanning
samples in a 1 mm path length quartz cuvettes under the Far-UV spectra between 190 and
260 nm, which was generated by Chirascan Plus (Applied PhotoPhysics
Spectropolarimeter, Leatherhead, UK). A 2 nm bandwidth and 1 nm step size were used.
Measurements for each sample were all conducted in triplicates at 25 °C, in addition to the

PBS buffer solution as a blank.

2.8 Surface hydrophobicity

The relative surface hydrophobicity (Ho) of LR and LRHs was determined according to the
method of Evangelho et al. (2017) with slight modification. Briefly, 1-anilino-8-
naphthalenesulfonate (ANS) was used as a fluorescence probe, binding with the exposed
hydrophobic regions of samples. Samples at 2% w/v protein levels were diluted in 10 mM
PBS buffer at pH 7.0 to 0.002 % (w/v). Then 15 uL ANS (8 mM in 0.1 M PBS, pH 7.4) was
added to the 3 mL of LR or LRHs. The systems were thoroughly mixed and left in the dark
for 15 min before measurements. The fluorescence intensity of each sample was

measured with a fixed excitation wavelength of 370 nm and an emission spectrum between
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420 and 600 nm, using a FluoroMax spectrophotometer (HORIBA Scientific; USA). The

slits of both excitation and emission were set at 5 nm.

2.9 Quartz crystal microbalance with dissipative monitoring (QCM-D)

The real time adsorption of LR and LRHs was measured by QCM-D (E4 system Q-Sense,
Biolin Scientific, Sweden). Polydimethylsiloxane (PDMS) was used to coat the quartz
crystal sensors to provide hydrophobic surfaces. To prepare the PDMS-coated sensors,
150 uL of PDMS solution (dissolved in toluene) was loaded on silicon sensors (QSX 303)
and spin-coated by a spin coater with a 5000 rpm/s spinning speed for 60 min (Liamas,
Connell, Zembyla, Ettelaie, & Sarkar, 2021). A vacuum oven was used afterwards for
drying the coated layer at 80 °C overnight. Prior to QCM-D measurements, the newly
coated sensors were cleaned by their immersion in toluene for 30 s, followed by a further
30 s immersion in isopropanol. This was then followed by 5 min immersion in MilliQ water.
Sensors were then dried with nitrogen gas and left in the fume cupboard for at least 1 h for

the solvent to evaporation before use.

All LR and LRHs samples were diluted into 10 mM pH 7.0 PBS buffer at a final protein
concentration of 0.01% w/v, and were supplied into testing chambers by a peristaltic pump
with a flow rate of 0.1 mL/min at 25 °C. A baseline correction procedure (reset to zero) was
first implemented to eliminate any signal responses caused by external factors, such as
the PDMS coating and PBS buffer. The experiment started with a 30-minute equilibration
of the chambers using buffer flow, followed by introducing protein/hydrolysate solutions.
Another rinsing step with PBS was conducted after around 2h sample adsorption until

equilibrium with regards to both frequency and dissipation was achieved.
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Data analysis was performed using Dfind software supplied by Biolin Scientific (Q-
Sense, Sweden). Given the viscoelastic properties of protein films, data were fitted by using
the Kevin-Voigt model (named as “Smartfit model” in the “Dfind” software), obtaining the
hydrated mass of adsorbed protein layers. Two parameters are required as input to achieve
the fitting, namely layer density (1100 g/L) and bulk liquid density (1006 g/L). The fitting
equation employed can be found in Supplementary information equation (S2) and (S3).
The 3rd, 5th, 7th, and 9th overtones were considered for data analysis, but only the 5th
overtone was shown in the results here as a representative for both frequency and

dissipation.

2.10 Statistical analysis

All results shown were performed in triplicate and plotted as a mean value with standard
deviations. Significant differences between samples were determined by one-way ANOVA
followed by Post Hoc multiple comparisons (Turkey’s test) using SPSS software (IBM,

SPSS statistics) with 95% confidence level.

2.11 Probability calculation of possible LR fragments upon hydrolysis

Serials of equations were applied to obtain the probability of occurrence of possible
fragments at a given %DH. As noted earlier, %DH is defined as the proportion of cleaved
peptide bonds out of the total number of peptide bonds in the legumin A protein. Therefore,

at a given %DH, the required number of broken bonds can be calculated as:

where N, is the total number of AA residues in the intact legumin A. Then, the probability
of being cleaved for each susceptible peptide bond is required. In the case trypsin, it is

well-established that it cleaves primarily at the carboxyl side of lysine and arginine (Gouseti
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et al., 2023). However, even among these preferred cleavage sites, the actual probability
of bond cleavage is not uniform. The cleavage efficiency can vary depending on the
sequence context, such as the identity of adjacent amino acids, local secondary structure,
and accessibility along the protein backbone (Deng, van der Veer, Sforza, Gruppen, &
Wierenga, 2018). Unfortunately, such detailed knowledge regarding the differential
susceptibility of each lysine and arginine carboxylic group is currently not available.
Therefore, to simplify the system and make some progress in predicting the nature of
fragments formed, we assumed an equal possibility for each trypsin-accessible bond to be
hydrolysed, denoted as P. P can then be obtained by dividing Nuro by the total number of
susceptible cleavage sites, denoted as Ns. By combining this with equation (1), P can be

further expressed as:

__ %DHx(Np-1)
P = 100 x Ns (2)

Therefore, for a potential fragment with the number of trypsin targeted sites of i, the
probability of the occurrence of such fragment P was determined via the following

equation:
Pr=P?x (1—P)"2 (3)

where in order to form the fragment, 2 bonds at the terminus ends of the fragment must be
cleaved, while the remaining /-2 bonds remain intact. Based on P, the relative volume
fractions (V) of each possible fragments were calculated via equation (4) below to further

represent the volume fraction contribution of each fragment to the system.

PsXN¢
Vi= N, (4)

where, N is the total AA residues of the generated fragment.
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2.12 Self-consistent field (SCF) calculations

2.12.1 SCF theory

SCF calculations are well-established in the field of polymer physics. They can be used to
offer information on the equilibrium properties of surface adsorbed protein layers. This
calculation methodology has been widely adopted to analyse interactions mediated by the
overlap of such adsorbed layers, providing meaningful insights on the likely emulsification
as well as tribological performance (Dickinson, Horne, Pinfield, & Leermakers, 1997;
Ettelaie, Akinshina, & Dickinson, 2008; Ettelaie, Khandelwal, & Wilkinson, 2014; Xu et al.,

2020).

The implementation of the SCF calculations used in the present work is based on the
scheme of Scheutjens-Fleer formulation of the theory (Scheutjens et al., 1979), which is
defined on a 3D lattice grid. Specifically, the gap L between two approaching parallel
surfaces is divided into a series of equal thickness layers parallel to the plates and further
subdivided into equal-sized cubic cells (grid points). The thickness of each layer is given
as the size of an individual monomer, ao, which is taken to be the nominal size of each
peptide bond ~0.3 nm. Given that the spatial distribution of AA monomers within the gap
varies with the internal interactions among them (i.e. protein, solvent, ions), in SCF
calculations, the most probable density profile for each specie in the gap is what is
computed. To make the calculation practical, SCF theory invokes an approximation,
considering the density profile with the lowest free energy (Ettelaie et al., 2008; Fleer,
Stuart, Scheutjens, Cosgrove, & Vincent, 1993), i.e. the most probable one, as dominating
the behaviour of the system. The essential question is now converted to one of finding the
minimum value of the free energy as given by equation (S1) in supplementary information,

which requires the knowledge of the fields i, (r). This term captures the interactions
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amongst species, and is crucial in determining the distribution of monomers (i.e. density
profile) within the gap. y,(r) is the sum of interaction potentials between type a AA
residues with all other neighbouring monomers, ions or surfaces (if in contact with a
surface), as given in equation (5). It encompasses the hard-core interactions (given by the
term ¢, (r)), long-ranged electrostatic interaction (q.p.(r)) between the charged AA
monomers and ions and short-ranged interactions (1;,,(r)) between each monomer (e.g.
hydrophobic interaction, hydrogen bonding), specified using the Flory-Huggins interaction

parameter y,g.

Ya(r) = Yp () + qutp (1) + P (1) (5)

where the charge of species a is denoted as qu. Yet, the fields themselves are in turn

determined by how other residues are distributed around a monomer at any given point.

To this end, an iterative procedure is implemented whereby an initial rough guess of
the set of interacting fields is chosen. These are used to calculate the density of each
monomer according to a well-established procedure. This procedure will not be described
here as it has already been discussed in numerous reviews and articles in the literature
(Evers, Scheutjens, & Fleer, 1990; Scheutjens et al., 1979). From the resulting
concentration profiles, a new set of interacting fields are then obtained in accordance with
equation (2) and are employed for the next iteration of the calculations. The procedure is
repeated until the field and profiles no longer substantially change from one iteration to the

next and therefore become independent of further iterations.

2.12.2 Applied model

In the present study, the primary structure of legumin A with a composition of 517 AA

residues derived from pea protein (P02857; sourced from online database UniProt) was



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

used for SCF calculations on fragments post-hydrolysis. Four most abundant fragments,
predicted to be produced by hydrolysis, were considered in each case. Limiting the system
to simultaneous presence of only these four fragments (out of a large set of such
polypeptides) was mainly due to computer memory considerations, as well as the ease
and speed of convergence here. However, in principle higher numbers can be dealt with if
necessary. In other words, the input to the program consisted of the primary AA sequence
information of those four fragments. Details of the fragments considered at different %DHs

are explained later in the discussion section.

In the SCF model system, as implemented by us here, there are four types of
components: protein, solvent, negatively and positively charged ions. All AA residues of
legumin A are grouped into five categories, namely, polar, hydrophobic, positively charged,
negatively charged residues according to their nature and chemical properties (Ettelaie et
al., 2014), as detailed in Table S2. The interaction between monomers themselves, as well
as those with solvent, ion and surface are expressed by a set of Flory-Huggins parameters
{x}. The values used here were adopted from a previous work of Leermakers, Atkinson,
Dickinson, and Horne (1996) and are listed in Table 1. Large positive value of y,z indicates
unfavourable interactions between type a and $ monomers, whilst negative values
represent favourable interactions. In this study, the distance between two surfaces can be
changed from 2 to 80 layers (L = 80), giving a maximum separation distance of around 24
nm, assuming grid size ap=0.3 nm. The surfaces were defined as hydrophobic, consistent
with the PDMS-coated surface used in QCM-D analysis. Larger distances are again
possible but require greater computational resources and involve slower convergence. The
total bulk volume fraction of protein (®wtal), i.e. when far away from the surface, is set to a

low value of 1x106in order to reflect the fact that post adsorption, most of the protein is
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adsorbed on the surface, with very small amount actually remaining in the bulk solution.
The volume fraction of those top four fragments generated after hydrolysis was determined
(equation (6)) based on their relative volume fractions obtained in the previous section, and

total volume fraction of intact protein prior to hydrolysis, ®x:
®p =V, X D, (6)

The electrolyte volume fraction is fixed at a volume fraction of 0.001 (approximately equals
to 10 mM NaCl) unless otherwise stated, and the environmental pH is 7.0. With the
accomplishment of SCF calculations, the volume fraction of the polymer adjacent to the

surface (density profile) can be obtained.

Table 1. The list of the Flory-Huggins interaction parameters (x,g) in the units of ks T given

between different types of monomers, making up legumin A, solvent molecules and salt

ions.
Monomer type @ 0 1 2 3 4 5 6 7
0 - Solvent 0o 1 0 0 0 0 -1 -1
1 - Hydrophobic residues 1 0 20 25 25 25 25 2.5
2 - Polar residues (non- 0 20 0 0 0 0 0 0
charged)
3 - Positive residues 0 25 0 0 0 0 0 0
4 - Histidine (His) 0 25 0 0 0 0 0 0
5 - Negative residues 0 25 0 0 0 0 0 0
6 - lon (+) -1 25 0 0 0 0 0 0
7 -lon (-) -1 25 0 0 0 0 0 0
Hydrophobic surface 0O -20 O 0 0 0 0 0
pKa value - - - - 10 6.75 4.5 -

a2 The seven monomer types, labelled 0-7 in the first row, represent solvent, hydrophobic residues, polar
residues, positively charged residues, Histidine, negatively charged residues, cationic ions, anionic ions,
respectively.

b Negative values indicate attractive interactions, while positive values represent repulsive interactions.
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Since the size of each considered fragment is not identical, it is important to gain
information of their adsorbed amount (number of adsorbed chains/ unit area) besides their
density profile. The adsorbed number surface density of a protein fragment is obtained as
the integral of the excess amount of protein as compared to its bulk volume fraction, which

is given as follows:

rexe =~ [ (@) — ppun)dr (2)

In the above equation, /" is the number of adsorbed protein chains per unit area; N is the

total number of AA residues of the protein fragment; &(r) is the volume fraction of that
protein fragment at r, and ®vuk is the bulk protein volume fraction of the fragment far from

the surface.

3 Results and discussion

3.1 The impacts of enzyme to substrate ratio (E/S) on experimentally
validated degree of hydrolysis (%DH)

The effects of the enzyme to substrate ratio (E/S) on the time evolution of %DH was
experimentally investigated as shown in Figure 1. The results indicated an enhanced level
of hydrolysis at higher enzyme concentrations. The initial reaction rate, represented by the
slope of %DH versus reaction time, showed a positive correlation with enzyme
concentration (i.e. %DH increased to 1.9%, 4.0% and 6.2% after 20 min of hydrolysis at
E/S ratios of 1:1000, 1:100 and 1:50, respectively). Furthermore, the maximum value
of %DH achieved at 200 min substantially increased from 5.6 + 0.4% to 10.9 £ 0.9% when
the enzyme concentration increased by an order of magnitude from an E/S ratio of 1:1000

to 1:100 w/w. However, a further increase to 1:50 w/w resulted in only a minor additional
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rise in the level of %DH at 200 min. This suggests that %DH at 200 min was approaching
its theoretical maximum, as ultimately dictated by the limited number of peptide bonds
susceptible to trypsin. Since this study specifically focused on trypsin hydrolysis, all C-
terminal sides of lysine and arginine in protein backbone are considered susceptible to
enzymatic cleavage (Gouseti et al., 2023). Such theoretical maximum %DH resulting from
trypsin hydrolysis is therefore 13.4% (corresponding to 69 cleavage sites out of 516 peptide
bonds), based on the AA composition of the Legumin A monomer (P02857; UniProt). The
experimentally obtained maximum of 12.8% at the end of our experimental window (Figure
1) for the highest E/S ratio (1:50 w/w) was consistent with this theoretically predicted
maximum value. Therefore, for subsequent analysis of the effects of %DH on LR properties,
12 %DH was selected as the upper limit for extensive hydrolysis in the following sections,
as based on the maximum %DH obtainable from both theoretical predictions and our
experimental results. Even the aforementioned maximum %DH can only ideally be
achieved with a sufficiently long reaction time, as inactivation of enzyme and the product
inhibition is always expected to occur during a very extended reaction time (Moreno &

Cuadrado, 1993), as can be observed here for the case of E/S of 1:1000 w/w.

3.2 Physicochemical characterisation of the legumin-rich fraction upon
tryptic hydrolysis

In this section, we investigated the physicochemical properties of hydrolysates derived

from LR (with protein content of 84.4%) at varying %DH levels (i.e. 1, 3, 5, 8, 10, 12%).

3.2.1 SDS-PAGE

The protein composition of hydrolysed LR samples with different %DHs was analysed by

SDS-PAGE under both reducing and non-reducing conditions, with untreated LR included
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for comparison (Figure 2a). The control LR sample (lanes marked “LR” in both gels)
exhibited the most intense legumin band, indicating that legumin is the primary composition
of the LR extract. However, due to the similar properties of 11S legumin and 7S vicilin,
contamination with the latter fraction cannot be completely discarded, as also previously

reported (Bora, Brekke, & Powers, 1994; Lesme et al., 2024; Rubio et al., 2014).

Under reducing conditions, where disulfide bonds between the acidic and basic
subunits are disassociated, LR was extensively composed of a-subunit (Mw of ca. 40 kDa)
and B-subunit (Mw of ca. 20 kDa) (Meijers, Meinders, Vincken, & Wierenga, 2023), as
depicted in Figure 2a. After hydrolysis, the a-subunit band completely disappeared,
irrespective of the %DH level, while the B-subunit band remained visible. Additionally, a
new intense band at Mw of ~33 kDa (designated as legumin-T (Klost & Drusch, 2019))
emerged, with its intensity gradually decreasing at 1-8 %DH before being fully digested
at %DH >10%. This result can be explained by the unique structural characteristics of
legumin. Several studies have previously reported that tryptic hydrolysis tends to start from
the C-terminal regions of the a-subunit, which are located on the outer surface of legumin,
whereas the more hydrophobic B-subunit is likely buried within the protein interior, making
it less accessible to trypsin (Braudo et al., 2006; Plietz, Drescher, & Damaschun, 1987).
As hydrolysis progresses, the unattached 3-subunit could become exposed to trypsin,
generating a large number of small fragments. This is evidenced by the intense bands

observed below 5 kDa in the lanes corresponding to 10 and 12 %DH. (Figure 2a).

Under non-reducing conditions, it can be clearly observed that the main legumin
band (~60 kDa) was digested resulting in lower Mw bands, consistent with the observation
of Klost et al. (2019). The protein compositions of samples with increasing %DH from 1%

to 8% showed no distinct differences. However, in hydrolysates with %DH above 8%, faint
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bands in the high-Mw region and more intense bands below 8 kDa were observed,
highlighting extensive hydrolysis. Additionally, the intensity of protein residues at the
bottom of the gel wells gradually decreased as the reaction progressed, except for 1DH
LRH. This phenomenon suggests enhanced protein solubility induced by 3-12 %DH, which
could be attributed to the reduced size of polypeptides and the exposure of hydrophilic and
charged groups. A similar increase in solubility following hydrolysis has been widely

reported for various plant proteins (Shahbal, Jing, Bhandari, Dayananda, & Prakash, 2023).

3.2.2 Particle size and {-potential upon hydrolysis

Figures 3a and 3b show the averaged hydrodynamic diameter (ah), polydispersity index
(PDI) and {-potential of LR and LRHSs. In Figure 3a, a significant reduction in a4 can be
seen, from 267 nm to 119 nm, demonstrating the effectiveness of trypsin in breaking down
LR aggregates. This finding aligns with a previous study on another alternative protein i.e.
soy protein by Ding et al. (2021), where the substantial breakdown was attributed to
trypsin’s high selectivity and ability to diffuse into the protein core. Notably, although the du
decreased with increasing %DH, PDI remained largely unchanged across most
hydrolysates, except for 1DH LRH. The size reduction influenced the visual appearance of
LR hydrolysates, as shown in Figure 3b. The turbidity of the samples decreased
significantly, becoming more transparent after 10 and 12 %DH. This change can be
expected with improved protein solubility with smaller fragments as observed in the

electrogram (Figure 2a), shifting from a dispersion to a solution.

As shown in Figure 3b, 1-5 %DH had a minor impact on the {-potential of
hydrolysates, which remained at approximately -22 mV at pH 7.0. However, with extended

reaction, a marked decrease to -30 mV was observed for 10 and 12 %DH LRH, which is
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closely corroborated with the observation in our calculated net charge shown in Table S1
(Supplementary information). This was likely due to the near-to-complete digestion of all
fractions, resulting a large proportion of small fragments (as confirmed in SDS-PAGE
profile, Figure 2a). These low Mw fragments exhibited low solvent mixing entropy and
higher structural flexibility, facilitating conformational shifts that expose more hydrophilic or
charged groups (Ding et al., 2023; Suréwka, Zmudzinski, & Suréwka, 2004). Therefore,
protein hydrolysates at 10 and 12 %DH may display stronger interactions with water
molecule via increased electrostatic repulsions, also being evidenced with lower particle

size (Figure 3a).

3.2.3 Surface hydrophobicity and secondary structure

The fluorescence spectra of the external ANS-probe and the Far-UV Circular Dichroism
(CD) spectra for LR and LRHs are presented in Figures 3c and 3d to reflect their surface
hydrophobicity (Ho) and secondary structure, respectively. These attributes are expected
to play a remarkable role in protein surface adsorption by influencing both adsorption
affinity and the mechanical properties of the resulting protein film (Garcia-Moreno et al.,
2021; Liamas, Connell, & Sarkar, 2023). In Figure 3¢, 1DH LRH possessed the highest
Hoamong all samples, and a following decrease in Ho for 3-8 %DH was observed, although
these values remained higher than that of LR. A similar trend was previously reported for
pea protein isolate by Shuai et al. (2022). This overall increase in Hy was attributed to the
greater exposure of hydrophobic regions induced by enzyme cleavage. However, the
subsequent decline after a certain %DH (1% in our case) might be due to the increased
number of terminal hydrophilic groups, which likely promote a rebalance of hydrophobic-
hydrophilic groups and possible reorganization of the disulfate group, thereby masking the

hydrophobic patches again (Suréwka et al., 2004; Zhang et al., 2023). As for those highly
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hydrolysed samples (i.e. 10 and 12 %DH), their Ho was remarkably lower than that of LR
and other LRHs (Figure 3c) possibly due to their highly fragmented nature. It is important
to note that a decrease in ANS-probe binding affinity could occur with small peptide
fragments containing fewer hydrophobic AAs or smaller hydrophobic regions (Latypov et
al., 2008), and this might contribute to an underestimation of fluorescence intensity (Chen,

Chen, Ren, & Zhao, 2011; Zhang & Romero, 2020).

Figure 3d shows the normalised CD spectra of LR and its LRHSs, indicating significant
blue shifts of spectra after enzymatic treatments. As for LR, which exhibited typical a-helix
and B-sheet structure (Tahir, Jiang, & Ali, 2024), negative peaks in the 210-225 nm range,
as well as a positive peak at 192 nm were observed. After hydrolysis, the negative signal
above 210 nm lowered, excluding the 1DH LRH, which was indicative of decreased
proportion of a-helix and B-sheet structure (Hoffmann, Fano, & van de Weert, 2016). On
the other hand, as cases of 10 and 12 %DH LRH, the observed negative signal near 190
nm and lower signal above 210 nm demonstrated that they were predominantly disordered
(Venyaminov, Baikalov, Shen, Wu, & Yang, 1993). This was expected considering the near
complete digestion of all fractions and the dominant presence of small fragments as

evidenced in SDS-PAGE (Figure 2a).

3.3 Impacts of %DH on surface adsorption behaviour of hydrolysates

The real-time surface adsorption behaviour of the unhydrolyzed LR and LRHs with
increasing %DHs was monitored by using quartz crystal microbalance with dissipation
monitoring (QCM-D). Figures 4a and 4b depicts the time-resolved frequence shift and
dissipation shift derived from protein adsorption (step P) and desorption (step B) occurring

on a PDMS-coated hydrophobic sensor. Surface adsorption using QCM-D has frequently
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been correlated with tribology, mouth coating, as well as emulsification performance (Kew
et al., 2021; Stribitcaia et al., 2024; Yang, Zan, Li, Li, & Zhang, 2024). The changes in
frequency (Af) and dissipation (AD) response are associated with changes in adsorbed
hydrated mass and film viscoelasticity, respectively. The raw data of Af and AD attained
under multiple overtones (data not shown) was then fitted with Kevin-Voigt viscoelastic
model (details can be seen in Supplementary information) to obtain hydrated mass and

film thickness, as shown in Figure 4c.

After the injection of protein samples (step P), the detected fimmediately decreased
(Figure 4a), with the corresponding D values simultaneously increased (Figure 4b),
indicating the adsorption of LR on given hydrophobic surface and building up of the film’s
viscoelasticity. LRHs with 3~8 %DH displayed higher frequence gradient of ca. 50 Hz
(Figure 4a), implying enhanced mass adsorption, as compared to unhydrolyzed LR (Af ~
42 Hz). Particularly, 8DH LRH exhibited the highest mass adsorption and film thickness
according to the quantitative estimation, with the value of ca. 23.8 mg/m? and 21.6 nm,
respectively, roughly 1.5-fold higher than that of LR (Figure 4c). This observation is in
close agreement with a previous study on whey protein hydrolysates, which employed the
same QCM-D technique and reported a highest fand D gradient for hydrolysates at 8%DH
(Tian et al., 2025). The higher surface hydrophobicity of hydrolysates and their relatively
large size, composed of a good number of hydrophobic AA residues, could corroborate
this improved surface adsorption. It is worthy emphasizing that the mass adsorption
measured using QCM-D does not only come from the adsorbate (i.e. protein) but
additionally the entrapped water within the hydrated layer of LR or LRHs. Therefore,
additional data fitting was conducted under two extreme conditions with layer density input

as 1006 and 1400 g/L considering the layer was pure hydrated (with negligible protein/
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peptides) or purely protein/ peptides (almost no hydration), respectively. The observed
trend was similar as shown in Figure 4c, revealing the protein/hydrolysate adsorption at

moderate %DHs.

With further increase of %DH to 10% and 12%, the absolute value of both fand D
experienced a significant decrease, suggesting less adsorbed mass and a very rigid layer
formation (AD was close to 1 ppm) (see Figures 4a and 4b). The hydrated mass was ~12
mg/m? for 10 and 12 %DH hydrolysates, which was similar to those of LR and 1DH LRH
(Figure 4c). Additionally, a striking feature of high %DH hydrolysates illustrated in Figure
4a was a relatively high Af change following the onset of the buffer rinsing-step B, which
revealed a high proportion of loosely bonded fragments that were washed out upon rinsing.
In other words, this most likely resulted from those small fragments with low surface binding
affinity at high %DH, that of similar behaviour was previously reported by Yang, Dai, Sun,

McClements, and Xu (2022) for small peptides (<5 kDa) derived from rice glutelin.

To obtain more information of the LR/LRHs adsorption kinetics and viscoelastic
properties of the formed films, plots of AD against Af (so called D-fcurve), independent of
time, is presented in Figure 4d. The slope of D-f curve was thought to be strongly related
to the viscoelasticity of the film, where a large value is indicative of a soft and hydrated film
(Teo et al.,, 2016), while a small slope value represents a rigid film with less water
entrapped (Kontturi, Tammelin, Johansson, & Stenius, 2008). The non-linear relation

between AD and Af (Figure 4d) exhibiting two different slopes (K1 and Kz) implied that the

characteristics of the adsorbed layers undergo a transition from viscoelastic to rather more
rigid as the layer builds up (Kim, Weber, Shin, Huang, & Liu, 2007). This could be explained
by the reorientation of adsorbed proteins and potential multilayer formation. To make better

qualitatively comparisons of the steady film viscoelasticity among LRHs, we selected the
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value of -AD/Af for each sample at their final equilibrium stage (i.e. after removing loosely
bonded proteins), as plotted in Figure 4e. It showed that layers of LRHs with 5 and 8 %DH
possessed comparable viscoelasticity, elucidating their highest degree of hydration -AD/Af
~0.12) compared to other samples (i.e. LR, 1%, 3%, 10% and 12% DH LRHs). Nonetheless,
beyond a certain %DH (e.g. above 10%), the adsorbed proteins tended to form more rigid
and less viscoelastic layers (-AD/Af ~0.052), as a result of their highly disordered structure
and effective interfacial reorientation and packing. Overall, this suggests that
moderate %DHs might be beneficial for increasing the surface adsorption amount (higher
surface layer thickness) and the viscoelasticity of protein films, which might have
implication on improving emulsification and tribological performance, which warrants

further investigation.

3.4 Predicted probability of generation of LR fragments

In order to gain molecular-level (or fragment-level) insights into the superior adsorption
performance of hydrolysates observed in the QCM-D analysis, mathematical calculations
were performed. The protein composition of the generated hydrolysate varies substantially

with different %DHs (Chen, Murray, & Ettelaie, 2023) and was subsequently predicted.

The volume fraction contributions of all possible fragments after 3, 5, 10 and 12 %DH
were calculated using equations (1)-(4). It is worth noting that, at the given %DH, the
resulting ensemble of generated fragments remains broadly identical regardless of the
reaction rate, which may be affected by differences in enzyme concentration and reaction
time. All possible resulting fragments were then classified into three groups based on their
chain length, namely, long, medium and short fragments. Casein, widely recognized for its
superior surface adsorption capability and known to be a good emulsifier, emulsion

stabilizer, as well as lubricating agent, consists of approximately 200 AA residues (Brown
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et al., 2025; Dickinson, Pinfield, Horne, & Leermakers, 1997), hence we considered a
medium length of 220 as an ideal fragment size. In addition, peptides with fewer than 20
AA residues are expected to lose their surface binding affinity, a property that has been
specifically documented as lacking emulsifying ability (Girardet et al., 2000). Therefore, the
thresholds for short and medium fragments were set as 20 and 220 residues, respectively,
resulting in three fragment length-based populations: 0~20, 21~220 and 221~517. The
distribution of each population as a function of %DHs is depicted in Figure 5. The volume
fraction of long fragments massively decreased, reaching 0 by 3 %DH. As expected, the
proportion of medium and short fragments increased accordingly. This finding corresponds
to a previous prediction on averaged Mw made by Chen et al. (2023), which showed a
dramatic rapid decline in Mw of fragments with the degree of hydrolysis, particularly in the
low %DH range. Unlike the trends observed for short and long sized fragment populations,
that of medium-sized fragments was non-monotonic, with volume fraction reaching a
maximum at 3 %DH, followed by a decrease with further increases in the degree of
hydrolysis. This relatively high proportion of medium-sized fragments following 3-9 %DH
may partially explain our previous experimental conclusion that moderate %DH (3-8 %DH)
enhance the surface adsorption performance of LR. This is consistent with the widely

accepted notion that medium-sized chains exhibit superior surface activity and flexibility.

3.5 SCF calculations of surface adsorption of potential protein
fragments post-hydrolysis

Once the potential protein fragments were predicted, the surface adsorption behavior of
the hydrolysate system was investigated using SCF calculations, which accounted for the

sequences of the fragments. Given the compositional complexity of the hydrolysate system
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and the computational limitations of the SCF program in terms of the amount of computer
memory and computational run time, we simply considered the four fragments that are
most abundant for each %DH (i.e. the top four fragments based on their relative volume
fraction as given by (3)), for the subsequent SCF calculations. The list of selected
fragments under different %DHs is shown in Table S3. The sum of relative volume fraction
of these considered four fragments in each level of %DH is 0.036, 0.041, 0.064, 0.129,

0.186 for 3%, 5%, 7%, 10% and 12% DH, respectively.

In Figure 6a, the variation in the total adsorbed chains per unit area (a¢?) is shown
as a function of %DH, indicating enhanced surface adsorption behaviour at 5 and 7 %DH,
which was corroborated our previous QCM-D observations (Figure 4c¢). For the 10 %DH
system, a lower level of adsorption was observed compared to more moderate %DHs. This
is not surprising considering that extensive hydrolysis may often result in less surface
affinity for the resulting chains (Ding, Zengin, Cheng, Wang, & Ettelaie, 2023). We also
assumed that this reduced adsorption was attributed to the higher charge density of
fragments at 10 %DH, with a theoretical net charge of -11.2 e (Table S1; see
supplementary information), thereby limiting further protein accumulation at surface due to
protein-protein electrostatic repulsion. This was similarly observed in experimental (-
potential value for hydrolysates with 10% and 12%DH. To further validate the effects of
charge, we conducted the same SCF calculations at a higher background electrolyte
volume fraction of 0.01 (~100 mM NaCl), where charge screening effects by salt should
occur. In this case, the results for 3-7 %DH remained similar with those obtained at low
salt condition. In contrast, for %DH=10, an increased number of adsorbed fragments was
found at higher salt concentrations where screening of charge is more prominent (Figure

S2). Nevertheless, with a further increase to 12 %DH, the four bulk dominant fragments
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where the same ones as those at 10 %DH (Table S3), and the total chain adsorption was
therefore comparable under both of these two levels of hydrolysis. This scenario is
attributed to the lack of further susceptible bonds within the backbones of these fragments,
due to the high selectivity of trypsin. Moreover, in all hydrolysate systems, co-adsorption
of at least two constituent fragments were observed, further supporting the higher surface
coverage as a result of more efficient adsorption by fragments of various sizes (Wang, et

al., 2021).

Figure 6a shows that the most dominant fragment in the bulk solution (denoted as
F1 in all cases) was not necessarily the one most abundant on the surface, implying the
competitive adsorption between the fragments and highlighting the important role of protein
AA primary sequence in determining the affinity of a polypeptide fragment for adsorption.
The predicted configurations of the surface dominant fragments (F4, F2, F4, F3, F3 for 3,
5, 7, 10 and 12 %DH, respectively), as shown in Figure 6b, further illustrate this point.
Interestingly, at 3-7 %DH, the dominant adsorbed fragment onto the hydrophobic surface
were the same, despite the coexistence of various other fragments. This is somehow
indicative of the superior surface affinity of the fragment Met ' - Arg 23. This fragment
contains a relatively high number of hydrophobic AAs (see Figure S1, Supplementary
information), enabling strong adsorption to the surface (Ding et al., 2023), along with its
hydrophilic side extending away from the surface (~ 2nm; Figure 6c) into the bulk phase.
As reported previously, this roughly “diblock-like” structure, is likely a desirable attribute for
emulsion stabilisers and also to provide hydration lubrication as often seen in protein-
polysaccharide system (Dickinson, 1999; Soltanahmadi, Murray, & Sarkar, 2022; Wooster

& Augustin, 2007). When the hydrolysis reaction further progressed to 10 and then 12 %DH,
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the fragment Leu 467 - Arg 4%° emerged as the most dominant one at the surface, extending

with a similar distance ~2 nm away from the surface.

In Figure 6¢, the total volume fraction (density profile) of the four-fragment
constituting mixtures adjacent to the given hydrophobic flat surface was illustrated,
providing complementary information on adsorption and interfacial film thickness. 3, 5 and
7 %DH led to a similar level of relative volume fractions closest to the surface (® = 0.5).
When %DH increased to 10 and 12 %DH, a dramatic decrease in @ was seen displaying
the value of 0.3. Additionally, the volume fraction decreased to zero at a distance of
approximately 2 nm (a reflection of surface layer thickness) across the %DH range of
5~12%, while it extended beyond 2.5 nm at 3 %DH. This observation can be expected,
given the longer length of Met - Lys 8 under 3 %DH, which co-adsorbed with Met ! - Arg

23 (Figure 6a).

In summary, our theoretical work offers insightful interpretations at the molecular
level for legumin surface adsorption performance upon hydrolysis. First, fragments of
varying sizes generated by trypsin hydrolysis can co-adsorb, exerting synergistic effects
on adsorption amount and surface coverage. In addition, the AA composition of the
fragments and their resulting surface configurations significantly influence surface
adsorption, for example, 3-7 %DH generated a fragment with a superior AA sequence,
leading to a greater number of absorbed chains. These findings provide strong evidence
for our experimentally observed enhancement in surface adsorption behaviour of LR
following 3-8 %DH (as shown in Figure 4c). The potential mechanisms are visualised in

Figure 7.
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4 Limitations

The limitations of this work include those inherent in the theoretical model applied, which
is not able to capture the whole %DH range. Essentially, SCF calculations assume a
flexible random coil type structure for proteins studied, where it is possible to take the linear
primary sequence into consideration. At %0 and low %DH levels, most of the protein
secondary structure remains unaltered in the protein, so that such assumptions of a coil
like configuration may not be entirely accurate to perform SCF calculations. Nevertheless,
most proteins will undergo unfolding during processing and thus the knowledge of results
obtained from SCF calculations can still be helpful to understand the behavior of linear
chains once undergone such processing-induced unfolding. We started with a %DH of 3%,
where the generated fragments have reasonably short length (< 61 AAs) compared to the
intact protein and could be assumed exhibiting a reasonable level of structural flexibility.
Future investigations into advancing the SCF program with consideration of protein
structure still require more attention. Experimentally, QCM-D analysis for surface
adsorption can only record wet mass adsorption including water and protein molecules.
Thus, the contribution of water or protein adsorbed is hard to distinguish. Nonetheless, the
information on hydrated layers is still insightful to understand their real behavior when
adsorbed on emulsion droplet surfaces or on mouth surfaces, where viscoelastic films they
form can potentially lead to superior emulsion stability, smoothness and less astringency,

respectively.

5 Conclusions
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The goal of this present work was to fundamentally understand the effects of tryptic
hydrolysis of legumin-rich fraction on surface adsorption properties through a combined
approach of numerical SCF calculations and experimental measurements. In practical
experiments, moderate hydrolysis (3-8 %DH) by trypsin effectively reduced the patrticle
size and increased surface hydrophobicity of hydrolysates relative to the parent LR, while
also imparting a more flexible structure. Surface adsorption analysis via QCM-D further
revealed that the thickness and viscoelasticity of the surface protein layer derived from
LRHs was highly responsive to %DHs, with 8DH LRH sample exhibiting the highest mass
adsorption and hydration levels. This result potentially correlates with the enhanced bulk
diffusion rate of hydrolysates, increased surface adsorption affinity and greater potential
for reorientation upon adsorption. Theoretically, the probability of occurrence (and volume
fraction contribution) of each possible fragments under varying %DHs was first
mathematically calculated. Four most dominant fragments were then selected as the
representative of the whole formed hydrolysates, and SCF was then applied to a mixture
of these to gain insights into the surface adsorption behaviour of the fragmented proteins.
It was seen that 5-7 %DH were beneficial for adsorption, demonstrating a higher number
of fragments on the hydrophobic surface, further supporting experimentally validated QCM-
D results. Additionally, within the polypeptide fragment mixture, we found clear evidence
of competitive adsorption among compositionally different fragments, driven by differences
in their primary sequence and surface configuration. Overall, this study provides detailed
insights into possible ways of altering surface adsorption via tryptic hydrolysis of legume
proteins, paving the way for future applications of enzyme-engineering of plant proteins for
developing food formulations with optimised functional properties. Future work is

necessary to validate these tailored surface functional properties of LRHs in specific
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applications, such as emulsions and foams, or to understand how these properties
translate into mouthfeel perception where often surface adsorption behaviour dominate the

overall perception.
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Figure 1. Experimental degree of hydrolysis (%DH) of the 11S legumin-rich fraction (LR)

as a function of time measured using the pH-stat method, with different enzyme-to-
substrate ratios (E/S) of 1:50, 1:100, and 1:1000 w/w. Data are presented as means and

standard deviations for at least duplicate samples (n =2 x 2).
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Figure 2. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (a) of
various trypsin-hydrolyzed samples with %DH ranging from 1% to 12% under reducing
(left) and non-reducing (right) conditions. In both gels (a), lanes from the left to right
correspond to the molecular weight standard, unhydrolyzed LR and hydrolysates at 1%DH,
3%DH, 5%DH, 8%DH, 10%DH and 12%DH. (b) The visual appearance of 2% (w/v) LR
and its hydrolysates with varying %DH levels are shown at pH 7.0.
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Figure 3. Mean hydrodynamic diameter (d4) and polydispersity index (PDI) (a), ~potential

(b), surface hydrophobicity (c) and Far-UV Circular Dichroism (CD) spectra (d) of LR
dispersion and its hydrolysates at pH 7.0. The CD signal shown in Figure 4(d) has been
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normalized to the signal derived from PBS buffer to get rid of the background influence.
Data are represented as means and standard deviations for at least two independent
samples (n = 2 x 3). Samples with the same letters indicate no significant difference (p >
0.05) as determined by Tukey'’s test.
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Figure 4. Normalized frequency shift (a), dissipation shift (b) as a function of time (obtained
from the 5" overtone of the QCM-D measurement), mean hydrated mass and film

thickness (c), normalized AD as a function of Af (d), film viscoelasticity (-AD/Af) (e) of LR

and its hydrolysate dispersions at pH 7.0. In Figures 4(a) and (b), the baseline was
established using a buffer solution (B), after which 0.01% (w/v) LR/ hydrolysate (with
1%~12%DH) dispersions at pH 7.0 were added to facilitate protein adsorption (P) on the
bare PDMS-coated sensor surface. This was followed by a washing step using buffer
solution to remove the loosely adsorbed proteins/ hydrolysates. Steps B and P in the
figures indicate the onset of buffer rinsing and protein addition, respectively. The inserted
contact angle image in Figure 4(a) shows the hydrophobic property of used bare PDMS-
coated sensors when exposed to PBS solution. In Figure 4(d), the real-time conformational
changes of the formed protein film for the adsorption stage were depicted as two stages of
adsorption kinetics, denoted as Ki and K. All data in Figures 4(c) and 4(d) were presented
as means with standard deviations, shown as error bars. Samples with the same letters

represent insignificant difference (p > 0.05) according to Tukey’s test
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Figure 6. Absorbed quantities of individual fragments (F1, F2, F3 and F4) as well as the
total adsorbed chains (a) calculated from SCF calculations under different %DH values.
Total adsorption (ota, Shown as the grey line) represents the sum of I of four considered
fragments (Ir1, r2, Ir3, Fa) that are close to the hydrophobic surface. Predicted
configuration (b) of the dominant fragment absorbed on a hydrophobic surface. Under each
%DH situation, the surface-dominant fragment varies, as displayed in Figure 6a, namely
Met '—Arg 23 at 3%, 5% and 7% DH, respectively, Leu 46 — Arg 4 at 10% and 12% DH,
respectively. Their corresponding protein sequence can be sourced from Figure S1.
Density profile (c) of the four-fragment mixture. The total volume fraction variation (i.e.
Pr1+Pra+Dr3+Dr4) is plotted against the distance away from the hydrophobic surface. The
insert graph provides a magnified view of the region of interest. All calculations were
conducted at a background electrolyte volume fraction of 0.001 (~10 mM NaCl) and at a
solution pH of 7.0.
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Table S1. Calculated total net charge of the four-fragment constituting mixtures generated

at different %DHs at pH 7.0, based on the pKa value of each AA component.

3 %DH 5 %DH 7 %DH 10 %DH 12 %DH

Net charge/ e -4.95 -8.94 -8.95 -11.22 -11.22

Self-consistent field theory

In the designed 3D lattice grid, every lattice site is occupied by any one of a monomer
amino acid (AA), an ion, or a solvent molecule with no site remaining empty. Each site is
only able to accommodate one such monomer or molecule. Defined in this way, this setup
implies that the volume fraction of each species equals to its number density in a layer.
Hence, the essential calculation in SCF is the most probable density profile for each specie
in the gap. Strictly speaking, the thermodynamic quantities of interest should be averaged

over all the possible density profile variations, each weighted with their own likelihood of

a(r)
occurrence, as determined by the appropriate Boltzmann factor ~ exp <— M) where
B

F ({(pf(r)}) is the free energy of molecules adapting a density profile variation across the

gap {(pf‘(r)}. For a protein, existing between two approaching flat plates, in equilibrium with

bulk solution outside the gap, the free energy functional per unit area of the system is

(Ettelaie, et al., 2008):
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where, L represents the space between two planar surfaces, and r denotes the distance
away from one of the surfaces i.e. 0 < r < L. The variation of the density profile of type a
AA residues belonging to chain i across the gap is denoted as @7 (r), where N is the total
number of the AA residues making up the chain i. When those a type AA residues are
sufficiently far away from the surface, not being influenced at all by the presence of the
surface, @{(r) is indicated as ®f. which also implies that the prespecified bulk volume
fraction of AA residues belonging to the considered protein i is @*. The symbols ks and T

denote the Boltzmann constant and temperature, respectively.



1132 Table S2. Categorisation of involved amino acid residues in Legumin A.

Category

aumber Properties Including amino acid residues
1 Hydrophobic Pro, lle, Gly, Leu, Val, Phe, Ala, Met, Trp
2 Polar (non-charged) GIn, Asn, Ser, Thr, Cys, Tyr
3 Positive charged Arg, Lys, N-terminus
4 Special positive charged His 2
5 Negative charged Glu, Asp, C-terminus

1133  a. Histidine (His) is classified in a group of its own (in Category 5) and not with other positively

1134  charged AAs, as its unique pKa compared to others makes it difficult to place them together.

1135



1136

Table S3. Composition and length of the four most dominant fragments as represented by

1137  their volume fractions, at various %DH produced by trypsin.
Most dominant Second dominant Third dominant Fourth dominant
fragment (F1) fragment (F2) fragment (F3) fragment (F4)
3 %DH Met ' - Lys 0 Met '-Arg 3 Met '-Arg 44 Met ' -Arg
5%DH  Pre8-Arg 123 Met '-Arg 23 Met '-Arg 32 Glu 137~ Arg 168
7 %DH  Pre8_Arg 123 Glu 137-Arg 168 Leu 467 -Arg 4% Met ' -Arg
10%DH Pre8-Arg'®  GIu'7-Arg '  Leu7-Arg40  Phe®-Lys?
12%DH Pre8-_Arg 12 Glu'¥_Arg 8  Leu%7_Arg40  Phe ¥ -Lys?0!
1138

1139
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(a) Met - Arg 23

MAKLLALSLSFCFLLLGGCFALR 123

(b) Glu 467 _ Arg 490

LAGTSSVINNLPLDVVAATFNLQR

467-490

N-terminus T‘terminus
A
e o U ) ® 000 00
® ® o O ®
@@ >cteninus @®@® - C-eminus
Hydrophobic residue
@ Polar (non-charged) residue
@ Positive: Arg, Lys, N-terminus
1141 @ Negative: Glu, Asp, C-terminus
1142  Figure S1. The amino acid sequence of fragment Met ' - Arg 23 (a) and Leu %67 - Arg 4% (b)
1143  with the component amino acids grouped as indicated. The sequences were sourced from
1144  UniProt database.
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Figure S2. Absorbed quantities (a) of individual fragments (F1, F2, F3 and F4) as well as
the total adsorbed chains calculated from SCF calculations. Total adsorption (/tota, Shown
as the grey line) represents the sum of I of four considered fragments (IF1, I'F2, 'F3, [F4)
that are close to the hydrophobic surface. Density profile (b) of the four- fragment mixture.
The total volume fraction variation (i.e. ®r1+®ro+Pr3+Pr4) is plotted against the distance
away from the hydrophobic surface. All calculations involved in (a) and (b) were conducted
at a background electrolyte volume fraction of 0.01 (~100 mM NacCl) and at a solution pH
of 7.0.
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Kevin-Voigt Model applied to calculate hydrated mass and film
thickness using QCM-D

Globular proteins are generally considered to form a hydrated surface layer rather than a
stiff one. Hence, a viscoelastic model—Kevin-Voigt model was applied to quantify protein
surface adsorption. In QCM-D analysis, the raw frequency and dissipation data was further
fitted with this model to obtain the hydrated mass adsorption and film thickness. The fitting

equation can be described as (Liu & Kim, 2009; Voinova, Rodahl, Jonson, & Kasemo,

1999):
~ _; T]_z — T]_Z 2 711002

Af ~ 2mpoho {52 +hapiw = 2hy (52) u%+w2n%} (S2)
~ 1 N2 N2 z N1w

AD ~ nf poho {52 +2h (52) uf+w2nf} (83)

Where po and ho are the density and thickness of the quartz crystal. nz is the viscosity of
the bulk liquid and &2 is the viscous penetration depth of the acoustical vibrations through
the absorbed layer in the bulk liquid and ps is the density of bulk liquid. w is the angular
frequency of the oscillation. The properties of the adsorbed layer were described by its
density (p1), viscosity (n2), shear elasticity (u1), and thickness (61). The thickness of the
absorbed layer (h1) was obtained by dividing the hydrated mass by the layer density, which

was assumed to be 1100 kg/m? for the hydrated protein layer in this study.
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