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Aligned with the green transition of the food industry, this study addresses the downstream processing of food
protein ingredients from novel sources and enhanced production methods. As with current liquid foods (e.g.,
milk), reducing the water content to create concentrates or powders is necessary for longer shelf-life and ease of
transport. A dominant unit operation for this purpose is the falling-film evaporator (FFE). This study focuses on
the inevitable protein-fouling issue of FFEs that limits energy efficiency. To understand the incipient adsorption
behavior (i.e., fouling behavior at the initial stages) of a model protein (namely, lysozyme) onto the chromium
(IID) oxide (Crp03) surface of the stainless-steel heat-transfer surface of FFEs, molecular dynamics simulations
were performed. Six lysozyme orientations were initialized at four temperatures each. Results indicate adsorp-
tion is primarily governed by attractive electrostatic interactions by basic amino acid residues, whereas acidic
amino acids tend to be repulsive due to the negative charges. Temperature effects are secondary to local in-
teractions, with no clear correlation with adsorption tendencies, suggesting the onset of fouling is temperature
independent. The adsorption tendencies of amino acid residues onto CryOs revealed here are expected to be

valuable for providing insights into FFE-fouling by emerging food protein formulations.

1. Introduction

To ensure food sustainability, the transition from traditional meat-
based to alternative food sources is accelerating (Fasolin et al., 2019),
(Loveday, 2019). Much attention has been directed to identifying novel
sources, but the inevitable downstream processing to produce
high-quality protein ingredients is lagging. Generally, food ingredients
require long shelf-life, typically achieved by turning the liquid food (i.e.,
water-based food suspensions or emulsions) into dried powder with
sufficiently low water activity. For milk, the conventional practice is to
employ a series of falling-film evaporators (FFE) followed by
spray-drying (Ledenbach and Marshall, 2009) to obtain milk powder for
ambient storage (Lewis and Lewis, 2023). Energy-efficient alternatives
like membrane filtration are gaining attention, but challenges like
limited concentration of solids, membrane-fouling, and high membrane
replacement costs restrict their application (Gulied et al., 2023),
(Cassano et al., 2020) (Wilson, 2018). Freeze concentration presents an
alternative option, but the solids concentration is limited due to the
corresponding increase in viscosity (Miyawaki and Inakuma, 2021).
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Among multi-effect evaporators, FFEs are the most common due to the
ease of operation (Cyklis, 2022), though they persistently suffer from
inefficiencies like fouling of the heat-transfer surfaces, causing materials
loss, downtime and high energy use (Jebson and Iyer, 1991)
(Diaz-Ovalle et al., 2017) (De Jong, 1997). Furthermore, spray-drying
still struggles with high-viscosity long-chain proteins, complicating at-
omization (Dantas et al., 2024). Compared to spray-drying dilute feed-
stocks, FFE ensures both gentle product processing as well as relatively
reduced energy consumption (Sim et al., 2023). These challenges may
worsen with new protein formulations. For efficient processing of
emerging proteins, this study focuses on bridging the knowledge gaps on
how to adapt the FFE, which is a dominant unit operation in the food
industry and is responsible for 76 % of exergy destruction rate in milk
powder production (Yildirim and Genc, 2017).

The falling-film evaporator (FFE) represents one of the most preva-
lent evaporative water removal units in not only the food industry, but
also in other industries like forestry, chemicals, etc. It operates such that
the liquid food enters at the top, is distributed as thin liquid films on the
inside of the steam-heated tubes and flows downwards by gravity. In the
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food industry, to ensure high thermal efficiency while mitigating heat
damage, the upper limits of operating temperatures are 50 °C for fruit
juices (Cyklis, 2022) and 70 °C for milk (Morison, 2015a). While such
food processing methods are critical to prolong shelf-life, the efficiency
of the FFE remains poor due to multiple challenges like fouling (Cyklis,
2022), (Liu and Delaplace, 2024a,b), (Tuoc, 2015), resulting in 50 % of
the energy in milk powder manufacturing being exhausted by the FFE
(Jebson and Iyer, 1991). A key challenge of FFEs is the fouling of the
heat-transfer surfaces by proteins, which accounts for 40 % of produc-
tion costs due to the loss of milk solids as fouling deposits, and cleaning
costs involving downtime, chemicals, water, and waste disposal
(Morison, 2015b). In particular, FFEs are particularly susceptible to
fouling caused by the concentration of proteins at the heat-transfer
surface during thermal processing. Protein fouling is a multi-stage
phenomenon involving transport to the surface, initial adsorption,
conformational rearrangement, aggregation, and consolidation into a
fouling layer (Rabe et al., 2011). Earlier studies have explained how
different fouling mechanisms are affected by the processing conditions
(e.g., pH, milk age) involved in the heat treatment of milk (De Jong,
1997). The influence of protein charge, thermal stability, and hydro-
phobicity in promoting or reducing fouling has been further reported, as
well as the effect of vacuum evaporation within FFEs inducing several
physicochemical and rheological changes that contribute to fouling
(Tuoc, 2015), (Liu and Delaplace, 2024a,b. These changes not only
affect heat-transfer performance but also influence product quality by
promoting protein denaturation, aggregation, and potential loss of
nutritional value (De Jong, 1997). Therefore, understanding and con-
trolling fouling is essential not only for maintaining process efficiency,
but also for functional (e.g., emulsification) and nutritional properties in
protein-rich foods (A. L. and S. P. and J. R. et al., 2016). Because proteins
are essential components in a wide range of food products to impart
distinct functional and nutritional attributes, the mechanisms underly-
ing protein fouling during food processing warrants in-depth
understanding.

Molecular dynamics (MD) simulations have provided molecular-
level understanding of the incipient fouling phenomena in other appli-
cations (e.g., membrane fouling (Ma and Chew, 2022a)). A challenge
with macromolecular foulants like proteins is that macroscopic char-
acterizations, like overall electrical charge, are acknowledged to be
poorly correlated with membrane fouling (Ma et al., 2021a), (Ma et al.,
2021b). Experimental methods largely fall short of providing such
protein-scale resolution. The employment of MD simulation in the food
field is quite nascent, with applications expanding from small molecules
to macromolecules and even complex systems containing various
interacting molecular groups (Singh et al., 2018). The focus here is on
employing MD simulations to understand protein adsorption (i.e.,
fouling) onto the heat-transfer surface of an FFE.

Previous studies have shed some light on the adsorption mechanisms
of proteins on various surfaces. Due to the macromolecular structure and
heterogeneous local charges, experimental results are somewhat
limited, and MD simulations have been very valuable in providing
detailed molecular-level insights. Protein properties such as surface
charge, hydrophilicity, and electronic properties have been reported to
impact protein-surface interactions (Zhou and Pang, 2018) (Panczyk
et al., 2022). Also, the impact of different adsorbent surfaces, such as
metals (including gold, iron, and silver), metal oxides (like TiO5 and
MgO), clays, and carbon-based materials (such as graphene oxide) have
been studied, with the overall conclusion that protein-surface in-
teractions are largely driven by charges (Antosiewicz and Diugosz,
2020) (Sahihi and Faraudo, 2022) (Wei et al., 2012). Zhang et al.
(2022a) revealed that negatively charged oxygen atoms on bovine
serum albumin (BSA) and magnesium ions (Mg2+) on the magnesium
alloy surface underlie the strong interactions. In addition, Utesch et al.
(2013) studied how nickel-iron (NiFe) hydrogenase interacted with
modified gold surfaces, with results indicating that residues possessing
reactive groups such as hydroxide (OH) and carboxylic (COOH) groups
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Fig. 1. 3D simulation domains depicting the fixed Cr,03 slabs and lysozymes
initialized at six different orientations.

play important roles in the interactions. Building on the knowledge base,
the focus here is on how proteins interact with the protective chromium
(III) oxide (Cry03) coat of the stainless-steel heat-transfer tubes in FFEs.

In this study, the overarching objective is to understand the
adsorption (i.e., fouling) behaviors of lysozyme onto the stainless-steel
surface of the FFE (i.e., the chromium (III) oxide (Cry0O3) layer than
confers corrosion resistance to all grades of stainless steels) over the
operational range of temperatures. Noting that bovine milk alone con-
tains hundreds of types of proteins (Tuoc, 2015), the goal here is instead
to understand the preferential adsorption tendencies of the protein
primary structure (i.e., the amino acid constituents) through a model,
well-studied protein molecule, and thereby extend the knowledge
gained to other proteins. Six lysozyme orientations were initialized at
four temperatures each (namely, 293 K, 303 K, 313 K, and 333 K). While
the lower limit is for experimental validation, the upper limit is to mimic
industrial FFE operating temperatures (Cyklis, 2022), (Morison, 2015a)
as well as to avoid denaturation effects. The total interaction and
binding energies were quantified, along with the demarcation into
Coulombic and Lennard-Jones contributions. Then, the minimum lyso-
zyme-Cry03 distances were quantified. Also, the local adsorption sites
were identified, and the preferential affinities of the four categories of
amino acid residues (namely, acidic, basic, neutral nonpolar, and
neutral polar) were revealed. Additional characterizations were pre-
sented, including root-mean-square deviation (rmsd), root-mean-square
fluctuation (rmsf), radius of gyration (Rg), number of lysozyme-CryO3
contacts, and number of intra-lysozyme hydrogen bonds. It should be
noted that, while MD simulations are useful in revealing molecular-scale
dynamics at incipient fouling, the spatiotemporal limitations restrict
direct links to macroscopic phenomena like heat transfer and foulant
buildup.

2. MATERIAL and METHOD
2.1. Adsorbate and adsorbent

The lysozyme molecule, which consists of 129 amino acids (PDB
ID:8F28), was downloaded from the RCSB Protein Data Bank, and then
uploaded onto CHARMM-GUI to remove water and all other molecules
(e.g., ligand, substrate). Since local interactions have been reported to
affect protein adsorption tendencies (Antosiewicz and Diugosz, 2020)
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(Zhang et al., 2022a), the lysozyme molecule was initialized at six
different orientations by rotating at various multiples of 90° around the
x and y axes.

To represent the surface of the stainless-steel surface of the falling-
film evaporator (FFE), chromium (III) oxide (CryO3), which is the pro-
tective coating that prevents corrosion (Zhang et al., 2022b), was
generated. Specifically, a rectangular CrpOs slab (Fig. 1) with di-
mensions of 77.3 A by 81.6 A, and thickness of 9.9 A, was created by
using CHARMM-GUI’s Nanomaterial module.

2.2. Simulation setup and procedure

The 3D simulation domain (with dimensions of 9 nm by 9 nm by 9
nm) that contained all the components (namely, lysozyme, Cry03 slab,
solvent molecules, and ions) was generated using the MultiComponent
assembler module in CHARMM-GUI.

The Cr,03 slab was fixed at the bottom of the simulation box. At the
beginning of the simulation, lysozyme was centered above the Cr,O3
slab and the minimum distance between the lysozyme and the CrpO3
surface was set at 5 A, as depicted in Fig. 1. Ionic strength (namely, Na™
and CI” ions) mimicking 15 mM of NaCI was adjusted to neutralize the
system. For simulating water as solvent molecules, TIP3P (Toukan and
Rahman, 1985) CHARMMB36FF parameters were adopted. Periodic
boundary conditions (PBC) were applied.

GROMACS 2024v2 was utilized with CHARMM36 force field to
prepare all systems, perform the all-atom MD simulations, and analyze
trajectories. It should be noted that only CHARMM?27 is available in
GROMALCS, so the required files for CHARMMS36 with cmap correction
were obtained from MacKerell Lab website (Best et al., 2012) and in-
tegrated accordingly. Moreover, CroO3 does not have the CHARMM
force field parameters. To address this, in the CHARMM-GUI, the values
for the atoms originally adapted from the Interface force field were
appropriately converted into CHARMM36 parameters (Kanhaiya et al.,
2021) (Zhuang et al., 2020).

After preparation of the simulation domain, energy minimization
was the first step performed to a maximum of 100 kJmol 'nm™! force
using the Verlet cut-off scheme with H-bonds constraints and the LINCS
algorithm. The cut-off for long-range electrostatic and van der Waals
interactions was set to 12 A with the Particle Mesh Ewald summation
(PME) (Darden et al., 1993). The update frequency for the neighbor list
was scaled to 1 ps~ L. By using the steepest descent algorithm, conversion
of each orientation of lysozyme to its local minimum within 50,
000 cycles was carried out, after which equilibration steps ensued.

For all the equilibration and production steps, the time step was
adjusted to 1 fs. The equilibration for all orientations was performed
within three steps using Langevin dynamics. For the first equilibration
step, an NVT ensemble was used and run for 1 ns. Then, two more
equilibration steps followed using the NPT ensemble. The orientations
were equilibrated (Berendsen) to 1 atm pressure for 250 ps, followed by
isotropic pressure coupling (Parrinello-Rahman) for 1 ns to the same
reference pressure. After that, four temperatures, namely, 293 K, 303 K,
313 K, and 333 K, were evaluated for each of the six lysozyme orien-
tations (Fig. 1). During the all-equilibration steps, position restraint was
applied to all heavy atoms (i.e., all atoms in the medium such as carbon
and oxygen, except hydrogen) for both lysozyme and Cr,0O3, which was
adjusted with a force constant (k) of 1000 kJmol 'nm~2. Once equil-
ibrated, a 100 ns MD simulation was run, and trajectories at 10,000-step
intervals were saved for a total of 10,000 frames per trajectory. Notably,
in such limited time scale for each MD run, the foulant may not have
sufficient time to orientate itself favorably to adsorb, and thus a common
circumvention means is to run replicates starting from different initial
foulant orientations to enhance statistical validity (Cummings et al.,
2021), (Ma and Chew, 2022b), as was done here. Specifically, the
different initial orientations facilitate interactions between different
domains of the macromolecular lysozyme and the CryOs3 slab.

Numerous parameters that reflect adsorption tendency were assessed
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at 10 ps intervals throughout each simulation run, including radius of
gyration, hydrogen bonding (including intra-lysozyme and lysozyme-
Cr,03), root-mean-square deviation (rmsd), root-mean-square fluctua-
tion (rmsf), number of contacts, binding free energy, interaction energy,
and minimum distance between lysozyme or specific amino acid to
Cry03. Details on the formulas used are presented in Section S1 in the
Supporting Information. Where necessary to reduce noise, exponential
smooth approximation was utilized.

2.3. Quartz crystal microbalance with dissipation (QCM-D)

QCM-D, which is a highly sensitive analytical technique used to
measure mass changes due to adsorption onto surfaces in real time, was
used to provide experimental data for model validation. Lysozyme was
purchased from Sigma-Aldrich (Product Number: 62971). The phos-
phate buffer solution (PBS) was prepared by mixing 8 g of NaCI (VRW
Chemicals, CAS Number: 7647-14-5), 1.44 g of NaoHPO,4 (Merck, CAS
Number: 10028-24-7), 0.2 g of KCI (SigmaAldrich, Product Number:
P5405) and 0.24 g of KHoPO4 (Sigma-Aldrich, Product Number: P5655)
with 800 mL of Milli-Q water. The solution was stirred using a magnetic
stirrer for 1 h at ambient temperature. To set the pH of this stock solution
to 7, HCI (1 M, Fisher, Product Number: 15675270) was used and
distilled water was added until the total volume reached 1 L. The con-
centration of lysozyme was adjusted to 5 mg/mL and mixed with PBS for
a final volume of 50 mL. Furthermore, 1 wt% SDS (Fisher, Product
Number: BP166) and 3 wt% NaOH (Sigma—Aldrich, CAS Number:
131073-2) solutions were prepared with distilled water for cleaning.

QCM-D measurements were carried out with a Q-Sense E4 system
and Ismatek high-precision multichannel dispenser. Voight modeling
and curve fitting was performed with the instrument specific software
package Qtools using overtone 3. A fresh stainless-steel sensor (Biolin
Scientific, Product Number: SS2343), which mimicks the surface of the
FFE evaporator, was positioned in the flow cell for each test. The flow
cell was maintained at 293, 303, or 313 K. First, Milli-Q water was
flowed through the cell for 10 min and the resonant frequency (f) was
zeroed, after which PBS was flowed through for another 10 min. Then, 5
mg/mL of lysozyme in PBS was introduced to the flow cell at a constant
flow rate of 0.15 mL/min over 40 min, during which changes in resonant
frequency (Af) were monitored. Notably, a decrease in Af indicates an
increase in the mass adsorbed onto the stainless-steel sensor surface. For
each temperature, the test was repeated 3 times.

After each test, cleaning of the flow cell ensued by flowing PBS for
10 min, then 1 wt% NaOH for 10 min, and then 1 wt% SDS at 313 K for
10 min. After that, the sensor was removed, and rinsed with ethanol
before drying with a nitrogen spray gun, and finally re-installed into the
QCM-D.

3. Results and discussion

The results of six initial lysozyme orientations at four temperatures
each (namely, 293 K, 303 K, 313 K, and 333 K) were obtained in this
study. Based on an earlier study that indicated local interactions domi-
nate (Diaz-Ovalle et al., 2017), instead of repeating runs at the same
initial orientation, initialization at six different orientations was per-
formed (Fig. 1). Nonetheless, to ascertain repeatability for the same
initial orientation, two production runs were conducted at the same
initial orientation, namely, Orientation 4, at 293 K (Fig. S1). Thus, for
results pertaining to Orientation 4 at 293 K, averages are presented. The
parameters that reflect adsorption and thereby fouling behaviors are
presented as follows.

3.1. Model validation
As model validation, the protonation state (or total charge) of lyso-

zyme was determined at pH = 7.0 with CHARMM-GUI (Brooks et al.,
1983), as well as with GROMACS for cross-checking, to be +8e, which
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Fig. 2. (a) QCM-D results: Rate of mass of lysozyme collected onto the stainless-steel sensor surface at different temperatures. (b) Average interaction energies of all

orientations with respect to temperature. The error bars represent standard errors.

agrees with an earlier study (Wei et al., 2012).

Additional validation via QCM-D experiments was performed at
three temperatures, namely, 293 K, 303 K, and 313 K. Fig. 2a shows that
the change in frequency (Af in Hz) consistently becomes more negative
with time, which reflects the progressive increase in lysozyme adsorbed
onto the stainless-steel sensor. The steepest decline rate is for the system
at 293 K, indicating the greatest affinity of lysozyme to the stainless-steel
surface at this lowest temperature. However, the lowest decline rate was
for the intermediate temperature of 303 K. This implies a non-
monotonic relationship between temperature and adsorption tendency
of lysozyme, which suggests that temperature is not a dominant influ-
ence on the affinity between lysozyme and stainless-steel.

To determine the total interaction energy to gauge the strength of
adsorption of lysozyme onto stainless steel, the Coulombic and Lennard-
Jones (LJ) energies were summed up and averaged over the last 50 ns of
each 100 ns simulation. Fig. 2b summarizes the effect of temperature by
averaging the interaction energies across all six orientations. To ascer-
tain if the means are equal among the different temperatures, the
ANOVA (Analysis of Variance) test for comparing multiple means was
employed. At a 95 % confidence level, the null hypothesis is that all the
means are equal, while the alternative hypothesis is at least one mean is
different. The resulting p-value is 0.61, which is greater than 0.05 and
thus fails to reject the null hypothesis. This implies that there is no
significant difference among the means at the four temperatures, which
is in sync with the QCM-D results on temperature not being a governing
influence of lysozyme - stainless-steel interactions.

Although MD simulation numerically integrates Newton’s equations

of motion to predict the time evolution of a molecular system, the initial
velocities of atoms are randomly assigned, and thus some variabilities
between the results of repeated runs are inevitable. To assess the
discrepancy between repeats, another production run for lysozyme
initialized at Orientation 4 at 293 K was performed. Between the runs,
some variabilities in the positions of the lysozyme molecules can be
visually observed at O ns (i.e., start of the production run), 50 ns, and
100 ns in Fig. S1. Furthermore, Fig. S2 presents snapshots of the
repeated runs at the three time points, along with the corresponding
interaction energies. The interaction energies between the two runs are
distinctly different. For example, at 100 ns, the interaction energy is
—245 kJ/mol in one case and —84 kJ/mol in the other. In the former
case, two hydrogen bonds formed between the NH3 group of arginine
and oxygen atom of CroOj3 surface. In the latter, two basic amino acids
(namely, arginine-125 and arginine-128) and a polar amino acid
(namely, asparagine) are within 5 A of Cr,03. Moreover, Fig. S3a - e
display the differences between the repeats with respect to the evolution
of the parameters of rmsd, total interaction energy, Rg, minimum dis-
tance (between lysozyme and CryO3), and number of contacts, demon-
strating the discrepancies between repeats. As for the residue distance
with respect to residue number, Fig. S3f indicates similar trends between
the repeats. In the following, for results pertaining to Orientation 4 at
293 K, averages are presented.

3.2. Overadll interaction energy

The correlation between interfacial interaction energy and fouling
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(e.g., membrane fouling (Chew et al., 2020), marine biofouling (Qiu
et al., 2022)) is well acknowledged. Fig. 3a presents the average lyso-
zyme-CryO3 interaction energies at four different temperatures and for
six different initial lysozyme orientations in the final 50 ns of each 100
ns simulation. In addition, Fig. 4 displays the evolution of the lysozy-
me-Cry03 distance throughout the 100 ns of production run, which re-
flects whether lysozyme spontaneously adsorbs to the Crq0s3.
Furthermore, as another way of representing the interactions, the
binding energy was also computed, as shown in Table S1. Binding en-
ergies and interaction energies (Section S1) give similar trends. While
potential of mean force (PMF) calculations via biased MD simulations
can additionally provide the adsorption energy as a function of
displacement, unbiased MD simulations were employed here to avoid
the complication with regards to the impact of the additional external
force imposed (Ma and Chew, 2022b).

The correlation between temperature and total interaction energy
appears to be affected by the initial orientation. To determine if the
interaction energy means are equal among the six orientations, the
ANOVA (Analysis of Variance) test for comparing multiple means gives a
p-value of 0.0019, which is less than 0.05 and thereby rejects the null
hypothesis. This indicates that at least one of the mean interaction en-
ergies among the orientations is different at the 95 % confidence level.
Therefore, whereas the effect of temperature on interaction energies is
negligible, the effect of orientation is statistically non-negligible.

Four observations are worth noting. Firstly, among the temperatures,
333 K resulted in the least negative interaction energies for three out of
the six orientations (namely, Orientations 3, 5, and 6). If temperature
effects are significant, the initial orientations of lysozyme should have
less effect on the adsorption tendency. This is not the case, which

indicates that temperature is not a dominant influence on lysozyme-
Cr,0s affinity. Secondly, the influence of temperature is the least in the
case of Orientation 2, while greatest in the case of Orientation 6. This
suggests that temperature may affect different specific bindings (e.g.,
anchoring of specific amino acids) differently. Thirdly, the influence of
orientation is the least at 293 K, while the greatest at 303 K. The sig-
nificant variation in interaction energies across orientations at 303 K
underscores that local interactions are strongly dependent on the spatial
arrangement of amino acid residues relative to the CroO3 surface. These
conformational effects are intrinsic to lysozyme and cannot be easily
varied by temperature changes (Eleftheriou et al., 2006). Fourthly,
among the orientations, the relationships between temperature and total
interaction energy are not consistent. For instance, the most attractive
energy for Orientation 3 is at 303 K, while that for Orientation 4 is at
293 K. Thus, as with the previous observations, this ascertains that an
interplay between temperature and orientation effects dictates the
strength of adsorption. Collectively, Fig. 3a highlights that the local
interaction governed by the initial lysozyme orientation plays an
important role in dictating the tendency of lysozyme to adsorb onto
stainless steel. This agrees with earlier studies on the dominance of local
interactions by the specific amino acid residues in affecting adsorption,
rather than the macroscopic parameters (e.g., zeta potential, pH) (Wei
et al., 2012) (Antosiewicz and Dtugosz, 2020) (Zhou and Pang, 2018).
Fig. 3b displays the percentage of the total interaction energy
contributed by Coulombic interactions, with the rest being by Lennard-
Jones (LJ). Clearly, Coulombic interactions are relatively more domi-
nant in governing the adsorption behavior, with the values generally
more than 50 % and up to 93 %. This implies that charge-based in-
teractions, specifically the different charges on the amino acid residues



M. Temel et al.

Journal of Food Engineering 406 (2026) 112816

40 5 40 o7
(a) 3 293 K (b) i 293 K
J|— 303K _:_§_303K
35; — 313K g 3 J|— 313K
. 1(— : —~ J|— 333K
<30 LSl ; A <303 i
© 3 o \ :
2 253 2 253 ;
S 1 S 1
N e
0 20 n 20 3
) E Q =
3 153 S 15
7] = 7] =
[0] E o) .
¥ 10 :[{Avf o 103 \ﬁ
53— 53— M
0 :IIIII TTTTTTITT|TTTT IIII|IIII IIIIiIIIIiIIII]IIII TITT|TTITTTTOT 0 -illlll L L L LN L LR L L L Illlli
0 10 20 30 40 50 60 70 80 90 100110120130 0 10 20 30 40 50 60 70 80 90 100110120130
Residue Residue
C) 40 {a)4o — ;
( ) E 293 K (d) 3 293 K P 3
| — 303K J— 303k i |
33— 313k 39— 313k %
~ .y 3= 333K ~ . 3— 333K | g 3
<303 < 303 i : ‘
$ 55 0 A
2 25 : 2 25 W :
8 ] ; S 3] P ;
L E : L2 E : :
a 20_: § o 20—: 11 ;
g N g W |
S 153 ; ' S 15314 ! L] O
® 7 i 5 o 7 P i
o) E o N H ; \ Q 3 f At F\ :
Dﬁ 10 :vf \ H A' VA l‘ \' (v 10 : A- ‘V‘ Jn A
s VLl | i \
En vf‘kv v 5 VM
0 IIIIII TITTTTTITT|TITIT IIIIIIIIIII Illllilllllilllll]lllll TITIT|TITIT|TITIT 0 IIIIII TITTT[TTTIT[TTITIT(TTTI [ TTTTT IIIIlilllllilllllilllllilllll lllllilllll
0 10 20 30 40 50 60 70 80 90 100110120130 0 10 20 30 40 50 60 70 80 90 100110120130
Residue Residue
40 o7, 40 —
(e) 3 293 K (f) 3 293 K
Ji|— 303K q|— 303K
33— 313k 3531 — 313k
—~_ Ji|— 333K —~_ 3|— 333K
< 30 <30
e @ 3 A A
2 25 | Q 25 e
© 1 © = : : :
a 20 E v T 5 20 3 v i
s, ENEE TR AT
3 153 — 3 153 il :
g, Vi g AN
I ANARENE T R ViR
s3—\A . 5 e | AR
E vy y 1k ER Y = V\/: |
o : TITTTTTITT T ImaT IIIIIIIIIII LN L L LN L 0 -IIIIII LY LN LN L IIIIlilllllillIllilllllilllll Illllilllll
0 10 20 30 40 50 60 70 80 90 100110120130 0 10 20 30 40 50 60 70 80 90 100110120130
Residue Residue

Fig. 5. The average distance of each amino acid residue of lysozyme to the Cr;Oj3 slab for different initial orientations. a-f represent orientations 1-6.

(e.g., negatively charged acidic residues versus positively charged basic
residues), are more influential in governing the physical interactions.

It is worth noting that the negligible impact of temperature for
lysozyme adsorption onto CroO3 revealed here governs only the incip-
ient fouling step. The mechanisms underlying the correlation or lack
thereof between temperature and subsequent fouling stages involving
aggregation and conformational changes (e.g., denaturation) (Tuoc,
2015) warrant further investigations.

3.3. Minimum distance

As the simulation progresses, while the position of the Cr,O3 slab is
fixed, the lysozyme molecule is free to move towards or away from it
depending on the affinity between the residues on lysozyme and Cry03.
Thus, quantifying the minimum distance between lysozyme and Cr,03
(i.e., between the two closest atoms on each) provides indications of the
affinity between the two entities. Fig. 4 presents the minimum distance
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Fig. 6. Number-based contribution of each category of amino acid (namely, neutral nonpolar, neutral polar, acidic, and basic) to lysozyme adsorption based on the

amino acid being 5 A or less from the Cr,03 slab.

between the lysozyme and Cry0O3 surface. In some cases, the trends are
flat with minimum distance values of 3 A or below, which indicates that
the lysozyme molecule is adsorbed firmly to the Cr,O3 surface. In other
cases, the minimum distances computed fluctuate at higher values,
indicating that the lysozyme does not adsorb. As expected, the systems
having low total interaction energies (Fig. 3a) and binding energies
(Table S1) exhibit higher minimum distances. For example, for the least
attractive interaction energies shown in Fig. 3a for the cases of Orien-
tation 4 at temperatures of 303-333 K, the corresponding minimum
distances are clearly higher in Fig. 4. Furthermore, Fig. 4 reflects that
five of the six cases have adsorbed at 293 K, while four of the six cases
have adsorbed at 303, 313, and 333 K. Of the non-adsorbed cases, only
initial orientations of 1, 4, and 6 are involved. Comparing these cases
with Fig. 3a indicates that total interaction energies of above 100 kJ/
mol in magnitude are needed to warrant the adsorption of lysozyme onto
Cra03.

3.4. Adsorption sites

While it is exceptionally challenging experimentally to identify
which amino acid is interacting with the Cry0O3 slab, MD simulations can
readily achieve this. Fig. 5 presents the distance between each amino
acid residue and the Cry0j3 slab, reflecting how the chain of 129 amino
acid residues that make up lysozyme aligns with respect to the CrpO3
slab. Furthermore, Fig. S4-S9 quantify the residue-CroO3 distances of

four residues that get to within 5 A of the Cr03 slab (namely, basic Lys,
basic Arg, polar acidic Glu, and polar acidic Asp) resulting from the six
different initial orientations. Two observations are notable. Firstly, for
the different orientations, it appears that it is not always the same amino
acid residues that anchor onto Cro03. For instance, comparing Orien-
tations 1 (Figs. 5a) and 2 (Fig. 5b) indicates the first residue (i.e., Lys-1)
is close to Cry03 in the former case (5 Aor less; Fig. S4) but much further
away for the latter (almost 20 10\; Fig. S5). Secondly, the different tem-
peratures assessed have limited influence on the residue distance trends,
indicating that the preferential affinity of specific amino acid residues to
Cry03 exceeds the temperature effects. For instance, in the case of
Orientation 6, temperature has the most significant influence on total
interaction energy (Fig. 3a), and Fig. 5f shows clearly the preferential
binding and non-binding by specific amino acid residues. As Fig. S9
indicates, regardless of temperature, residue 114 (i.e., Arg-114) remains
tightly bound (<5 A) o Cry03, while residue 1 (i.e., Lys-1) fluctuates
within a narrow distance range of 5-10 A across the temperatures.
Therefore, Fig. 5 emphasizes the importance of the local amino acid
residue interactions in influencing adsorption.

3.5. Preferential affinity of amino acid residues
Recalling that the lysozyme was initialized at a minimum distance of

5 A from Cry03, a residue distance of less than 5 A implies attraction.
Since Fig. 3b indicates charged interactions govern the adsorption
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Fig. 8. Changes in rmsd values of lysozyme-Cr,O3 systems over time for six initial orientations at four different temperatures. a-f represent Orientations 1-6.

behavior, a closer inspection of the different categories of amino acids
(namely, neutral nonpolar, neutral polar, acidic, and basic) was taken.
Specifically, all the amino acids that are 5 A or less from the Cry03 slab
were identified, then classified into the four categories, and finally, the
number-based percentage of each category was computed. Fig. 6a shows
that, at all temperatures, the basic amino acid residues are the most
dominant in influencing lysozyme adsorption (37-40 %), followed by
neutral polar (30-34 %) and neutral nonpolar (17-21 %), while the
acidic ones are the least influential (7-10 %). With regards to initial
orientation, Fig. 6b shows that acidic residues remain least probable to
be close to Cry03, while the basic and neutral polar ones are more likely.

The prominence of basic and neutral polar amino acid residues in
close proximity with Cry03 (<5 ;\) shown in Fig. 6 and the dominance of
Coulombic interactions shown in Fig. 3b are in agreement. CryO3 is
amphoteric and typically exhibits a partially negatively charged surface
in aqueous environments, with mostly oxygen atoms exposed. It should
be noted that the pK, values for the basic amino acid residues are be-
tween 9 and 14, while that for the acidic ones are between 1 and 5. Thus,
at pH = 7, almost all basic residues except histidine are in the protonated
state, which means they tend to be positively charged due to the excess
number of hydrogen atoms, and thereby exhibit preferential affinity to
the negative CryO3 surface. In contrast, all acidic residues lose their
protons at pH = 7, which results in negative charges, and thereby exhibit
repulsion to the negative CryO3 surface.

Armed with the understanding that basic and acidic amino acid

residues exhibit distinctly different adsorption behaviors onto CryOs3, the
corresponding interaction energies were calculated, as displayed in
Fig. 7. Specifically, lysozyme contains three types of basic amino acid
residues (namely, lysine, arginine, and histidine), and each data point in
Fig. 7a represents the sum of interaction energies of all these residues in
lysozyme. Analogously, Fig. 7b presents the summation of the interac-
tion energies of all the acidic residues (namely, acetic acid and glutamic
acid). Furthermore, Fig. S10 and S11 present the Coulombic and
Lennard-Jones components that sum up the total interaction energies.
A key highlight of Fig. 7 is that the interaction energies of the basic
amino acid residues are negative, whereas those of the acidic ones are
positive. This implies that basic residues are attracted to CryOs, but
acidic ones interact repulsively with CryOs. In agreement with Fig. 3b,
Fig. S10 and S11 show that the Coulombic components (i.e., —25 to
—270 kJ/mol for basic residues, and 0-44 kJ/mol for acidic residues)
are significantly more dominant than the Lennard-Jones ones (i.e., 6 to
—20 kJ/mol for basic residues, and 0 to —13 kJ/mol for acidic residues)
for both residue types, implying similarly that charge interactions are
more influential on the adsorption behavior. Three other observations
are interesting. Firstly, regarding Orientations 1 and 4, their overall
relatively less attractive interaction energies shown in Fig. 3a are tied to
the relatively lower attraction (—25 to —45 kJ/mol) of the basic residues
(Fig. 7a) and relatively higher repulsion (+10 to +35 kJ/mol) of the
acidic residues (Fig. 7b). Secondly, the repulsive energies of the acidic
amino acids are almost zero for Orientations 3 and 6, because the acidic
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Fig. 9. Box plots of the radius of gyration (Rg) of lysozyme-Cr;03 (10 ns - 100 ns) for six initial orientations at four different temperatures. a-f represent Orien-

tations 1-6.

amino acids tend not to get close to CryO3 (Fig. 6b), and the lack of
repulsion contributes to the lowest total interaction energies among all
the cases exhibited at 303 K for these two orientations (Fig. 3a). Thirdly,
the relatively lower impact of temperature on the total interaction en-
ergies for Orientations 1 and 2 (Fig. 3a) appears tied to the corre-
sponding low impact of temperature on the interactions of the basic
residues (Fig. 7a). In summary, Fig. 7 demonstrates the general domi-
nance of the attraction of the basic amino acid residues to CryO3 in
governing the adsorption by lysozyme.

3.6. Additional characterizations

Fig. 8 presents the evolution of root-mean-square deviation (rmsd),
which reflects the mobility of lysozyme attributable to various phe-
nomena, such as conformational changes, lysozyme-Cr,03 interactions,
etc. Also, the rmsd trends in the absence of Crp,O3 are shown in Fig. S12.
In addition, Fig. S13 and S14 display the root-mean-square fluctuation
(rmsf) of each amino acid residue in lysozyme in the presence and
absence of the Cry0Og3 slab, which reflects the flexibility of the lysozyme
chain.

Without the Cry03, higher temperatures increase rmsd values, spe-
cifically in that the upper rmsd limits are approximately 1.3 A at 293 K
and 303 K, whereas greater at 1.6 A for the higher temperatures of 313 K
and 333 K. On average, the rmsd values fluctuate about 1.2 A, reflecting
the mobility of a free lysozyme in the solution. Furthermore, Fig. S13
and S14 show most of the residues are distinctly more mobile without
the Cry0Og slab. In particular, at the temperature of 333 K (Fig. S13d and
S14d), the flexibility of the lysozyme chain is more significantly
restricted by Cry0s.

Compared to the absence of the Cry0j3 slab, the range of rmsd values
broadened due to the attractive and repulsive interaction of lysozyme
with the CryOg slab (Fig. 8). The depressed lower rmsd limits of down to
0.8 A reflect the adsorption of lysozyme onto the CryOs slab, which
restricts mobility. For instance, in the case of Orientation 3 at 313 K, the
rmsd values are hardly above 1 A, which is distinctly lower than that of
lysozyme without the CroO3 slab (Fig. S12). This indicates relatively
stable adsorption at this temperature, as also evident in the relatively
depressed rmsf values in Fig. S14c, even though the interaction energy is
not the most negative (Fig. 3a). As another instance, Orientation 1 at
293-303 K exhibits relatively low rmsd values, with the low mobility
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Fig. 10. Number of lysozyme-Cr,O3 contacts over time for six initial orientations at four different temperatures. a-f represent Orientations 1-6.

attributable to rmsf values of the residues being generally lower or equal
to that in the absence of CryO3 (Fig. S13a-b). On the other hand, the
elevated upper rmsd limits of up to 2 A reflect repulsion from the Cr,03
slab. For example, in the case of Orientation 2 at 313 K, although the
interaction energy is rather attractive (Fig. 3a), the higher rmsd (Fig. 8b)
and rmsf (Fig. S14c) values suggest lysozyme remains highly mobile.
The higher mobility and flexibility may ease induced desorption during
cleaning of the FFE.

10

Radius of gyration (Rg) can be determined to understand the size and
conformation changes of lysozyme. While Fig. S1 suggests visually
minimal structural changes of the lysozyme molecule over the 100 ns
run, Rg serves to quantify the structural evolution. Fig. S16 presents the
evolution of the Rg values of the lysozyme-Cr03 systems for six initial
orientations at four different temperatures, while Fig. S15 presents that
in the absence of Cry03. The similarity of the Rg values in the absence
and presence of the CryOj3 slab reflects the adsorption or lack thereof of
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lysozyme causes negligible conformational changes to the lysozyme
molecule. Additionally, Fig. 9 presents the box plots corresponding to
Fig. S16. The error bars reflect some perturbation of the lysozyme
structure, but the extents are not significant. In the case without Cr203,
similar to the mobility behavior demonstrated by rmsd analysis, limited
flexibility of lysozyme is observed at 293 K and 303 K, whereas larger
conformational changes are observed at the higher temperatures of 313
Kand 333 K (Fig. S15). The interaction of lysozyme with CroO3 generally
causes a slight increase in Rg values from approximately 14.2 to 14.4 A,
increasing the upper Rg limit to 14.6 A. This suggests a change in the
shape of lysozyme due to adsorption onto CryOs. Even at the highest
temperature of 333 K, Rg values remain similar, indicating conforma-
tional stability.

The number of lysozyme-Cry0O3 contacts (defined as when the min-
imum distance is less than 6 A), which reflect the number of interacting
atoms between the two entities, is presented in Fig. 10. Overall, the
number of contacts ranges between approximately 15 and 240. While
temperature has the least effect on Orientation 1 (Fig. 10a), the effect is
significant on Orientation 3 (Fig. 10c). The least negative interaction
energies (Fig. 3a) corresponding to Orientation 4 at 303-333 K give
relatively low contacts of 55, 65, and 80 respectively at 303 K, 313 K,
and 333 K. However, the lowest number of contacts is 15 for the case of
Orientation 6 at 333 K, which corresponds to a relatively more attractive
interaction energy. The seeming contradiction can be traced to a higher
number of basic contacts (Fig. 6) with attractive energies. Nonetheless,
when the interaction energies (Fig. 3a) and contact numbers (Fig. 10)
are compared internally and orientation-specific, it is evident that
interaction energy magnitude and contact number are positively
correlated.

Intra-lysozyme hydrogen bond is important for secondary and ter-
tiary conformational stability. Changes in the number of internal
hydrogen bonds provides information about the folding state and
interaction with the environment. The number of intra-lysozyme
hydrogen bonds in the presence and absence of CryOs3 is presented in
Fig. 11. At 303 K, the number of hydrogen bonds in the absence of Cr,03
is highest for all orientations, which indicates the most tightly bound,
stable lysozyme. Generally, the number of hydrogen bonds in the
absence of the Crp0j3 slab is higher than that in the presence, which is
tied to lysozyme adsorption onto CryO3 and thus reflects some slight
structural adjustments of the lysozyme molecule upon adsorption. Spe-
cifically, amino acid residues like lysine, arginine, and serine which are
instrumental in the intra-lysozyme hydrogen bonds, become involved in
interacting with CryO3 and thus diminishing the hydrogen bonds in the
free lysozyme. Correspondingly, higher-CryO3 lysozyme interaction
energies (Fig. 3a) are correlated with lower number of hydrogen bonds.

4. Conclusion

This MD simulation study investigated the adsorption behavior of
lysozyme on a Cr,O3 surface at four different temperatures and six initial
orientations.

Key observations indicate that local interactions, driven predomi-
nantly by Coulombic forces, are crucial in governing adsorption. Basic
amino acids, particularly lysine and arginine, were found to play a
dominant role due to their strong electrostatic attraction to the nega-
tively charged CryO3 surface. Conversely, acidic amino acids demon-
strated weaker repulsive interactions due to the inherent negative
charge at neutral pH.

Temperature effects were shown to be secondary to local in-
teractions, with no clear correlation with adsorption behaviors. While
higher temperatures generally reduced adsorption for some orienta-
tions, the specific spatial arrangements and local amino acid residues
play more crucial roles in governing adsorption. It should be noted that
the lack of temperature influence on adsorption suggests the onset of
fouling is temperature-independent, but the underlying mechanisms of
whether and how subsequent fouling stages of aggregation and layering
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are affected by temperature require further investigation.

The adsorption process was further confirmed through minimum
distance and binding energy analyses, highlighting that strong in-
teractions are characterized by shorter distances between the protein
and surface. Additionally, the root-mean-square deviation (rmsd) and
radius of gyration (Rg) analyses indicate that adsorption had minimal
impact on the lysozyme’s secondary structure, further emphasizing the
role of side-chain interactions in stabilizing adsorption.

Overall, this study underscores the significance of local electrostatic
interactions, particularly involving basic residues, in dictating the
adsorption behavior of lysozyme onto the CryO3 surface. The findings
provide insights into the local adsorption tendencies of lysozyme, and
thereby the incipient fouling behaviors, which are expected to be
valuable towards addressing the inevitable fouling challenge in the FFE-
processing of emerging food protein formulations. For more in-depth
understanding of macroscopic phenomena like heat transfer and fou-
lant buildup in future, MD simulations can be bridged with continuum
models.
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