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ARTICLE INFO ABSTRACT

Keywords: Extracellular polymeric substances (EPS) are essential for bacteria to interact with external environments and
?Xtracel_mar Po_lymeric S}IbStaﬂces . play a key role in the formation of microbial aggregates. Unveiling the black box of EPS has become an urgent
interacting-particle reaction dynamics topic in the field of microbiology, medical science and environmental science. Here, we develop an explicit

computational biology

extraction

microbial aggregates

averaged concentration representation method

approach to describe the molecular structure and behaviors of EPS using interacting-particle reaction dynamics
(iPRD). Three representative states of EPS (i.e., normal EPS layer, metal bridging EPS layer and extracted EPS
layer) are qualitatively simulated at molecular scale and validated with previous research results on EPS.
Furthermore, an averaged concentration representation method is proposed to quantitatively model the EPS-
oriented bioprocesses. Through this method, the contents of protein and polysaccharide in EPS extracted by
cation exchange resin are accurately predicted by our model (R?>0.982). This work gives new insights into EPS
at the molecular scale and opens up new avenues for further exploring and modeling complex molecular
structure and behaviors of EPS.

recovery and characterization of EPS [1]. As a result, the existing
mathematical models for EPS normally treat EPS as a whole and depend
on concentration-based modeling approaches such as the Monod equa-
tion and stoichiometric matrix [10-12]. For instance, Ni et al. (2009)
[11] considered EPS as a particulate component (Xgps) in their mecha-
nistic model for microbial products of activated sludge. Peng et al.
(2019) [13] also simplified EPS as the Xgps and simulated the variation
of Xgps in anammox biofilm. These models cannot simulate the spatial
structure of EPS and help us further investigate the molecular scale
features related to EPS. However, these features are closely associated
with the functions and molecular behaviors of EPS, which need to be
considered in explicit molecular models to further explore the secrets of
EPS. Although many functions and structural features of EPS have been
deduced based on previous researches [14], the explicit model for
simulating the molecular structure and behaviors of EPS is still missing.

Interacting-particle reaction dynamics (iPRD) have been developed
to simulate the reaction kinetics in crowded environments of biological
cells [15, 16]. Molecular dynamics simulations are embedded in the

1. Introduction

Extracellular polymeric substances (EPS), which are heterogeneous
viscous matrix originated from bacteria, mainly consist of poly-
saccharides, proteins, humic substances, extracellular DNA (eDNA), and
inorganic substances [1, 2]. In the past decades, EPS have drawn much
attention due to their significant functions in the formation of microbial
aggregates [3, 4]. On one hand, EPS crucially affect the formation of
microbial biofilms due to the sticky substances in EPS [4, 5]. EPS also
affect the transformation of substrates via the various functional groups
in EPS [6]. Inhibiting the production of EPS has been recognized as a
promising method to prevent and eliminate microbial biofilm in many
industrial and biomedical applications [4, 5]. On the other hand, the
performance of membrane technology in wastewater treatment pro-
cesses is significantly influenced by membrane fouling caused by the
accumulation of EPS on membrane [7-9]. Nonetheless, EPS still suffer
from an identity crisis due to the lack of comprehensive methods for
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Abbreviation list

MV Membrane vesicles

DS Dissolved substrate

UPN Unlinked protein

UPS Unlinked polysaccharide

MC Metal cation

iCER Ions released from cation exchange resin
LB Lipid bilayer

MVFS Membrane vesicles formation site

CPPN Channel protein for protein

CPPS Channel protein for polysaccharide

MPN Membrane protein
MPS Membrane polysaccharide

LPN Linked protein

LPS Linked polysaccharide

EBPS Enzyme-binding polysaccharide
E Enzyme

MBMPN Metal-binding MPN
MBMPS Metal-binding MPS
MBLPN Metal-binding LPN
MBLPS Metal-binding LPS

iPRD model to simulate complex interactions among particles [17, 18].
In such simulations, for example, realistic kinetics of biomembranes
[15], protein binding patterns [19], and kinetics of bimolecular re-
actions [20], these particles can represent atoms, higher-order mole-
cules, and even large polymers. The bimolecular reaction simulated by
the iPRD model is a two-step process, in which two active particles
converge in the diffusion process and subsequently react with a
user-defined probability [16]. The iPRD model allows topology simu-
lation and general interaction potentials on the reactive particles, such
as steric repulsion and electrostatic forces [17], which govern the in-
teractions among polymers in EPS [1]. For instance, the proteins and
humic substances with chelating groups in EPS were found to effectively
bind heavy metals through electrostatic forces [7]. The carboxyl group,
hydroxyl group, and RC-O-CR in glucoside of EPS were also found to
hinder the transfer of plasmid-borne antibiotic resistance genes through
electrostatically binding [21]. The motion of particles and microscopic
reactions between them in three-dimensional space can be explicitly
simulated by the iPRD model [17]. Therefore, the iPRD model may be a
useful tool to simulate both the formation and behaviors of polymers in
EPS layers.

In this study, we propose an explicit molecular modeling to simulate
the molecular structure and behaviors of EPS based on the iPRD model
[17]. The microscopic information of EPS layers for establishment of the
iPRD model was introduced firstly. Then, the detailed structure of the
particle-based computational model for EPS layers was explained. With
the help of the iPRD model, the three different equilibrium states of EPS
layers were simulated. We also demonstrate the feasibility of using the
iPRD model to quantitatively simulate important bioprocesses occurred
in the EPS layers. An averaged concentration representation method is
developed to simulate the content of EPS polymers extracted by cation
exchange resin (CER). This work presents potential applications in un-
derstanding and quantitatively modeling complex molecular behaviors
of EPS at the molecular scale.

2. Materials and methods
2.1. Particle-based computational model

In the particle-based computational model for EPS layers, all poly-
mers or metal cations are modeled as spherical particles. The particle

Chemical Engineering Journal Advances 8 (2021) 100154

dynamics are simulated by the overdamped Langevin dynamics with
isotropic diffusion. A particle i defined in this system moves according to
the stochastic differential equation:

dxi(t) _ Di(T)
o= 2000 + VDT () )

where x;(t) € R® is the particle position at time t, D{(T) is a specific
diffusion coefficient for each particle type, kg is the Boltzmann constant
(1.380649 x 10'23J/K), T is the system temperature (K), fi(t) is the
deterministic force and &;(t) is the stochastic velocity.

A harmonic repulsion potential is used to describe the interaction
between two hydrophobic-dominant particles. It makes two particles
repulse each other once they enter a certain radius. The potential term is
given by

1 .
k(|| 20 = xalla = 1), i [l —xalla <7,

V(xy, x)={2 (2)

0, otherwise,

where r is the distance (nm) at which particles begin to interact with
respect to this potential.

A screened electrostatic potential is used to model the interaction
between two charged particles. It represents electrostatic interaction
(both repulsive or attractive), which is screened with a certain screening
depth. The potential term is given by

C X n
—e +D<f> yifr<r,
r

V(I x =xll2) =V()=A{r ©))

0, otherwise,

where C € R is the electrostatic repulsion strength (kJ*nm/mol), k € R
is the inverse screening depth (1/nm), D € R is the repulsion strength
(kJ/mol), ¢ € R is the core repulsion radius or zero-interaction radius
(nm), n € N is the core repulsion exponent, and r. € R is the cutoff
radius (nm).

In this study, the units of length, time and energy were defined as
nanometer, second and kilojoule per mol, respectively. The simulation
temperature was set according to the simulation target. The polymers
within EPS layers share a complex liquid environment, and few pieces of
research focused on the diffusion constants of different polymers in the
EPS matrix. Therefore, the default diffusion constants of linked sub-
stances were accepted, which varied with the simulation temperature
(Eq. (1)). In order to simulate the structure of the microbial cell mem-
brane, the diffusion constants of membrane compositions (i.e. LB, MVFS,
CPPN and CPPS) were set as 0. Compared with low diffusion constant of
topology species, the free particles have much higher diffusion constant.
The low diffusion constant presented the fixation and aggregation of EPS
on microbial cell membranes, whereas the higher diffusion constant
showed the rapid movement of free particles in a well-mixed liquid
environment. In the ReaDDy 2 model, the reaction rates (1) have units of
inverse time (1/s) and can be understood as the probability per unit time
of the reaction occurring [17]. When two particles are closer than a
reaction radius, the reaction between them will happen with
probability:

p=l—-e* @

where 7 is the integration step. The practical reaction rates were defined
based on the comparison between simulation results and experimental
results.

2.2. Averaged concentration representation method

In the iPRD model, the concentrations of proteins, polysaccharides,
and dissolved substrates were calculated based on their density (p) and
varying total volume (Table S1). The mean density of proteins was 1.37
g/cm® while the mean density of polysaccharides was set as 1.60 g/cm?,
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which is the density of alginic acid (Aladdin, A110570, CAS: 9005-32-7).
The acetate was chosen as a representative dissolved substrate, which
has a density of 1.05 g/cm3 (Aladdin, A298827, CAS: 64-19-7). The
simulation box with the size of x x y x z=50nm x 10nm x 100nm had
a volume of 5.0 x 10"2° L. The size of simulation box defined in this
study depended on the thickness of the capsular EPS layer between the
cell membrane of Defluviicoccus sp. [22] (Fig. S1). To fully illustrate the
interactions between EPS and other extracellular substances, the size of
simulation box in z-direction was extended to 100 nm. The concentra-
tions of simulated particles in EPS layers were calculated as follows:

Gilr) = ’% )

where Ci(t) is the concentration of particle type i at time t, p; is the
density of particle type i, ni(t) is the numbers of particle typeiat timet, V;
is the volume of single particle type i, and Vg is the total volume of the
simulation box (5.0 x 102°L). A heterotrophic microbial cell with a
radius of 250 nm was chosen as the model bacteria, which was wrapped
by the EPS layer and interacted with external environments. The mi-
crobial cell has a volume of 6.5 x 1071 L, and the sphere with a radius of
350 nm has a volume of 1.8 x 1071® L. Therefore, the volume of total
simulation boxes reached 1.15 x 107° L, and the total numbers of
simulation boxes on one cell reached 2300. As a result, all experimental
results need to be averaged before comparing them with the simulation
results of the iPRD model.

2.3. Data source of EPS extraction experiment

The detailed description of EPS extraction experiments can be found
in Frglund et al. (1996) [23]. Briefly, raw activated sludge was collected
from aerated tanks in the advanced treatment plant (Aalborg East), and
the supernatant of activated sludge was removed to thicken sludge with
total solids of 8-11 g/L. The thickened sludge was centrifuged to remove
any EPS from bulk water, and subsequently, the sludge pellets were
resuspended in a buffer consisting of 2 mM NagPO4, 4 mM NaHyPOy, 9
mM NaCl and 1 mM KCI at pH 7. In the extraction process, 300 mL
sludge was transferred to an extraction beaker with baffles and a specific
amount of CER (85g/g VS, DOWEX 20-50 mesh in the sodium form) was
added. The stirring intensity was set as 900 rpm, and different extraction
times (0.5-17 h) were chosen. The extracted EPS were harvested by
centrifugation to remove CER and remaining floc components.

2.4. Software

The particle-based reaction-diffusion simulator (ReaDDy 2) is mainly
implemented in C++ while the detailed models were encoded in the
python user interface such as Jupyter notebook. The python interface
can help users compose the simulation system, define particles, poten-
tials and reactions, as well as run, store and analyze simulations [17].
The step by step tutorials of the ReaDDy 2 can be found online (https:
//readdy.github.io/). The software package Visual Molecular Dy-
namics (VMD) is used for visualizing the simulation results and
recording the number and coordinates of particles [24]. The color and
texture of each particle type in the snapshots of VMD were user-defined.
A more detailed description of the ReaDDy 2 model can be found in the
Supporting Information.

3. Results and discussion
3.1. Microscopic information of EPS layers

In the past few decades, researchers have utilized different in situ
microscopic technologies, such as Scanning Electron Microscope (SEM)

[22, 25], Transmission electron microscopy (TEM) [22, 25], Atomic
Force Microscope (AFM) [26], and Confocal Laser Scanning Microscope
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(CLSM) [9, 26], to capture the microscopic structure of EPS adsorbed on
microbial cells. These valuable pictures supply useful information about
EPS layers including the thickness of the EPS layer, the spatial structure
of EPS subcomponents, and specific functions of each kind of subcom-
ponent. These previous studies on EPS provide a strong foundation for us
to build a reasonable iPRD model for EPS layers.

As shown in Fig. S1, the thickness of the capsular EPS layer between
the cell membrane of Defluviicoccus sp. and the liquid environment
reached 20-40 nm [22]. In order to model complex properties and be-
haviors of EPS, the thickness of 40 nm was accepted as a normal
thickness of simulated EPS layers. The proteins, polysaccharides and
extracellular DNA (eDNA) are the most common subcomponents of EPS
identified by CLSM [9, 26, 27]. In the EPS layers, the key proteins
normally contain two types, namely, amyloid proteins [28] and extra-
cellular enzymes [29]. The chemical structure of amyloid proteins is
folded as p-sheets and stacked vertically to the fibril axis [28]. The
amyloid proteins secreted by Escherichia coli are 4-12 nm wide and
0.1-10 pm long [30]. Therefore, the radius of structure proteins defined
in the iPRD model was set as 4 nm. The extracellular enzymes have the
ability to hydrolyze external macromolecules, and are adsorbed on the
polysaccharide skeleton in EPS [31]. Membrane vesicles (MV) are
actively produced by bacteria to deliver the extracellular enzymes [31,
32]. In the iPRD model of EPS, the extracellular enzymes were encap-
sulated in the MV. When the MV encountered the polysaccharide skel-
eton in the EPS layers, the enzymes were released from MV and bound
with the polysaccharide skeleton. Therefore, the radius of MV and
extracellular enzymes were defined as 5 nm and 4 nm, respectively.

The polysaccharide skeleton of EPS consists of many types of poly-
saccharides, such as alginate, cellulose, xanthan, and chitin [33, 34].
These polysaccharides have both negative charge and hydrophobic
properties, which support the connection between polysaccharide and
other substances, for example, proteins or metal cations [35]. The hy-
drolysis of polysaccharides in EPS by amylase greatly hindered bacterial
aggregation and reduced the stability of anammox granule [36], indi-
cating that the polysaccharide skeleton of EPS has significant structural
functions. Abu-Lail and Camesano (2003) [37] reviewed the size of
different polysaccharides detected by AFM, and alginate, as the most
common polysaccharide in EPS, is 1.41-4.65 nm wide (single strands).
Thus, the radius of structural polysaccharide was set as 1.5 nm in this
study.

The eDNA in EPS present significant functions in the formation of
microbial biofilms, such as binding with proteins, delivering informa-
tion between cells, and maintaining biofilm structure [26, 27, 31]. The
polymethylmethacrylate coated with DNase I enzyme strongly reduced
the adhesion of Staphylococcus aureus (95%) and Pseudomonas aeruginosa
(99%), indicating the key role of eDNA in biofilm formation [5]. How-
ever, in the present iPRD model, the informative function of eDNA
cannot be modeled, and the communication between two microbial cells
is beyond our model scope. Meanwhile, the structural functions of eDNA
in EPS are very similar to those of proteins and polysaccharides [38].
The simulation of proteins and polysaccharides can reasonably show the
structural functions and behaviors of EPS. Therefore, eDNA was not
modeled in this study. In addition, humic substances are normally
identified from microbial EPS and originate from the lysis of microbial
cells [39]. The humic substances are refractory to biodegradation and
possess the function of electron transport [40]. In this study, the mi-
crobial lysis was not simulated, and consequently, the humic substances
were not included in our model at present. The summaries of the iPRD
model parameters for constituting EPS are summarized in Table 1.

3.2. A particle-based computational model for EPS layers

In the previous section, the model settings of subcomponents in EPS
and corresponding reasons were discussed. Here, the detailed informa-
tion about the iPRD model of EPS established by the particle-based re-
action-diffusion simulator (ReaDDy 2) was demonstrated [17]. In
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Table 1
Key configuration of the iPRD model for simulating different states of EPS layers.
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Simulation target Temperature  Timestep  Numbers of Numbers of particles” Numbers of reactions”
timesteps
Normal EPS layer 293 K 0.001 s 120000 Particle species: 1, 2, 3, 4. Topology species: 7, 8, 9, 10, 11, 12, Particle reactions: 1, 2, 3, 4, 5.
13, 14, 15, 16. Topology reactions: 14, 15, 16, 17, 18,
19, 20, 21, 22, 23.
Metal bridging EPS 293 K 0.001 s 120000 Particle species: 1, 2, 3, 4, 5. Topology species: 7, 8, 9, 10, 11, Particle reactions: 6, 7, 8, 9.
layer 12,13, 14, 15, 16, 17, 18, 19, 20.
Extracted EPS layer ~ 293 K 0.001 s 120000 Particle species: 1, 2, 3, 4, 5, 6. Topology species: 7, 8,9, 10,11,  Particle reactions: 10, 11, 12, 13.
12,13, 14, 15, 16, 17, 18, 19, 20.
EPS extraction 277 K 0.01s 720000 Particle species: 6. Topology species: 13, 14, 19, 20. Particle reactions: 12, 13.

process

@ The detailed description of particle types can be found in Table S2 and S3.
b The detailed description of reaction types can be found in Table S4 and S5.

previous studies, the pictures from SEM and TEM show that EPS wrap
microbial cells like a capsule [22]. Except for water molecules and hy-
drophilic polymers, the different subcomponents of EPS are stacked and
linked to each other through electrostatic or hydrophobic interaction
[2]. To understand the connection patterns and microbial behaviors of
EPS layers, a cross-section with size of x x y x z = 50nm x 10nm x
100nm was simulated in the iPRD model (Fig. 1a). The boundaries of the
simulation box can be either non-periodic or fully periodic. The polymer
that existed in one cross-section of the EPS layer may connect with other
polymers in neighboring cross-sections (Fig. 1b). In this case, the
simulated cross-section of the EPS layer is periodic in x and y directions
but not in 2z direction.

The topology species and topology types, which were used to build
complex multi-particle structures, can be defined in the iPRD model
[17]. Therefore, the particles in simulated EPS layers were divided into
free particles (Table S2) and topology species (Table S3). The free par-
ticles moved “freely” in EPS layers and liquid environments. The
membrane vesicles (MV), dissolved substrate (DS), unlinked protein
(UPN), unlinked polysaccharide (UPS), and metal cation (MC) were set
as free particles. Due to the lack of hydrodynamic simulation in the
ReaDDy 2, the hydrodynamic conditions of free particles (i.e. mixing by
stirring or aeration) were simulated by adjusting diffusion coefficient
(D). A high diffusion coefficient endows free particles high magnitude of
random displacement in the governing dynamics, which simulates a
well-mixed hydrodynamic condition.

The topology species were divided into four topology types accord-
ing to their identities. The Membrane type described the compositions of
the microbial cell membrane (Fig. 2a), initial linked proteins and poly-
saccharides (Fig. 2b, c), which included lipid bilayer (LB), membrane
vesicles formation site (MVFS), channel protein for protein (CPPN),
channel protein for polysaccharide (CPPS), membrane protein (MPN)
and membrane polysaccharide (MPS). These compositions of microbial
membrane are assembled through the harmonic potential to restrict the

movement of the membrane components. When DS encounters MVFS,
CPPN or CPPS within a certain radius, the DS will be converted to MV,
UPN or UPS, respectively (Fig. 2d). These processes simulated the ab-
sorption of nutrients and the release of specific substances by microbial
cells. The Structure type contained linked protein (LPN) and linked
polysaccharide (LPS), which constituted the main structure of the EPS
layer (Fig. 2e). The Enzyme type presented the connection between
enzyme and polysaccharide skeleton. When MV encounters LPS, enzyme
(E) will be released from MV, and LPS will be converted into enzyme-
binding polysaccharide (EBPS) (Fig. 2f). The final topology type was
named Bridge, which described the electrostatic interaction between
metal cations (MC) and negatively charged polymers. When MC collides
negatively charged polymers (i.e., MPN, MPS, LPN and LPS), the MC and
these polymers will merge into metal-binding polymers: metal-binding
MPN (MBMPN), metal-binding MPS (MBMPS), metal-binding LPN
(MBLPN) and metal-binding LPS (MBLPS) (Fig. 2g).

The reaction processes occurring and the symbols for particles in the
simulated EPS layers are summarized in Fig. 2. Particle reactions
included secretion and hydrolysis processes, whereas the topology
spatial reactions contained hydrophobic connection, enzyme binding,
metal bridge, and CER extraction processes. The reaction radius was
defined according to the radius of two reactants and the potential be-
tween them (Table S4 and S5).

CER has been widely used to extract EPS by exchanging metal cations
bound with EPS [23, 41]. The CER normally has a radius of 0.5-1.0 mm,
which is too large to be simulated by the iPRD model. Therefore, the
addition of CER was simplified as ion released from CER (iCER), which
had a radius of 0.1 nm and had the function of exchanging MC in
metal-binding polymers (Fig. 2h).

For free particles, many types of pair potentials, such as harmonic
repulsion, weak interaction piecewise harmonic, Lennard-Jones poten-
tial, and screened electrostatics, can be modeled in the iPRD model [17].
In this study, the potential of particles without charge was set as

Fig. 1. The illustration of simulation box for

the EPS layer. a The simulated microbial cell
( had a radius of 250 nm and was wrapped by the
: EPS layer with a mean thickness of 40 nm. The
: simulation box with size of x x y x z = 50nm x

10nm x 100nm was randomly placed on the

Y

g7 surface of the microbial cell. Due to the small
P length in both x and y directions, the bottom of

the simulation box was assumed to be a flat
3} surface rather than a curved surface. b The EPS
y layer was composed of numerous continuous
simulation boxes in both x and y directions. The

a Simulation Box b
Ly 10 nm «——;
1 Lx 50 nm
zu; Liquid
Lz 100 nm =
: EPS layer
Microbial cell | EPS layer e .
250 nm 40 nm smbrane

- };difection

polymers (spheres) in the target simulation box

\

the simulation box was periodic in x and y directions but not in z direction.

may (1) connect with polymers in neighboring
simulation boxes, (2) come from neighboring
simulation boxes, (3) leave the target simula-
tion box. In order to simulate these phenomena,
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Fig. 2. Initial membrane structure, particle
reactions, and topology spatial reactions
embedded in the iPRD model. a The top view
of the membrane structure taken from the iPRD
model. Three types of special membrane sites
were defined in a topology type and assumed to
absorb substrates and release specific sub-
stances. b-c The front and top view of proteins
and polysaccharides initially bound to the
membrane, which provide initial adsorption
sites for other polymers. d-h The particle re-
actions and topology spatial reactions defined
in the iPRD model. d The DS close to the CPPN

=L =

close
y o was absorbed and the UPN was released by the
CER microbial cell. The DS close to the MVFS and
Exchange j CPPS had similar reactions. e The UPN close to

the MPN was transformed to the LPN and was
connected with the MPN. The UPN and the UPS
close to the LPN were transformed into LPN and
LPS, respectively. Then, they were connected
with each other. f The MV close to the LPS was
transformed to E and the LPS was transformed
to EBPS. The EBPS was recognized as the
binding skeleton for enzymes. g The MC close to
the LPN was combined with the LPN through
electrostatic interaction and transformed the

MBMPN OMBMPS
MBLPS

LPN to the MBLPN. The MPN, MPS and LPS also had a similar reaction with the MC. h The iCER close to the MBLPN exchanged the MC in the MBLPN and
transformed the MBLPN to the LPN. The MBMPN, MBMPS and MBLPS also had a similar reaction with the iCER. i The symbols for particles simulated in the iPRD
model. The unified radius was used to present these symbols in this figure while the actual radius was applied in the model snapshots. The signs and corresponding

definitions of components were summarized in the abbreviation list.

harmonic repulsion, which hindered the overlap of particles. Mean-
while, the particles with charge interacted with each other through
screened electrostatics. The characteristics of harmonic potential
(Table S6) and screened electrostatics (Table S7) were determined based
on the radius of two particles and previous researches for these poten-
tials [42]. The bonds among topologies species are defined on pairs of
particles, angles on triples, and dihedrals on quadruples. In this study,
harmonic bonds between two topology species were defined according
to the topology types and species (Table S8). When the topology types
and species are changed through topology spatial reactions, the char-
acteristics of harmonic bonds will be changed accordingly.

3.3. Qualitative simulation of equilibrium states of EPS layers

Based on the iPRD model, three different equilibrium states of EPS
layers were simulated (Fig. 3): (a) Normal EPS layer: the EPS layers with
a thickness close to 40 nm contained structural proteins, poly-
saccharides, and active enzymes. (b) Metal bridging EPS layer: the
structural proteins and polysaccharides in EPS layers were bridged by
metal cations. (c) Extracted EPS layer: the metal cations in EPS layers
were exchanged by CER, and partial structural proteins and poly-
saccharides were extracted from the EPS layers by stirring.

The initial membrane structure with MPN and MPS constituted the
base of the EPS layer, and the centers of the membrane formed the
horizontal plane with a height of 0 nm (Fig. 3a). As shown in Fig. 3a, the
simulated EPS layer had a vertical structure with a maximum thickness
of 38.2 nm. The LPN and LPS stacked on the microbial membrane and
were linked with the MPN and MPS. The hydrophobic and electrostatic
interactions governed the interactions among them [36], and conse-
quently, a relatively large distance (> 2 nm) between two particles was
observed [42].

Note that the maximum thickness of the normal EPS layer originated
from the extracellular enzymes (E: red particle). The simulated enzymes
had a function of hydrolyzing the macromolecules and represented the
active ingredients in EPS. In order to hydrolyze the external macro-
molecules and avoid self-degradation of extracellular enzymes, the main
part of extracellular enzymes normally located at the outer layer of EPS

[43]. The extracellular polysaccharides such as alginate [31] and sialic
acids [44] in EPS provide the binding sites for extracellular enzymes and
have the ability to protect EPS polymers and microbial cells from attack
by proteases or glycosidases [44]. In our model, the E particles were
tightly bound with the EBPS (grey particle) and were located in the outer
layer of EPS, which were consistent with the previous experimental
results and theoretical analysis [31, 44, 45].

The metal bridging EPS layer was modeled based on the simulation
results of the normal EPS layer. The addition of MC and the development
of metal bridging reactions started the transition from negatively
charged polymers to metal-bound polymers (white and purple particles
in Fig. 3b). In contrast to the sparse distribution of polymers in Fig. 3a,
the distribution of polymers bound with MC was more crowded due to
the metal bridging (Fig. 3b), which greatly shorten the distance between
two particles from >2 nm to ~1 nm. As a result, the simulated maximum
thickness of the metal bridging EPS layer reduced from 38.2 nm to 36.3
nm.

After the extraction of EPS by CER and continuous stirring, the
polymers in EPS were isolated from the membrane structure (Fig. 3c).
The addition of CER can exchange the MC bound with the negatively
charged polymers and reduce the effects of metal bridging [23]. Then,
the simulated stirring process separated polymers in EPS from the
membrane structure by endowing the disconnected LPN (brown parti-
cles) and LPS (orange particles) high diffusion constants. The extracted
EPS also exhibited the aggregation property, which was agreed with
high molecular weights (kDa) of extracted EPS in the previous re-
searches [46, 47].

To clearly present the effects of metal bridging and CER extraction,
the locations (z coordinate of particle center) of main subcomponents in
three simulated EPS layers were illustrated in Fig. 3d-f. The maximum
height of LPN in Fig. 3a reached 25.3 nm while the maximum height of
MBLPN in Fig. 3b was reduced to 21.1 nm due to the metal bridging
(Fig. 3d). Similarly, the MBLPS became more crowded than the LPS
(Fig. 3e). The locations of extracellular enzymes were also closer to the
microbial membrane after the addition of MC (Fig. 3f). The z coordinates
of the extracted EPS layer were much higher than that of the two former
simulated EPS layers, indicating that the EPS were well-extracted by the



R.-Z. Xu et al.

a

Chemical Engineering Journal Advances 8 (2021) 100154

Fig. 3. Snapshots of three different equilib-
rium states of EPS layers taken from the
iPRD simulations. a Snapshots of normal EPS
layer in four directions. The hydrophobic in-
teractions and electrostatic repulsion governed
the interactions among the simulated particles.
The distance between the two particles was
normally larger than 2 nm. b Snapshots of
metal bridging EPS layer in four directions. The
combination between the MC and the negative
charged polymer caused the metal bridging,
which shortened the mean distance between
two particles from 2 nm to 1 nm. ¢ Snapshots of
extracted EPS layer in four directions. The MCs
bound with the negative charged polymers
were exchanged by the ions released from the
cation exchange resin (CER). The dosage of CER
and continuous stirring (high diffusion con-
stants for EPS polymers) separated the EPS from
the microbial membrane. d The varying loca-
tions of simulated structural proteins in three
different equilibrium states of EPS layers. The
height of 0 nm was set as the center of mem-
brane particles. e The varying locations of
simulated structural polysaccharides in three
different equilibrium states of EPS layers. f The
varying locations of simulated enzymes in three
different equilibrium states of EPS layers. The
signs and corresponding definitions of compo-
nents were summarized in the abbreviation list.

R RsBse t B 2P W

QE QPN @ VPN E/'F',DSS © EBPS

MBMPN S MBMPS
MBLPN MBLPS

d e f
60 [ JaLPN 50 a-LPS 45 [aE
50 [ |b-MBLPN b-MBLPS CbE
—_ [ _JcLPN | — 40 cLPS = 40 [eE
E 4w £ E
= = 301 = 85 o2
5 30253 . ) 5 323=—
% 20 . % 20 172 19.9 :<lz:> 30
10 10 25
;) I S — e P N —
-20  -10 0 10 20 -10 0 10 20 20 -15 10 -5 0 5 10

x direction (nm) X direction (nm)

CER and stirring method.

3.4. Quantitative simulation of dynamic states of EPS layers

Extracting EPS from microbial cells is essential for us to characterize,
quantify, and even recover EPS [1]. Unfortunately, an optimal and
unified extraction method for EPS is still missing at present. In the past
decades, researchers have explored different EPS extraction methods
including chemical, physical and mixed methods. The mathematical
analysis and optimization of EPS extraction methods normally depended
on the simple kinetic analysis or response surface methodology [48].
The iPRD model for predicting the yield of EPS during the EPS extraction
process is yet to be established. Among all extraction methods for EPS,
extracting EPS by CER is one of the most common extraction methods
used in recent studies [6, 32, 49, 50], and its EPS yield is usually
compared with other extraction methods [8, 51]. The CER can extract
EPS through the ions exchange process and this process has been qual-
itatively simulated in the previous section. Therefore, in this section, we
purpose to establish an iPRD model for quantitatively predicting the

x direction (nm)

yield of EPS in the CER extraction process, which involves delicate
molecular behaviors of EPS.

Based on the averaged concentration representation method, the
varying concentrations of EPS during the CER extraction process were
predicted by the iPRD model. The yield of EPS via CER extraction was
affected by the dosage of CER, the stirring intensity and the extraction
time [23]. The sodium ions are released from the sodium-form CER via
ion exchange channels, and subsequently exchange the calcium or
manganese ions within EPS polymers (Fig. 4a). The distribution of EPS
polymers will become sparser due to the lack of metal bridging (Fig. 3a,
c). A relatively high stirring intensity can accelerate the mixing of mixed
liquid and the separation of sparse EPS polymers. In the iPRD model, the
dosage of CER (g/g volatile solid (VS)) was controlled by the addition of
iCER and the stirring intensity was controlled by the adjustment of
diffusion constants. The total cell numbers of activated sludge in this
EPS extraction experiment were 5 X 1011cells/gVS [23]. Therefore, the
unit of concentration can be approximatively transformed from mg/g VS
to mg/cell. Then, the varying concentrations of subcomponents in the
single simulation box can be calculated according to the total numbers
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Fig. 4. The theoretical and simulated EPS
CER-extraction process. a The theoretical EPS
CER-extraction process. The sodium form CER
release sodium ions through ion exchange
channels to exchange metal ions bound with
EPS polymers. Then, the EPS polymers with
negative charged become looser, and are sepa-
rated from the membrane due to the water flow
with high disturbance intensity. b The snap-
shots of simulated EPS CER-extraction process
from 1 to 120 min. The numbers of the MBLPN

Time = 120 min

(white particles) and the MBLPS (violet particles) decreased over time due to the extraction by the iCER (red particles, small particles with radius of 0.1 nm).

of simulation boxes on each model cell.

We assumed that the original EPS polymers were bound with metal
cations (i.e. MBMPN and MBMPS), which widely existed in external
liquids, such as trace element nutrient solutions and wastewater. The
snapshots of the EPS extraction process from 1 min to 120 min are
illustrated in Fig. 4b. During the EPS extraction process, the numbers of
MBLPN and MBLPS polymers in the simulation box decreased because of
the iCER exchange reaction. The red particles in the upper space of the
simulation box represented iCER, which freely moved depending on the
mixed conditions. The lower space of the simulation box was occupied
by the crowded EPS polymers, which were confined in the space with z
coordinate from -50 nm to O nm. The extracted EPS polymers dis-
appeared due to their high diffusion constants, indicating that the
extracted EPS polymers left the simulation box and stayed in the su-
pernatant (Fig. 4b). The decreased numbers of EPS polymers were
converted to the increased concentrations of extracted EPS. The aver-
aged values of 8 times simulation were compared with the experimental
results (Fig. 5). The simulated concentrations of both proteins and
polysaccharides showed high consistency with the actual observations
(R2>0.982), which demonstrated the feasibility to simulate the EPS
extraction process via the iPRD model. The mechanism of particle-based
prediction was different from that of mechanistic models. The former
depends on the characteristics of reactive particles, reaction rates, and

a . ,
1201 Protein ;0099
%) §o?
= 100+ 50°
o 7590
g 80 0“)o
o
& 60+ o
© 7
2 40 +‘:’
S B
g 50l 9
8 9 Experimental results
04 @ Simulated results
0 20 40 60 80 100 120
Time (min)
30 Polysaccharide
~ oa
€25 jp090%%
2 5o
220 oo?
£ o2
& 154 P
= [ 78
[ 9
€ 104 4
8 9
S 5/ 9, .
8 ° Experimental results
ol o @ Simulated results

0 20 40 60 80
Time (min)

100 120

diffusion constants, whereas the latter assumes that the reactants are
totally mixed [10]. The probability-based models are more consistent
with the actual situations of microbial environments [16], and the rapid
development of computational power in the 21st century ensures its
operability. Therefore, our simulated results demonstrated that the iPRD
model has the potential to qualitatively and quantitatively simulate
more complex molecular structures and behaviors of EPS.

3.5. Practical implications and prospects

The molecular structure of the EPS layers was successfully simulated
by our model. The normal EPS layer simulated in this study presented
the equilibrium state of EPS between the microbial membrane and
external liquid environments (Fig. 3a). The model of normal EPS layer
can be further improved to simulate different biochemical processes
such as mass transfer in the EPS layer, hydrolysis and absorption of
various macromolecules by EPS, and microbial response to external
toxic chemicals. The simulation of metal bridging EPS layer represented
a common phenomenon that metal bridging between metal ions and
negatively charged polymers can enhance the aggregation of polymers
(Fig. 3b) [2, 52]. In the iPRD model, the decrease of molecular distance
can be simulated by the change of topology types and their band length
(Table S3 and S5). With the help of topology functions, more complex
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Fig. 5. Predicting the EPS yield of the CER-extraction process. a The comparison between simulated concentrations of extracted proteins and experimental
results. b The linear fit between simulated results and experimental results of extracted proteins. ¢ The comparison between simulated concentrations of extracted
polysaccharides and experimental results. d The linear fit between simulated results and experimental results of extracted polysaccharides.
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interactions within EPS layers such as binding heavy metals [53],
transferring extracellular electrons [54] can be modeled. The qualitative
simulation of EPS layers at equilibrium proved the capability of the iPRD
model in exploring the spatial structure of EPS and potential interactions
within EPS.

Besides that, our work also validated the feasibility of the iPRD
model in quantitively simulating biochemical processes occurred in the
EPS layers. For quantitative simulation, the metabolism of microbial
communities and the external conditions need to be averaged to the
single cell level. To save the calculation cost, the simulation space of
single cell was further reduced to numerous simulation boxes with fixed
volume (Fig. 1). The averaged concentration representation method (see
detailed descriptions in Method) developed in this study endowed
probability-based models the ability of numerical simulation, which is
the specialty of mechanistic models [11, 12]. To achieve a more accurate
simulation, we can divide the simulated polymers into smaller particles
with aggregated interactions, whereas the calculation cost will greatly
grow due to the increase in the number of particles.

Moreover, the flexibility of the iPRD model can help us establish
more delicate and complex biophysical processes related to EPS [16,
17]. For example, the interactions between EPS and surface topography
of antimicrobial materials can be modeled by simulating the special
surface topography as functional particles. These interactions are
essential to minimize microbial infections and biofilm formation on
material surfaces, which is an important problem in many areas
including in medicine and biomaterials engineering [55]. Furthermore,
in environmental science and technology, EPS play a crucial role in
many pollutant remediation processes, especially in biofilm and mem-
brane bioreactor technology [7]. We can simulate different types of
pollutants, such as heavy metals, microplastics, macromolecular chem-
icals, as particles with different properties. Then, the interactions be-
tween these particles and EPS can be quantitively predicted by the iPRD
model. The iPRD models also have the potential to model some inter-
esting intercellular communication and regulation processes, such as
quorum sensing regulation [56], antibiotic resistance gene transfer [21],
and extracellular electron transfer [54]. Of course, to simulate these
complex biophysical processes, more experiments at single cell level are
necessary [57]. More potential functions of the iPRD models can be
explored by future experiments about the molecular insight of EPS [7].

In addition, there are some limitations existed in this model. Firstly,
the hydrodynamic conditions were modeled based on the adjustment of
diffusion constants rather than a specific hydrodynamic module,
because the hydrodynamic interactions are not included in the ReaDDy
2 simulator at present [17]. Secondly, the model of the EPS extraction
process ignored the disturbance from the lysis of microbial cells.
Although the optimal extraction conditions for EPS need to ensure the
integrity of all cells, almost all extraction experiments cannot meet this
requirement [8, 50, 51, 58]. The lysis of microbial cells can be identified
by the detection of extracellular DNA [50], the measurement of GGDPH
activity in EPS extracts [51], or fluorescence staining by the BacLight
cell viability kit [51]. The third limitation is that the current model only
considered the interface between the microbial membrane and liquid
environments. The biophysical processes occurred in the interface be-
tween the microbial membrane and material surface, or the interface
between two microbial cells are possible to be simulated by the iPRD
model in our future research.

4. Conclusions

In this study, an explicit approach based on interacting-particle re-
action dynamics (iPRD) was developed to characterize molecular
structure and behaviors of microbial EPS. This approach simulated the
extracellular components of EPS as different particles and defined the
interactions between them. With the help of the iPRD model, we were
successful in qualitatively modeling three equilibrium states of EPS, and
quantitatively modeling the EPS extraction process via CER. The process

Chemical Engineering Journal Advances 8 (2021) 100154

of model establishment was demonstrated in detail, which could help
researchers further utilize this model to study their own topics on EPS.
Therefore, our work has promising applicability for illustrating EPS at
the molecular scale and opening up new avenues for exploring and
modeling complex molecular structures and behaviors of EPS.
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