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ARTICLE INFO ABSTRACT
Keywords: Nearly all pharmaceuticals and nutrients must cross numerous barriers to gain access and be eliminated from the
Intestinal mucus barrier body. The gastrointestinal mucosa, comprised of specialized epithelial cells layered with mucus, is among the

Flow hydrodynamic inside the mucus layer
Computational fluid dynamics
Penetration into the mucus layer

most critical of these barriers. With its intricate structure, this mucus layer facilitates nutrient transport and
impedes the transit of toxins and bacteria. The permeability of this mucus layer is key in determining the
temporal availability and concentration of various compounds. Numerous methods for enhancing the perme-
ability of select particles through this layer have been examined, employing diverse techniques to quantify the
impact of these alterations. However, studies exploring mucus permeability have largely overlooked the potential
effect of fluid flow on the mucus layer. In this research, we apply numerical methods to investigate the pene-
tration of particles and drugs through the mucus layer towards the intestinal epithelium, comparing the benefits
and distinctions of these methods.

To simulate hydrodynamic effects within the mucus layer, we model intestinal mucus as a Herschel Bulkley
fluid, solving the Navier-Stokes equations to simulate fluid flow. These equations are integrated with mass
transfer equations to emulate particle penetration through the mucus layer. Our work utilized two different
scenarios to simulate the penetration of Brilliant Blue FCF (BFC) into the mucus layer. In the first scenario,
molecular diffusion is the sole mechanism responsible for mass transfer. In the second scenario, we also consider
convection as an auxiliary mechanism for BFC penetration.

By comparing our simulation outcomes with experimental observations, we demonstrate the necessity of
incorporating the convection term to accurately mirror experimental findings. Moreover, we analyzed the effect
of varying the diffusion coefficient and viscosity on penetration. The findings revealed that both parameters
significantly influence BFC penetration. We also assessed the concentration of drug samples and particles of
varying sizes and surface coatings at the epithelial layer. The simulation-based methodology developed in this
study shows that internal fluid flow within the mucus layer can profoundly impact particle transport, necessi-
tating the consideration of the convection mechanism for mass transfer in both numerical simulations and
penetration analyses.

1. Introduction a natural lubricant and a selective barrier against pathogens and parti-
cles [1-5]. The key functional constituent of mucus is mucin, a highly

1.1. Mucus glycosylated protein of substantial molecular weight (10-40 MDa) [6].
Mucin, a negatively charged protein, boasts oligosaccharide side chains

Mucus, a viscoelastic aqueous secretion, overlays the epithelial sur- inclusive of terminal sialic acid and sulfate residues [7]. Mucin proteins,
faces of the respiratory, vaginal, and gastrointestinal systems, serving as interconnected covalently (via disulfide bonds) and non-covalently
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(through hydrophobic and electrostatic interactions, hydrogen bonds,
and physical entanglements), form large polymeric sheets creating the
mesh-like structure of the mucus [1,8]. Interstitial spaces between the
mucin fibers (0.2-5.0 wt %) accommodate water (95 wt %), proteins
(0.5 wt %), salt (0.5-1.0 wt %), lipid (1-2 wt %), DNA, and cells [2].
Mucus is secreted by goblet cells [9] and is subsequently digested,
recycled, or discarded [10].

1.2. The intestinal mucus layer

The intestinal mucus layer, a protective coating of epithelial cells,
forms the gastrointestinal (GI) barrier. This system allows the absorption
of nutrients, pharmaceuticals, and other compounds into the circulatory
system. It provides a safeguard against infection [10], and it traps toxins
and bacteria to prevent their penetration into the epithelium [11]. This
mucus layer covers both the small and large intestines. In the small in-
testine, the mucus layer is a monolayer. However, in the large intestine,
it is divided into two layers. The outer layer, being less dense, permits
bacteria passage, while the inner layer, which is firmly attached to the
epithelium, is denser and relatively impenetrable. The inner mucus
layer’s mesh-like structure and small pore sizes deter bacterial pene-
tration [8,12]. This mucus layer is constantly removed and regenerated,
typically every 50-270 min [4,13], to maintain a protective barrier
whose characteristics, such as viscosity, pH, and composition, vary
based on anatomical position. The thickness of this mucus layer differs
considerably among and within bodily organs, with the thicknesses
within the gastrointestinal system displayed in Table 1.

1.3. The intestinal mucus as a barrier

Jointly, the epithelial and mucus layers constitute the intestinal
barrier. These layers exercise selective control over the transport of
molecules, particulates, and microorganisms to the underlying epithelial
layer, employing mechanisms such as size restriction, covalent bonding,
hydrophobic and electrostatic affinities, and other specific interactions
[4,8,10]. Given these filtration mechanisms, the degradation of the
mucus barrier poses a significant challenge in the fields of medicine and
food development. Before proceeding to in vivo experiments, the ability
of substances to cross this barrier should be assessed using preclinical in
vitro and in silico models [10,18].

1.3.1. In-vitro study of the mucus barrier

The structure, composition, and dynamic behavior of mucus are
suitably mimicked in animal models, albeit with the challenge of
nanoparticle tracking [5]. The chamber system, simulating a static
condition, is a widely accepted model for scrutinizing drug transport
across the intestinal barrier (as shown in Fig. S. 1. A in the Supple-
mentary Material) [19]. This static model adequately provides pre-
liminary data regarding the potential of chemicals and particles to
breach the mucus barrier. In this setup, a chamber divided by mem-
branes accommodates mucus injected between these membranes. A
nanoparticle solution is introduced on the apical side, allowing particles
to diffuse across the mucus and be gathered on the basolateral side. The
concentration of drugs in both the apical and basolateral sections can be
determined through various analyses, such as radioactive detection,
fluorescent spectrometry, or high-performance liquid chromatography
[19]. This model, however, often lacks the physiological stimuli induced
by shear stress. As a result, some compounds with limited residence time

Table 1
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on the lumen side cannot penetrate the mucus layer [20].

Recently, microfluidic tools with mucus integration have been
developed to overcome the limitations of the static system (refer to
Fig. S. 1. b in the Supplementary Material) [5,18,21-23]. In a fluidic
setup akin to the chamber model, the nanoparticle solution flows on the
apical channel, and diffusing particles are captured in the basolateral
compartment [18]. Several methods, including MPT, FRAP, bulk diffu-
sion, and penetration studies, can illustrate particle penetration over
time [19,24] (for more information on visualization and measurement
of penetration across the mucus layer, please refer to Supplementary
Material Section 2). Various image analysis algorithms can then quantify
particle penetration and the diffusion coefficient [25].

The use of microfluidic setups requires small amounts of mucus and
nanoparticles (representing drugs and nutrients). This approach gua-
rantees a consistent configuration by controlling the flow structure and
flow rate to simulate the in vivo mucus environment. Furthermore, it
provides a precise method for assessing compound permeability across a
mucus layer, offering automation options and suitability for a broad
spectrum of applications [5,18].

Elberskirch et al. designed microfluidic systems to study the intes-
tinal mucus barrier with a fluidic basolateral side [18]. However, these
studies inadequately considered the impact of the flowing lumen ma-
terial and shear stress. Jia et al. crafted a microfluidic system to examine
the penetration of nanoparticles into a purified mucus solution (refer to
Fig. 1). In this system, the mucus and nanoparticle solution were sepa-
rated using pillars positioned between channels [5]. This device was
later refined by Wright, Wignall et al. to explore the penetration of
variously modified particles in the mucus layer [26].

1.3.2. Employing CFD-based techniques to estimate the mucus barrier
Computational Fluid Dynamics (CFD) modeling can help reduce the
reliance on expensive and technically demanding experimental
research. CFD aids in developing efficient experimental setups by
modeling the parameters involved in fluid dynamics, such as those in
intestinal barrier studies. The delivery of nutrients to the surfaces of the
gut villi is crucial for nutrient absorption in the intestinal tract. In the
intestine, mixing, which homogenizes heterogeneous systems, occurs on

g : Nanoparticle
Nanoparticle solulion D
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Fig. 1. A schematic representation of the mucus-on-chip device used by Jia
et al. (Reproduced whit BioRender by permission from Ref. [5]) to investigate
particle penetration through the mucus layer using purified mucin (porcine
intestine mucin, type III). A dye or nanoparticle solution is pumped into the
lumen channel at a constant flow rate, and particle penetration through the
mucus layer is visualized. The capacity of BFC (Brilliant Blue FCF) to cross the
mucus barrier was studied using this device [5].

Mucus layer thicknesses in the rat gastrointestinal tract [14], human intestine [15,16], and mucins type for the human GI tract [17].

Duodenum (rat) Jejunum (rat)

Ileum (rat) Colon (rat) Small intestine (human) Colon (human)

The thickness of the mucus layer (pm) 170 123
Mucin types in human MUC2 MUC2
MUC6

480 830 15.5 600
MUC2 MUC2 MUC5B
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various scales: macromixing transpires at scales comparable to the in-
testinal diameter, whereas diffusional mixing takes place on a smaller
microscale. Most CFD analyses have concentrated on identifying intes-
tinal wall movements that facilitate adequate mixing, nutrient absorp-
tion, and chyme flow in the gut [27-33]. To the best of the author’s
knowledge, this work represents the first numerical study of intestinal
mucus. However, numerous numerical studies have been conducted on
respiratory tract mucus. Alex et al. employed CFD to investigate phar-
maceutical adsorption and mucus clearance in the nose, probing particle
penetration in the mucus layer using the advection-diffusion equation
[34]. Molecular dynamic simulations have been utilized to examine
particle diffusion in the mucus layer and the effect of particle size and
surface coating [35]. Machine learning has been used to predict the
permeability and fate of particles in airway mucus [36], and mucociliary
clearance has been studied, considering airway mucus as a power law,
thixotropic [37], and Herschel Bulkley fluid [38].

1.4. Objective of this study

Designing medications and drug carriers capable of successfully
crossing the mucosa necessitates an in-depth understanding of the bio-
logical hurdles involved [10]. The mucus layer constitutes the final
barrier between digested food or orally administered pharmaceuticals
and the epithelium [39]. Various in vitro, in vivo, and ex vivo methods
have been employed to elucidate the role of mucus as a barrier to par-
ticle penetration [19]. However, the data obtained from these models
are often limited due to their unpredictability and the challenges
involved in adapting them to basic transport phenomena. Numerical
modeling can complement these studies by illuminating the underlying
processes. This study presents a numerical method for investigating
mucus barriers based on transport phenomena, wherein fluid flow and
mass transfer equations are combined to simulate particle transport into
the mucus layer. Ultimately, we compare the simulation results with
experimental observations from the literature to determine an appro-
priate mass transport mechanism (between diffusive and diffusive
convective mechanisms).

2. The modelling approach

The primary objective of this study is to simulate the barrier function
of the mucus layer using computational models. To do this, fluid flow
and mass transfer equations need to be solved to simulate BFC pene-
tration across the mucus layer. In the model, mucus is treated as a
Herschel Bulkley fluid, and the lumen material is treated as a Newtonian
fluid. The following section details the numerical approach.

2.1. Governing equation

2.1.1. Fluid flow equation
For determining the velocity and pressure fields of the viscose fluid,
continuity (1) and Navier-Stokes (2) are solved together [40].

dp _
ST V(U)=0 €h)
p(UN)U=V.[—P+2u(VU+(VU)")] 2

Where p is the fluid density, p is the viscosity, P is the pressure, and U is
the velocity field.

The lumen material is treated as a Newtonian fluid; in this case, p
represents the water viscosity. Maria et al. demonstrated that the Her-
schel Bulkley model could accurately fit the rheological analysis of
mucus [41]. Galko et al. simulated the fluid flow in the mucus layer in
the respiratory tract as a Herschel Bulkley fluid [38]. Here, we also treat
mucus as a Herschel Bulkley fluid, where p is calculated using equation
(3) [40].
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where 7, is the yield stress, y is the shear rate, m, is the model parameter,
m is the Apparent viscosity, 7, is the reference shear rate, and n is the
Flow index coefficient. These equations ((1), (2), and (3)) can be used for
laminar flow. This is a valid assumption as the Reynolds number in the
GI tract is less than 200 [28].

2.1.2. Mass transfer equation

The mass conservation equation was used to determine the concen-
tration of particles in both the mucus and lumen sides. For the transport
of particles, diffusion (the second term on the left-hand side of (4)) and
convection (the third term on the left-hand side of (4)) mechanisms are
considered. The concentration of particles in a homogenous fluid is
calculated by (4) as:

aC;
ot

where C; is the concentration of component i, D; is the diffusion coeffi-
cient for homogenous fluid, R; is the reaction term, and U is the velocity
field.

2.2. Model geometry

Fig. 1 shows the setup used by Jia et al. [5]. The mucus-on-chip
device consists of two channels, each 10 mm long, 1250 pm wide, and
130 pm high. Pillars positioned in the center of the microfluidic setup
separate the lumen and mucus channel materials [5]. In this study, we
use the same geometry to compare the simulation results with experi-
mental observations (Fig. 2). Given that both channels in the
mucus-on-chip device are situated side by side, PDMS (Poly-
dimethylsiloxane) pillars are used to segregate the mucus from the
lumen-side material. In these systems, where surface forces are more
dominant, phase guide pillars produce sufficient capillary forces to
retain the mucus in the correct channel. A model with similar geometry
is utilized, referred to as the partial contact model (shown in Fig. 2b). In
the design shown in Fig. 2a, a complete interface between mucus and
lumen material is created for particle penetration (referred to as the full
contact model). The full contact design is used to simulate conditions as
close to in-vivo as possible. The thickness of the mucus layer in both the
mucus-on-chip device and this study is set at 1250 pm.

2.3. Simulation parameter and boundary condition

Table 2 provides the parameter values used for numerical modeling.
The method of selecting these parameters is explained in the following
sections.

2.3.1. Diffusion coefficient

BFC is a low molecular weight (MW = 792.85) molecule that can
freely diffuse into the mucus [5]. The diffusion coefficient in water can
approximate the diffusion coefficient of this molecule in the mucus layer
[44].

2.3.2. Mucus density

To the best of the writer’s information, the density of GI mucus is not
explored in the literature. In this study, as an approximation, we used
the density of respiratory tract mucus provided by Lafforgue et al. (5)
[45].

p= — 1.4145¢* + 7.45¢ + 1006.6 (5)

where ¢ is the mucin weight percentage.
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Fig. 2. The microfluidic geometry used to simulate the experimental observations of mucus on chip study of Jia et al. a) the full contact model, and b) the partial
contact model where the separation between the lumen and mucus domains are created using solid PDMS pillars.

Table 2
The physical properties used in numerical modeling.
Lumen Density [kg/m%] 1000 [42]
Viscosity [Pa.s] 1x1073 [43]
Diffusion coefficient [m?/s] 56.8 x 101! Brilliant blue [44]
FCF
Mucus  Density [kg/m®] 1006 p [45]
yield stress [Pa] 0.0146 Ty [41]
Model parameter [sec] 10 m, [41]
Apparent viscosity [Pa.s] 0.0102 m [41]
Reference shear rate [1/ 1 Tref [41]
sec]
Flow index coefficient [—] 0.9651 n [41]
Diffusion coefficient [m?/s] 56.8 x 101 Brilliant blue [44]
FCF

2.3.3. Mucus viscosity

The rheology of mucus impacts the passage of nutrients, medica-
tions, and pathogenic agents across the mucus layer and affects its hy-
dration and lubricating characteristics. At the macroscopic level, mucus
behaves like a non-Newtonian viscoelastic fluid, displaying viscous
(flowing) and elasticity (resistance to deformation) properties. At the
microscale (i.e., pore scale), mucus behaves as a low-viscosity fluid.
Under small shears, mucus has a viscosity of about 100-10,000 times
that of water. When shear rates approach maximal physiological rates,
mucus acts like a shear-thinning fluid with viscosity values similar to
water. The rheology of mucus has been studied in native and purified
mucin in several animals [9,10]. For a recent review, see Refs. [1,46,47].
Purified mucin (i.e., porcine intestine mucin, type III) was used as a
mucus model in the mucus-on-chip device [5]. Maria et al. investigated
the rheological characteristics of pig gastric mucin solutions [41]. In our
study, we use the characterization parameters of the Herschel Bulkley
models fitted to the study by Maria et al.

2.3.4. Boundary condition

Boundary conditions are crucial in numerical modeling to represent
interactions with surrounding boundaries. Simulations are conducted at
atmospheric pressure and body temperature (i.e., 37 °C). Mucus is
positioned in the channel with a closed end. The lumen material is
injected into the lumen channel at a constant velocity and discharged at
the outlet under atmospheric pressure. The flow of lumen material ex-
erts a shear force on the mucus, causing movement. Continuity condi-
tions are applied at the interface between the mucus and lumen
channels; stress, velocity, and mass flux are continuous from one fluid to
another (represented by equations (6)—(8) for stress, velocity, and mass
flux, respectively).

(Tlumen _side = Tmucus_side ) |interface (6)
( Ulumen _side — Umucus_side ) |interface (7)
(Jlumen,side = Jmucus,side ) |interface (8)

Here, 7 is the stress tensor, U is the velocity component, and J is the mass
transfer flux. Nanoparticles enter the lumen channel at a constant con-

centration and permeate through the mucus due to the concentration
gradient and induced flow field. The boundary conditions used in the
simulation are shown in Fig. 3. In this study, COMSOL Multiphysics was
utilized to solve the coupled equations.

3. Results

Simulations are carried out for two scenarios, one with partial and
one with full contact between mucus and lumen sections. Furthermore,
two types of simulations are executed for each scenario. One with
diffusive and one with mixed (i.e., diffusive and convective) transport to
examine the effect of convective mass transfer. In the mixed transport
case, the convection mechanism is facilitated by the induced shear stress
from the lumen material. A mass movement from a high-concentration
area to a low-concentration area is known as a diffusion (diffusive)
mass transfer mechanism. Mass transfer in response to the bulk flow
motion is a convective mechanism. Both mucus and lumen material
(solution of water and BFC) are treated as incompressible fluids. Fluid
flow equations are solved in stationary mode, and mass transfer equa-
tions in time-dependent mode. Numerical mesh quality was verified
based on the COMSOL average and minimum mesh quality (Table 3).
Mesh independency was confirmed by increasing mesh density by ~35%
and invariant results (<1%). Further details about mesh independency
and mesh quality are provided in the Supplementary Material (Section
3).

3.1. Velocity distribution

The Navier-Stokes equations are solved alongside the continuity
equations to obtain the velocity distributions. The results of simulations
for velocity fields are shown in Fig. 4. Mass transfer equations are solved
in two different scenarios. In the first case, mass transfer only by diffu-
sion is considered within the mucus channel, and in the second case,
mass transfer with both diffusion and convection is considered in the
mucus channel. Both convection and diffusion processes are considered
for the lumen channel in all cases. The velocity distribution, used to
calculate convective mass transfer, is computed using fluid flow equa-
tions. The results of the simulation for mass transfer equations with
streamlines of mass flow (white arrows) for full and partial contact
modes are shown in Fig. 5 and Fig. 7, respectively.

As depicted in Fig. 4, the velocity magnitude in the lumen channel is
larger than that in the mucus channel (shown as colored surface plots)
due to lower viscosity in the lumen fluid. The maximum velocity occurs
at the center of the channel, away from the channel walls, where a no-
slip boundary condition is applied, and velocity near the wall ap-
proaches zero. Shear stress from the flowing lumen material induces
flow within the mucus layer at the lumen-mucus interface. The viscosity
of the mucus material is larger than the lumen, and thus mucus shows
more resistance to flow. PDMS pillars (commonly used in microfluid
studies) create additional resistance to flow in the partial contact mode
and less direct friction between the lumen and mucus layers. Conse-
quently, velocity magnitudes for partial contact scenarios are smaller
under the same flow conditions compared to the full contact simulation
mode. Moreover, the presence of pillars affects the tortuosity of the
induced flow lines within the mucus layer (as shown using white
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Velocity and stress continuity
Continuity of mass fluxes

Ambient pressure =0
Outflow (DVC=0) *

/

Velocity = 0.001[m/sec]
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Fig. 3. The set of boundary conditions used for numerical simulations. For all boundaries, black colors show boundary conditions for fluid flow and purple color for
mass transfer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
The numerical mesh statistics of the developed model.
Full contact Mesh type Structured
Number of elements 19800
Minimum element quality (0-1) 1
Average element quality (0-1) 1
Partial contact Mesh type Unstructured (Triangle)
Number of elements 44491
Minimum element quality (0-1) 0.61
Average element quality (0-1) 0.90

arrows), influencing mass transport and mixing in the mucus layer.

3.2. Evolution of the concentration fields

The concentration field evolves over time. Fig. 5 displays 2D con-
centration profiles for simulations with diffusive and mixed transport
scenarios at different times. When only diffusion is present, particle
transport occurs solely due to concentration gradients. For mixed
transport scenarios, convection also impacts transport alongside diffu-
sion. Here, convective mass transfer improves transport and penetration
depth. The local concentration gradients created by the flow’s shear
effects bring areas of low and high concentration together, generating
more significant concentration gradients and producing larger diffusive
fluxes. Fig. 6 presents the concentration along the vertical cross-section
inside the mucus channel near the right boundary. From this figure, it’s
evident that the concentration is higher in cases where convection is
taken into account, compared to the diffusion cases.

Fig. 7 displays results for the partial contact mode (i.e., in the

Full contact mode

Partial contact mode

presence of pillar barriers). Intriguingly, although the behaviors for
simulations involving only diffusion are somewhat similar (between
partial and full contact scenarios), the mixed transport mode is far more
sensitive to the presence of barriers. In the full contact case, penetration
occurs more swiftly due to contact effects and considerable velocity
magnitudes. When comparing the results of simulations with the mucus-
on-chip device results (Fig. 8), the mixed transport mode provides a
more realistic behavior, showing that the induced velocity had a sig-
nificant contribution to the mucus-on-chip results observations. The
numerical model can simulate a more realistic situation without placing
pillars between the lumen and the mucus layers to predict concentration
penetration depths. As illustrated in Fig. 5, it’s expected that experi-
ments would have displayed deeper concentration penetrations when
there is full contact between the lumen and mucus sections. The white
arrows in Figs. 5 and 7 indicate mass flow streamlines for partial and full
contact modes with diffusive and mixed (convective and diffusive) mass
transfer mechanisms. In diffusion cases, the mass lines in the mucus
layer are nearly vertical, indicating that penetration occurs normally to
the lumen mucus interface, and there’s no convective flux to alter the
mass lines.

3.3. Sensitivity analysis

Mucus is a complex gel, and its properties vary with location (i.e.,
from point to point in the same organ), the number of enzymes and
bacteria, and the domain pH [4]. Therefore, the transport parameters
aren’t fixed and can vary in different situations. To study the effect of
these uncertainties, a sensitivity analysis is performed. The penetration
depth within the mucus layer is chosen as a target measure to compare
different simulations with different parameters. The penetration depth is

m/s
x10™

Fig. 4. Velocity distribution (colored surfaces) and velocity streamlines (white lines with arrows) for full and partial contact scenarios.
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Fig. 5. Concentration profiles (colored surfaces) together with mass lines (white line with arrows) for full contact scenarios.
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Fig. 6. Concentration along a vertical cross-section (in the mucus channel) for all cases and times shown in Fig. 5.

defined as the largest distance from the contact interface where the
concentration of particles is half the concentration of the particles at the
lumen inlet (which is also the location of maximum concentration).

Fig. 9 presents the results of the sensitivity analysis. The parameters
varied were the diffusion coefficient in mucus and the parameters in the
Herschel Bulkley models. The diffusion coefficient was varied by +25%
from its initial value. For the Herschel Bulkley parameters, three sets of
parameters were used, which are listed in Table 4. These parameters
were selected based on the study of Maria et al., which provides values
for different pH levels [41].

The established flow in the lumen channel also prompts the mucus to
move, impacting the transport within the mucus layer. The magnitude of
the velocity in the mucus layer depends on the mucus viscosity. Fig. 9a
illustrates the effect of varying mucus viscosity on the penetration depth
of particles (BFC). As viscosity decreases, resistance to flow reduces, and
larger velocities are generated in the mucus channel, resulting in more
rapid mass transport. Fig. 9b displays the impact of the diffusion coef-
ficient of BFC in the mucus layer on the penetration depth. To study the
effect of the diffusion coefficient, only the diffusion mechanism is

considered. As anticipated, the penetration depth increases with the
diffusion coefficient. A 25% increase in the diffusion coefficient resulted
in a 12% increase in penetration in the mucus layer.

3.4. Coupling of the convective and diffusive fluxes

The simulations incorporating the convection term have been
observed to align best with the microscopic findings. Utilizing numerical
simulations, it is possible to determine the contributions of the con-
vection and diffusion fluxes to the total mass flux. Fig. 10 displays the
mass transfer fluxes resulting from each convection and diffusion pro-
cess, obtained by averaging all numerical cells situated in the mucus
channel. The results indicate that the induced convection mechanism
plays a significant role in transport within the mucus layer. The strength
of the convective flux relies on velocity and, therefore, viscosity. Table 5
provides the values of convective and diffusive fluxes for varying
diffusion coefficients and Herschel Bulkley parameters.
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Fig. 7. Concentration profiles (colored surface) and mass lines (white arrows) for partial contact mode where the mass exchange takes place only at the gap locations
(i.e., the space between pillars) along the interface.

by
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Fig. 8. Penetration of BFC as a low molecular weight particle in the mucus
layer from the mucus-on-chip device (adapted by permission from Ref. [5]).
The white triangles are barriers (i.e., the PDMS pillars) created during the
microfluidic fabrication to provide stable microchannels for fluid flow.

3.5. Investigation of the drug availability at the epithelial layer surface

The penetration of three drugs was investigated to assess the drugs’
ability to infiltrate the mucus layer (more information regarding the
component and numerical methodology is provided in Supplementary
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Material Section 4). Fig. 11a presents the concentration of the three
drugs over time, signifying the drugs’ ability to permeate through the
mucus layer. Beyond the mucus layer, the drug must traverse the
epithelial barrier. Greater drug concentration at the epithelial surface
leads to more diffusion through the epithelial layer. Fig. 11a demon-
strates that Phenolphthalein has a higher diffusion rate compared to
NAC (Nicotinamide adenine dinucleotide), which has a high concen-
tration at the epithelial surface. To observe the impact of particle size on
availability at the epithelial layer surface, the penetration of polystyrene
nanoparticles of two different sizes was investigated (the methodology is
described in Supplementary Material Section 4). Fig. 11b illustrates the
effect of nanoparticle sizes on the drug concentration at the epithelial
surface over time. From the figure, it is apparent that particles of smaller
size exhibit stronger diffusion and a higher concentration. Several
methods can augment the permeation of particles into the mucus layer,

Table 4
Characteristic parameters of Herschel Bulkley models for sensitivity analysis.
Apparent Yield stress Flow index
viscosity [Pa.s] [Pa] coefficient [—]
Casel 0.0102 0.0146 0.9651 pH [41]
1.2
Case2 0.0148 0.0578 0.8978 averaged
Case3 0.0194 0.1010 0.8306 pH [41]
6.8
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Fig. 9. Effect of Herschel Bulkley parameters (a) and diffusion coefficient (b) on the penetration depth. The values of Herschel Bulkley parameters for the three cases
are provided in Table 4. For the diffusion coefficient, +25% deviation from the initial state (Diff) is considered.
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Table 5
Values of convective and diffusive fluxes in simulations with partial and full
contact scenarios.

Convective Diffusive
Flux (%) Flux (%)
Partial Effect of Herschel Casel 23.77 76.23
contact Bulkley parameters Case2 6.88 93.12
Case3 3.97 96.03
Effect of the diffusion —25% 71.81 28.19
coefficient Diff
Diff 76.20 23.77
(ref)
+25% 79.07 20.93
Diff
Full Effect of Herschel Casel 97.00 3.00
contact Bulkley parameters Case2 84.00 16.00
Case3 77.00 33.00
Effect of diffusion —25% 97.84 2.16
coefficient Diff
Diff 97.21 2.79
(ref)
+25% 96.67 3.33
Diff

one of which is PEGylation [48]. A simulation of PEG-modified particles
was conducted to observe the effect of PEG-modified particles on their
availability (more information regarding this simulation is provided in
Supplementary Material Section 4). As demonstrated in Fig. 11b, the
concentration of these particles is greater than the polystyrene particle
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of the same size.
4. Discussion

The investigation of new drugs requires both in-vitro and in-silico
testing before proceeding to in-vivo trials. In-silico methods are often
preferred due to their cost-effectiveness and reproducibility [49].
However, the precision of these numerical approaches heavily relies on
the accurate definition of the mathematical model’s physiochemical
properties and the exact boundary conditions. Initially, we utilized the
same geometry as the in-vitro study conducted by Jia et al. demon-
strating that our selected modeling approach can approximate the re-
sults observed experimentally. Using PDMS pillars between the two
channels is one restriction inherent in in-vitro studies. After validating
our modeling approach, we adopted the same model sans pillars to
approximate more closely the in-vivo (in-body) situation. As shown by
the results from the full-contact case modeling, the use of pillars affects
the penetration into the mucus layer.

Another limitation of in-vitro studies involves accurately considering
the mucus layer thickness. As mentioned earlier, mucus layer thickness
varies throughout the intestine. Achieving a mucus layer thickness of 15
pm (typical of the human small intestine) is challenging. With the
approach presented here, it’s possible to study mucus barriers of any
thickness given the known physiochemical parameters (such as diffusion
coefficient, viscosity, and density). This evidence supports the move
towards in-silico studies to predict drug availability in the context of
physical barriers.

Mucus rheology depends on several factors, including the specific
intestinal section, the type of mucin protein, various diseases (human
bronchial epithelial mucus and cystic fibrosis mucus [50]), and the
number of bacteria [1,46,47]. Sensitivity analyses for viscosity at
different pH levels show that viscosity is a crucial parameter in mucus
barrier studies. This highlights the need for a comprehensive and ac-
curate rheological model. Having precise viscosity models will assure
the accuracy of the in-silico model. Our sensitivity analysis also
demonstrated the effect of the diffusion coefficient on transport across
the mucus layer. This relationship depends on particle size, surface
properties, and the interactions between particles and mucins. Several
well-established techniques can measure the diffusion coefficient
through the mucus layer [51,52]. These setups can measure the diffusion
coefficient for different particles in terms of size, surface modification,
and various mucus models. Given the diffusion coefficient and mucus
rheology, the approach provided can predict penetration through the
mucus layer in the entire intestine.

The in-silico study of drug uptake through the intestine is a multi-
scale problem and needs to consider several mechanisms. Initially, an
available digestion model should be solved to calculate the drug’s
availability and concentration in the small intestine [53,54]. Then, the
hydrodynamics of flow on the lumen side of the intestine and available
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Fig. 11. Sum of concentration along the epithelial surface (lower boundary condition). a) concentration versus time for three different drugs. b) concentration versus

time for particles with 50 and 200 nm sizes and PEG-modified particles.
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models for mixing considering factors such as contraction, peristalsis,
and the effect of villi should be addressed [55-58]. At this stage, we have
the particle concentration and flow velocity (shear stress) at the inter-
face of the lumen and mucus. Our research can be applied to model the
fluid flow and penetration through the mucus layer. The next step in-
volves considering diffusion through the epithelial layer and absorption
into the blood vessels.

5. Conclusions

Numerical simulation complemented the findings from wet lab
experimental tests examining mucus barrier function and permeability.
In order to simulate the mucus barrier, transport equations (including
momentum and mass) were numerically resolved. For fluid flow equa-
tions, viscosity is the determinant parameter, thereby majorly control-
ling the flow regime and velocity magnitude. For mass transfer
equations, both diffusion and convective mechanisms were considered.
The diffusion coefficient is pivotal for the diffusive mechanism, while
fluid velocity is key for the convective mechanism.

In this study, mucus was treated as a Herschel Bulkley fluid, and it
was shown that the applied method could accurately predict experi-
mental particle penetration into the mucus layer. Moreover, it was
demonstrated that diffusion and convection should be seen as syner-
gistic/complementary driving forces of mucus penetration. Results
indicated that the induced flow in the lumen section, situated atop the
mucus layer, significantly influences particle transport within the mucus
layer. This effect is contingent upon the fluid velocity within the mucus
layer. The induced velocity within the mucus layer relies on mucus
viscosity.

By employing a sensitivity analysis, we demonstrated that the frac-
tion of particle transport via the convection mechanism diminishes with
increased viscosity. Herein, we developed a modeling-based technique
to simulate particle penetration into synthetic mucus (porcine intestine
mucin, type III). The mucus layer thickness used in this study is greater
than that in the human intestine due to the larger mucus layer thickness
used in microfluidic experiments. The main objective of this study was
to verify the chosen numerical approach and the role of major transport
parameters in particle penetration and to identify the mass transfer
mechanisms. The method developed can simulate the penetration of
particles of different sizes and surface coating into the mucus layer.
Moreover, various mucus models and precise thicknesses can be utilized
for the mucus layer. In sum, we developed an enhanced computational
method to model particle penetration, which holds implications for the
mucus layer.
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