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Abstract
Background and Objectives
Diseases such as cystic fibrosis (CF) and non-CF bronchiectasis can cause exten-
sive mucus formation in the lung, which may affect drug distribution and effects. As
such, quantitative understanding of drug distribution in mucus may guide treatment
optimization. Here, we aimed to develop a modeling framework to evaluate spa-
tial distribution of drugs in mucus with CF as a proof of concept. In a case study,
we demonstrate how spatial PK models can be used to predict spatial antimicrobial
pharmacodynamics (PD).

Methods
A spatial pharmacokinetic (PK) model in mucus was developed using discretized par-
tial differential equations. Hypothetical drugs with realistic ranges for molecule/par-
ticle size (radius, r), mucin binding affinity, and half-lives were used to evaluate the
impact of drug-specific factors on spatial distribution in mucus. Mucin concentration
and muco-ciliary clearance were evaluated as biological system-specific factors. We
then demonstrated how the spatial PK model can be used to predict antimicrobial
drug effects of imipenem against the pathogen Pseudomonas aeruginosa in mucus.

Results
Under intravenous PK profiles, molecular/particle size (r) were found to play a dom-
inant role in mucus drug diffusion, while drug-mucin interactions and muco-ciliary
clearance showed a minor impact. Small molecule drugs (r<1 nm) could readily
penetrated mucus, whereas large molecules or particles (r>20 nm) showed differ-
ential spatial drug distribution. Our case study demonstrates that baseline spatial
bacterial organization can impact the treatment outcome of imipenem against mucus-
associated infections.

Conclusion
The developed spatial PK modeling framework enabled quantitative description of
the spatial distribution of drugs in airway mucus, and can be of relevance to guide
optimization of treatment strategies.

6.1 Introduction
Airway mucus is a viscoelastic hydrogel matrix adhering to the apical surface of the
respiratory tract. Mucus plays a crucial role in defending the respiratory tract against
pathogens and harmful particles. Impaired mucus clearance, together with mucus
hypersecretion, is associated with mucus accumulation, which can lead to lung infec-
tions and inflammatory responses in muco-obstructive pulmonary diseases [1] such
as cystic fibrosis (CF) and non-CF bronchiectasis [2, 3]. In order to optimize antimicro-
bial and anti-inflammatory therapies in these conditions, quantitative understanding
of factors driving drug exposure at the site of action, i.e., the lungs and airway mucus
specifically, is essential.
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Mucus consists of several components including mucins, water, salt, proteins,
DNA, lipids, and cell debris. Among these components, mucins, which form a poly-
meric and interactive network of the airway mucus gel, are responsible for the rheo-
logical properties of mucus [4]. It has been suggested that drugs can bind to mucins,
leading to retarded diffusion in airway mucus and suboptimal treatment outcome [5,
6, 7]. The interaction between mucins together with the size filtering of the mucin
network are hypothesized to affect drug diffusion in mucus, leading to spatial drug
exposure differences in airway mucus, although other studies suggested only a lim-
ited impact of mucus on drug diffusion of small molecules [8, 9]. This is particularly
relevant to CF patients with lung infections, where it can be hard to attribute the
treatment failure of intravenous administration of antibiotics to either limited lung pen-
etration or microbial resistance. Hence, understanding the role of mucin and airway
mucus in the drug distribution and effect is crucial for treatment optimization. How-
ever, the majority of related studies is based on in vitro studies only, and as such
drug diffusion in in vivo airway mucus remains poorly understood.

Obtaining direct in vivo measurements of drug spatial distribution in mucus at
sufficient resolution is challenging. Current approaches to determine lung drug con-
centrations include minimal invasive microanalysis technique, surgical collection of
whole lung tissue and bronchoalveolar lavage [10]. However, these methods often
lose detailed information regarding the spatial distribution in the airway mucus. Non-
invasive imaging techniques, such as positron emission tomography and magnetic
resonance imaging [11], can visualize the spatial distribution of drugs in the whole
lung but fail to distinguish between free and bound drugs, and the resolution is not
sufficient to analyze the actual distribution within the mucus layer in a specific region
of lung.

To gain a better understanding of the drug spatial distribution within airway mucus,
in silico approaches can be applied. Spatial modelling employed partial differential
equations to describe the spatial and temporal profiles of diffusing molecules and
particles. It has been used to describe the pharmacokinetics(PK) of inhaled drugs fo-
cusing on the particle deposition along the airway [12, 13] and the traversing of ionic
species and virions through mucus layer [14, 15, 16]. Less modelling attempts have
been made to characterize the drug penetration through the airway mucus layer fol-
lowing systemic administration, and the role of binding kinetics between therapeutic
agents and mucin proteins is not sufficiently addressed. Furthermore, drug efficacy
within the mucus layer could also exhibit spatial heterogeneity. Yet, little has been
explored via spatial models.

In this study, we aimed to develop a spatial modeling framework to characterize
the drug spatial distribution in airway mucus of CF patients and identify its influential
factors, with a focus on the interaction between mucins and drugs. We then applied
the framework to a case study involving the antimicrobial agent imipenem to demon-
strate how the framework can be integrated into standard population PK/PDmodeling
workflows.
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6.2 Methods

6.2.1 Spatial pharmacokinetic model in mucus
6.2.1.1 Model assumptions and structure
The spatial PK model aimed to capture the diffusion kinetics of drugs in the airway
mucus layer after intravenous drug administration. Here, drugs entering the circu-
latory system diffuse from the blood-mucus interface to the airway-mucus interface.
Drug diffusion was modeled while incorporating molecular size of the drug (r), the
binding with mucins (M ), and mucociliary clearance (ke,m). A schematic overview of
the spatial model is provided in Figure 6.1.

Figure 6.1: Schematic representation of the spatial PK model. Following
intravenous infusion, drug molecules/particles are transported from blood into the
mucus layer and eliminated from the bloodstream (ke,p). Within mucus, the
movement of drug molecules/particles is partially governed by its intrinsic diffusive
motility, the rate (D) of which is influenced by particle radius (r). The transport is
also influenced by binding interactions with mucin (characterized by kon and koff )
and by muco-ciliary clearance (ke,m) inherent to the mucus.

We assumed that mass transfer from blood to pulmonary mucus occurred instan-
taneously upon intravenous administration. The thickness of the mucus layer L was
fixed at the value reported in CF patients [5], and it was assumed to be uniform
and constant. Fick’s second law [17] (Eq. 1) was employed to describe diffusion pro-
cesses:

∂A

∂t
= D · ∂

2A

∂x2
(Eq. 1)

where A is the drug concentration; x(0≤x≤L) denotes the distance of drug in mu-
cus to the blood-mucus interface from 0 to L, the thickness of the mucus layer; D
represents the diffusion coefficient, which describes the rate at which the molecules/-
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particles move through the mucus medium. Drug at the blood-mucus interface and
the air-mucus interface correspond to x = 0 and x = L, respectively.

6.2.1.1.1 Diffusion coefficient We calculated the diffusion coefficient D using a
modified Stokes-Einstein (SE) equation [18] (Eq. 2):

D =
kB · T

6 · c · π · µ · r
(Eq. 2)

where kB indicates the Boltzmann’s constant, T represents the absolute tempera-
ture, r is the hydrodynamic radius of the diffusing molecule, c denotes the correction
factor that equals to 1 when r >1 nm and otherwise 2/3, and represents the viscos-
ity of diffusion medium, which was set at the microviscosity measured in CF mucus
[2]. As the mucus viscosity is reported to be correlated with the mucin concentration
[19], we implemented the mucin-concentration-dependent viscosity to calculate the
diffusion coefficients (Eq.S1) . Related parameters and values are shown in Table 1.

With increasing molecule/particle size, diffusion coefficientsD calculated from the
SE equation decreased asymptotically to zero. Small molecule drugs have a molec-
ular size (radius, r) of approximately 1 nm or less, for which the associated diffusion
coefficients D was around 78.6 µm2/s with the presence of 2e-5 mol/L total mucin
concentration. For molecules with sizes around 5 nm (e.g., monoclonal antibodies),
D will be around 10.5 µm2/s. When the radius is 20 50 nm (e.g., nanoparticles,
microparticles and liposomes [20, 21, 22]), D was in the range of 1.0 to 2.6 µm2/s.
Calculated diffusion coefficientsD were subsequently used in partial differential equa-
tions (Eq. 1) to describe the movement of different types of molecules/particles in
mucus.

6.2.1.1.2 Binding with mucins Mucins were considered the main component
that interacts with drugs in mucus via reversible binding. Due to the steric obstruction
in the tangled mucus network, mucins and mucin-drug complex were assumed to be
immobile in the direction of diffusion [8]. Thus, only free drugs could diffuse through
mucus. The total mucin concentration in CF patients was obtained from literature
[23, 24]. As the values of binding rate constant (kon and koff ) were not available,
we assumed a series of realistic combinations of kon and koff (kon=10, 100, 1000,
10000 (M ∙sec)−1; koff = 0.1 (sec)-1) based on the reported equilibrium association
constants (Ka, Ka=kon/koff ) [6, 25].

6.2.1.1.3 Muco-ciliary clearance Muco-ciliary clearance, the rhythmic beating of
cilia cells in the respiratory tract that propels the mucus, could remove the harmful
particles as well as the therapeutic agents out of the lungs. The removal of drugs via
muco-ciliary elimination was assumed to follow a linear process and the rate constant
was estimated using reported C60% values (percent of initial deposition cleared by
ciliary action in 1h) in the peripheral region or small airway region of CF patients [26,
27, 28]. The impact of molecule/particle size on muco-ciliary clearance was ignored.
Elimination rate in mucus was assumed identical for both free and bound drugs [29].
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The influence of mucociliary clearance was considered negligible on systemic PK
predictions due to the relatively small airway mucus volume ( 65 mL) compared to
plasma ( 3 L). For drugs administered via inhalation and for the compounds with sig-
nificant pulmonary elimination or accumulation (e.g., norepinephrine [30], lidocaine
[31]), incorporating physiological links and mass balance would be crucial for accu-
rate PK predictions.

6.2.1.1.4 Boundary conditions and equations Plasma drug concentrations were
assigned to the drug concentrations at the blood-mucus interface (x=0) at every time
step as boundary conditions. For simplicity, plasma concentration-time profiles were
simulated with 1-compartment (1-CMT) models (Eq. 3), and plasma protein binding
was ignored so that the fraction of unbound drugs in plasma was assumed to be 1.
The spatial PK model framework in mucus was established using discretized partial
differential equations (Eq.4-5):

Cplasma =
Dose
V

· e−ke,p t (Eq. 3)

∂A

∂t
= D · ∂

2A

∂x2
− kon · (M −A′) ·A+ koff ·A′ − ke,m ·A

at t = 0, A = 0 for all 0 ≤ x ≤ L

at x = 0, A = Cplasma for all t ≥ 0

at x > 0, A = A for all t > 0 (Eq. 4)

∂A′

∂t
= kon · (M −A′) ·A− koff ·A′ − ke,m ·A′

at t = 0, A′ = 0 for all 0 ≤ x ≤ L

at x ≥ 0, A′ = A′ for all t > 0 (Eq. 5)

where Dose is the amount of drug administered intravenously, V represents the
apparent volume of distribution in plasma, ke,p is the plasma elimination rate constant;
A is the free drug concentration in mucus, A′ denotes the bound drug concentration in
mucus, L indicates the thickness of mucus, x denotes the distance of drug in mucus to
the blood-mucus interface, M represents the total concentration of mucins in mucus
and ke,m denotes the muco-ciliary clearance rate constant.

6.2.1.2 Simulation scenarios
To illustrate the spatial modeling framework, we first investigated the spatial PK pro-
files of small molecules in the airway mucus. A 100 mg dose of the small molecule
drug was intravenously administered every 8 hours for 24 hours. Corresponding pa-
rameters are listed in Table 6.1.

To identify the influential factors of spatial PK, we performed a series of simulations
for 72-hour treatments. First, we varied the particle radius (r = 1, 5, 20, 50 nm) to
assess size-dependent effects. Next, two separate simulations were conducted for
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Table 6.1: Parameters for the modeling of mucus spatial PK of a small molecule
(r = 1 nm).

Parameters Description Unit Value
D Diffusion coefficient µm2/s 78.6a

kon Association rate constant (M · sec)−1 100b

koff Dissociation rate constant sec−1 0.1b

L Thickness of mucus layer µm 500c

M Total mucin concentration in mucus mol/L 2E− 5d

ke,m Muco-ciliary elimination rate h−1 0.04e

aCalculated via SE function;
brealistic values of kon and koff representing moderate binding affinity with mucin;
cobtained from Bhat et al. [5];
dobtained from Henderson et al. [23] and Sanders et al. [24];
eobtained from Gizurarson et al. [26], Hofmann et al. [27], and Robinson et al.[28].

small (r =1 nm) and large molecules (r = 5 nm) to evaluate the influence of drug-
specific and biological system-specific factors. To this end, hypothetical drugs varying
in plasma half-lives (t1/2 = 3, 6, 12 and 24 h for small molecules and t1/2 = 1, 2, 3
and 4 w for large molecules), mucin-binding affinities (Ka =10, 100, 1000, 10000
M-1) were examined. System-specific factors included mucin concentration (M = 1e-
6, 5e-6, 1e-5, 5e-5 M) and muco-ciliary clearance (Ke,m = 0, 0.0036, 0.036, 0.36
h-1). All parameter ranges were chosen based on published literature values and
are summarized in Table S6.1. To assess the individual effect of each factor, the
corresponding parameter was varied while other factors were fixed at the values in
Table 6.1.

We also investigated the impact of infusion duration and frequency on drug spatial
PK in mucus. To achieve this, 8-hour and 24-hour interval- intermittent infusions
together with a continuous infusion were simulated with a fixed daily dose (300 mg)
for small (r = 1 nm) and large (r = 50 nm) molecules/particles.

Four metrics were derived to evaluate drug spatial profiles in mucus: 1) free drug
concentration in mucus as the effective concentration, 2) ratio of the free drug concen-
tration in mucus to the plasma concentration as the penetration index, and 3) AUCf
as exposure metric, calculated as the double integral of drug concentration in mu-
cus over time (72 hours) and distance (500 μm), and 4) spatial heterogeneity of drug
distribution, calculated as the coefficient of variation (CV%) of drug concentration in
mucus.

6.2.2 Spatial pharmacokinetic/pharmacodynamic model in mu-
cus

To investigate the impact of drug distribution on drug efficacy, we developed a spa-
tial PK/PD model for imipenem in the treatment of lung infections and performed
simulations with different baseline spatial distribution patterns of bacteria and dosing
regimens.
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6.2.2.1 Model assumptions and structure

Imipenem was used as an example drug to demonstrate the spatial bacteria-killing
in mucus. To develop a spatial PK/PD model, a plasma PK model and a PD model
of imipenem were adopted from literature [32, 33]. In brief, the plasma PK was de-
scribed by a 2-compartment model to set the boundary conditions for the drug diffu-
sion in mucus. The boundary condition is corrected by the penetration ratio to ac-
count for the friction from plasma protein binding and other transport barriers, which
may reduce the amount of drug available for the diffusion in airway mucus. The
PD model, consisting of susceptible (S) and resistant (R) subpopulations of bacte-
ria (Eq.S2-S3), described the response of bacteria P. aeruginosa to imipenem. In
the PD model, bacteria were assumed to be immobile due to their large size and
entanglement with the mucin network [34]. Only free drugs could exert antimicrobial
effects and bacteria did not absorb drugs. Both uniform (homogeneous) and non-
uniform (increasing and decreasing gradient) distributions of bacteria in mucus were
considered to represent different patterns of bacteria spatial organization at baseline
(Figure S6.1). Increasing gradient distribution, characterized by a higher bacterial
density near the air-mucus interface relative to the blood-mucus interface, reflected
the situation where some aerobic bacteria tend to orient themselves towards oxygen
gradients [35]. Conversely, a decreasing gradient, with more bacteria near the blood-
mucus interface, is associated with anaerobic bacteria. Parameters and values in
the spatial PK/PD model are shown in Table S6.2.

6.2.2.2 Simulation scenarios

In order to identify the influential factors of spatial PD, we performed a simulation
study. A series of dosing regimens were investigated, varying in dose (dose = 250,
500, 1000mg) and infusion strategy (intermittent infusion every 8 hours or continuous
infusion). The response of bacteria was simulated under 3 bacterial baseline spatial
distributions in combination with 6 dosing schedules. Three outcomes were used
to characterize drug effects in mucus: 1) total bacteria density in mucus; 2) time to
achieve complete bacteria eradication (TTE) from mucus, and 3) spatial heterogene-
ity of bacteria distribution, calculated as the coefficient of variation (CV%) of bacteria
density in mucus.

6.2.2.3 Algorithm and software

This study was performed in R 4.4.1. The development of plasma PKmodels was car-
ried out using rxode2 package. Data visualization was conducted with ggplot2 pack-
age. Spatial pharmacokinetics were simulated by solving partial differential equa-
tions (PDEs) using a finite difference method. The PDEs were discretized in space
and time to enable numerical approximation of the solution. Temporal and spatial
step sizes were set to 0.5 s and 25 μm to balance accuracy and computational
efficiency. The script for this study was provided in a publicly available repository
(https://github.com/vanhasseltlab/spatialPK.git).
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6.3 Results

6.3.1 Spatial PK modeling framework
6.3.1.1 Diffusion profiles of small molecules in airway mucus
The plasma PK and mucus spatial PK profiles for a small molecule drug (Figure 6.2)
showed limited concentration differences between mucus and plasma, along with mi-
nor spatial heterogeneity in drug concentrations within mucus. We found that plasma
concentrations (Figure 6.2 A) and free concentrations in mucus (Fig 6.2 B) reached
similar peak and trough concentrations. In the spatial PK predictions in mucus (Fig-
ure 6.2 B, C), a distance of zero indicates the position of the drug at the blood-mucus
interface, while a distance of 500 μm represents the position of drug at the surface
of mucus. The ratio of free concentration in mucus to plasma concentration reached
1 within 2 hours after every dosing (Figure 6.2 C). The spatial variability within mu-
cus, characterized by coefficient of variation, occurred early and rapidly decreased
to below 3% around 1 hour after every administration (Figure 6.2 D).
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Figure 6.2: Plasma PK and spatial PK profiles of a small molecule (r=1nm)
following 100 mg intravenous administration every 8 hours. A. Plasma
concentration versus time; B. Free concentration at different distances in mucus
versus time; C. The ratio of free concentration at different distances in mucus to
plasma concentration versus time; D. Spatial heterogeneity (coefficient of variation)
of drug concentrations in mucus versus time. Distance of 0 μm and 500 μm indicate
the position of the drug at the blood-mucus interface and at the air-mucus interface,
respectively. Colors of the heatmaps represent the mucus free concentration or
ratio of the mucus concentration to plasma concentration. Table.1 lists the
parameters used for simulation. PK, pharmacokinetics.

148



666666

6.3.1.2 Influential factors of spatial pharmacokinetics
With an increase of molecular radius (r), the drug concentration at a further distance
from the blood-mucus interface decreased (Figure 6.3 A). For molecules/particles
with a radius of 1, 5, 20, 50 nm, the AUCfs, calculated as the double integral of drug
concentration over time (72 hours) and space (500 μm), were found to be 251, 232,
183 and 133 mg*h/L, while the peak CVs after the last administration were 29.9%,
48.6%, 47.5% and 62.9%, respectively (Figure 6.3 B,C).

Figure 6.3: Impact of molecule/particle size (r) on mucus spatial pharmacokinetics.
A. Spatial and temporal distribution of free drug concentrations in mucus. Distance
of 0 μm and 500 μm indicate the position of the drug at the blood-mucus interface
and at the air-mucus interface, respectively. Colors of the heatmaps represent the
free concentration of drug in mucus. B. Spatial drug exposure (AUCf). AUCf is
calculated as the double integral of free drug concentrations in mucus over time and
distance. C. spatial heterogeneity (CV). Spatial heterogeneity is expressed as the
coefficient of variation of drug concentrations in mucus. In each simulation, 100 mg
of molecules/particles with the radius of 1 nm, 5 nm, 20 nm or 50 nm was
administered intravenously every 8 hours for 3 days.
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Figure 6.4: The impact of drug-specific and biological system-specific factors for A.
small molecules (r = 1 nm) and B. large molecules (r = 5 nm). AUCf is calculated as
the double integral of free drug concentrations in mucus over time and distance.
Spatial heterogeneity is expressed as the coefficient of variation of drug
concentrations in mucus. Within each simulation, 100 mg small molecules were
administered intravenously every 8 hours for 3 days, while 600 mg large molecules
were administered every 2 weeks for 4 weeks. In each panel, we assessed the
individual effect of each parameter by varying it while fixing the other parameters at
their reference values. The reference values are t1/2 = 3 h or 1 w, Ka = 1000 M-1,
M= 2e-5 M and Ke,m= 0.036 h-1.
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The impact of drug- and biological system-specific factors on the spatial PK were
separately investigated for small molecules (r = 1 nm) and large molecules (r = 5
nm) to account for the intrinsic differences in half-lives and dosing schedules (Figure
S6.2, S6.3). For both types of drugs, a longer half-life led to a higher drug exposure
in mucus (Figure 6.4). For small molecules with a half-life of 3, 6, 12, 24 hours, the
AUCfs for 72 hours were 251, 474, 831 and 1276 mg*h/L, respectively, while for large
molecules, half-life of 1, 2, 3, 4 weeks were associated with the AUCf of 2373, 3512,
4099 and 4452 mg*day/L for the 28-day treatment period. The impact of binding
affinity, mucin concentration and muco-ciliary clearance had minimal impact on the
mucus exposure for small molecules, with AUCfs stabilizing within 231-254 mg*h/L,
whereas for large molecules, an increased muco-ciliary clearance led to an obvious
reduction in AUCf.

In terms of spatial heterogeneity of drug concentration, for both molecules (r =
1, 5 nm), CVs spiked after each administration and leveled off below 10% within 1
hour for small molecules and within 10 hours for large molecules across most tested
conditions (Figure 6.4). For bothmolecules, the peak CVs after the last administration
decreased with longer half-life but increased with the higher binding affinity, mucin
concentration and muco-ciliary clearance. Notably, for large molecules, increasing
muco-ciliary clearance raised the plateau CV level from 0.4% to 30.5%.

6.3.1.3 The impact of dosing schedules on spatial PK
When we varied the dosing schedules given a fixed total daily dose, small and large
particles displayed similar trends of changes in spatial PK (Figure 6.5 A). For small
molecules, the AUCfs under 8- and 24-hour interval intermittent infusions and the
continuous infusion were 251, 257 and 241 mg*h/L, respectively. Similarly, those for
large particles were 133, 145 and 125 mg*h/L (Figure 6.5 B). Large particles (r = 50
nm) still reached roughly 53% of the exposure achieved by small molecules (r = 1
nm). High infusion rates and small molecule/particle sizes increased the exposure
and spatial gradient of drugs in mucus.
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Figure 6.5: The impact of dosing schedule on mucus spatial PK with respect to
molecule/particle size. A. Spatial pharmacokinetics of free drug concentration in
mucus. Distance of 0 μm and 500 μm indicate the position of drug at the
blood-mucus interface and at the air-mucus interface, respectively. Colors of the
heatmap represent the free concentration in mucus. B. Spatial drug exposure
(AUCf) of small and large molecules/particles under different dosing regimens. A
total intravenous dose of 300 mg was administered daily for each dosing schedule.
PK, pharmacokinetics; AUCf, double integral of free drug concentration in mucus
over 72 hours and 500 μm.

6.3.2 Spatial PK/PD model of imipenem in mucus

The impact of spatial PK on bacterial killing kinetics was studied using imipenem as
a case study. To this end, a spatial PK/PD model was constructed by integrating
published plasma PK and PD models of imipenem with the spatial model framework.
Dose-dependent killing of bacteria was observed following intermittent and contin-
uous infusion administration. With continuous infusion, 250 mg imipenem failed to
eradicate bacteria within 72 hours, whereas 500 mg and 1000 mg regimens achieved
complete eradication of bacteria (Figure 6.6, S6.4). TTEs, the time to achieve com-
plete bacteria eradication in mucus, varied with infusion strategies, dosage and initial
bacteria distribution patterns (Table S6.3). Under different infusion strategies and
dosages, the TTEs remained the longest for the increasing gradient bacteria distri-
bution, and the shortest for the homogeneous bacteria distribution. TTEs under in-
termittent infusion were shorter than those under continuous infusion. In the case
of imipenem, intermittent infusion was more efficacious than continuous infusion re-
gardless of bacteria distributions at baseline.

Bacteria spatial heterogeneity remained stable at baseline levels throughout the
treatment period, and a sharp increase in spatial heterogeneity was observed at the
point of complete eradication (Figure S6.5). At the point of complete eradication,
bacteria were cleared earlier on the side of the blood-mucus interface than the air-
mucus interface. In contrast, bacteria regrowth emerged earlier on the side of the air-
mucus interface than the blood-mucus interface. While this is only a demonstrative
case study, it underscores the feasibility of integrating established PK/PDmodels with
the spatial modeling framework.
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6.4 Discussion
In this study, we developed a spatial PK model informed by realistic physiological
ranges of parameters, which allowed to gain quantitative insight into the spatial dis-
tribution of drugs and its effect in airway mucus, and provided insight into key drug-
and biological system-specific factors that may influence the spatial drug distribution.
Furthermore, we demonstrated how the modeling framework can be readily incor-
porated into established population PK/PD workflows to evaluate dosing strategies,
such as demonstrated for imipenem.

Figure 6.6: Spatial PK/PD of imipenem under different infusion doses and
durations. A. Schematic representation of spatial PK/PD model. B. Spatial dynamic
of bacteria exposed to imipenem with uniform spatial distribution of bacteria at
baseline (Time = 0). C. Spatial dynamic of bacteria exposed to imipenem with an
increasing gradient of bacteria at baseline (Time = 0). Distance of 0 μm and 500 μm
indicate the position of bacteria at the blood-mucus interface and at the air-mucus
interface, respectively. Colors of the heatmaps represent the total bacteria density
in mucus. PK, pharmacokinetics; PD, pharmacodynamics.
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Our analysis suggests that molecule/particle size plays a dominant role in the
drug diffusion in mucus. For small molecules, the free drug concentration in plasma
is likely a reasonable approximation of that in airway mucus. As such, our results
provided a quantitative foundation indicating the limited clinical relevance of retarded
diffusion of small molecules in mucus, as previously suggested in other studies [6,
7, 36]. In contrast, with increasing molecular/particle sizes, the diffusion in mucus
showed varying levels of impairment. This indicates that for large molecules, e.g.,
monoclonal antibodies [37], or liposome formulations (e.g., liposomal Amphotericin
B [38]), reduced efficacy in patients might be linked to impaired diffusion. Interest-
ingly, the spatial heterogeneity for the particles of 20 nm radius (peak CVs = 47.5%)
was slightly smaller than that of the molecules of 5 nm radius (peak CVs =48.6%). A
reasonmay be that due to the slow diffusion, drugs from previous administrations con-
tinued penetrating the mucus even during the current administration. This resulted
in more oscillations and lower peak CVs compared to smaller molecules.

To estimate the effect of molecule/particle size, we derived diffusion coefficients
D for these modalities, using the modified SE function. Experimentally determined D
values were not used because not all D values are available for the radius range of
interest. However, overall, the magnitude of calculated diffusion coefficients D was
well in agreement with experimentally determined values [39, 40]. Additionally, the
current model used the micro-viscosity of airway mucus to derive the diffusion coeffi-
cients, which holds for the drug molecule/particle smaller than 140 nm, the pore size
of the mucus network [41]. Once the diameter approaches the size of mucus pores,
the transport of the drug molecule/particle is greatly affected by the microstructure of
mucus.

We find that interactions between drugs with mucins have a minor impact on drug
distribution in airway mucus. The kinetics of free drug concentration remained at a
consistent level when we varied the equilibrium association constant Ka across a
plausible range, whereas the bound drug concentration was governed by the binding
affinity (Figure S6.6). Strong binding affinity resulted in significant amount of drug
molecules binding to mucin protein. This is consistent with the experimental studies,
which often involving donor and receiver compartments (e.g., dialysis [6] or cham-
ber systems [42, 43]), and have shown that mucins significantly bind to free drug
molecules in mucus. However, the free drug molecules showed different kinetics in
our result from the in vitro studies. This discrepancy is mainly associated with the
boundary conditions. In experimental systems, the drug concentration at boundary
decayed over time due to the redistribution into the medium, which is called a “thin
source” [44, 45]. However, in our simulation, boundary condition in airway mucus
was assumed to be a “infinite source”. This was because the volume of plasma (∼
3L) is much larger than that of the airway mucus (∼ 65 mL in disease status [46,
47]), which results in a substantial donor-to-receiver volume ratio. Upon intravenous
administration, plasma was assumed to act as an infinite drug reservoir, maintain-
ing a relatively constant concentration at the blood–mucus interface. Consequently,
drug within mucus exhibits reduced spatial heterogeneity compared to the diffusion
process with thin source (Figure S6.7). Similarly, the effect of mucin binding on free
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drug concentration was mitigated by continuous supply from the boundary. Under
the thin source condition, the total drug concentration was limited compared to the
infinite source. As total drug concentration increases, the effect of binding on free
drug levels diminished. Secondly, another key factor that plays a role in binding
kinetics is the number of binding sites per mucin molecule n, which is often deter-
mined by steady-state fluorescence spectroscopy using Benesi–Hildebrand method
[48]. Reported values of n typically range from 0.7 to 2.0 for small molecules such
as ceftazidime, CFTR(inh)-172, levofloxacin, and aztreonam [49], as well as for mag-
netic nanoparticles [50]. Therefore, we used n = 1 in our simulations. However, n
is highly dependent on the ligand’s chemistry and binding modality. For example,
the hydrophobic probe 1-anilino-8-naphthalene sulfonate was found to bind bovine
mucin with the n value of approximately 42. While this study focused on general
molecules and particles, the actual amount of binding sites should be considered
when investigating the diffusion kinetics of specific drugs. Thirdly, any possible im-
pact of mucin concentrations on diffusion outcomes has been ruled out as we used
the mucin concentration measured from CF patients’ sputum [23, 24], which is in line
with the experiments. Lastly, the observation durations in in vitro experiments were
often not sufficient (4∼5 hours) to capture the steady state, compared to those of
the simulations (1 or 3 days). To accurately investigate drug diffusion into mucus
following intravenous administration, experimental setup should reflect the physio-
logical donor-to-receiver volume ratio. Optimized experimental models are needed
to provide reliable evidence for investigating drug diffusion in mucus.

In the spatial model, the boundary condition defines the available drug concentra-
tion for diffusion. We emphasize here that although the boundary condition is char-
acterized by the plasma drug concentration, this does not mean a drug will directly
diffuse from plasma into airway mucus. Rather, this should be regarded as a rapid
distribution from the circulatory system to lung tissues with the partition coefficient
fixed at 1. Physiological barriers including pulmonary capillaries, interstitial space
and epithelia cells can delay the drug transport into airway mucus [51]. Additionally,
alveolar macrophages, as part of the phagocyte system in the respiratory tract, are
adapted at the uptake of proteins and particles[52] or can trap basic lipophilic drugs
in lysosomes [53]. These drug transport mechanisms are drug-specific, and for ex-
ample determined by pKa and LogP. Accordingly, two scenarios regarding possible
boundary conditions can occur: (1) rapid distribution from blood to lung, where the
ELF concentration profiles are parallel to the plasma profiles at a fixed ratio (e.g.,
imipenem and levofloxacin [32, 54]); and (2) significantly delayed distribution com-
pared to the plasma concentration (e.g., amikacin and gentamicin [55]). Although
delayed distribution for boundary condition reduces CV fluctuations, molecule/parti-
cle size still plays a dominant role in shaping spatial drug-concentration gradients
(Figure S6.8). Alternatively, the boundary concentration can also be derived from
a dedicated lung PBPK model [51] to account for the biological barriers between
plasma and mucus. Although not characterized by the current model framework, it is
not expected to affect the conclusions drawn in this analysis.

In this study, we addressed a possible role of the spatial orientation of bacteria
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in the bacteria killing effect of imipenem. Within mucus, the spatial organization of
the microbial community is heterogeneous, mainly depending on available oxygen
and nutrients [56], and sometimes even pH [57]. Characterization of bacteria distri-
bution patterns in mucus could help in understanding the impact of the spatial effect
on the therapeutic outcomes. Although small molecules could readily penetrate the
airway mucus, spatial differences in drug effects were observed. In the scenario of
homogeneous bacterial distribution, any spatial difference in drug effect would be
only induced by the spatial drug distribution. We found that bacteria on the side of
the blood-mucus interface were eliminated faster than those near the air-mucus in-
terface. This was because upon intravenous treatment, drug concentrations were
higher, although marginal, on the side of the blood-mucus interface. Besides the
homogeneous distribution of bacteria, in this case study we also hypothesized an-
other two possible spatial distributions of bacteria at baseline: an increasing gradient
distribution and a decreasing gradient distribution. The gradient patterns would be re-
lated to pathogens requiring different levels of oxygen as present in the mucus layer.
We found that bacteria were most efficiently killed under the homogeneous baseline
distribution, less under the decreasing gradient, and the least under the increasing
gradient. The rapid bacterial clearance under homogenous baseline distribution may
be explained by the fact that there are fewer spatial regions in mucus with relatively
high bacteria density (e.g. 6.26 log10 CFU/mL), compared to gradient distributions.
Compared to the increasing gradient of bacterial distribution, the bacteria under the
decreasing gradient were more susceptible as most bacteria were present on the side
near the blood-mucus interface, where the drug concentration was relatively higher
than the other side.

Current models employed the physiological parameters collected from the airway
mucus in the lower respiratory tract. Uniform behavior was assumed across the lower
respiratory tract. However, the mucus properties vary with the location in the respira-
tory tract. For example, the thickness of the mucus layer shows substantial variation
with disease severity and lung region [58]. In this study, we studied the diffusion
behavior within a 500 μm-thick mucus layer in lower respiratory tracts, which repre-
sented an extreme yet clinically relevant scenario, such as the mucus plugging in the
bronchi [59]. Simulations across a range of mucus thicknesses (50–500 μm) showed
that spatial heterogeneity in drug distribution was mainly influenced by molecule/par-
ticle size, and the impact of size-dependent steric hinderance is more pronounced
in thicker mucus layers (Figure S6.9). Incorporating a higher-dimensional spatial PK
model could represent a next step to provide full spatial lung model for mucus distribu-
tion, but current data to support parametrization of such a model is lacking. Instead,
the current study aims to provide a general understanding of diffusion process across
mucus layer under controlled conditions, and we explored the expected diffusion be-
havior under a relatively wide range of physiological parameters.

The current spatial modeling framework focused on the impact of drugs’ size,
muco-ciliary clearance and the interaction with mucins on drugs’ diffusion. As mucus
is secreted and cleared, the turnover of mucins was assumed to be dominated by the
update of mucus by mucociliary clearance. While previous studies have reported that
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certain microbial species can secrete mucolytic enzymes to degrade mucin proteins
[60, 61], their contribution was not included in the spatial PK/PD model of imipenem.
Additional elements present in mucus may also potentially reduce the free drug con-
centration, such as DNA, albumin, immunoglobulins, and extracellular polysaccha-
rides. We did not address these factors in the current analysis because the concen-
tration and binding affinity of the above components are either less than that of mucin
[62, 63] or lacking. A relatively wide range of binding affinity to mucin and binding
capacity were explored in this study. The insignificant effect of binding with mucins
suggests that other interactions may not play a crucial role in the diffusion process
upon intravenous administration. While our model effectively supports the system-
atic analysis of spatial distribution in the airway mucus, direct comparison with exper-
imental measurements remains challenging. This limitation arises from the inherent
difficulties in collecting in vivo data of the spatial distribution of drug concentrations
or efficacy within mucus.

We view the application of the developed modeling framework in a number of ar-
eas. First, the modeling framework can guide either in current clinical use or in drug
development by providing a mechanistic understanding of drug disposition for differ-
ent therapeutic modalities targeting airway mucus. Our findings suggest that small
molecules could readily travel across the mucus layer, indicating that treatment fail-
ures are likely not caused by diffusion limitations. In the case of treatment of lung
infections using antibiotics, mucolytic agents, which can degrade the mucus layer
and enhance the diffusion of therapeutic agents [64], may not be as effective as the
combination therapy that targets biofilm or other resistance pathways. In contrast, the
diffusion is hindered for large molecules or particles, which may contribute to subop-
timal efficacy. For such cases, our modeling framework can be leveraged to explore
alternative dosing strategies. For instance, prolonged infusion regimens could help
mitigate concentration gradients and enhance drug distribution in airway mucus, de-
pending on the specific properties of the drug. Secondly, our framework can be used
to evaluate the potential factors which may lead to inter-individual variability in drug
disposition and therefore ultimately treatment outcomes. For example, in the current
study we have shown that for a realistic range of system-specific parameters in CF
patients, i.e., total mucin concentration, binding affinity and mucociliary clearance, all
had a minimal effect on the free drug distribution in airway mucus upon intravenous
administration. We envision that extensions to this framework can be used to explore
similar questions for related pulmonary conditions.

The spatial model serves as a flexible component that can be integrated in other
modeling frameworks where the diffusion into mucus layer might play a role in the
pharmacological and biological processes. If integrated with currently established
PBPK models for inhaled drugs [13], the spatial PK model could then be used to
support the prediction inhaled drug absorption by accounting for deposition and dis-
solution dynamics. For such models, the key additional systems parameters and
processes required would include particle surface area, drug solubility in mucus, and
physiological characteristics specific to each lung region or bronchial generation, as
inhaled administration affects a wider range of the respiratory tract. By replacing the
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physiological parameters such as mucin concentration and viscosity, the model can
be used to predict the drug distribution in other types of mucus (i.e., gastric or cer-
vical mucus). While we demonstrated imipenem’s spatial antibiotic effects in airway
mucus as a case study, the approach is applicable to other therapeutic agents (i.e.,
anti-inflammatory drugs, mucolytics, and biologics such as bacteriophages) and non-
therapeutic agents (i.e., viruses). This flexibility underscores the model’s potential
utility in a broad range of therapeutic areas.

In conclusion, we successfully developed a spatial PK model and a spatial PK/PD
model of drugs in airway mucus, which could be of relevance to the optimization
of lung infection treatment strategies. Under intermittent infusion, molecule/particle
size plays a predominant role in the drug diffusion in mucus. Small molecule drugs
can readily move across the airway mucus and the impact of drug-mucin interaction
and mucociliary clearance seems insignificant. However, for large molecules, the
impact of mucociliary clearance is more pronounced. For both molecules/particles,
the spatial heterogeneity was reduced under continuous infusion. With imipenem as
an example, we have shown the proof-of-concept of using the spatial PK/PDmodel, to
better understand the impact of the drug spatial distribution and treatment outcomes.
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Supplementary material

Method

Spatial pharmacokinetic model in mucus
Diffusion coefficient The micro-viscosity of airway mucus was assumed to be lin-
early dependent on the total mucin concentration. The equation to calculate micro-
viscosity is derived from Ponomarchuk et al as follows:

µ = 128.87 ·Mucin+ 0.00176 (Eq.S1)

WhereMucin (mol/L) represents the total mucin concentration, µ (N∙s/m2) repre-
sents the micro-viscosity of airway mucus.

Simulation scenarios
To further evaluate the robustness of the results across different scenarios, we as-
sess the influence of drug-specific and biological system-specific factors under differ-
ent mucus thicknesses and boundary conditions. Diffusion behavior was assessed
in mucus layers of 50, 100, and 250 μm, and compared to that in a 500 μm layer.
To capture a range of physiologically relevant scenarios, we applied boundary con-
ditions with different extent of delay in lung drug concentration profiles (intermediate
distribution and slow distribution) to mimic the drug concentration at the mucus-tissue
interface, in addition to the instantaneous (rapid) distribution.

Spatial pharmacokinetic/pharmacodynamic model in mucus
Model assumptions and structure
Imipenem PD model Two bacterial subpopulations had different growth rates and
susceptibilities to imipenem. The transformation from S to R was assumed to be trig-
gered by the treatment of imipenem. The initial amount of susceptible subpopulation
was B0, while there was no resistant subpopulation at baseline.

∂S

∂t
=

(
1− S +R

Bmax

)
· kgs · S − Slopes · conc · S − ksr · S

at t = 0, S = B0

(Eq.S2)

∂R

∂t
=

(
1− S +R

Bmax

)
· kgr ·R− Sloper · conc ·R+ ksr · S

at t = 0, R = 0

(Eq.S3)

where kgs and kgr are the growth rate of susceptible and resistant subpopulations,
ksr indicates the transfer rate from susceptible to resistant subpopulation, Slope is the
linear coefficient for drug effect on susceptible and resistant subpopulation.
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Table S6.2: Parameters for the simulation of mucus spatial PK/PD model of
imipenem.

Parameters Description Unit Value
Plasma PK model
CL Plasma clearance L/min 0.192a

V1 Volume of distribution of central
compartment

L 9.37a

V2 Volume of distribution of peripheral
compartment

L 6.41a

Q Inter-compartment clearance L/min 0.228a

PELF Penetration coefficient – 0.444
Spatial PK model
D Diffusion coefficient µm2/s 79
kon Association rate constant (M·sec)−1 100
koff Dissociation rate constant sec−1 0.1
L Thickness of mucus layer µm 500
M Total mucin concentration in mucus mol/L 2E− 5

ke Muco-ciliary elimination rate (hour)−1 0
Spatial PD model
kgs Natural growth rate of susceptible

subpopulation
sec−1 1.67E− 4b

kgr Natural growth rate of resistant sub-
population

sec−1 0b

ksr Transfer rate from susceptible bacte-
ria to resistant bacteria

sec−1 9.86E− 6b

Slopes Linear coefficient for drug effect in
susceptible subpopulation

L/(mg·sec) 2.38E− 4b

Sloper Linear coefficient for drug effect in
resistant subpopulation

L/(mg·sec) 3.78E− 5b

B0 Total bacterial count at baseline log10 CFU/mL 5.67b

Bmax Bacterial count in stationary phase log10 CFU/mL 9.52b

aobtained from van Hasselt et al. [12];
bobtained from Guo et al. [13].
PK, pharmacokinetics; PD, pharmacodynamics.
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Figure S6.1: Baseline bacterial distributions in mucus. Distance of 0 μm and 500
μm indicate the position of bacteria in mucus at the blood-mucus interface and at
the air-mucus interface, respectively. Colors of the heatmaps represent the bacteria
density at baseline. Under the homogeneous distribution, bacteria densities at
different distances are the same. Gradient baseline distributions were created with
N random values (N = the number of space steps) from a Poisson distribution. The
increasing gradient was established by ordering the random values from lowest to
highest, covering steps from a distance of 0 µm to 500 µm; while the decreasing
gradient was produced by ordering the random values from highest to lowest. The
average bacterial densities of gradient distributions were the same as the
homogeneous distribution.
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Figure S6.2: The impact of drug-specific and biological system-specific factors on
the spatial and temporal distribution of free drug concentrations of small molecules
within mucus. Panels from top to bottom show the impact of half-life, binding affinity,
mucin concentration, and muco-ciliary clearance, respectively. Within each
simulation, 100 mg small molecules (r = 1 nm) were administered every 8 hours for
3 days. In each panel, we assessed the individual effect of each parameter by
varying it while fixing the other parameters at their reference values. The reference
values are: t1/2 = 3 h, Ka = 1000 M-1, M= 2e-5 M and ke,m= 0.036 h-1. Distance of
0 μm and 500 μm indicate the position of the drug at the blood-mucus interface and
at the air-mucus interface, respectively. Colors of the heatmaps represent the
mucus free concentration.
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Figure S6.3: The impact of drug-specific and biological system-specific factors on
the spatial and temporal distribution of free drug concentrations of large molecules
within mucus. Panels from top to bottom show the impact of half-life, binding affinity,
mucin concentration, and muco-ciliary clearance, respectively. Within each
simulation, 600 mg large molecules (r = 5 nm) were administered every 2 weeks for
4 weeks. In each panel, we assessed the individual effect of each parameter by
varying it while fixing the other parameters at their reference values. The reference
values are: t1/2 = 1 w, Ka = 1000 M-1, M= 2e-5 M and ke,m= 0.036 h-1. Distance of
0 μm and 500 μm indicate the position of the drug at the blood-mucus interface and
at the air-mucus interface, respectively. Colors of the heatmaps represent the
mucus free concentration.
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Figure S6.4: Spatial dynamics of bacteria exposed to imipenem with a decreasing
gradient of bacteria at baseline (Time = 0). Within each simulation, 250mg, 500 mg
or 1000 mg imipenem was administered intravenously every 8 hours for 3 days.
Distance of 0 μm and 500 μm indicate the position of bacteria at the blood-mucus
interface and at the air-mucus interface, respectively. Colors of the heatmaps
represent the total bacteria density in mucus.
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Figure S6.5: Spatial heterogeneity of bacteria density within mucus layer under
different dosing regimens of imipenem and baseline bacteria organization. Spatial
heterogeneity is expressed as the coefficient of variation of total bacteria density in
mucus. Within each simulation, 250mg, 500 mg or 1000 mg imipenem was
administered intravenously every 8 hours for 3 days.
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Figure S6.6: The impact of different combinations of kon and koff on spatial and
temporal distribution of free and bound drug concentrations and their AUC.
Distance of 0 μm and 500 μm indicate the position of drug at the blood-mucus
interface and at the air-mucus interface, respectively. AUCf and AUCb are the
double integral of free or bound drug concentration in mucus over 72 hours and 500
μm. The reference values are r = 1 nm, t1/2 = 3 h, M= 2e-5 M and ke,m= 0 h-1.
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Figure S6.7: Diffusion with the boundary condition of “thin source” and “infinite
source”. Diffusion coefficients were set to be the same under two conditions.
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Figure S6.8: The impact of drug-specific and biological system-specific factors on
A. spatial drug exposure (AUCf) and B. spatial heterogeneity under different
boundary conditions. Boundary conditions define the amount of drugs available for
the diffusion within mucus. Rapid, intermediate and slow distribution represents
boundary condition with different extents of delay in drug transfer from blood to the
epithelia lining fluid. Panels from left to right illustrate the effects of varying
molecular/particle size, half-life, binding affinity, mucin concentration, and
muco-ciliary clearance, respectively. AUCf is calculated as the double integral of
free drug concentrations in mucus over time and distance. Spatial heterogeneity is
expressed as the coefficient of variation of free drug concentrations in mucus.
Within each simulation, 100 mg small molecules were administered intravenously
every 8 hours for 3 days. In each panel, we assessed the individual effect of each
parameter by varying it while fixing the other parameters at their reference values.
The reference values are r = 1 nm, t1/2 = 3 h, Ka = 1000 M-1, M= 2e-5 M and ke,m=
0.036 h-1.
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Figure S6.9: The impact of drug-specific and biological system-specific factors on
A. spatial drug exposure (AUCf) and B. spatial heterogeneity (CV) in mucus layers
of different thicknesses. Panels from left to right illustrate the impact of
molecular/particle size, half-life, binding affinity, mucin concentration, and
muco-ciliary clearance, respectively. AUCf is calculated as the double integral of
free drug concentrations in mucus over time and distance. Spatial heterogeneity is
expressed as the coefficient of variation of drug concentrations in mucus. Within
each simulation, 100 mg small molecules were administered intravenously every 8
hours for 3 days. In each panel, we assessed the individual effect of each
parameter by varying it while fixing the other parameters at their reference values.
The reference values are r = 1 nm, t1/2 = 3 h, Ka = 1000 M-1, M= 2e-5 M and ke,m=
0.036 h-1.
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