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Biological barriers protect the human body by selectively blocking foreign material. Designing particles
with coatings that efficiently transport across these barriers can increase the effectiveness and feasibility
of advanced therapeutics. In particular, the mucus barrier protects the intestines, lungs, eyes, etc.,
complicating oral, inhaled, or ocular drug delivery. Heuristics for particle design are currently limited to
the rate of diffusion within the barrier. Relying on first-principles theories for colloidal scale interactions,
a cohesive model of the transport of particles through biological barriers is developed based on the
barrier permeability, which incorporates essential contributions from both partitioning and diffusion.
Analytical models are developed to predict partition coefficients based on particle—pore interaction
potentials. Particle—pore hydrodynamics are considered to predict average diffusivities within mucus
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barriers. We show that kT-scale attractive interactions, that are either specific or non-specific, can yield
optimal delivery of larger particles, to increase the mass flux across mucus barriers by an order of
DOI: 10.1039/d5sm01176k magnitude, and enable delivery of macromolecular cargo, due to enhanced partitioning. Our model

indicates drug particle design rules to achieve transport rates comparable to or exceeding what is
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Introduction

Drug delivery necessitates transporting material across bio-
logical barriers.” The blood-brain barrier, extra-cellular matrix,
vascular walls, epidermis, and mucosal barriers all present
barriers to pathogens but also provide routes for delivery of
molecular and colloidal species.>™ Particles that efficiently
cross these barriers are necessary for therapeutics and diag-
nostics; e.g., encapsulated mRNA has been used for vaccination
against COVID19,” and designed nanoparticles could be used
for a broad range of precision therapeutics and diagnostics.®
The mucus barrier is highly selective” due to a matrix of mucin
fibers,”® trapping some virus particles.” Adding PEG macro-
molecular layers to make the particles “stealth” or “mucopene-
trating” has been a popular strategy, increasing the rate of
diffusion within mucus,'®"" but with limited overall success.'?
On the other hand, virus particles with hindered diffusivities
nevertheless infect hosts.”"® Drug and virus particles both
undergo Brownian motion, have surface coatings that deter-
mine transport efficacy, and are optimized for payload delivery.
A generalized prediction for transport through biological
barriers in general and mucus in particular would shed light
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possible by viruses with highly evolved chemical and physical characteristics.

on virus and drug transport allowing for the improved design of
drug coatings.™

The transport of solute across barriers is generally charac-
terized by the permeability,">">* which is used to quantify the
total amount of mass crossing the barrier. Generally, perme-
abilities are comprised by partition and diffusion coefficients,

P=KD 1)

where P is the solute-barrier permeability, and K and D are the
partition and the diffusion coefficients. K captures the thermo-
dynamic driving forces for particles to enter into barriers, and D
reflects the rate of the random Brownian motion of particles
within the barrier. Modeling permeabilities has been applied
in descriptions of transport at the molecular™™’ and
colloidal*®2® scales. Previous applications of permeabilities
to biological barriers has been limited to lipid bilayers'®*°
and the skin.”’” Modeling of the transport through mucus
barriers is often limited to include only the diffusive contribu-
tion (i.e., K = 1).*® Indeed, most measurements of drug particles
in mucus are of diffusion alone,*?° which narrows the focus of
drug particle optimization.*°

Partitioning has been hypothesized to be important for viral
infection,’ and for engineering drug particles,® because it
encourages particles to enter the barrier. Viral transport involves
attractive specific interactions.**** However, discussion of the
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effect on drug delivery is limited to qualitative descriptions.*
The earliest quantitative predictions of partitioning was of
the free space in random fiber matrices for gel chromato-
graphy.**?* These excluded volume effects change the entropy
and free energy differences for particles inside and outside
barrier pores, and thereby the transport across barriers.*®
Incorporating free energy differences allowed the partitioning
calculations to be generalized to any particle-pore inter-
actions,*”*® which has been validated in limited cases
(e.g., macromolecules in fibrous media®®). The calculation of
the partition coefficient requires the geometry of the medium,
and most analyses involve idealized cylindrical pore geo-
metries,*’ including biological barriers.** In contrast, explicit
fibers models require more extensive modeling and do not
lead to closed-form solutions.'®?”*® The deviations between
these approaches are negligible until the particle approaches
the mesh size.*> Despite the importance of partitioning, pre-
dictions have yet to be applied to mucus barrier permeation.

The effect of diffusivity on the transport is well known in the
mucus drug delivery literature.*** One quantitative approxi-
mation is to use an effective medium approach,>****™*¢ inferring
averaged hydrodynamic friction on particles from measure-
ments over short times.”® However, these effective media
results cannot be used to model and distinguish localization
effects from energetic interactions.*” While localization could
be captured by averaging the position dependent mobility with
the probability of observing that state,**' this has not been
applied to barrier transport models. Furthermore, reversible
binding is known to affect measured average diffusivities,”*
which has been observed with viral transport,> and could be
averaged along with other the non-specific effects.>® Similar to
partitioning, models of the medium geometry are required,
with explicit fibers or ideal pore models being used.*® Explicit
fiber models require fiber distributions and particle-fiber
hydrodynamics,****® both of which lead to expensive calcu-
lations and limited applicability. Effective pore models have
been applied to the diffusion of macromolecules in fibrous
matrices’”>° and the dynamics of long, flexible solutes in
hydrogels.®®®> Measurements and models of the hydro-
dynamic interaction have been considered for colloidal parti-
cles in slit-pores®*®*®” and cylindrical pores.®®”° However,
models for the position dependent diffusivity of spherical
colloids within cylindrical pores due to hydrodynamic interac-
tions are limited to the centerline and do not include effects of
colloidal interaction potentials.”*

Particle interactions on the k7-scale mediated by solution
and surface chemistry also affect particle diffusivity and
partitioning,”®”* by changing localization, confinement, and/or
potential energy contributions to the overall system free energy.
Due to the high ionic strength of biological media, electrostatics
are highly screened and have negligible effects at the colloidal
scale.”® The governing colloidal scale interactions are van der
Waals attraction,”””* macromolecular repulsion®**%7*7> and
specific biomolecular interactions,”*”®’” all of which have been
measured and modeled at the colloidal scale. The Derjaguin
approximation enables specification of realistic interaction
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potentials in systems with arbitrary curvature in models of
van der Waals, macromolecular coatings, etc.”® Non-specific
osmotic repulsion between particle coatings and mucin fibers
tends to stabilize particles against aggregation and deposition
and increase surface separation.'®”®° Specific interactions
e.g., the formation
of dynamic covalent bonds with mucin sialic acids.?” Applying
these models to predictions of partitioning and diffusion
would allow for the prediction of transport from fundamental
surface properties.

In this paper, we report a model for colloidal transport
across biological barriers with systemic delivery through mucus
barriers as a specific example target (Fig. 1A). This model
focuses on the transport of particles into and through mucus
barriers (Fig. 1B), which is modeled as pores within fibrous
matrices (Fig. 1C), with the goal of capturing dominant effects
of particle-fiber interactions. It captures the effects of kT-scale
particle-pore surface interaction potentials (U) on partitioning
(K) and hindered diffusion (D), and prediction of the perme-
ability (P) and mass flux through the mucus barrier (Fig. 1D).
In this way, particle interactions controlling transport across
biological barriers can be modeled with the goal of optimizing
particle size and coating mediated interactions, including
comparisons against virus transport (Fig. 1E).

arise from molecular scale interactions,®"

Theory
Particle flux across barriers

Fick’s laws predict the flux of solutes through a barrier as being

proportional to spatial concentration gradients,*® where for
films at steady state (see SI),
J=PCpll ®))

where j is mass flux across the barrier, C is the concentration
difference, p is the mass density per particle, [ is barrier width,
and P is barrier permeability (see eqn (1)). Note that tortuosity
and porosity effects could be incorporated as an order-unity
multiplicative factor to permeability*® but are not captured here.
The corresponding transient solution has been derived,®® with
deviations captured by a multiplicative factor to eqn (2) (see SI).
This transient solution predicts that the concentration in the
barrier evolves as,
Cg(t) C(z=1,1)
. KC

00 2
22 H +Q,, sin(Qy)

2 2
1+ 00, P Pe/T)

(3)

n=1

where Cg(f) is the transient concentration of drug in the blood,
Cy is the constant concentration of the drug in the lungs, C(z,t) is
the concentration profile in the mucus, and H and Q,, are factors
that depend on the relative volumes of the mucus and blood
compartments.
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Fig. 1 Multiscale diagram showing mucus barriers and transporting particles. (A)—(D) Diagrams of mucus barriers. (A) Mucus barriers all over the body
with various pH values (highly acidic, red/orange; basic, blue-green), with details of the branching bronchial passages in the lungs and dashed callout to B.
(B) Detail of the mucus layer, with a dense mucin matrix with pores leading to an epithelial layer, with dashed callout to C. (C) Pore-scale detail of the
mucus membrane, showing idealized pores passing through random matrix. (D) Overall transport process, involving partitioning, K, particle—pore
interactions, U, in-pore particle diffusivity, D, and overall permeability, P; dashed callout to E. (E) Drug (top) and virus (bottom-right) particles, with loaded

cores (e.g., insulin or genetic material).

Particle-pore potential energies

Particles interact with pore walls with net position dependent
interactions, U(r), given by the superposition of contributing
potentials as,

U(r) = Uy(r) + Us(r) + Uy(7) + Ugy(7) (4)

where Uy is a hard-wall interaction, Uy is a steric interaction, Uy
is a van der Waals interaction, and Uy, is a specific receptor—-
ligand interaction. The inability of particles to penetrate
surfaces is given by a hard-wall potential, which also provides
a useful reference state,*” as given by,

Un(r)={o0, r<R—a, else0 (5)

where R is the radius of the circular pore, and a is the particle
radius. Macromolecular layers upon contact generally experi-
ence compression-dependent free-energies, which can be inte-
grated using the Derjaguin approximation” or sphere-pore
geometries as,

Us(r) = T'a(1 — a/R)"**exp(—y[R — a — 1]) (6)

where I' and y are related to the free energy and length of
uncompressed brushes, y = 5.2/L (see SI).”> van der Waals
attraction can be expressed for particles small compared to
pore dimension by Hamaker integration, to yield a particle-
pore potential. An additional correction can be obtained
from matching an exact integration for particle-pores,** which
improves the approximation for int the limit of particles
approaching the pore size,

Uy(r) = Aa/66(R/a — rla) (1 — a/R**R—a—1)""  (7)
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where A is the Hamaker constant for the particle-pore materials
(see SI). Receptor-ligand interactions are reversible specific
interactions between chemical species on the particle and fiber
surfaces.”® Various approximations of receptor-ligand inter-
actions are available including harmonic wells that capture
contact forces,”®®> but for simplicity and applicability to ther-
modynamic analyses relevant to partition coefficients, adhesive
spheres with only contact energies can be suitable, as given by,

Uri(r) ={~|Uml|, R—a—-r<1L, else0 (8)

where Uy is the binding strength of the receptor-ligand
interaction.

Distribution of colloids at interfaces: partition coefficients

Partition coefficients are calculated to consider contributions
from entropy and potential energy as separable quantities.
Entropic contributions can be captured by considering solely
hard particle-pore interactions,” which simplifies to geometry
dependent available (not excluded) volumes.**?”%¢ Potential
energy contributions to the partitioning coefficient are cap-
tured by an additional term given by (see SI),

K = Kys + Ky

R—a
=(1— a/R)z—i-%J lexp(—U(r)/kT) = 1]rdr  (9)
0

where Kyg and Ky are partitioning due to hard-sphere and other
colloidal potentials (where & is Boltzmann’s constant and 7 is
absolute temperature). For not-dilute colloidal dispersions with
repulsive pair interactions, partitioning can be enhanced by
higher particle concentrations.*

This journal is © The Royal Society of Chemistry 2026
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Diffusion & hydrodynamic interactions

The average particle diffusivity within pores can be modeled to
include hydrodynamic interactions and how particles sample
the potential energy landscape within pores, which is given by a
Boltzmann weighted average of separation dependent hydro-
dynamic interactions as,*’

D= JD“(r)p(r)rdr (10)
where D, is the diffusivity of a spherical particle parallel to the
pore central axis or walls, and p(r) is the normalized Boltzmann
distribution of a colloid in an energy well, p(r)=
exp[—U(r)/kT]/ [exp[—U(r)/kT]dr. Although the D, along the
centerline of cylindrical pores is known,®” exact results are not
known for arbitrary positions within pores.®®’® For a simple
approximation of size- and position- dependent diffusivities
based on known limits, a linear interpolation (based on the
linear lubrication asymptote) between the centerline®” and wall
contact results gives the form (see SI),*®

D (r,au,R) = DoH| o(1,a11,R) = Do|[(f} c(@ms,R) — 0.32)(R — ay — 1)/
(R — ay) + 032] (11)
where H| . is the hydrodynamic mobility of the particles along the
cylindrical axis and D, = kT/6muay; is the single particle diffusivity
far from any boundaries, where p is medium viscosity, and ayy is

the particle hydrodynamic radius given by a hard-core radius plus
a fraction (¢) of the polymer layer thickness given as,*

ag=a+[1— ¢JL (12)

Results & discussion
Particle-pore interaction potentials

The colloidal interactions between particles and mucus pores
are analyzed first since they contribute to all aspects of barrier
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transport including partitioning, diffusion, permeation, and
selectivity. Particles in mucus barriers are approximated as
moving along cylindrical pores where particles are in close
proximity to the pore walls as dictated by their size and
interactions (Fig. 2A). As a result, there is a need to describe
the colloidal interactions of particles with the porous matrix
itself as particles tend to localize at potential energy minima.
Considering that respiratory mucus barriers are generally of
order ~ 10 pm in thickness” with pore sizes of ~400 nm, which
are 2 orders of magnitude smaller,"? end effects are considered
to be negligible.™

We first consider particles with no long-range interactions
where only hard-wall interactions (eqn (5)) preclude particle-
wall overlap (black curve Fig. 2B). Particles with such inter-
actions equally sample all positions due to a uniform zero
interaction everywhere except with an infinite interaction on
contact with pore walls. Additionally, we consider exponential
potentials that are representative of electrostatic and steric
interactions and show key features of longer-range soft inter-
actions in addition to hard core potentials. Repulsive inter-
actions lead to high energies near the walls and a minimum
at the centerline of the pore, where particles are localized (B =
1-100kT, blue, Fig. 2B). However, attractive interactions yield
minima at the walls, localizing particles into those regions (B =
—(2-4)kT, red, Fig. 2B). By adding exponential interactions
to hard-wall potentials, particles sample different positions
within pores to different degrees and have different overall free
energies within pores compared to outside pores.

In addition to model hard-wall and exponential potentials,
we also consider realistic first principles analytical models of
particle-pore potentials (eqn (4)) including combinations of
polymer brush repulsion, van der Waals attractions, and spe-
cific receptor-ligand interactions. These interactions lead to a
minimum near the wall, that is mitigated by increasing brush
length (A = —3kT nm™ ", L = 10-30 nm, I = 1.2kT nm ™ *,*° cyan,
Fig. 2B). With specific receptor-ligand attraction (L = 20 nm,
|Unm| = 0.5-1.5kT, red, Fig. 2C), the minimum is deepened and
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Fig. 2 Particle—pore energetic interactions. (A) Diagram of particles (blue/grey circles) interacting with pore walls (grey) with annotated pore size,
R, particle size, 2a, and particle position, r. Outlined particle is in contact with the wall. (B) and (C) Particle—pore potential energies from models (egn (4)),
compared to the hard-sphere potential (solid black). Potentials are mirrored along r = O for clarity; only the r > 0 profile is used in calculations.
(B) Attractive exponential potentials U(r) = Bexp(—«x(R — a — r)) potentials (B < 0, blue) compared to repulsive potentials (B > O, red); B = —4, =3, -2, +1,
+10, +100kT: k~* = 10 nm. (C) Model potentials (eqn (4)) with van der Waals (A = —3kT), steric interactions & receptor-ligand superposition (dark red,
L =20 nm, [Uyl = 0.5-1.5kT), compared to no specific attractions (cyan, L = 10, 20, 30 nm).
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extended further from the wall (red, Fig. 2B). The superposition
of these potentials leads to a steep repulsion at the wall from
osmotic repulsion in all cases. While all designs modeled here
localize the particles close to the pore wall, the specific attrac-
tion forms a well at the onset of the specific attraction, rather
than at appreciable brush compression. Overall, the different
surface coating designs present different particle localization
within pores via the modeled free energy landscapes (energy vs.
position in Fig. 2B and C).

Particle partitioning into barrier pores

Having developed particle-pore interaction potentials (Fig. 2),
the next step is prediction of particle partitioning from
unbounded bulk media into pores (eqn (9), Fig. 3A) based on
changes in potential and free energies. The partitioning of
hard-spheres into cylindrical pores can be predicted analyti-
cally (Kys in eqn (9)) consistent with prior predictions.?”:*
In the limit of small particles (@ — 0), the particle has no
interactions with the pore, leading to a partition coefficient of
unity (inset of Fig. 3B). However, as particle size increases
relative to pore dimensions, fewer microstates are available
for particles within pores, which is associated with a decrease
in entropy and increased free energy (potential energy does not
change for hard-wall interactions in pores). Partitioning
vanishes as the particle approaches the pore size, consistent
with intuition.

Different realistic repulsive and attractive interactions in
addition to hard-core interactions can be used to model and
understand the effects of particle-pore interaction potentials
on partitioning (Fig. 3B and C). In parallel with the presenta-
tion of interaction potentials in Fig. 2, we first consider effects
on partitioning of the same soft exponential interaction poten-
tials (Fig. 2B). Attractive potentials lead to enhanced partition-
ing for all sizes (red in Fig. 3B). Notably, the partitioning for
small particles is much higher than for hard-wall particles. In
contrast, repulsive potentials lead to hindered partitioning
(blue in Fig. 3B). This hinderance can be around half the same
sized hard-core particle, although it is apparently less sensitive
to the magnitude of the exponential potential. Thus, kT-scale
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particle-pore interactions can significantly affect partitioning
and ultimately impact permeation (as evident in eqn (1)), which
will be discussed in the following.

Such enhanced partitioning can also be achieved by engi-
neering realistic interaction potentials mediated by specific
attractions between particle coatings and the mucus matrix,
modeled with the same parameters as in Fig. 2C. In the small
particle limit, there is a large enhancement from specific
attraction, up to ~4x (red in Fig. 3C). As particles increase in
size, the attraction does not change, but the decreased entropy
and increased steric energy scale diminish the partitioning to
vanish as particle size approaches pore dimensions. Similarly,
particles with no specific attraction are only hindered, due to
the steric interactions increasing free energy due to entropic
and potential energy penalties (blue in Fig. 3C). Thus, the
engineering of specific attractions on the k7-scale could lead
to significantly enhanced partitioning to favor permeation.

Particle diffusivity within barrier pores

With an understanding of the effects of interaction potentials
on partitioning, we next consider how interactions affect par-
ticle diffusivity within pores (Fig. 4A). Particles undergoing
random Brownian motion within a crowded medium, such as
mucus barrier pores, experience additional hindrance due to
hydrodynamic interactions. The role of hydrodynamic interac-
tions are captured for spherical particle within cylindrical pores
based on best available solutions for rigorous asymptotic limits
(eqn (11)). As already noted, particles sample different pore
regions spatially according to interactions potentials (eqn (10)),
so that they most frequently sample potential energy minima
within the pore center for repulsive interactions or pore walls
for attractive interactions. As a result, the average diffusivity is
determined by hydrodynamic hindrance weighted by the rela-
tive sampling of different pore regions (eqn (10)). Different
biological barriers, including fibrous media, may have varying
degrees of hydrodynamic hinderance due to the ability of
solvent to flow through pore walls. However, allowing for
different spatial dependencies within pore is not the dominant
effect for overall transport as will be shown in the following.
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Fig. 3 Partitioning of particles into pores with different energy models. (A) Diagram of particles (blue/grey circles) entering into pores (grey). (B) and (C)
Particle—pore partitioning from models (egn (9)), compared to the hard-sphere partitioning (solid black, highlighted in B inset). (B) Partitioning due to
exponential potentials with the same energy scale values/color scheme as Fig. 2. (C) Model potentials (egn (4)) with the same parameters/color scheme

as Fig. 2.
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Fig. 4

In-pore particle diffusivity according to energetic models and polymer layer hydrodynamics. (A) Diagram of particles (blue/grey circles)

undergoing random diffusion in pores (grey). (B) and (C) Particle diffusivity from models (eqn (10)), compared to the hard-sphere diffusivity (solid black).
(B) particles with exponential potentials with the same energy scale values/color scheme as Fig. 2 and 3. Inset shows details of the box. (C) Model
potentials (eqn (4)) with the same parameters/color scheme as Fig. 2 and 3. Inset shows comparisons of the longest brush length with impermeable layers
(¢ = 0, light colors) and fully permeable layers (¢ = 1, dark colors). Hard-wall reference is shown dashed for clarity.

For hard-wall particle-pore interactions, particles sample all
positions equally within the pore (black in Fig. 4B). It is most
easy in this limit to demonstrate the effects of hydrodynamic
interactions that depend on the relative particle and pore
dimensions and on particle positions within pores. Because
vanishingly small particles (@ — 0) are effectively in free space,
the curve approaches D, in that limit. Additionally, as the
particle approaches the pore size, hydrodynamic interactions
in the lubrication limit diverge to yield an infinite resistance
to particle motion, which produces a vanishing diffusivity.
Together, these effects lead to a sublinear dependence on
particle size for hard-wall particles.

We next consider the same colloidal interaction potentials
and parameters as in Fig. 2B and 3B. Repulsive potentials (blue,
Fig. 4B) tend to localize the particles near the centerline where
the hydrodynamic friction is lowest. Thus, the diffusivity
is faster than the hard particles. Attractive interactions (red,
Fig. 4B) localize the particles near the pore walls, hindering
particle motion due to increased hydrodynamic resistance.
For these model interactions, the diffusivity spans at most a
~0.2D, difference in diffusivity at intermediate particle sizes
(inset of Fig. 4B) because of the rolling diffusivity. As noted,
explicit fiber models with varying degrees of finite fluid flow
through the idealized pore walls, would predict a smaller
localization effect, making the resistance due to localization a
less significant factor compared to this model pore with
impermeable boundaries.

We also consider how particle macromolecular coatings
with varying solvent permeability can influence hydrodynamic
resistance and particle diffusion within pores (inset of Fig. 4C).
For particles with 20 nm brushes and either no specific inter-
actions (cyan) or —1.5kT well-depths (red) the diffusivity varies
from the most hindered case with impermeable layers (light
colors, ¢ = 0 in eqn (12)) to the core limit for particle with
completely permeable layers (dark colors, ¢ = 1 in eqn (12)). The
permeability of brushes have been experimentally measured, and
they could feasibly be modified by changes to layers.*® For the
attractive case, where pore wall localization and effectively larger

This journal is © The Royal Society of Chemistry 2026

sizes both hinder the diffusivity, an increase in the polymer layer
permeability can have significant effects on the particle diffusivity.
Thus, brush-solvent permeability leads to a size- and localization-
dependent increases in particle diffusivities within pores.

Most realistic particle coatings decrease the diffusivity in
pores, either due to increasing the effective hydrodynamic size,
or by localizing the particle near the wall. The model exponen-
tial repulsive interaction potential (e.g., electrostatic repulsion)
is the only case that results in faster diffusion than hard
spheres, because it localizes the particle closer to centerline
without an increase in hydrodynamic size. Particles with macro-
molecular coatings have repulsive interactions with pores diffuse
faster than attractive interactions that localize particles near
pore boundaries, consistent with measurements of PEG-coated
particles.™ This model can also explain the decreased diffusiv-
ity of longer polymer brushes, which has also been observed"®
(and previously perhaps mis-attributed to chain entanglement).
The coupled effects of different interaction potentials and
hydrodynamic interactions on particle diffusivities within pores
can be well understood from first principles mechanisms and
produce trends consistent with existing literature reports.

Barrier permeability & particle mass flux

Models of particle-pore interactions on both partition and
diffusion coefficients can now be combined (eqn (1)) to under-
stand their net effect on particle permeability across biological
barriers including the specific example of mucus. The perme-
ability is incorporated in a model of mass flux of particles
across the barrier (eqn (10), Fig. 5A). Because mass flux is solely
determined by how particle surface properties mediate inter-
actions potentials (eqn (4)) and hydrodynamic interactions
(eqn (11)), the effect of each can be determined. By considering
the combined effect of interactions on both partitioning and
diffusion, the essential material properties of particle coatings
can be optimized in an informed manner to design drug
particle coating for maximum transport across barriers.
Important limits of mass flux are demonstrated by first
considering the case of hard spheres. There is no mass flux in
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Fig. 5 Prediction of fluxes through mucus barriers. (A) Diagram of transport through the mucus barriers (grey). (B) and (C) Mass flux from models
(egn (10)), compared to the hard-sphere mass flux (solid black). (B) Particles with exponential potentials with the same energy scale values/color scheme
as Fig. 2-4. Inset shows number flux (cm~2 s~ for the same interactions. (C) Model potentials (eqn (4)) with the same parameters/color scheme as
Fig. 2—4. Inset shows the corresponding flux comparison with permeable (dark)/impermeable (light) layers as Fig. 4.

two circumstances. First, for particles approaching zero size
(@ - 0), there is no mass to transport (Fig. 5B). Second, as
particles approach the pore size, the partitioning (Fig. 3) and
diffusivity (Fig. 4) coefficients both tend to zero due to
unfavorable partitioning via a purely entropic penalty as well
as hydrodynamic resistance resulting in a vanishing diffusiv-
ity. Between these limiting cases, an optimal size is observed
to produce a maximum mass flux for hard-sphere particles at
2a ~ 100 nm (Fig. 5B). It is interesting to note this is near the
characteristic dimension of many viruses.’

With the addition of attractive and repulsion particle-pore
interaction potentials, there is enhancement or hinderance
from relative to the hard-sphere core particles of the same
dimension. For repulsive potentials (blue, Fig. 5B), the parti-
tioning is hindered to a larger degree than the diffusivity is
enhanced. Thus, repulsive potentials produce mass fluxes for
all particle sizes that are less than the corresponding hard
sphere flux. Conversely, for attractive potentials (red, Fig. 5B),
the enhanced partitioning, and thus permeability, leads to
increased mass flux by nearly an order of magnitude. Thus,
while partitioning and diffusivity are both integral to perme-
ability, partitioning effects due to k7-scale attractive interac-
tions have net enhancing effects.

Because the functional goal of drug delivery is to deliver
the most mass of drug to the desired site, the mass flux has
been reported. Note that while one could also consider the
number flux, ie., the number of particles passing through
the barrier, it is less important than the mass flux. The
number flux has a simple, monotonic relationship with par-
ticle size (inset of Fig. 5B). This hides the trend capturing the
mass per particle and thus increased delivery. The same
trends according to surface properties can be interpreted from
the number flux series. However, for the overall optimization,
mass flux corresponds to better delivery strategies. Increasing
drug particle size increases in proportion the mass flux of
either small molecule or macromolecular cargo and could
enable critical particle sizes necessary to encapsulate larger
macromolecular therapeutics (e.g., proteins, nucleic acids,
multimers, etc.).
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We consider next the realistic potential models incorporat-
ing realistic engineered and specific interactions. Using the
same models as Fig. 2-4, the mass flux of particles with only
brush layers (Uy = 0) is diminished (blue in Fig. 5C) relative
to hard spheres, due to the combined effects of hindered
partitioning and diffusivity (cf, Fig. 3C and 4C). For attractive
receptor-ligand interactions (Uy # 0), interaction strengths
on the kT-scale can lead to enhanced partitioning and thus
effective transport (red Fig. 5C). Engineered particle coatings
can exploit the partitioning enhancements from k7-scale attrac-
tive interactions to achieve relatively high mass fluxes.

The hydrodynamic resistance due to the solvent passing
through macromolecular layers on particle surfaces have signi-
ficant effects on diffusivities (recall Fig. 4C). Because the mass
flux is proportional to permeability and thus to diffusivity,
these effects can be exploited to further increase the mass flux
(inset of Fig. 5C). The conversion of impermeable (¢ = 0, darker
colors) to completely permeable (¢ = 1, lighter colors) increases
the mass flux for both brush-only (blue) and attractive specific
interactions (red) by a factor of ~2.6. Thus, engineering brush-
solvent permeability is a potential method for increasing over-
all mass flux of drug carriers.

After performing the preceding calculations of the steady
state approximation to the flux (eqn (2)), the same parameters
can be used in the transient concentration profiles (eqn (3)).
For the same model problem, i.e., particles traveling from the
lung lumen through mucosal barriers into the blood (Fig. 6A),
the potentials were used to calculate K and D and thus P for
each particle coating at a particle size near the optimum of the
flux curves, 2a = 120 nm. The concentration profiles in the
blood relative to that of the lung are plotted on semi-log scales
(Fig. 6B). The particles with strongest attractive interaction
reach 50% of the lung concentration after 456 s, whereas the
repulsive particles would take 3528 s (~0.98 h) for the same
response.

We consider next the realistic potentials and the timescales
for their transport (Fig. 6C). For particles with long brushes
(L = 30 nm) the concentration profiles reach 50% of the
reference after 2442 s. For particles with kT-scale attractive

This journal is © The Royal Society of Chemistry 2026
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of bolus concentration. (B) Particles with exponential potentials with the same energy scale values/color scheme as Fig. 2-4. (C) Model potentials

(egn (4)) with the same parameters/color scheme as Fig. 2—4.

interactions, the corresponding time is 336 s. There is an order
of magnitude difference in times between purely repulsive
brush coatings, and coatings with kT-scale attractions. Note
also that because the longer time is comparable to the mucus
clearance time, the repulsive particle coatings lead to only
minimal net transport across barriers. Similarly, the attractive
particles attain 10% of the reference after only 65 s, allowing
for appreciable transport across even rapidly moving mucus
barriers.

Enhancements from attractive interactions can lead to a
roughly order-of-magnitude increase in mass flux. For these
particles, the hindered transport by localization effects is
counteracted by a greater enhancement of partitioning. For
particles with only brush layers, the small mass flux explains
the low overall effectiveness. Thus, drug transport might be
optimized by enhanced partitioning even with hindered diffu-
sivity, explaining why viruses can infect human hosts, despite
having slow diffusion within barriers. Finally, rational design
rules based on these mechanisms could reveal which aspects of
particle surfaces lead to increased mass flux.

Design rules for maximum barrier flux

The overall flux of a drug particle formulation through the
mucus barrier depends on how interactions lead to permeability
and thus mass flux. Interactions govern the location and overall
potential and free energy of particles within pores. Partitioning
is determined by the interactions between the particle and the
pore wall including hard core and surface chemistry mediated
interactions. Similarly, diffusivity is determined by both the
hydrodynamic and energetic interactions between the particle
and pore wall, affected by localization and particle surface
hydrodynamics. Permeability is the product of diffusivity and
partitioning. Having considered the effects on the mass flux of
different model surfaces, these effects are summarized here.
When designing drug particles, essential factors to consider
include particle size, brush length, brush-solvent permeability,
and the presence and strength of non-specific and specific
interactions. First, the particle size affects the permeability by
changing the free energy of partitioning (eqn (5)-(7)) and the

This journal is © The Royal Society of Chemistry 2026

hard-core hydrodynamic size for diffusion (eqn (12)). Smaller
particles can transport through the barrier more effectively, but
with a diminished payload. Second, brush length stabilizes
particle formulations by counteracting van der Waals attract-
8990 However, thicker brush layers will have diminishing
returns and hinder overall transport. Third, more permeable
brushes improve transport, as the hydrodynamic interactions
can be modified (eqn (12)) without changing spatial localiza-
tion within pores. Brush layers can be engineered with different
molecular constituents,”” while maintaining antibiofouling
characteristics.”® Fourth, attractive interactions enhance the
transport due to partitioning (eqn (9)), for interactions in the
range of 0-4kT, which avoid irreversible adhesion.

It should be noted that these design rules are based on the
underlying model assumptions. The first assumption is that
mass flux depends on barrier-particle permeability, the product
of partitioning and diffusivity, which is valid for particles
transporting by random motion through barriers much bigger
than themselves.'® Further, the transport model is based on
well understood fundamentals (see SI), meaning that opti-
mizing the product of the two will maximize the mass flux.
Maximizing partitioning or diffusion individually could lead
to low overall transport. For analytical simplicity, the second
assumption was of idealized pores instead of fibrous matrices.
The colloidal and hydrodynamic interactions presented here
correspond to spherical particles; however, the same frame-
work could be used for flexible or non-spherical particles with
appropriate corrections to interaction potentials and transla-
tional and rotational diffusivities mediated by hydrodynamic
interactions. There is a lack in the literature of models and
simulations of spherical particles in explicit fiber matrices,
although future findings on this topic could be easily incorpo-
rated into the present fundamental transport models in the
present work. However, this lack of simple matrix models
makes the pore approximation for mucus’ and hydrogel
matrices®"®> common. Despite idealized pores perhaps under-
estimating effects like media tortuosity or dead ends, our
results show that enhanced partitioning is the dominant,
engineerable effect for mass transport (Fig. 5). Finally, explicit

ion.
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fibers have a distribution of pore sizes, and the mesh size does
not exactly correspond to pore diameter, changing the asymp-
totic behavior for particles approaching the pore size. Because
the partitioning effects prohibit large particles in explicit fiber
models®”*® and this model, this asymptotic regime is less
important for drug delivery. It should be noted that in addition
to engineering particle surfaces for optimal drug delivery, these
flux predictions could be used in pharmacokinetic models for
overall efficacy.

Drug particle vs. virus selectivity

With an understanding of the effective design of drug particles,
as inspired by viruses, to maximize transport rates, it is also
possible to compare drug and viral particle transport in terms
of selectivity. Practically, the same model can predict the
transport of both synthetic and virus particles across biological
barriers, allowing for the comparison of the two (Fig. 7A).
A selective barrier allows one solute through while hindering
another. Selectivity is defined as the ratio of the permeabilities
of two species."® Effective drug particles would have high mass
flux, and if possible, also be transported even more efficiently
than viruses. As example virus particles, we consider influenza
A virus (IAV) and herpes simplex virus (HSV), for which some
basic data are available.

TAV is an encapsulated virus with an approximate diameter
of 120 nm.>*** While some IAV particles are elongated,® the
current model does not take anisotropy into account (although
it could be easily extended in future work). While anisotropy
would be important for transport,*” a first order approximation
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is an equivalent spherical particle. The HA/NA - sialic acid
interactions have been measured directly®® giving effective
binding strengths of 1.5-2.5kT. For the middle of the range,
Upm was taken to be —2kT for this model. Predictions of virus
particle diffusivity are comparable to the range reported
recently for IAV diffusion in human airway mucus.’®

For comparison, we first consider a drug particle design with
10 nm brushes, impermeable brush layers, and an attractive
potential of —1kT (blue in Fig. 7C). Due to the efficient trans-
port of IAV particles, this virus outcompetes this drug particle
design for any particle size (¢ = Pp/Py < 1). Increasing the brush
length for these specific attractive interactions allow them to
act over a longer range, which increases partitioning and thus
permeability (green in Fig. 7C). Further, changing the brush to
be more permeable to the solvent increases the diffusivity,
allowing a higher permeability (orange in Fig. 7C). Only in this
case is the selectivity greater than unity, albeit in a narrow
range of particle sizes of 60-125 nm. Finally, increasing the
strength of the specific interactions has a 3-4x factor on the
overall flux (red in Fig. 7C). In that case, the region of superior
selectivity by the drug particle extends to 40-240 nm, showing
effective mass delivery compared to viral particles.

HSV is an enveloped spherical virus, roughly 180 nm in
diameter,” and it forms interactions with mucin fibers that
slow it down considerably although it binds reversibly.'*°
Due to a lack of estimates for HSV binding, the same binding
constants used for IAV were also used in this analysis. We again
consider the same drug particle design as in Fig. 7C, with
10 nm brushes, impermeable brush layers, and an attractive
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Fig. 7 Selectivity of mucus barriers to drug and viral particles. (A) Diagram of mucus pores (grey), with (top) model drug particles, with loaded insulin,
poly-zwitterionic brushes (dark blue) and specific binding moieties (red), and (bottom) virus particles, with genetic material, zwitterionic lipid bilayers
(blue) and proteins for specific binding (red). (B) Particle coating designs under consideration; (light blue) L = 10 nm, Uny = —1KT, ¢ = O, (green) same but
L =20 nm (yellow) same but ¢ = 1 and (red) same but Uy = —3kT. (C) and (D) Model prediction of the selectivity of mucus barriers for drug particles over
virus particles (ratios of eqn (1), « = Pp/Py). Drug designs are indicated with consistent colors as in panel B. Comparison of drug particles to (C) IAV

particles, or (D) HSV particles.

1638 | Soft Matter, 2026, 22,1630-1642

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01176k

Open Access Article. Published on 30 January 2026. Downloaded on 6/16/2026 3:42:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

potential of —1kT (blue in Fig. 7D). This design maintains
selectivity above 1 for particle sizes in a narrow range from
roughly 60-125 nm. Making the same changes as in Fig. 7B,
the permeability is increased sequentially with the same overall
3-4x factor increase of the mass flux (green, orange, and red in
Fig. 7D). In that case, the region of enhanced drug particle
selectivity extends from 20-260 nm, showing the effective mass
delivery compared to viral particles.

The selectivity calculations shown here underpin the pre-
viously discussed drug particle design rules. While it is impor-
tant to ensure that the particles can diffuse quickly - e.g., by
increasing brush length to mitigate van der Waals, or increas-
ing brush-solvent permeability - enhancing the mass flux
necessitates the optimization of the permeability, including
both the diffusivity and partitioning. The net transport rate
changes by roughly one order of magnitude due to enhanced
partitioning (e.g., Fig. 6C). In particular, the addition of specific
attractive interactions could increase the efficiency of drug
delivery vectors. Inspired by this, a manuscript is in preparation
that directly probes virus surface inspired drug particle coat-
ings (i.e., zwitterionic polymers with boronic acid moieties
capable of forming dynamic covalent bonds with sialic acids).
Experiments that capture the whole transport process -
e.g., diffusion chambers® or Y-channel microfluidics (e.g., see
prior thesis studies®) - could test these predictions of
enhanced mass flux in real or model mucus barriers.

Conclusions

We report a model for particle transport through biological
barriers, which is used to infer design rules for surface coatings
that optimize kT-scale interactions that mediate drug delivery,
particularly for mucus barriers. Models of particle-mucus
interactions include illustrative examples for electrostatic and
van der Waals interactions as well as more realistic particle-
pore interaction potentials based on non-specific steric inter-
actions and specific receptor-ligand potentials. These interactions
were incorporated into models for the partition and diffusion
coefficients, and their product, the permeability (eqn (1)), which
controls transport across mucus barriers.

Findings from the analytical model indicate several critical
and dominant contributions to particle mass flux across
barriers, which also determines drug mass flux carried within
particles (or viruses). First, larger particles relative to pores
dimensions diffusive more slowly via hydrodynamic interactions,
which can be modified by permeable particle coatings or mucus
pores, but which otherwise becomes most hindered as particle
size approaches pore dimensions. Second, particle partitioning
into pores is determined by several coupled contributions,
including: (1) hard core particle size relative to pore dimensions
that determines entropy of partitioning, which decreases from
unity for infinitely small particles and vanishes as particle sizes
approach pore dimensions, (2) particle-pore soft repulsion that
increases effective particle size (excluded volume) to reduce
partitioning relative to hard core particle dimensions, and

This journal is © The Royal Society of Chemistry 2026
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(3) particle-pore attractive interactions that increase partition-
ing relative to hard core particle dimensions. Third, while
particle-pore (mucus) attraction can favorably drive equili-
brium portioning up to a point, attraction must be on the
order of the thermal energy kT so that particles continue
diffusing via Brownian motion driven by kT energy fluctuations;
stronger attraction produces irreversible particle adhesion and
clearance via flowing mucus barriers. Once diffusion and
partitioning are maximized, the permeability can be optimized
via choice of particle size and surface coating mediated inter-
actions to deliver an order of magnitude increased mass flux,
increasing the efficiency of small molecule drugs transport and
allowing for the delivery of macromolecular cargo due to core-
size constraints (e.g., proteins, nucleic acids, etc.). Finally, the
selectivity of mucus barriers to drug particle transport over
virus particles is demonstrated by optimizing particle design
parameters.

Ultimately, our model demonstrates a generalizable
approach to the rational design of drug delivery vectors for
transmucosal delivery, with broader applicability to other bio-
logical barriers. Optimizing the flux of drug particles through
biological barriers requires maximization of permeability,
which is the product of the diffusion and partition coefficients.
Attractive specific interactions and optimizing colloidal scale
hydrodynamics are strategies to enhance mass flux through
barriers. These effects could increase the total mass flux by an
order of magnitude.
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