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Abstract

Fast-dispersing drug delivery systems are needed to overcome the size-filtering properties
of the hydrogel-like extracellular matrix. Cylindrical bottlebrush polymers present a promising
new type of drug-carrier, as they exhibit a higher in vivo diffusivity compared to conventional
spherical micelles. We studied their mechanism of diffusion within a regularly spaced hydrogel-
emulating matrix using molecular dynamics simulations, verifying and augmenting the hopping
model for spherical particles. We show that at high confinement ratios and fixed molecular
weight, the particle size of relevance is set by the diameter of the cylinder-like structure, rather
than its overall hydrodynamic radius; resulting in a faster diffusion of more prolate particles.
Furthermore, we observe a dependency on the length of the particle and stiffness of the matrix;
however, their exact relationship and interplay is yet to be studied. Our findings present a first
step towards a model for diffusion of wormlike particles in dense hydrogels, which should make
an important contribution towards better informed designing of new drug delivery systems.
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1 Introduction

Therapeutics or drugs are critical in the management and treatment of diseases nowadays. Their
effectivity is directly affected by the administration method, influencing the drug release rate,
targeting and stability, which are hard to predict for conventional ‘free’ drugs. To address this
limitation, drug delivery systems (DDS) have been developed, improving the stability, controlling
the release, and localising the effect of a drug [1]. A common approach is to enclose the drug in
lipids or polymers, resulting in nano- or microparticles with diameters smaller than 200 nm. The
enclosure can enhance solubility and targeting, limiting off-target side effects and reducing the
amount of drug required [1], [2].

Once a nanoparticle DDS is administered intravenously, it encounters numerous biological barriers
that all need to be addressed to obtain a functioning system. Vascular uptake by spleen and
liver should be averted, whereas the binding to targeted endothelial surfaces and the dispersion
across the endothelium and into the tissue should be enhanced. The final barrier to overcome is
internalisation into the cell whilst averting resistive responses [3].

Dispersion into tissue is obstructed by the limited sizes of pores within the extracellular matrix
(ECM) [4], a complex hydrogel-like network of fibrous-forming proteins connecting and providing
structure to individual cells [5], [6]. Its composition, structure and density vary considerably among
tissues and is classified into interstitial matrices surrounding cells and pericellular matrices close
in contact with cells. Nance et al. established that about 85% of the pores within the brain
interstitial matrix are smaller than 125 nm, ranging up to 225 nm [4], thus limiting the dispersion
of nanoparticles. Basement membranes, a type of pericellular matrix surrounding the endothelium,
are especially relevant in the context of drug delivery, for they are generally denser than interstitial
matrices, forming a barrier to DDS [5], [7]. They are part of the notorious blood-brain barrier,
controlling the substances entering the brain, thus challenging the development of therapeutics
addressing brain diseases [8]. A schematic summarising the size filtering properties of the ECM is
shown in Figure 1.

Figure 1: Extracellular matrices (ECMs), classified into interstitial and pericellular matrices, part of
basement membranes, act as selective diffusion barriers due to limited pore sizes within the matrices [6].

A recent study by Rabanel et al. has shown that wormlike bottlebrush polymer drug carriers are
more capable of translocating the blood-brain barrier and penetrating dense tissue than conven-
tional spherical polymer nanoparticles. The bottlebrushes exhibited a faster dispersion through a
blood-brain barrier model, a higher in vivo penetration of brain tissues and a superior diffusivity
in extracellular matrix-like gels, rendering them promising as DDS [9]. Instead of surrounding a
hydrophobic drug by linear polymers consisting of a hydrophobic and a hydrophilic domain, creat-
ing a micelle, the drug is bonded to the side-chains of the bottlebrush, as shown in Figure 2. The
procedure to prepare these polymers has been developed in 2010 by Johnson et al. [10], and they
have since been tested extensively, mostly in vitro [11].
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