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The biomedical use of nanoparticles (NPs) has been the focus of intense research for over a decade. As
most NPs are explored as carriers to alter the biodistribution, pharmacokinetics and bioavailability of
associated drugs, the delivery of these NPs to the tissues of interest remains an important topic. To date,
the majority of NP delivery studies have used tumor models as their tool of interest, and the limitations
concerning tumor targeting of systemically administered NPs have been well studied. In recent years,
the focus has also shifted to other organs, each presenting their own unique delivery challenges to
overcome. In this review, we discuss the recent advances in leveraging NPs to overcome four major
biological barriers including the lung mucus, the gastrointestinal mucus, the placental barrier, and the
blood-brain barrier. We define the specific properties of these biological barriers, discuss the challenges
related to NP transport across them, and provide an overview of recent advances in the field. We discuss
the strengths and shortcomings of different strategies to facilitate NP transport across the barriers and
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rsc.li/chem-soc-rev highlight some key findings that can stimulate further advances in this field.

translation of nanomaterials has been boosted by the introduc-
tion of the COVID-19 lipid nanoparticle mRNA vaccines, illu-
strated by the start of over 55 clinical trials using new
nanoparticle technologies since 2019."°

However, despite these achievements, major challenges

1. Introduction

Since its first introduction, nanomedicine has aimed to man-
ifest itself as a major solution to problems in the drug delivery
field. Indeed, nanomaterials have been able to mitigate major

therapeutic limitations, including protection from rapid degra-
dation, improved drug absorption, improved targeted delivery
and - related to this - reduced off-target side effects. These
improved therapeutic traits have led to promising preclinical
and clinical therapeutic applications.® Application areas
include nanovaccines," hemostasis,> targeted cancer
therapy,®™® with well-known commercial examples Abraxane®
and Doxil®, and inflammation.’ Recently, the clinical

remain in the field of nanomedicine. For example, industrial
manufacturing of nanomaterials on a large scale remains,
although evolving, a grey area, with limited knowledge of key
parameters and process conditions during synthesis."* How-
ever, also regarding the selective delivery of therapeutic agents
to specific targeted tissues, nanomedicine has not been able to
live up to its original hype. Ever since the sobering meta-
analysis by Wilhelm and colleagues, revealing that only a
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median nanomaterial delivery efficiency of 0.7% to solid
tumors has been achieved, increased attention has been
focused on investigating the reasons behind this low target
efficiency.'® After intravenous injection of nanoparticles (NPs),
adsorption of opsonin results in the formation of a protein
layer around the NPs, referred to as the protein corona. Subse-
quently, NPs are recognized by the mononuclear phagocyte
system (MPS). Uptake of the NPs by macrophages then clears
the NPs from the bloodstream, usually within minutes."® In a
similar fashion, inhalation and subsequent alveolar deposition
of NPs is subjected to clearance by alveolar macrophages,
significantly reducing the lung residence time of these NPs."*
Rapid opsonization and subsequent clearance of nanoparticles
are therefore major contributors to low targeting efficiencies
and underwhelming therapeutic effects of NP-based strategies.
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A well-accepted solution to avoid interaction of nanomaterials
with immune cells is stealth coating, for example surface
PEGylation, which prevents adsorption of proteins."® Also,
circulatory cell mimicking or hitchhiking particles have been
shown to decrease the clearance rates, by leveraging the biolo-
gical features of, for example, red blood cells or circulatory
immune cells, and thereby avoiding MPS phagocytosis.*®™®
Alternatively, partial blocking of the MPS may enhance the
performance of NPs, for example through pretreatment with
liposomes or by inducing a partial depletion of erythrocytes by
injection of allogeneic anti-erythrocyte antibodies.'®>°

The second reason for the only modest nanomedicine
success has been the failure of several active and passive
targeting strategies to, effectively, increase NP accumulation
in target organs. For example, many NP delivery strategies have
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Fig. 1 Arepresentative image of the various biological barriers discussed in this review and some of the successful strategies to overcome these barriers.

Illustration was made using https://BioRender.com.

relied (solely) on the enhanced permeability and retention
(EPR) effect for passive tumor targeting, where interstitial
accumulation of NPs could be achieved due to the leakiness
of the tumor vasculature. However, reliance on the EPR effect
has not shown promising clinical results and the significance
of the EPR role as the main driver of tumor targeting has been
challenged.”>*

Finally, the third challenge is the presence of physical
biological barriers, effectively blocking the passage of cargo-
loaded nanoparticles to the organs or regions of interest. The
endothelial barrier is the most predominant barrier, impeding
translocation over the vascular vessel, when NPs are injected

From left to right: Bella B. Manshian, Vincent Lenders,
Xanthippi Koutsoumpou, Stefaan J. Soenen
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intravenously, or limiting uptake by target endothelial organ
cells (barriers of organs). The exact mechanisms underlying
vascular crossing or organ uptake are not yet elucidated,
but some mechanisms have been suggested. Possible pathways
for endothelial uptake include phagocytosis, micropinocytosis,
and clathrin- and caveolin-dependent or receptor-mediated
endocytosis.”*** The NP uptake efficiency by endothelial cells of
distinct organs, including liver, lungs, brain and kidney, has been
shown to be significantly different, likely due to differences in,
among others, surface receptors.”® Overcoming the vascular
endothelial barrier, referred to as extravasation, has been suggested
to be possible through dysfunction of the tight junction, for
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Fig. 2 Schematic depicting the makeup of the airway surface structure, with bronchial mucus in the healthy or diseased state. Illustration was made

using https://BioRender.com.

example by nanoparticle induced endothelial leakiness (NanoEL).
Some NPs can induce micrometer sized gaps in the vascular
endothelial barrier, by disrupting the VE-cadherin-VE-cadherin
interactions, which eventually leads to the induction of actin
remodeling.>” While this offers a significant opportunity for nano-
medicines, a recent study highlights the potential effects it may
have on facilitating cancer metastasis.”®

While many barriers of organs can be considered as an
endothelial barrier, there are some special cases where the
barrier is complexified. For example, the endothelial blood-
brain barrier is generally considered as a stronger barrier
compared to the liver or kidney barrier, as brain endothelial
cells are non-fenestrated and more tightly packed allowing for
more controlled brain protection.>® Similarly, the placental
barrier consists of, next to an endothelial layer, 3 additional
barrier layers, which is necessitated by the crucial protection of
the developing fetus. Other special barriers include the lung
mucus and gastrointestinal barrier, where a superficial mucus
layer strengthens control on intake or inhalation of unwanted
particles.

As a thorough understanding of the interaction mechanisms of
nanomaterials with these physical barriers is critical for better
design of nanomedicine-based therapies, we herein offer an over-
view of the research that has been performed on nano-barrier
interactions (Fig. 1). In this review, we have specifically focused on
the 4 special barriers of organs discussed earlier. Administration of
NPs through inhalation is challenged by the presence of the lung
mucus barrier, while the gastro-intestinal mucus barrier is the
main physical barrier to be crossed for oral delivery strategies.
Within systemic administration, we have focused on the blood-
brain barrier, being a major research focus for brain-related
diseases and given its non-fenestrated endothelial barrier, and
the placental barrier, given its unique role in both maternal and
fetal therapeutic strategies and its unique 4-layer barrier composi-
tion. Other special systemic barriers, such as the blood-testis
barrier and blood-milk barrier, are not discussed given their very
limited nanomedical research focus. For each biological barrier, the
NP characteristics that can be tuned to enhance or hinder the

This journal is © The Royal Society of Chemistry 2023

transport through these barriers are analyzed and advanced tech-
nologies to overcome these barriers are discussed. Finally, sugges-
tions are given for improved translatability of barrier-crossing
nanomaterials.

2. Lung mucus barrier

The mucus forms a very effective protection layer against injury
at multiple sites in (in)direct contact with environmental
exposure, such as the intestine, nose and lungs. However, in
addition to protection against environmental toxins and
microbes,*® the lung mucus also complexifies administration
routes for drug delivery, both for localized lung delivery and for
systemic delivery through inhalation. For localized lung deliv-
ery, the airway route is one of the most straightforward admin-
istration routes, as lungs are easily accessible via inhalation.’
However, major hurdles remain for effective airway drug deliv-
ery, mainly due to natural safeguard barriers of the lung,
protecting against deep inhalation of large particles or microbe
entry. Biological barriers include the typical branched structure
of the respiratory tract, the mucus layer, the periciliary layer
and alveolar macrophages.®* These natural protection barriers
complicate airway drug delivery by filtration of inhaled agents,
restricted permeation and mucociliary clearance, resulting in
poor therapeutic efficiencies. In this section, we will describe
more in depth the lung mucus as a biological barrier for airway
drug delivery and analyze how NP formulation strategies are
used to overcome the lung mucus barrier, improving current
therapeutic strategies for asthma, cystic fibrosis (CF), chronic
obstructive pulmonary disease (COPD), bronchopulmonary
dysplasia (BPD) and cancer.**"*

2.1. Mucus barrier characteristics

The typical biological features of the lung mucus (Box 1) lead to
the formation of a steric filter through a size-exclusion gradient
towards the epithelial surface. The molecular mesh tightens
towards the cellular surface, so that the particles with a

Chem. Soc. Rev., 2023, 52, 4672-4724 | 4675
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diameter (d) larger than the local correlation length (&) are
impeded from reaching the cell surface.*® The mesh size ranges
from 100 to 1000 nm, depending on the airway site. The
protective mucus layer progressively reduces in thickness as
the alveolar region is approached, decreasing from a thickness
of 10-30 um at the tracheal level to 2-5 um in the smaller
bronchi. At the alveolar level, type II pneumocytes excrete a

Box 1: Lung mucus characteristics
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surfactant, a mixture of phospholipids and proteins, which
lines the alveoli with the main function of reducing surface
tension.?” This site-dependent mucus volume, combined with
the size-exclusion gradient, is essential in balancing the suc-
cessful entrapment and removal of particulates, while allowing
the passage of small molecules for gas exchange at the lung
alveoli.?®

Although the basic properties are shared, mucus secretions are adapted to suit their specific mucosal location. In the conducting airways, the main structural

trait of bronchial mucus is its 2-layer system: the actual mucus and the underlying periciliary liquid layer (PCL) (Fig. 2). The mucus is a hydrogel consisting of
water (90-95%), mucins, lipids, electrolytes, DNA, enzymes and cellular debris, with mucins, secreted by goblet cells, as the main functional components.*°

Mucins are glycoproteins that, through cysteine rich regions, undergo dimerization and subsequent polymerization of the monomers via disulfide bonds.*'
This aggregation behavior, further stabilized by weaker hydrophobic and electrostatic interactions, leads to the formation of a gel-like structure.

The PCL has been shown to consist of membrane-spanning mucins and large mucopolysaccharides tethered to the cilia, microvilli and the epithelial cells,
providing an effective ‘gel-on-brush’ system.*® This structural feature allows for an added dimension to the mucus as an effective biological barrier. Through

continuous secretion of mucins by the goblet cells, removal of excessive mucus is facilitated, creating a clearance mechanism. The PCL is less viscous and
allows for beating of the cilia as well as lubrication of the cellular layer, allowing for the upwards movement of the mucus in the airways. Clearance of foreign

material can be achieved within 15 to 20 minutes after capturing in the mucus. Mucociliary clearance can be further assisted by reflexive coughing if the airways

are irritated by foreign matter.**

Mucins, containing negatively charged side chains, and
mucin-associated compounds such as lipids and DNA, can
interact with particulates through electrostatic interactions,
hydrophobic interactions and H-bonding. Therefore, the
mucus also forms an interaction filter, capable of entrapping
small, interacting particles.*®

Of note, mucus characteristics can change significantly in
disease states, depending on the disease type and stage. The
thickness of healthy mucus is approximately 30 pum and can
easily be transported through ciliary beating. However, a
decrease in elasticity or an increase in viscosity and thickness
can impede mucus transport.”” Lung disorders, such as cystic
fibrosis (CF), chronic obstructive pulmonary disease (COPD) or
primary ciliary dyskinesia, often show defects in ciliary
transport.*® Clearance defects in lung disorders are found to
be beneficial for therapy purposes as, due to the slowed or
abnormal ciliary beating, retention times of drug-loaded nano-
particles are increased at the mucus site.’ Although the
mechanisms underlying the mucociliary clearing defects are
not yet elucidated, the contributing factors are as follows: (i)
mucus dehydration: water is crucial in governing the gel-like
state of the mucus. For example, exposure to cigarette smoke
has been linked to mucus dehydration, leading to an increased
mucus concentration. This, in turn, generates a partial osmotic
pressure exceeding basal PCL values and eventually reduced
mucociliary clearance, aiding in the pathophysiological devel-
opment of chronic bronchitis.*>*> Similarly, absence of ion
channels, and consequently disruption of the ion streams, after
mutation of the cystic fibrosis transmembrane conductance
regulator gene, leads to dehydration and acidification of CF
airways.?® (ii) Mucus hypersecretion: upregulation of mucin
expression has been associated with chronic airway diseases,
with MUC5B becoming dominant in mucus in disease states.
Hypersecretion leads to increased mucus concentration, chan-
ging the rheological properties of the mucus and hampering
mucociliary clearance.*”*8
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2.2. NM engineering for lung mucus penetration

With mucus acting as a multiparametric barrier, airway drug
delivery strategies are required to overcome the size exclusion
gradient, interaction filter and clearance mechanism of the
mucus. Multiple NP formulations and designs have been
researched over the years and are commonly referred to as
mucus penetrating particles (MPPs); a general overview of these
is given in Fig. 3. The details of the most recent strategies are
tabulated in Table 1. Strategies not focused on overcoming the
lung biological barrier, for example alveolar macrophage tar-
geting therapies, are not considered in the scope of this
review.*?

2.2.1. Core material. The most popular choice of core
materials (Fig. 3A) is polymeric materials, in particular
poly(lactic-co-glycolic acid) (PLGA), due to their use in FDA
approved formulations and their ease of synthesis and tunable
drug release properties.®*”®" Also, lipid nanoparticles have been
researched, as they offer prolonged release, better NP safety due
to the avoidance of organic solvents and relatively weak inter-
actions with mucins.’>®> A few reports have been published on
the use of nanocrystals (NCs) for mucus crossing. NCs offer the
advantage of having near 100% drug content, improving the
chance of delivering the required therapeutic concentration.®?
Only 1 report was published on the use of a carbon-based
carrier. Chen et al. designed a tetra(piperazino)fullerene epox-
ide (TPFE) NP providing efficient pulmonary gene delivery.
TPFE is mainly attractive because of its excellent DNA compac-
tion and protection properties.®

The choice of the core material appears to be mainly driven
by the specific application and the drug types to be delivered.
Limited research has been performed on the effect of the core
material on mucus crossing, probably because most unmodi-
fied NPs, especially hydrophobic polymers, fail to penetrate the
mucus in a satisfactory manner. The main exception to this is
liposomes. Surfactant-mimicking liposomes can be designed,

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00574j

Open Access Article. Published on 20 June 2023. Downloaded on 7/28/2024 8:17:24 AM.

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

(cc)

Review Article

A NP core materials

= Polymer
[ Sacharide
3 Lipid
[ Peptide
1 Nanocrystal
B Carbon
c Reported NP size
50
E 40 —
2
& 301
3
S 20
£
& 10
0 ]
1 1 1
) ?,@ 5o°° ,,@Q

Q'\ N Q'
&

Size range (nm)

View Article Online

Chem Soc Rev

B Surface chemistry strategies

PEG

Chitosan

F127

PVA

Lipid
Hyaluronic acid
Others

OECOo0om

Reported NP surface charge

30

20

Particles reported

0-

T T T
<-20 -20-0 0-20 >20

Surface charge range (mV)

Fig. 3 Overview of NP characteristics used for airway drug delivery. The characteristics of interest are (A) NP core material, (B) NP size, (C) surface
chemistry and (D) NP surface charge. Graphs are based on data extracted from the PubMed database of the last 10 years using the search terms ‘lung’,
‘mucus’, ‘nanoparticle’, and ‘delivery’, identifying 97 manuscripts. 62 articles were used for data insights. Only original research articles and articles within

the scope were included.

consisting of dipalmitoyl-phosphatidylcholine (DPPC), a com-
ponent of the pulmonary surfactant. This biomimetic approach
protects the cargo against degradation, improves NP diffusivity
and increases lung retention.”* Furthermore, liposomes offer
excellent epithelial cell uptake after mucus penetration, as was
shown for pulmonary fibrosis treatment with PGE2.5* The
potential of liposomal formulation is further illustrated by its
translation to clinical trials and FDA approval of, for example,
Arikayce, a liposomal formulation of amikacin.?>%°

2.2.2. Size. Given the size exclusion gradient characteristic
of the mucus, restricted crossing of larger particles can be
expected. The importance of size constraints is illustrated with
the majority of reported NPs for barrier crossing having a
maximum diameter of 300 nm (Fig. 3B). Illustratively, He
et al. showed that curcumin nanocrystals (NC) of size
~250 nm exhibit higher diffusion percentages compared to
NCs of size ~500 nm, which in turn have higher diffusion
percentages compared to NCs of size ~1000 nm.*® This size
exclusion gradient is not linear, as shown in a study by Murgia
et al.¥’ Mechanical dispersion in the mucus of 100, 200 and
500 nm polystyrene (PS) nanoparticles led to, as expected, the
entrapment of the largest 500 nm NPs, while the fraction of 100
and 200 nm particles could diffuse in the mucus. However,
when the same experiment was performed with aerosol

This journal is © The Royal Society of Chemistry 2023

deposition on the mucus layer, only the 100 nm particles were
observed to penetrate the mucus, indicating that at the air-
mucus interface, smaller pores are present.

Although the size constraints for mucus penetration are
widely accepted, mucus penetrating particles have been for-
mulated with sizes up to 800 nm by aspect ratio engineering.
For example, Costabile et al. made benzothiadiazole nanocrys-
tals of 823 nm that showed diffusion in artificial CF mucus due
to their elongated nanorod shape.>®

2.2.3. Surface engineering. For improving the airway
delivery of drug-loaded NPs, muco-adhesive particles (MAPs)
have long thought to be one of the most promising design
strategies. Muco-adhesion of MAPs is generally mediated by
electrostatic attraction of cationic MAPs with negatively
charged mucins, although hydrophobic interactions might
also be at play for polymeric nanoparticles with hydrophobic
regions. However, in an important study performed by
Schneider et al., MAPs were directly compared to mucus inert
or mucus-penetrating particles (MPPs). Multiple-particle
tracking analysis revealed the aggregation and poor airway
distribution of MAPs, regardless of size. In contrast, MPPs up
to 300 nm showed uniform distribution and improved reten-
tion. Additionally, MPPs diffused more rapidly within human
mucus.®®

Chem. Soc. Rev,, 2023, 52, 4672-4724 | 4677
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Table 1 Details of the most recent NP engineering strategies, based on data extracted from the PubMed database of the last 5 years using the search
terms ‘lung’, ‘'mucus’, ‘nanoparticle’, and ‘delivery’. Only original research articles and articles within the scope were included

Zeta
NM engineering Surface potential Diseased/heal-
strategy modification  Core material Size (nm) (mV) Model system thy state Comments Ref.
Core material / Stearic acid/ 90 £ 6 —9.5 £ 1.4  Artificial mucus  Diseased Zeta potential and size 50
F127/Tween effect were evaluated,
20 favoring a near-zero charge
and small size
DPPC 102.6 £ 0.3 —34 + 10 LPS-induced Diseased 51
mouse model
DSPC/choles- 161 £1 —7.9 £ 0.6 Artificial mucus  Healthy 52
terol/DSPE-
PEG
Hyaluronic 280 —61 £4 Artificial mucus ~ Healthy 53
acid
Dextran 200 to 300 —30 to —50 Artificial mucus  Diseased 54
Sizing / PLGA 100 to 2500 Around -20 Artificial mucus  Diseased Smaller NPs (100 nm) have 55
better lung retention and
adsorption properties than
larger NPs (300, 800 and
2500 nm)
Curcumin 246 to 1089 / Rat model Healthy Small NCs show higher 56
(nanocrystal) dissolution rates. Crossing
of the mucus occurs mainly
by the free drug form
Surface engi-  PEG PBAE 53+ 2 0.7+ 0.3 Scnn1b-Tg mouse Diseased 57
neering: poly- model
meric coatings C190 823 £ 123 -21.2 £+ 6.07 Artificial mucus  Diseased Rod shaped NPs 58
(nanocrystal)
FLR (peptide) Around 100 Around 5 Mouse model Healthy Effect of the PEGylation =~ 59
rate was evaluated, with
40% the most optimal
PBAE 55+ 1 1.6 £0.3 Orthotopic lung  Diseased 60
cancer model
PLGA Around 3000 / Rat model Healthy Effect of PEG molecular 61
weight was evaluated, with
2 kDa the most optimal
PHEA-PCL 51.1 —14.4 £ 4.6 Artificial mucus  Healthy NEM (see nano-embedded 62
microparticles)
TPFE 73.4+0.7 13+0.2 Scnn1b-Tg mouse Diseased 63
model
PS 104.6 + 1.2 —4.9 £ 0.3  Artificial mucus  Healthy + 64
diseased
PLGA 130.9 +2.17 1.97 £ 0.1  Bleomycin sulfate- Diseased 65
induced mouse
model
oxi-aCD 254.2 £ 9.5 —32.4to P. aeruginosa Diseased Folic acid was added for 66
—37.4 mouse model better cellular uptake
Hyaluronic Poly(b-amino 150 10 LPS-induced Diseased 67
acid ester) mouse model
PLGA 228 Around -50 P. aeruginosa Diseased 68
mouse model
Pluronic F127 PLGA 307.5 £9.54 —11.3 £ 0.4 / / No mucus interaction 69
experiments performed
PVA PLGA 261 to 282 —0.67 to P. aeruginosa Diseased 70
—0.84 mouse model
CS-A PDNA/siRNA 200 to 400 20 to 25 Mouse model Healthy 71
(CRHC-2/M9)
PMeOzi Co-polymer: 95 £ 5 —7.2 £ 4.7 Artificial mucus  Healthy NEM (see nano-embedded 72
PMeOx grafted PHEA 78 £+ 3 —5.8 £ 4.5 microparticles)
and PLA
Surface engi- DPPC PLGA 177.6 £ 9.2 —28.7 £ 1.6 In vitro model with Healthy + Bare lipid shell NPs 73
neering: lipid mucus-covered diseased showed better epithelial
shells Calu-3 cells internalization compared
to PEGylated lipid shell
NPs
174 £2.03 —29.2 £ 1.58 Artificial mucus  Diseased 74
238+ 9 -25+1 Mouse model Healthy More neutrally charged 75
DPPE 230 £ 10 —26+1 lipids DPPC and DPPE led
to macrophage uptake
inhibition, while negatively
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Table 1 (continued)
Zeta

NM engineering Surface potential Diseased/heal-

strategy modification  Core material Size (nm)  (mvV) Model system thy state Comments Ref.
charged lipids DPPG and
DPPS led to increased
macrophage uptake

Surface engi-  Peptide PS 180 +£ 3.8 —21.4 + 1.6 Exvivo human CF Diseased 76

neering: peptide CPSSSREKC sputum + mouse (ex vivo) and

coating model healthy (in vivo)

Nano- PMeOzi Co-polymer: 95 £+ 5 —7.2 + 4.7 Artificial mucus Healthy NEM size: around 4 pm 72

embedded PMeOx grafted PHEA 78 + 3 —5.8 £ 4.5

microparticles and PLA

PEG PHEA-PCL 51.1 —14.4 £+ 4.6 Artificial mucus Healthy NEM size: 2 pm 62

Others: redox- PEG PLGA 120 —30 Artificial mucus ~ Healthy 77

responsive NPs

Others: enzyme- Papain Dextran 200 —50 Artificial mucus ~ Diseased 78

modified NPs

Others: size- Phosphate Lipid 126.4 + 3.5 —27.9 + 1.3 In vitro model with Healthy 79

shifting NPs ester and mucus-covered

octadecylamine Caco-2 cells

Consequently, overlooking the reported NP formulations in
the past decade, this study shifted design strategies for airway
NP delivery towards creating negatively or near-neutrally
charged NPs (Fig. 3D), in most cases combined with a hydro-
philic coating to limit attraction with mucin glycoproteins
through electrostatic and hydrophobic attraction. This effect
was also seen in coarse-grained molecular dynamics (CGMD)
simulations after modeling the surfactant monolayer transloca-
tion behavior of PEG-grafted gold NPs (Fig. 4A).*° All neutral
NPs could penetrate the surfactant, regardless of grafting
density or monomer number per chain. Charged NPs with a
low monomer number per chain and a high grafting density
were impeded from undergoing translocation. Lowering the
grafting density or the length of the grafting polymer reallows
penetration, likely due to the decrease in surface density.
Furthermore, through analyzing the interaction energies
between differently charged NPs and the lipid heads, it was
observed that positively charged particles take longer to

Monomer number per chain

A Monomer number per chain
10 monomers

5 monomers
Negative

i o8 AK.

Neutral

Positive

60%
Grafting density

100% 20% 60%

Grafting density

100%

Fig. 4

penetrate and adhere to the film after penetration. This phe-
nomenon can be attributed to stronger electrostatic interac-
tions with the lipid heads, as well as stronger van der Waals
interactions (Fig. 4B). Reducing the hydrophobicity of the
particle surface has also been shown to improve pulmonary
biocompatibility in vivo.”

2.2.3.1. Polymeric coatings. PEG is by far the most used
surface modification for this purpose (Fig. 3), and has been
shown to improve mucus penetration and therapy effectiveness
for cystic fibrosis,”” inflammation®® and cancer.”’ Recently,
siRNA against IL11 was co-loaded into PLGA-PEG diblock poly-
meric NPs with a cationic lipid-like molecule G0-C14, which
facilitates transmucosal delivery. Inhalation of these RNAi NPs
was shown to effectively inhibit fibrosis in a post-bleomycin
challenged mouse model.®® Surface coating with PEG, however,
should be carefully optimized for its surface density and
molecular weight. A 5 wt% PEG content is believed to be

us)

LJ Coul
LJ Coul

Positively charged:
Negatively charged:

-2000

-4000

Interaction energy (KJ/mol)

-6000

0 50 100

Time (ns)

150 200

(A) Snapshots of NPs interacting with a lung surfactant monolayer in a CGMD model. NP variations include monomer number per chain, grafting

density and terminal charge. (B) Interaction energy diagram of differently charged NPs with the lipid heads of the surfactant monolayer. Coul stands for
electrostatic interactions, and LJ stands for van der Waals interactions. Adapted from ref. 89 with permission from The Royal Society of Chemistry.
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needed for effectively shielding the nanoparticle core from
mucus interactions.”® Although some studies have reported
on effective bronchial epithelial cell uptake of PEGylated
NPs,”® it is important to note that an increased PEG content
or PEG molecular weight may limit cellular uptake and can
therefore hamper delivery effectiveness.’*

Multicomponent coatings have been proposed as a
strategy to leverage the transmucosal traits of PEG, while still
ensuring uptake by target cells. Wang et al. formulated oxy-o-
cyclodextrin particles coated with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE)-PEG and DSPE-PEG-folic acid.
While the PEG layer was shown to improve mucus penetration,
the use of folic acid improved the uptake by the targeted
macrophages, mediated by membrane folate receptors.®®
Another example of multicomponent coatings is related to
DNA delivery applications. Dense PEG coating may interfere
with DNA compaction, entailing larger NPs with poorer mucus
penetrating and cellular characteristics. However, Suk et al.
reported that using polyethylenimine (PEI)/PEG-PEI or poly-L-
lysine (PLL)/PEG-PLL mixtures in optimal ratios can reduce the
hydrodynamic size by ~15% compared to particles using PEG-
PEI or PEG-PLL coatings only. This approach reduced the mean
square displacement ratio MSD,,/(MSD) by ~ 16 fold and ~136
fold for PEI and PLL NPs, respectively, indicating a significant
improvement of diffusivity in CF mucus.®” Finally, non-covalent
modification of PEG-NPs with Pluronic F127 has been reported
to improve drug activity duration, likely due to an increased
colloidal stability of the NP.°® However, due to its protective
nature and possible shielding of mucus interactions, Pluronic
F127 alone, without additional PEG shielding, has been
reported as a potential, alternative surface engineering strategy
for mucus penetration.®®

Various other hydrophilic coatings have been reported as
an alternative to PEG, especially since research indicated
possible immune response after repeated administration of
PEGylated therapeutics.”” Casciaro et al. have developed
PLGA NPs coated with poly(vinyl alcohol) (PVA), which not
only reduces NP aggregation, but also provides a neutral,
hydrophilic surface. On loading the NPs with an antimicro-
bial peptide (Esc), an improved efficacy in inhibiting Pseudo-
monas aeruginosa was achieved, proven by a 3-log reduction
of pulmonary bacterial burden.”® In a similar fashion,
d’Angelo et al. developed colistin loaded PVA-coated PLGA
NPs for Pseudomonas aeruginosa treatment. Moreover, they
tested coating with another hydrophilic polymer, namely
chitosan (CS). Although it would be expected that the more
positively charged CS-NPs have a higher tendency to interact
with mucins, this did not hamper mucus penetration.
Instead, CS facilitated mucus penetration to a greater extent
than PVA, probably due to the induced collapse of mucus
fibers, creating larger mesh pores.”® The use of cationic
chitosan-coated nanoparticles is especially of interest, given
their good cell uptake characteristics, as shown for example
in asthma treatment, although more mucus interaction stu-
dies should be performed to elucidate the dynamics of CS-
particles in the mucus.”®
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Alternatively, hyaluronic acid (HA) has recently received
attention for its successful creation of a hydrophilic shell
and, consequently, improved mucus penetration.®® For exam-
ple, Zhu and colleagues designed HA-coated poly(B-amino
ester) (BP) NPs successfully penetrating the mucus. Further-
more, once inside the interstitium, uptake by the target inter-
stitial M1 macrophages was achieved.®”” Of note, the radical
scavenging property of HA gives, together with any loaded
cargo, a synergetic anti-inflammatory benefit, in this case
down-regulating TNF-o. siRNA.

Improved delivery of siRNA with NPs has also been achieved
by using chondroitin sulfate A (CS-A) as hydrophilic coating.
Kumari and colleagues recently did indeed show improved
mucus penetration for CS-A-coated nanocomplexes, which
was further improved by surface conjugation of mannitol,
acting as a mucolytic agent. The presence of mannitol reduces
mucus viscosity, likely by increasing water influx.”

Instead of coating NPs, grafting hydrophilic chains to hydro-
phobic core materials has been suggested as a design strategy
for mucus penetration. Drago and colleagues reported the
grafting of the hydrophobic polymer PLA and the hydrophilic
chains PMeO, or PMeOzi on the poly(2-hydroxyethyl acrylate)
(PHEA) backbone. The pseudo-polypeptide PO, structures have
similar mucus shielding properties as PEG but can offer the
added advantage of faster excretion from the organism.”
Whether they show similar or better cellular uptake properties
as PEG should be evaluated in future work.

2.2.3.2. Peptide coating. While most surface engineering
relies on polymeric hydrophilic coatings, the use of peptides
as surface coatings was suggested by Leal and colleagues.”®
They developed a peptide-presenting phage library, which can
be used for high-throughput screening to identify peptide
coatings with the desired mucus inert functionalities. This
screening allowed identification of neutral net-charge, hydro-
philic sequences (CGGQDLKSC, CSNLTSP*C and CPSSSREKC),
mainly composed of glycine, serine, glutamic acid and aspartic
acid. CPSSSREKC was shown to be the most promising peptide,
as CPSSSREKC-coated PS NPs were more abundantly taken up
by cells in a transwell co-culture assay with CF sputum and
showed 90% retainment in mouse lungs 24 hours after admin-
istration. Interestingly, the peptide-coated PS NPs significantly
outperformed PEGylated PS particles (Fig. 5).

2.2.3.3. Lipid shells. A more established surface engineering
strategy is the use of lipid shell NPs. While liposomes tend to
have several drawbacks in terms of stability and drug release
properties, they do offer mucus penetrating traits, as discussed
earlier. A lipid shell-enveloped polymeric NP formulation, as
reported by Wan et al, combines mucus penetration with
sustained drug release from the polymeric core.’®® Conte
et al. reported a hybrid lipid/polymer NP that effectively
achieved gene silencing in an in vitro CF model. Moreover, it
was demonstrated that bare polymer/lipid nanoparticles, fol-
lowing mucus penetration, are capable of internalization by
epithelial cells, whereas epithelial internalization is hampered

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cs00574j

Open Access Article. Published on 20 June 2023. Downloaded on 7/28/2024 8:17:24 AM.

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

(cc)

Review Article

View Article Online

Chem Soc Rev

—
ok
A o P
s 2.5x10%+ ** *
2
CF sputum g 2.0x10%
* <
£ 1.5x10%
[
2
Porous Cell o 1.0x10%+
membrane monolayer 5
5 5.0x10%
=]
—
Transwell co-culture o X
uptake assay v
c D
o 100
2 -e- COOH
@
g * . - CGGQDLKSC COOH
g 60 ~+ CSNLTSP'C
, ——————+*
S 40 ~+ CPSSSREKC
5 -+ mPEG
= 20
CPSSSREKC
(I) 1’0 2‘0 3‘0

Time (h)

Fig. 5
(C) NP retention in the lung, measured up to 24 h post-administration. (D)
**p < 0.01. Adapted from ref. 76 with permission from Elsevier.

for PEGylated polymer/lipid NPs.”*> The use of lipids for
improved mucus penetration and epithelial cellular uptake
was also reported by Liu et al., who developed mucus-inert
NPs by biomimetic modification with endogenous surfactants,
in particular DPPC.””

2.2.4. Nano-embedded microparticles. The former exam-
ples of NP design strategies illustrate the advantages of nano-
materials for crossing the mucus barrier. However, a major
shortcoming of using NPs, especially particles between 100 and
1000 nm, for airway drug delivery is their low deposition
efficiency after inhalation, as most NPs are exhaled during
inhalation. In contrast, microparticles with aerodynamic dia-
meters of 1 to 5 um are effectively deposited into the lungs."**
However, the size exclusion barrier of the mucus, as discussed
earlier, and the higher phagocytic rate by macrophages limit
the effectiveness of these larger particles. In a successful effort
to improve deposition rates, while ensuring mucus penetration,
nano-embedded microparticles (NEMs) have been designed.

These formulations consist of mucus penetrating NPs,
which are embedded in a microparticle carrier containing an
excipient. Once the NEMs reach the mucus, the embedded NPs
are released and can spread along and penetrate the mucus
(Fig. 6). For example, Craparo et al. synthesized rapamycin
loaded, PEGylated copolymer nanoparticles embedded in
mannitol-based microparticles by spray drying. The NEMs
released rapamycin in artificial lung fluid, indicating the
successful disintegration of mannitol.®” Mannitol NEMs have
also been successfully designed for gene editing purposes by

This journal is © The Royal Society of Chemistry 2023

(A) Schematic of transwell co-culture. (B) Fluorescence intensity of cells after incubation with bare, peptide-coated and mPEG coated PS NPs.

Representative ex vivo lung images at time point 0 and 24h. *p < 0.05,
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Fig. 6 Schematic overview of the fate of NEMs after deposition on the
pulmonary surface. (1) Possible disintegration of the excipient after contact
with the mucus. (2) Possible epithelial spreading of the released NP due to
ciliary beating movement. Reproduced from ref.104 with permission from
Elsevier.

co-loading siRNA with the cationic lipid dioleoyl-3-
trimethylammonium propane (DOTAP) for improving gene
silencing properties.’®® Excipients other than mannitol have
been researched as well. In an earlier study, lactose was
successfully employed as an excipient. Within this study, a
comparison was made between PVA and chitosan as a NP
stabilizer for antibiotic loaded PLGA NPs. Although both
yielded good NEMs, the aerodynamic properties of both
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differed as illustrated by the difference in disposition of the
NPs. While PVA NPs reached alveoli, chitosan NPs were mainly
found in high amounts in the upper airways. %

In a study by Porsio et al. for the treatment of microbial
infections in cystic fibrosis, NEMs were synthesized with either
mannitol or PVA, both resulting in NEMs of desired aerody-
namic properties. However, mannitol-based NEMs showed
better antimicrobial activity and improved CF lung function.
The latter was further improved by mixing mannitol with
cysteamine.'® The supremacy of mannitol as an excipient is
due to its potential to improve mucus penetration by increasing
the fluidity, and thereby the mesh size, of the mucus.'*>"%°

Key to the performance of NEMs is the disintegration of
mannitol, releasing the embedded NPs. Meticulous analysis of
excipient disintegration in an in vivo-like environment is thus
needed. Torge et al. performed a disintegration study under
lung-like conditions and showed that exposure to high air
humidity is sufficient for mannitol disintegration. However,
the disintegration time was significantly influenced by the
mannitol content. In their study 20% mannitol content ensured
fast release of NPs before clearance.'®” In another study,
performed by Ruge et al., the disintegration of NEMs was
shown to be only successful when mechanical forces are
exerted on the mucus, implicating possible limitations to the
use of NEMs for efficient drug delivery.'®* Better models, more
closely mimicking the in vivo setup, are expected to bring more
clarity on this in the future.

2.2.5. Others. Some other advanced strategies to further
improve airway drug delivery have been reported. For example,
the inclusion of a mucolytic enzyme in the nanoparticles allows
for improved mucus permeability. Tran et al. illustrated this
effect for antibiotic treatment of bronchiectasis, by incorporat-
ing papain in the antibiotic-loaded dextran particles, leading to
a 1.3-fold reduction of bacterial count compared to papain-free
particles.”® However, for treating bacterial infections, it is
crucial to ensure a sustained drug release for prolonged periods
to prevent antibiotic resistance. For this purpose, Wan et al.
developed a p-a-tocopheryl polyethylene glycol 1000 succinate
(TPGS) coated PLGA formulation for CF-related Pseudomonas
aeruginosa infection. TPGS consists of vitamin E and a PEG
chain. The hydrophilic PEG chain, exposed outward, ensures
mucus and bacterial biofilm inertion. Because of this inertion,
it is important to, once inside, avoid escape of the NPs outside
the biofilm. Therefore, once the NPs diffuse into the bacterial
biofilm, esterases, produced by P. aeruginosa, cleave the outer
layer of the particle, exposing the lipophilic vitamin E, which
anchors the particles in the biofilm.'®

In an effort to overcome the hampered epithelial cellular
uptake of some mucus inert NPs, Conte and colleagues
reported a redox-responsive delivery system by creating PEG
and PLGA block copolymer NPs, which were synthesized
through disulfide bridges between the 2 polymers. This system
allows for (i) mucus penetration due to the hydrophilic external
PEG layer, (ii) reductive cleavage of the disulfide bond by
reducing agents at the cancer cell surface, which reduces the
outer PEG layer and improves cellular uptake, and (iii)
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Fig. 7 Improved cellular uptake mechanism using redox-responsive,
mucus penetrating nanoparticles for lung cancer therapy. Adapted from
ref. 77 with permission from Elsevier.

complete removal of the PEG layer by intracellular GSH, leading
to NP breakdown and intracellular drug release (Fig. 7).”” An
alternative strategy for improved absorption has been proposed
by Le-Vinh et al., using size-shifting nanocarriers.”® Solid lipid
nanoparticles with a phosphate ester and octadecylamine sur-
factant provided negatively charged NPs that could penetrate
the mucus. However, when in contact with epithelial cells, the
membrane bound alkaline phosphatase cleaves and removes
the phosphate ester outer layer, exposing the positively charged
octadecylamine groups. The lack of negative charge leads to
particle aggregation, thereby preventing back-diffusion of par-
ticles and thus extending exposure to the absorption
membrane.

2.3. Considerations for airway drug delivery

2.3.1. Airway delivery requirements. Pulmonary adminis-
tration of drugs and their delivery vehicle requires a form of
aerosolization. However, multiple parameters during aerosoli-
zation can influence the stability of the formulation and thus
should be accounted for. We shortly discuss the main consid-
erations; however, a detailed discussion of aerosolized inhala-
tion systems falls outside the scope of this review but has been
discussed elsewhere for drug and gene delivery.'% "

2.3.1.1. Inhalation devices. The type of nebulizer used has
been shown to influence delivery efficiency and should be
chosen carefully. Additionally, current nebulizers often fail to
achieve deep lung disposition of active pharmaceutical ingre-
dients (APIs).""* Recent efforts in further improving inhalation
devices include mesh nebulizers''® and smart nebulizers (e.g.
Akita®Jet)."'* Additionally, computational fluid dynamics tools
can be used to analyze and predict the transport and disposi-
tion behavior of various formulations in the airways.'™

2.3.1.2. Formulation considerations. Depending on the neb-
ulization process used, certain formulation constraints are
imposed. For example, the aerosolization of liposomes has
been a major issue. Tolerance against shear forces during the
nebulization process has been shown to depend on surface

This journal is © The Royal Society of Chemistry 2023
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characteristics of the liposomes, with positively charged lipo-
somes tending to aggregate and lose the encapsulated cargo
during the process.''® Alternatively, liposomes can be stabilized
through membrane addition of cholesterol or phosphatidic
acid. Using PEG as a stabilizer is also possible, albeit only at
high concentrations.'"” Additionally, to ensure stable shelf-life,
lyophilization and subsequent rehydration before nebulization
of the lysosomal formulation may be needed. In that case,
addition of cryoprotectants can modulate the membrane prop-
erties and affect membrane integrity during nebulization.™*®
While liposomal NPs may need additional consideration, poly-
meric nanoparticles have shown to be nebulized without arte-
facts, for example by employing PVA as a surfactant, shielding
the core NP from high shear forces.'"

2.3.2. Avoidance of the mucus barrier. Given the chal-
lenges for airway delivery, alternative administration routes
for lung targeting could be considered. Intravenous adminis-
tration of NPs has shown promising results in the treatment of
acute lung sepsis after bacterial infection,*?° chronic bacterial
lung infection'*' and lung cancer.'”* However, despite these
successful reports, several challenges remain for this adminis-
tration route. Especially low targeting efficiency and high
clearance by the mononuclear phagocyte system (MPS) and
renal system have been of concern.” Promising strategies for
clearance reduction include surface coatings, such as
PEGylation,"® or leveraging the biological inertia and lung
targeting properties of circulatory cells, for example by NP
hitchhiking on red blood cells (RBC) or mesenchymal stem
cells (MSC).>47126

Although intravenous administration provides a sound
alternative to airway delivery, (dis)advantages of both should
be weighed in for every specific formulation or disease type
(Table 2). For example, for certain pulmonary diseases, such as
COPD or asthma, airway administration of the therapeutic
compound is desired as it improves drug delivery to relevant
cells.” Also for lung carcinoma treatment, intratracheal lipo-
somal administration has been shown to be more therapeuti-
cally effective than intravenous administration."*® However, for
other lung disorders, such as bronchopulmonary dysplasia, a
systemic approach might still be preferred, given the strong
interlink between alveolarization and angiogenesis.'****°

2.3.3. Translatability. Translation of nanomedicine-based
pulmonary therapies has remained relatively low, with only
some lipid-based formulations reaching clinical trials."*' For
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improving translatability, future studies could aim for more
homogeneous standardization of outcome parameters. For
example, only a few studies®®'*® have reported multiple
particle tracking analysis results, which offer interstudy com-
parable parameters for mucus mobility and penetration prob-
ability, for example mean square displacement ((MSD)).
Additionally, organ-on-chip technology could provide a valu-
able model wherein, similar to in vitro studies, penetration
studies are possible in a more closely in vivo mimicking
environment.'*>"** Furthermore, only a few studies have per-
formed comparison studies on the effect of mucus penetration
in both healthy and disease mucus (Table 1). For example, Chai
and colleagues evaluated the diffusion properties of PEG-PS
NPs, showing a differing, but still improved, 22-fold and 11-fold
faster diffusion in healthy human airway mucus and CF spu-
tum, respectively, for PEG-PS NPs compared to their non-
PEGylated counterparts.®* When evaluating the effect of PEGy-
lation in patient-derived CF sputum, Conte and colleagues
found that PEG mainly improved permeation in poorly colo-
nized sputa, while its positive effect was absent for more
complex sputa with multiple microbial colonies.”® This varying
effect of the mucus penetration strategy, affected by the health
conditions of the patient, has been disregarded and requires
further evaluation for all strategies mentioned in this section.

3. Gastrointestinal mucus barrier

3.1. GI mucus characteristics

The gastrointestinal (GI) barrier is coated with mucus in a
protective manner that maintains the integrity of the organs
from foreign entities. The GI tract is composed of the mouth,
pharynx, esophagus, stomach, small and large intestines,
colon, and liver amongst others. Delivery to target organs
surrounding the GI tract can be achieved via localized (direct
injection)"*®> and systemic (oral) routes of administration."*
The most common delivery method involves oral administra-
tion; however the nanomaterials that follow this route rely
on methods that strengthen the stability during transit
against drastic pH changes through surface functionality or
other modifications. Challenges with orally administered nano-
materials include low proportions absorbed within the gut
lumen™”"*® despite taking advantage of higher oral
bioavailability.

Table 2 Comparison of advantages and disadvantages of systemic and airway administration

Airway administration

Systemic administration

Advantages

e Noninvasive administration

e Direct delivery

o Low systemic side effects

Disadvantages

e Mucus clearance

e Formulation restrictions

e Specialized administration equipment needed

o Loss of API by sedimentation in the upper tract or through exhalation

This journal is © The Royal Society of Chemistry 2023

e Avoidance of the mucus barrier
e Capable of reaching the capillary/alveoli interface

e Invasive administration

e Targeting strategy needed

e Systemic side effects common
e High clearance by the MPS
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Certain disease states like inflammatory bowel diseases also
influence the properties of mucus. Irritable bowel disease,
Crohn’s disease and ulcerative colitis all have similar properties
such as inflammation of the GI mucosal tissue that can result
in impaired mucus barrier operation.'*® In particular, Crohn’s
disease can affect all portions of the GI tract in a non-uniform
distribution, which can exaggerate immune responses through-
out the barrier and compromise its integrity.**® Specific to the
disease state, there are also changes in pH within the GI tract
where some patients experiencing Crohn’s disease have a colon
pH between 5 and 7, whereas ulcerative colitis patients can
have a pH of 2.7-5.5; for comparison a healthy patient generally

Box 2: GI mucus characteristics

View Article Online

Review Article
has a colon pH of 6.2-7.4."*" Notably, the lower pH may present
an additional barrier to orally administered drugs, and biolo-
gics in particular. Additional characteristics of the GI mucus
can be further examined in Box 2. By examining the makeup
and physical characteristics of the GI mucosa, it is evident that
nanovehicles must be designed with robustness to withstand
mucus cycling and acidic pH for effective delivery especially in
disease states with more drastic pH shifts.

Within this section, we will examine the current formula-
tions used in targeting the GI tract in regard to physical
properties of the nanomaterial as well as potential surface
modifications in order to best optimize its translatability.

The gut microbiota of the GI tract maintains the balance of the human flora. Within the secretions of the mucosa, bacteria closely associated to the immune
system and tolerated by it must navigate secretory immunoglobulin A that modulates pathogenic access to the intestinal lumen.'** Goblet cells make up the cell
layers that secrete mucin and mucin-associated proteins such as MUC2 and MUC3, which make up the majority of components within the mucus. These
proteins have been previously characterized to prevent the adherence of foreign objects and microbes such as Salmonella enterica from infiltrating the inner
layers of the mouse intestine.'***** Bacteria that form the makeup within the mucus facilitate an antimicrobial layer when moving towards the inner layers of
the intestinal lumen of the small intestine.'*> With its constant supply of mucus that is secreted and recycled there, researchers have found that the innate
protease meprin B plays a role in the detachment of mucus and establishes the adherence of the asymmetrical mucosal outer layer to its inner layer of the
46 within the colon of the GI tract exists a bilayer of mucus that allows for the passage of endogenous bacterium to maintain the intestinal microbiome
balance. Acting as the first line of defense, the mucosal layers inhibit the adherence of foreign pathogens and nanovehicles alike and promote their clearance
through the cycling mucus. A brief overview of the human gastrointestinal tract and small intestine makeup is presented in Fig. 8.

Fluid characteristics of the GI tract also play roles in buffering capacity as well as fluid volume that is available for drugs to be dissolved and metabolized.
Luminal fluid volume in the GI tract of mice when administered atenolol and/or metoprolol with varying osmolarity indicated varying degrees of

colon.

permeability.'*”

mucosal layer and poor aqueous solubility within the GI tract due to the flux in fluid volume across the GI tract.

3.2. NM engineering considerations influencing the
interaction with GI mucus

Mucin, the major macromolecule responsible for the gel-like
characteristic of mucus, has been found to inhibit the diffusion
of various drugs when exposed to a phospholipid vesicle-based
permeation assay with stimulated mucin concentrations.* In
particular, the study determined that drugs would have diffi-
culties diffusing at thicker mucus layered tissues and that the

With regard to drugs with poor solubility loaded into polymers, the result is often a lipophilic nanoproduct that has poor adhesion to the
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characteristics of the drug-mucin interactions would play a
significant role in their diffusibility; lipophilic drugs such as
naproxen had reduced diffusion coefficients at higher mucin
concentrations similarly to hydrophilic drugs such as atenolol.

Nanomaterials in ge