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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


https://BioRender.com
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 10/17/2025 1:43:57 PM.

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

(cc)

Chem Soc Rev

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

4676 | Chem. Soc. Rev,, 2023, 52, 4672-4724

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
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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
4678 | Chem. Soc. Rev,, 2023, 52, 4672-4724 This journal is © The Royal Society of Chemistry 2023
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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
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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

148

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 general have ideal dissolution properties
as they have a large surface-to-volume ratio for loaded cargos
and quick release of payloads can be achieved to reach
saturation.”® While in theory the nanoscale dimension
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application seems simple, there exists issues with the biological
form of the nanoparticle once taken orally; the outer coating of
the nanoparticles once interacting with the mucosal layers can
acquire proteins to its surface that alters lipophilicity, size and
even different surface charges or moieties.">>'>* This could be
due to the protein rich regions of the GI tract as well as any
harsh changes in the pH environment such as pH 1-2 in the
stomach and up to pH 8 within the intestines and colon.
Physical characteristics to keep in mind when formulating
nanosystems are delineated in Fig. 9.

When performing a search on PubMed Central to identify
physical properties of nano delivery systems that penetrate the
GI mucus barrier, a total of 59 studies published within the last
10 years were identified. The search terms included ‘‘nanopar-
ticle” AND “gastrointestinal tract” within the abstracts. By
excluding studies that did not contain relevance to mammalian
GI tracts and reviews, a total of 36 studies of interest were
isolated. When examining common sizes of these nanosystems,
it was found that over half of the studies had nanoparticles with
sizes less than 200 nm (61.11%) and the majority of studies
contained nanoparticle systems less than 350 nm (86.11%) as
seen in Fig. 10 and detailed in Table 3. Similarly, when
examining the zeta potential for reported systems, the majority
of studies utilized a negatively charged particle (64%) with
approximately half (52%) of the studies designing nanosystems
with reported zeta potentials between —10 mV and +10 mV.
Polymeric nanomaterials were the most common (70.3%)
amongst all studies compared to metal- and lipid-based for-
mulations; polymers observed included PLGA,"* Eudragit,'>*
chitosan," and polystyrene'>® amongst others. Metal-based
formulations varied from synthesized to commercial grade and
included titanium dioxide,’®” zinc oxide,*® iron oxide,'*’
silver,"®® and gold."®* Studies using lipids were the least com-
mon among those isolated studies and included micelles."®>
When analyzing these data, it can be observed that research has
found success in developing nanosystems at smaller sizes and
negatively/neutrally charged for optimized mucus permeability.

With considerations to nanosystem design, it is imperative
to consider size, shape, hydrophilicity, surface modifications

This journal is © The Royal Society of Chemistry 2023

Image depicting nanomaterial characteristics that influence mucus penetration within the Gl tract. Illustrations were made using BioRender.

and polymer type in order to optimize mucus permeability and
enhance bioavailability of loaded cargos. Studies mimicking
the mucus permeability of viruses have modified the surface of
the nanomaterials to have hydrophilic properties to reduce
mucus adhesion and maintain a neutral surface charge. As
research has mainly focused on one property of the nanoma-
terial for optimization, the best formulation for circumventing
the issues that arise with delivery to the mucus GI barrier
involves utilizing size, shape, and surface properties as men-
tioned above. In silico simulations have been performed in
order to optimize the shape for the drug delivery system. With
these considerations in mind, design for mucus penetration
can be achieved.

3.2.1. Core material. Within nanomaterials, the core mate-
rial can influence the interactions of the system with mucin.
The material properties of the nanosystem may also influence
the mucus barrier’s integrity as well as physical characteristics.
Broadly, polymeric nanomaterials have seen some success in
navigating the ever-changing environment. Alginate as an
anionic linear polymer obtained from brown seaweed can be
utilized in the formation of nanoparticles for GI tract delivery
that may have probiotic benefits.'”""'”> As alginate based vehi-
cles have been found to respond to increasing pH levels by
swelling in size, the design of any microcapsules should be
considered."”

Conversely, lipid nanoparticles (LNPs) have been found to
have stable release profiles within a large range of pH values
which would allow for the delivery through the GI tract. LNPs
loaded with siRNA against the luciferase gene were found to
effectively achieve gene silencing across a broad pH range.'”
When exposed to pH values ranging from 1 to 8, LNP encapsu-
lation efficiency of the siRNA was insignificantly affected with
minimal disturbances to the polydispersity index and zeta
potential. In the presence of low levels of mucin, the
gene silencing capabilities of LNP siRNA delivery were signifi-
cantly reduced. Formulating LNPs with increased percentages
of PEG was found to improve gene silencing; however, the
trade-offs for using high percentages of PEG include smaller
diameters and lower encapsulation efficiencies of the siRNA.
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Incorporation of chitosan for siRNA delivery is also advanta-
geous for mucosal delivery across the gastric mucosal layer and
not the colonic mucus for selective delivery in the treatment of
CDX2 gastric lesions;'”® this selectivity resulted from the low-
ered mucosal adhesion from a lower charge density compared
to the colonic mucus.

Within the same category, lipid based micelles have also
been modified using a zwitterionic betaine polymer in order to
permeate the mucus in a similar manner as viruses in a more
efficient approach compared to PEG particles of similar
magnitude.'’® The micelles were manufactured using 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) with poly
carboxybetaine (PCB) and were able to transport through
cellular tight junctions without opening them and showed
increased uptake by Caco-2 cells in order to deliver insulin.
This formulation could also achieve a high encapsulation
efficiency of 98% and maintain the integrity of the mucus
barrier in porcine models.

Apart from lipid and polymer based nanomaterials, the use
of metal inorganic systems has also been characterized for GI
delivery. Nanoparticles with antimicrobial properties such as
those made with titanium oxide have been found to influence
the thickness of the mucus layer as well as its composition
when exposed to bacteria.’”” In particular, titanium oxide

4686 | Chem. Soc. Rev, 2023, 52, 4672-4724

particle treatment for one week was found to result in rats
developing oxidative damage to the glycolic proteins within the
GI tract mucus in animals receiving nanoparticle treatment
over fine particles.'”® Similarly, studies have shown that silver
nanoparticles and their interactions with human derived ileal
explant tissues indicated different cytokine responses depend-
ing on treatment exposure time, the size of the nanoparticle
and even depending on the differences in the sex of the derived
tissues;'”® tissues derived from human males indicated
increased RANTES cytokines compared to those from females
which may suggest that males have increased sensitivity to
inflammation upon exposure. Within the same study, smaller
nanoparticles (10 nm and 20 nm size) could invoke changes in
mRNA expression of cell junction genes after nanoparticle
treatment. Compared to other inorganic nanoparticle types,
cerium oxide nanoparticles manufactured with the sol-gel
process have biological modulative effects such as superoxide
dismutase and catalase mimicking activity which may suggest a
protective effect against ethanol-induced ulcers within the GI
tract.”®® Due to the oxidative state of cerium oxide, reactive
oxygen species are able to be scavenged by the particles to
reduce stress in the local mucosa caused by ethanol. As an
intrinsic property of the nanomaterial, antioxidant properties
can be dictated by the particle makeup.

This journal is © The Royal Society of Chemistry 2023
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Table 3 Selected research studies from PubMed Central Search analysis on gastrointestinal targeted nanocarrier systems according to particle type.
Entries were collected from the last 5 years with key words including ‘delivery’, ‘nanomaterial’, ‘gastrointestinal tract’ and ‘mucus’. Studies were limited to

original research articles and excluded review manuscripts

Zeta Disease/
NM engineering Surface Size potential normal
strategy modification Core material (nm) (mV) Model system  state Comments Ref.
Core material — PLGA 200- —34to  C57BL/6 intest- IBD PLGA nanoparticles with Matrigel and 163
300 —-33 inal stem cells organoid suspension increase luminal
organoid unit absorption
PHOSPHOLIPON 23  — Premalignant ~ Oral cancer Lipid micelle delivery targeted drug effec- 162
90G (lipid) oral epithelial tively in a short amount of time (15
cells (SCC83) minutes)
Chitosan 350 — Sprague Dawley Diabetes = Mucoadhesive particles adhere within the 164
rats (fasted) mellitus stomach for prolonged time periods
Iron Zinc oxide (metal) 100 —40 Balb/c mice Normal Iron embedded zinc oxide nanoparticles 158
state improve iron absorption in the gastro-
intestinal tract in a supplemental manner
Surface engi-  PEGylation Chitosan 47 8 Caco-2, HT29- Normal Nanoparticles travel paracellularly through 165
neering: poly- MTX state the intestinal epithelium
meric coatings Coacervate/ 150 — Sprague Dawley DSS Improved controlled release was achieved 166
catechol rats induced as well as improved retention time within
colitis the intestines
Surface engi-  Chitosan PLGA 350 9.7 Balb/c acute Acute CS-PLGA-NP mucoadhesion increased 153
neering: colitis colitis colonic drug delivery in GI
chitosan Chitosan Polylysine- 233.9 6.2 Balb/c ethanol ~ Ethanol Positively charged CS-bilirubin nano- 167
bilirubin induced acute  induced particles enhance the anti-inflammatory
gastric ulcer gastric effect
ulcer
Chitosan, Hydroxypropyl 294 -26.7 Caco-2-cell Normal HTCC modified chitosan increased 168
PEG ethylcellulose monolayer, ICR state mucoadhesion
phthalate mice
Chitosan Chitosan/ 300 30 Dialysis bag for Normal Increased fucoidan composition improves 155
fucoidan nanoparticle state gastrointestinal simulated environments
release
Chitosan Tripolyphosphate/ 700  33.06 Kunming mice E. coli chal- Chitosan encapsulated OmpA protected 169
chitosan lenged (cow from acidic pH
mastitis)
Surface engi-  Eudragit PLGA 397.1 — Gastrointestinal Normal Eudragit NP protects the contents from 170
neering: pH pH simulated  state gastric pH
responsive conditions
polymer

Comparatively, the magnetic properties of iron oxide nano-
particles in chitosan-alginate core-shell beads effectively loca-
lized the loaded drug to the intestine of rats and increased
bioavailability.'®" By taking advantage of the magnetic proper-
ties of the iron oxide nanoparticles and incorporating them
into the system formulation, there can be improved localization
within the targeted areas of the intestines while surpassing
first-pass metabolism. In parallel, these systems effect the
charge of the NP formulation rendering them more positively
charged and thus improving their adsorption properties. Dex-
tran nanoparticles with iron oxide cores provided improved
catalytic activity when exposed to the acidic pH to selectively
treat oral biofilms."®>

3.2.2. Porosity and rigidity of the nanomaterial system.
Characteristics influencing uptake include the porosity of the
formulation as well as its rigidity. Intrinsic properties such as
the use of nano cellulose and its porosity allow for gradual
enzymatic digestion.'®® An increase in the porosity of the
nanomaterial has been linked to improved controlled cargo
release and ease in surface functionalization especially in the
case of mesoporous silica nanoparticles; passive mechanisms
of release have advantages over those such as PLGA or lipid

This journal is © The Royal Society of Chemistry 2023

based structures which tend to rely on enzymatic degradation
for release of contents.'® With designing formulations with
longevity in mind in order to withstand transport times,
increased porosity can be considered to be advantageous for
drug release and resilience to mucosal turnover.

With regard to rigidity, the mechanism for cellular uptake is
correlated to the formulation. Plant derived nanoparticle-based
formulations have a similar rigidity to lipid-based
nanoparticles.®® With PLGA-lipid nanoparticles formulated
with varying rigidity, it was found that less rigid particles had
lowered penetration into the ¢trans-epithelial layer compared to
the stiffer ones; it should be noted that functionalization of the
Fc neonatal domain binding peptide on the softer nano-
particles increased their uptake in the liver fibrosis model."®
Physiochemical characteristics of the formulation can be
observed as they relate to stability (Fig. 11). Overall, the
researchers found that rigidity of the nanoparticles improved
mucus penetration over ligand functionalization and/or PEGy-
lation but the most rigid formulation with ligand modification
had the best results for transcytosis.

3.2.3. Size/shape of the nanomaterial. Considering the size
of the nanosystem is necessary to optimize its bio-distribution

Chem. Soc. Rev,, 2023, 52, 4672-4724 | 4687
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Fig. 11 Characterization of the NP. (A) Schematic illustration of the PLGA-lipid NP. (B) TEM images of the NP. Scar bar: 50 nm. (C) The fluorescence
emission spectrum of the rhodamine B-loaded PLGA-lipid NP. (D) The Young's modulus of the PLGA-lipid NP. **p < 0.01, ***p < 0.001. (E)
Hydrodynamic diameter and zeta potential of the NP. (F) Hydrophobicity was measured by the rose Bengal method. Stability of the NP in simulated
gastric fluid (SGF, G) and simulated intestinal fluid (SIF, H). Data represent mean & SD (n = 3). Adapted from ref. 186 with permission from Elsevier.

as size dictates its fate (i.e., elimination) in the GI tract. With
regard to the nanoparticle size, researchers have found that
100 nm latex beads faced less resistance when traveling
through the mucus layer of ex vivo porcine mucus compared
to larger sized particles (500 nm) which had more restricted
access and diffusion within the small intestine.'®” The beads
used in the study were tracked using bile salt coated carboxy-
lated latex beads which had portions of immobile beads due to
the dynamic two layer mucus system. It was worth noting that
nanoparticles greater than 200 nm had the potential of indu-
cing the complement inflammatory response cascade and thus
were cleared faster."®® In a size-dependent manner, these
nanosystems that rely on nanoparticle endo/exocytosis for
uptake as their method of absorption must be carefully
designed in view of their shape as well."®® When contrasting
nanoparticle shape to their uptake efficiency, it was found that
carbodiimide crosslinked biotin nanoparticles that were rod
shaped had significantly higher uptake compared to spherical
and disc shaped ones.'® Similarly, in the same study, nano-
particles that were smaller (50-200 nm) also had a better
cellular uptake within Caco-2/HT-29 intestinal cells. Studies
by Zheng et al. also confirm that silica nanorods loaded
with doxorubicin hydrochloride exhibited augmented cellular
uptake in Caco-2 cells with low cytotoxicity compared to

4688 | Chem. Soc. Rev,, 2023, 52, 4672-4724

nanosphere formulations.'®" As the GI tract relies on M cells

and enterocytes as the main components of nanoparticle
translocation, smaller nanoparticle sizes tend to indicate more
favorable mucosal penetrative properties.'®

The formulations of nanotube systems have also been
advantageous due to their modifiable rigidity and shape.'®?
The researchers utilized tubular peptosomes with various levels
of rigidity according to the level of a-lactalbumin incorporated
into their surface. As the protein assembled tubes had a net
negative surface charge, through multiple particle tracking it
was found that compared to their spherical counterparts the
shorter assembled nanotubes had an advantage in mucosal
penetration due to their ability to navigate the shear flow within
the intestines and mucus mesh structure. With the highest
bioavailability of loaded curcumin, the short nanotube struc-
tures indicated good tolerance with no inflammation observa-
ble through microscopy of the tissue samples and had the best
therapeutic effect compared to longer and more rigid nanotube
formulations.

In the comparison of spherical nanoparticles with short and
long sized nanorods, spherical nanoparticles were found to
have faster clearance in in vivo studies.'®* With regard to in vivo
studies, mesoporous silica nanorods were found to accumulate
in a uniform manner along the intestinal villi of rats compared

This journal is © The Royal Society of Chemistry 2023
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to spherical nanoparticles which had more difficulty in reach-
ing epithelial cells."®> Longer nanorods were found to be
difficult to eliminate from the mouse GI tract as they achieved
a residence time of up to 7 days compared to the other groups
with accumulation being observed mostly in the liver and
kidney when orally dosed. Additionally with this formulation
loaded with camptothecin, mesoporous silica nanorods had up
to 2.6-fold higher transportation of the drug compared to the
other shaped/control groups. Likewise, the structural rigidity of
the nanoparticle system also seems to be instrumental in
mucus penetration as well. PLGA nanoparticles that were
developed to have a lipid shell in a ‘semi-elastic’ fashion were
able to achieve increased bioavailability of delivered doxorubi-
cin to Caco-2 cells. When the particles were made to be rigid,
there were steric effects that hindered deformation; however,
soft nanoparticles were found to interact with the hydrogel
network and inhibit its permeability.'*® When visualized using
microscopy, the nanoparticles were more ellipsoid in shape.
Overall, it seemed that rod-shaped and ellipsoid shaped nano-
particles are able to navigate more easily through the mucus
compared to nanoparticles of other shapes. Needle shaped
nanosystems driven by magnetic properties for gastric mucus
penetration were also found to increase drug penetration of
doxorubicin;'®” the pepsin bridge structure allows for increased
interaction between the nanocapsule needle platform and the
mucus itself for improved mucosal adhesion. Utilizing physio-
chemical properties such as magnetism as well as nanomaterial
shape was the key factor in this system’s success in improved
cellular retention and uptake of the drug.

3.3. NM design strategies and surface engineering

When designing nanomaterials to specifically target the GI
tract, it is imperative to address the challenge of pH in the
stability of the nanosystem as it travels to its targeted site."*®*%°
With this examination, the material to coat the outside of the
nanomaterial must be considered. Nanoparticles in general are
able to be formulated to encapsulate many pharmaceutically
active molecules and are often a popular choice due to their
good biodistribution. pH-responsive polymers should be able
to change their properties according to their chemical environ-
ment such as being dissolvable at higher pH values and
insoluble at lower ones.**°

Considerations to circumvent the issue of early dissolution
include coating the particles with a pH-responsive polymer
such as Eudragit® and its derivatives,** which allows for
nanoparticle transport through the GI tract until a specific
pH is reached. Eudragit™ FS30D was recently incorporated to
form zinc oxide nanohybrids which could withstand a stimu-
lated succus entericus environment and achieve an increased
release rate from 9.5% to 74.7% with a pH shift from 1 to 6.8.°>
This formulation was also found to remain stable and did not
exhibit large physiological changes at 25 °C at 60% humidity for
one month. Formulations of Eudragit™-5100 coated PLGA
nanoparticles loaded with etoricoxib revealed colon targeting
capabilities in healthy human volunteers as a way to treat
irritable bowel syndrome.>*?

This journal is © The Royal Society of Chemistry 2023
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Strategies incorporating inspirations from H. pylori infec-
tions within the GI have also found success in biomimetic
engineering of nanomaterials. Nucleic acid mimics incorpo-
rated using a bacterial cell envelope are also a technique to
hybridize H. pylori in the treatment of stomach infections
allowing for advantageous mucus permeability.’®* With this
unique method, antibacterial therapy is achievable through the
delivery of antisense oligonucleotides in in vivo hybridization.
Under this methodology, the cell envelope did not require
permeabilization that is generally necessary for cell-
membrane based therapeutics. Interestingly, the use of micro
propellers to navigate the biological barrier of the GI tract has
been implemented to integrate urease to the surface to avoid
mucosal degradation.?®® As the bacterium also utilizes the
urease mechanism to navigate the mucus by altering the mucus
viscosity, systems with magnetized properties with the enzyme
on their surface can mobilize through their screw-like shape
configuration. In addition, artificial zinc-based micromotors
have shown effective travel through acidic gastric conditions for
drug retention in the GL.>°® When compared to simple passive
diffusion of the free drug, the hydrogen bubble projection
allowed for the micromotors to remain stable in low pH
environments and retained on the stomach lining in a time-
dependent manner for extended retention and drug delivery.

While optimization of nanomaterial delivery platforms is
generally done in vitro, there are advantages that come with
computational simulations; molecular docking technologies
are able to provide more insight into the protein-drug interac-
tions for delivery such as the potential effects of metabolism
from enzymes and protein coronas that may form. Nanovectors
designed for dual encapsulation of evodiamine and curcumin
drugs for the treatment of gastric mucosal lesions allowed for
improved insight into how the drug formulations would inter-
act in the GI environment in the presence of efflux pumps; this
technology allowed researchers to estimate the absorption of
the drugs in the supramolecular nanocomplex according to the
epithelial cellular uptake models.>®” Similarly, to investigate
the gastroprotective effect in a rat model, in silico response and
contour plots have been used to optimize the globule size of
self-nano emulsion particles, where the predicted sizes were
similar to the actual value measured (67.7 nm calculated versus
64.8 nm actual).>*® Adding automation for the high throughput
screening of nanoparticle formulations is necessary to improve
optimization speed and predict biological interactions such as
solubility and potential penetration capabilities.>*>*°

3.3.1. NM surface modification. Modification of NM is
dependent upon the desired interaction of the system; common
pathways include mucus adhesion as well as mucus penetra-
tion. Mucus adhesion strategies focus on delivery systems that
are able to retain NPs longer within the GI mucus. This is
accomplished by surface modification that enables sufficient
attraction in the mucus layer that can bypass mucosal turnover
and displacement.”’' On the other hand, mucus-penetrating
strategies focus on hydrophilicity in their characteristics as
decreasing adhesive forces between the mucus and the nano-
material as well as maintaining a neutrally charged surface is
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more beneficial.>'> Below some strategies for surface modifica-
tion are discussed according to mucosal adhesion/penetrating
characteristics.

3.3.2. PEGylation. Modification of the surface of nano-
particles can also decrease mucoadhesion to improve uptake
and immune system tolerance.>"* Surface coating can consist of
decorating the surface through chemical conjugation as well as
utilizing polymers to aid in enhanced mucus penetration with
increased residence times. In order to better permeate the
mucus layer and improve accumulation, surface modifications
of nanoparticles can be performed such as PEGylation of PLGA
nanoparticles. When attempting to deliver the photosensitizer
5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (mTHPP) in
PLGA nanoparticles for photodynamic therapy in the treatment
of gastrointestinal tumors, researchers determined that PEGy-
lation of the nanoparticles resulted in better stimulated trans-
port across a transwell membrane compared to chitosan and
non-modified nanoparticles.>'* Studies on the mucus secreting
HT-29-MTX cells revealed that the coated nanoparticles indi-
cated low cytotoxicity, quick penetration of the mucosa layer,
and ultimately higher accumulation in targeted sites compared
to the other systems tested. PEGylation of nanoparticles alters
the surface charge of the particles in order to avoid strong
interactions with the negatively charged mucin and decrease
interactions with the mucus. PEGylation of nanocarriers and its
efficiency in mucus permeability also depend on the materials
and size of the nanoparticles.>'> When incorporated with the
mucolytic agent 4-mercaptobenzoic acid, PLGA-PEG coated
nanoparticles were able to release their contents while lipo-
some formulations had a steadier controlled release overall.
The incorporation of tea-derived polyphenol coatings into
liposomes maintained their anti-bacterial properties and
enabled them to swell/lyse under acidic conditions;**® this
system was effective in the targeted treatment of H. pylori
infections within the stomach to achieve therapeutic efficacy
without causing any additional toxicity or inflammation within
the body in vivo. Alternate studies also reported that utilizing a
positively charged surfactant in the incorporation of negatively
charged DNA facilitates 10-fold higher transportation of the
gene and drug delivery when compared to similarly formed
polystyrene nanoparticles which can improve encapsulation of
genes for delivery.”’” In general terms of mucus permeability
for small molecule drugs, smaller sized, negatively charged/
neutrally charged nanocarriers had the highest efficiency which
correlates with previously mentioned literature evidence.

In parallel studies, mesoporous silica nano-particles have
been modified with poly(lactic acid)-methoxy poly(ethylene
glycol) polymers and cysteine modified protamine. While the
use of cyteine modified protamine did increase cellular uptake,
PEG remained the main factor that contributed to the overall
net neutrality of the nanosystem for avoiding mucus
inhibition.”'® While the use of cysteine modified protamine
did increase cellular uptake, PEG remained the main factor that
contributed to the overall net neutrality of the nanosystem for
avoiding mucus inhibition. Similar copolymer mixtures of PEG
and PLGA linked by a hydrazone bond were able to exhibit
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increased penetration with high stability in oral insulin deliv-
ery;”® with a surface that can switch from hydrophilic to
hydrophobic the researchers found increased nanoparticle
reach within the jejunum villi of diabetic rats (Fig. 12).

3.3.3. Chitosan. Particles can be formulated with a core
material of chitosan hybrids or utilize it as a surface modi-
fication to take advantage of mucus adhesion; chitosan
which is derived from the chitin of marine organisms through
acetylation is known for its biocompatibility and easy
degradation.”****" The benefits of using chitosan lie in its
formation through ionic gelation which allows for cross linking
for tailoring delivery. These techniques involving chitosan
hybrid nanoparticles aim to improve the pharmacokinetics of
drugs; a lecithin—-chitosan nanoparticle system was reported to
have improved oral bioavailability with 4.2x increase within
female Wistar rats.*** Within this system there was enhanced
uptake in the intestines as the particles were found to be bound
to the mucus layer. The physicochemical characteristics of
chitosan and its crosslinkers allow for the formation of the
amine group at low pH values, which provide strong electro-
static interactions that help the nanoparticle to retain its shape/
size whereas at higher pH values the interaction is weakened,
resulting in the particle releasing its cargo.*® Biodistribution
of the formulation can be observed in Fig. 13 indicating the
highest accumulation in the intestines. Chitosan oligosacchar-
ides for the treatment of gastric ulcers indicated improved
electrostatic interactions due to the positively charged amino
groups of the nanomaterial and the negatively charged mucin
for better mucin-binding as reported by a mucoadhesive
strength of 51.22% compared to non-chitosan treated
particles.***

In a different study, researchers attempting to circumvent
the acidic environment that is present in the stomach have
modified chitosan-alginate core-shell beads with magnetic
nanoparticles and mucoadhesive properties.??* The beads were
able to travel and accumulate in the targeted area through the
center of a magnet positioned on the skin. The results deli-
neated that the chitosan coating of the beads improved adhe-
sion to the mucosal membrane layer of the rat jejunum and
facilitated drug release.

3.3.4. Hydrophilic surface modification. Other methods to
coat nanoparticles with a hydrophilic surface modification
involve the use of polyethylene oxide to enhance epithelial
cellular uptake.**® Polyethylene oxide and poloxamer188 coated
poly(e-caprolactone) chain triglyceride hybrid cores were loaded
with cabazitaxel and the particles maintained a positive surface
and overall had increased oral bioavailability compared to non-
coated nanoparticles for the delivery of small molecules.**”
While it was previously mentioned that positively charged
nanoparticles could have strong interactions with the mucus
and prompt rapid clearance, the researchers found that there
was higher mucus permeability with this formulation due to
increased localization in the mucus and thus higher chances of
permeability while the polyethylene oxide could also weaken
mucin interactions by increasing the particle’s hydrophilicity.
This formulation of the nanoparticle was thought to have a

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Confocal micrographs of frozen sections of jejunum villi after 1-h incubation with various formulations. The white arrows indicate representative
NPs absorbed into the villi. Scale bars, 100 pm. Adapted from ref. 219 with permission from Elsevier.
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Fig. 13 Semi-quantitative biodistribution of mice treated with 10 mg kg~! rhodamine in 200 pL of CS-NP R and free R 24 h after oral gavage.
(@) Comparison of ex vivo imaging between rhodamine fluorescence levels showed higher accumulation in the intestines for CS-NP R vs. free R 24 h
post-oral gavage. (b) Serum fluorescence of CS-NP R shows a greater absolute bioavailability and an extended release profile for the CS-NP formulation
for up to 7 days (76.2% for CS-NP R and 47.9% for free R; ***p < 0.001, N > 4). (c) Representative ex vivo images confirm the highest signal in the
intestines in the CS-NP R condition 24 h after oral gavage. Adapted from ref. 223 with permission from Elsevier.
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better balance between mucus affinity and mucus penetration
capabilities. With this point in mind, defining mucus perme-
ability should consider not only surface charge for interaction
with mucin but also hydrophilicity for effective penetration and
uptake by inner epithelial cells of the GI tract. With the design
of electrostatically neutral mesoporous silica nanoparticles
with hydrophilic surface characteristics, the cell-penetrating
pentapeptides aim to mimic the virus surface to travel across
the intestinal mucus layer.??® This system had a positive surface
charge and was able to effectively lower blood glucose levels in
diabetic rats by delivering insulin. By attaching a mix of
charged carboxylic groups and KLPVM peptides to the surface,
the particle becomes neutral while maintaining hydrophilicity
to facilitate transport to the epithelial cells. Similarly, zwitter-
ionic incorporation in porous silica nanoparticles with
poly(pyridyl disulfide ethylene phosphate/sulfobetaine) poly-
mers acted in further shielding the nanomaterial and improv-
ing mucus diffusion to effectively deliver insulin.**°

Micelles formed from chitosan-vitamin E succinate copoly-
mers have been previously reported as a self-assembling nano-
complex capable of encapsulation of the hydrophobic drug
paclitaxel for intestinal penetration.>*° Bioconjugation of N-
acetyl-l-cysteine improved mucosal adhesion 2-fold compared
to the unconjugated form for improved pharmacokinetic prop-
erties. Similar to the nanoparticle formulation, the surface
charge, hydrophilicity and physicochemical characteristics of
micelles will affect its stability in the mucus environment and
affect its mucus penetrating capabilities.>*"

3.4. GI mucus delivery

With these points in mind, the properties of the nanosystem
must consider the delivery method such as mucoadhesion or
mucus permeability; mucus adhesive nanosystems are optimal
for long term drug delivery due to their ability to bypass
mucosal clearance when adhered to the mucus while mucus
permeability has greater potential for increased protection of
sensitive cargos such as proteins due to direct interactions with
the epithelium.>*"***> While mucoadhesive nanomaterials are
more commonly found within the literature, mucus penetrating
systems are also increasingly developed in recent years. As
mucoadhesion relies on the exploitation of electrostatic inter-
actions, there exist various molecular interactions that can be
artificially engineered for improved delivery system efficiencies
such as hydrophobic forces, van der Waals interactions and
even non-specific recognition.>** In parallel, it is imperative to
address the properties associated with mucoadhesion within
the GI tract with reference to nanomaterials and their efficiency
in uptake. Mucins are negatively charged due to their glycosidic
moieties and, therefore, positively charged nanomaterials are
mucosally adhesive and may prompt swift elimination by the
dynamic top layer of the mucus.”** Mucosally adhesive particles
were found to generally accumulate outside the range of the
epithelium for absorption whereas non-mucoadhesive mucus
particles were able to have a more uniform distribution.**® It is
indicated that for best particle distribution within the GI tract
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one should formulate their nanosystems according to non-
mucoadhesive properties.

3.5. Translatability

3.5.1. Invitro and in vivo mucus models and translatabil-
ity. While Caco-2 cells are beneficial in studying the effects of the
nanomaterials in vitro, it should be noted that the model often has
a higher transepithelial electrical resistance compared to in vivo
models which can affect translational studies;*** on the other hand
human HT29 cells have potential to differentiate into mucus
secreting cells for in vitro characterization. However, this cell line
has been known to have a lower transepithelial resistance used to
monitor drug absorption. The authors suggest co-culturing the two
cell lines to have a more reliable model that can have more
relevance. Likewise, utilizing reconstituted mucus obtained
ex vivo has been found to contain varying compositions of proteins,
lipids, and salts compared to that obtained fresh which will also
affect drug absorption studies.**®

Issues also persist with translatability between animal models to
study biodistribution of various delivered nanomaterials: induction
of inflammation in nonmammalian and mammalian models
based on techniques used as well as the type of inflammation
whether long or short term.”*” Mice are commonly used as their
intestinal system is similar to humans; however, they can be
engineered to display acute or chronic inflammation which may
not always fit the origins of the disease state. Similarly, lesions
present in humans presenting irritable bowel syndrome differ from
those of mice that have been induced to have lesions through
chemical irritation/injury. Even structurally in pig models, there is a
high concentration of B-cell follicles within Peyer’s patches in the
intestinal jejunum and a lack of T-cells, which differs from
humans.**® This is despite the fact that pigs and their immune
system show more similarities to humans compared to mice
models of inflammation.

Mice subject to dextran sulfate sodium (DSS) in order to induce
inflammatory colitis must be administered daily in order to main-
tain the studied disease state which is unlike the progressive
conditions experienced by humans;**° considerations with the
model also indicate variability in inflammatory severity according
to gender and the living environment. In order to effectively
translate biodistribution and inflaimmation studies to human
models, the use of animal models must also be considered with
varying degrees of mucus producing capabilities as well as inflam-
mation marker variance. When examining these issues through
in vitro models like the Caco-2 cell line capable of producing
mucus, researchers often get variability between monolayers of
different passages and clone variabilities.>*° These issues in combi-
nation make studies with human inflammation more difficult in
terms of reproducibility and consistency in designing drug delivery
systems according to GI mucus characterization.

3.5.2. Targeting to specific GI cell populations. With spe-
cific regard to the ‘normal’ state of GI as opposed to that of the
‘diseased’ state, personalization of the NM system must con-
sider cell environmental differences that occur between differ-
ent ailments. Within the ‘normal’ state of the GI, the naturally
thinner mucosal layers surrounding M cells make it an ideal
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target for uptake; however in the case of inflammation within
the intestines, there is a shift to immune cells and enterocytes
accumulating in the area.*** In the case of IBD, for patients, the
physiopathology variables can be altered such as fluid volume
and increased presence of immune cells from inflammatory
responses along the entire mucus layer.>*> The common route
of treatment involves delivery of anti-inflammatory molecules;
however confounding factors like variable transit times for the
NM formulations also pose considerations for effective delivery.

When determining the formulation for nanomaterial sys-
tems, specific cell populations can be considered for more
targeted approaches beyond mucus-adhesion and mucus-
penetration. In general, these techniques focus on additional
surface modifications to target cell receptors within the tar-
geted area.'®® For example, targeting of M-cells within the
intestines can be achieved through dapsone and mannosylated
solid lipid nanoparticles to target M-cell mannose receptors.>*?
Similarly for Peyer’s patch M-cell targeting, rifampicin lipid-
polymer hybrid nanoparticles had increased adhesion when
hydrophobicity was prioritized in the formulation; in vivo stu-
dies demonstrated increased uptake with Gantrez incorporated
nanoparticles for gut-associated lymphoid tissues as M-cells
have a thinner layer of mucus and may be easier to deliver.***

Immune cell targeting for gut immunity has also found success;
in the cases of ulcerative colitis/IBS treatment, galactosylated
trimethyl chitosan-cysteine nanoparticles could improve uptake
in macrophages for TNF-o. production within the colon.**> Leuko-
cytes localized within the gut were also targeted for siRNA delivery
owing to the decorated lipid nanoparticles specific to the o4fp7
integrin through a PEG linked mucosal vascular addressin cell-
adhesion molecule-1 to its surface.**®

3.5.3. Translatability into the clinic. Translatability of
nano delivery systems into the clinic relies on increasing the
bioavailability within oral GI delivery while overcoming the side
effects and concerns that come with poorly permeable drugs.
Market approved small molecule drugs such as semaglutide
(Rybelsus®™) deliver a glucagon-like peptide-1 receptor agonist
for type 2 diabetes through an ingestible formulation with
sodium-N-(8-[2-hydroxybenzoylJamino)caprylate (SNAC);**” this
particular formulation acts to improve solubility and buffers
against degradation to be absorbed completely within the
stomach of the GI and provides therapeutic relief to patients
in glucose metabolism with mild gastrointestinal side
effects.”*® Encapsulation of drugs using nano delivery systems
like PLGA nanoparticles has shown increased protection

Box 3: BBB characteristics

The BBB separates the vascular space from the brain parenchyma, which consists of brain cells and extracellular (interstitial) space.
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against the harsh pH changes and has shown enhanced perme-
ability through Caco-2 cell lines in vitro;>*® however it should be
noted that studies done ex vivo and in vivo often struggle to see
efficacy through to the clinical level. pH responsive polymers such
as Eudragit™ have seen some success; however, novel systems
should be designed with translatability in mind.

The necessity of surface modification of nanomaterials is
advantageous for navigating the changing pH environment within
the GI tract but there is an increased chance of off-target effects
that challenge effective targeting.”®® As the complexity of the
nanosystem increases, the chance for variability also increases
due to the intricate biological processes occurring within the GL
Simplicity in formulation and manufacturing allows for the greatest
translatability across different organisms from murine cellular
studies to human clinical trials.

4. Blood—-brain barrier

The blood-brain barrier (BBB) is a critical component of the
neurovascular unit, and its characteristics (Box 3) serve impor-
tant physiological roles, which include (1) the protection of the
brain from toxic substances, (2) the modulation of nutrients, (3)
the response to different plasma proteins, (4) and the protec-
tion of the central nervous system.>*">** This strong protective
barrier function makes the BBB a serious impediment for
effective treatment of brain diseases, such as brain tumors or
neurodegenerative disorders. Strategies that have been
employed for brain drug delivery include among others local
drug delivery with convection-enhanced delivery, or drug-
loaded polymeric wafer implants.>***>® However, due to their
invasiveness, these methods exhibit a high chance of infection.
Other methods include BBB disruption with osmotic agents or
ultrasound, but these methods can potentially lead to
neurotoxicity.>*®

Systemic administration of nanoparticles, engineered to
feature BBB crossing characteristics, is an innovative way for
brain targeted drug delivery.”>” Extracellular vesicles, biomi-
metic NPs and cell-based drug delivery systems are yet other
promising strategies employed for crossing the BBB. Therefore,
in this section, we elaborate on the characteristics of NPs that
influence BBB crossing and the strategies that are employed to
penetrate the BBB (Fig. 15). The details of the most recent
strategies (published in the last 5 years) are presented in
Table 4.

21 1t is formed by

endothelial cells that line the brain microvessels, impeding the paracellular route of large or hydrophilic molecules across the BBB, due to tight junctions (TJ)

between the adjacent endothelial cells.>**2>°

This barrier is supported by a closely associated basement membrane consisting of type IV collagen, fibronectin

and laminin. Additionally, pericyte and astrocyte endfeet are located in the abluminal site and regulate and maintain BBB integrity.>°>*°' On the luminal side
there is a glycocalyx layer covering the brain endothelial cells, which hinders the passage of anionic macromolecules and substances with sizes over 70 kDa.

Molecules can cross the BBB through the paracellular or transcellular pathway.
is highly restricted to small molecules less than 180 Da and is concentration gradient dependent.

259,261-264

Paracellular transport, which is the passage between endothelial cells,
263 Larger substances, including NPs, use the transcellular

pathway to cross the BBB, travelling through endothelial cells. The transcellular mechanisms include (a) the passive diffusion of lipophilic molecules, (b)
receptor-mediated transcytosis, which is used for hydrophilic molecules, (c) carrier-mediated transport, (d) adsorptive-mediated transcytosis and (e) cell-

mediated transcytosis (Fig. 14).
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Table 4 Selected research studies of the most recent NP engineering strategies, based on data extracted from the PubMed database of the last 5 years
using the search terms ‘nano’ and ‘blood brain barrier’. Only original research articles and articles within the scope were included

Zeta
NM engineering Surface Size  potential Diseased/normal
strategy modification Core material (nm) (mv) Model system state Comments Ref.
Targeting ligand Angiopep-2 Ceria 20 +5 In vitro (BCECs) and  Diseased (stroke) 265
to low density in vivo (rat)
lipoprotein PMLA 445 —11.6 In vivo (mouse) Normal 266
receptors PMLA 9.4 —8.2 In vivo (mouse) Diseased Contrast-enhanced 267
(glioblastoma) MRI agent
Solid lipid 1114 —16.4 In vivo (mouse) Diseased 268
(glioblastoma)
PEG-PLL 18.8 +2 In vitro (BCECs) and  Diseased (brain 269
in vivo (mouse) metastasis of
breast cancer)
L-carnosine PLGA 50 -7.2 In vitro (BCECs) Diseased/normal 270
Tween 80 Lipid 165 / In vivo (zebrafish) Normal 271
Lactoferrin Lipid 170  —15.9 In vivo (mouse) Normal + Lactoferrin receptor 272
binding
Silica 30 —32.3 In vitro (HBEC-5i) and Diseased/normal 273
3D U87 tumor
spheroids
Gold 5 / In vivo (mouse) Diseased *Oral administration 274
(glioblastoma)
Gold 5 —26.8 In vitro (BMVECs) and Diseased *Oral/i.v. 275
in vivo (mouse) (glioblastoma) administration
Apolipoprotein  Polymersome 42-45 +1.06 to In vivo (mouse) Diseased (glioma) *Intranasal 276
E peptide +2.02 administration
Chimeric 80-86 +1.6 In vivo (mouse) Diseased 277
polymersome (glioblastoma)
PBCA 196.4 —8.8 In vitro (hCMEC/D3) Diseased (crypto- 278
and in vivo (mouse)  coccal meningitis)
Polymersome 44 —5.2 In vivo (mouse) Diseased (glioma) *Intranasal/i.v. 279
administration
Polysorbate 80 PLGA 220 —32.9 In vivo (rat) Diseased (sei- 280
zures)/normal
Phosphatic acid HDL 264 —7.2 In vitro (hCMEC/D3) Diseased (Alzhei- 281
and in vivo (mouse) mer’s disease)
Targeting ligand Anti-TfR PMLA 28.0- —9.9to Invivo (mouse) Diseased 282
to transferrin antibody 28.5 -11.0 (glioblastoma)
receptors H-ferritin Iron oxide 66 / In vitro (bEnd.3) and Diseased (glio- 283
in vivo (mouse) blastoma)/normal
Transferrin tar- Chitosan-c-PGA 132 -38 In vivo (mouse) Diseased (cerebral 284
geted peptide infarction)
Disease targeting RAP peptide PCL-PEG 869 —38.3 In vitro (bEnd.3) and Diseased (Alzhei- In AD lesion sites, the 285
ligand decoration in vivo (mouse) mer’s disease) receptor of advanced
(ligand of RAGE) glycation end pro-
ducts (RAGE) is speci-
fically and highly
expressed on the dis-
eased neurovascular
unit, including cere-
bral vascular endothe-
lia I cells, astrocytes
and neurons
Diphtheria toxin Poly(ethylene 129- —25.6 In vitro (hCMEC/D3) Diseased DTR is up-regulated 286
receptor (DTR) oxide-co-propylene 240 (glioblastoma) on the cerebral blood
ligand oxide) vessels in gliomas,
ischemic stroke, and
under hypoxic
conditions
Neuropilin-1 Poly(levodopamine) 313 ~ —37.9 In vivo (mouse) Diseased (Glioma) Neuropilin-1 expres- 287
targeted peptide sed on neo-
vasculature/glioma
cells
Claudin-1 tar- PEG-Gd 14.5 +7.8 In vivo (mouse) Diseased (aging-  Claudin-1 is upregu- 288
geted peptide induced altered lated in aging brain
brain) vasculature
c¢RGD PEG-b-poly-(1- 29 -2.3 In vivo (mouse) Diseased Affinity of cRGD to 289
glutamic acid) (glioblastoma) Rvf3 and Rvp5 integ-
rins that are over-
expressed on
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Table 4 (continued)
Zeta
NM engineering Surface Size  potential Diseased/normal
strategy modification Core material (nm) (mvV) Model system state Comments Ref.
endothelial cells of
tumor angiogenic ves-
sels as well as GBM
cells
Tryptamine Try- Cinnamalde- 200 —0.2 In vivo (mouse) Diseased Try is more easily 290
(Try) hyde nanoprodrug (glioblastoma) internalized by glio-
mas cells via the over-
expressed 5-HT
receptors
CXCR4 targeted PEG-PCL 100 / In vivo (mouse) Diseased CXCR4 overexpession 291
anatagonist (ischemia) in the ischemic brain
VCAM-1 tar- lanthanide 80 —4 In vitro (bEnd.3) and Diseased VCAM-1 is over- 292
geted peptide in vivo (mouse) (ischemia) expressed in the cere-
bral ischemia area
IL13 PEG-PLGA 92 —30.5 In vitro (human brain Diseased (glioma) IL13 binds to the 293
microvascular endo- tumor-specific
thelial cells with interleukin-13 alpha 2
human astrocytes and receptor
human brain vascular
pericytes) and in vivo
(mouse and rat)
iRGD Solid lipid 300 -8 In vitro (hBMEC or  Diseased iRGD: tumor-targeting 294
mBMEC) and in vivo (glioblastoma) transcytotic peptide
(mouse)
Zinc 122 -31.6 In vitro (bEnd.3) and Diseased 295
phthalocyanine in vivo (mouse) (glioblastoma)
- Liposome 123 0.14 In vivo (mouse) Diseased (glioma) p-HA has high affinity 296
Hydroxybenzoic for dopamine and
acid (p-HA) sigma receptors which
are prominent in the
BBB. And over-
expressed in brain
tumors
Targeting ligand: Cholesterol- Liposome 96.2 / In vivo (mouse) Diseased (malaria) Better brain targeting 297
Glucose transpor- undecanoate- via i.n. administration
ter (GLUT-1) glucose
conjugate
Glycose PEG-PLL 45 / In vivo (mouse) Diseased (glycemic 298
conditions,
Alzheimer’s)
Targeting ligand: L-DOPA Gold 90 / In vitro (hCMEC/D3  Normal 299
large neutral and primary rat brain
amino acid trans- microvascular endo-
porter (LAT)-1 thelial cells)
Targeting ligand: PMPC PAMAM dendrimer 8 1.48 In vivo (mouse) Diseased 300
acetylcholine and (glioblastoma)
choline Choline analo- PEGMA 74 0.12 In vitro (bEnd.3) and Diseased (glioma) 301
tranbsporters gue (MPC) in vivo (mouse)
BBB targeting RG3 single- Liposome 110/ In vitro (bEnd.3) and Diseased (glioma)/ 302
antibody domain in vivo (mouse) normal
antibody
JAM-A targeting Gold 70 / In vivo (mouse) Normal +Increased BBB per- 303
antibody meability via laser
pulse excitation
Targeting ligand: Folic acid Carbon 359.24 —24.7 In vivo (mouse) Diseased 304
folate receptor (glioblastoma)
Targeting ligand: NGF MgO micelle 120  —10 In vivo (mouse) Diseased 305
NGF receptor (Parkinson’s)
Targeting ligand: TGN Glycolipid 146.2 +28.2 In vivo (rat) Normal 306
BBB targeting nanomicelle
peptide
BBB crossing LysoGM1 PLGA 246.8 —33.2 In vivo (zebrafish and Diseased (Glioma)/ 307
ligand mouse) Normal
Extracellular vesi- MSC-derived Gold 129.2 —39.9 In vivo (mouse) Diseased (stroke) 308
cles (EVs) exosomes
Grapefruit EVs Heparin-based 192/ In vitro (hCMEC/D3) Diseased (glioma) 309
and in vivo (mouse)
This journal is © The Royal Society of Chemistry 2023 Chem. Soc. Rev,, 2023, 52, 4672-4724 | 4695
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Table 4 (continued)
Zeta
NM engineering Surface Size  potential Diseased/normal
strategy modification Core material (nm) (mvV) Model system state Comments Ref.
/ Neuron-2a cell 114 In vivo (mouse) Diseased 310
derived exosomes (Alzheimer’s)
MSC-derived Gold 100 / In vivo (mouse) Diseased (stroke, 311
exosomes Parkinson’s, Alz-
heimer’s, autism)
/ EVs from hiPSC-  145.3 / Invivo (mouse and  Diseased (status  i.n. administration 312
derived NSCs rat) epilepticus)
RGD EVs from ReN VM 100- / In vivo (mouse) Diseased 313
cells 250 (glioblastoma)
RAW264.7 exo- DSPE-PEG-PEIL 152 —20 In vitro (bEnd.3) and Diseased (diffuse 314
some in vivo (mouse) intrinsic pontine
membrane glioma)
decorated with
cRGD
CXCR4 NSCs derived EVs  84.3 —24.4 In vivo (mouse) Diseased CXCR4 is a chemokine 315
decorated with (glioblastoma) receptor specific for
CXCR4 CXCL12 that is over-
expressed in cancer
cells, including GBM
Combination of CGN BBB tar- PEG-PDMAEM 70-80 +10 In vivo (mouse) Diseased 316
targeting ligands geting ligand + (Alzheimer’s)
Tet-1 neuronal
targeting ligand
Folic acid + PLGA 109.7 —9.38 In vivo (rat) Diseased (Glioma) 317
Transferrin +
Polysorbate 80
Lactoferrin +  Fe304/Gd203 14.7 / In vitro (HBEC-5i) and Diseased (glio- 318
RGD dimer in vivo (mouse) blastoma)/normal
Cell mediated Bone marrow  Iron oxide 190 / In vitro (only transwell Diseased (glioma) 319
delivery derived inserts) and in vivo
macrophages (rat)
Bacteria (Escher- GP-ICG-SiNPs 4.1 / In vitro (human brain Diseased 320
ichia coli 25922) microvascular endo-  (glioblastoma)
thelial cells) and
in vivo (mouse)
(MOG;5-55) T-  PLGA-PEG iron 44.1  —40 In vivo (mouse) Diseased (auto- 321
cells oxide immune encepha-
lomyelitis)/normal
Cell membrane  Apolipoprotein dextran 180 —5 In vitro (bEnd.3) and Diseased 322
coated E peptide- in vivo (mouse) (glioblastoma)
decorated red
blood cell
membrane
Angiopep-2- PEI 150- —30 x  Invitro (bEnd.3) and Diseased 323
decorated red 500 changes in vivo (mouse) (glioblastoma)
blood cell with pH
membrane
Macrophage PLGA 124.1 -18.9 In vitro (bEnd.3) and Diseased 324
membrane in vivo (mouse) (glioblastoma)
expressing PD-1
/ Hybrid membrane 154  —20to  Invitro (bEnd.3) and Diseased (glioma) 325
nanocomposites -33 in vivo (mouse)
using DC and C6
glioma cell
membranes
Natural killer ~ AIEdots 80 —33.6 In vitro (bEnd.3) and Diseased 326
cell membrane in vivo (mouse) (glioblastoma)
Macrophage MnO2@PVCL 270  —8.2 In vitro (bEnd.3) and Diseased 327
membrane in vivo (mouse) (glioblastoma)
Magnetic BaTiO3 (BTO) 20-30 +30 In vitro (primary Diseased (HIV) 328
targeting @CoFe204 human brain micro-
vascular endothelial
cells with human
astrocytes and human
brain vascular
pericytes)
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Table 4 (continued)
Zeta
NM engineering Surface Size  potential Diseased/normal
strategy modification Core material (nm) (mvV) Model system state Comments Ref.
PLGA-MgO/SPIONs 68.4 —33.2 In vivo (rat) Diseased (glioma) 329
Anti-TfR Lipid-SPIONs 101.3 / In vitro (C8D1A with  Diseased 330
antibody bEnd.3) (glioblastoma)
FUS + micro/nano Fluorinated Perfluorooctyl bro- 60 / In vivo (mouse) Normal 331
bubbles surfactant mide (PFOB)
Sonosensitive lipo- 123.9 / In vivo (mouse) Diseased (glio- 332
some + blastoma)/normal
microbubbles
PVG peptide PEG-liposomes + 1154 +13.6 In vivo (mouse) Normal 333
nanobubbles
Others: virus Viral envelope  Pbs QDs wrapped 50 +25 In vivo (mouse) Diseased 334
mimicking NPs  (E) protein in TPE- (inflammation)
BPA@SCTAB
Others: surface  CB5005 peptide liposome 110 -5 In vivo (mouse) Diseased 335
functionalization (glioblastoma)
with cell pene-
trating peptide
Others: BBB tar- / Albumin 150.4 -35 In vitro (bEnd.3) and Diseased Albumin binding pro- 336
geting core in vivo (mouse) (glioblastoma) teins (SPARC) present
material in glioma
Albumin/PLGA 353- 37 In vivo (mouse) Diseased Albumin has the abil- 337
497 (Parkinson’s) ity to permeate the
BBB via receptor-
mediated pathways
a b - € f g
Paracellular aqueous | Transcellular! Transport proteins, Effiux | Receptor-mediated ! Adsorptive Cell mediated
pathway , lipophilic H ,pumps | transcytosis , transcytosis transcytosis
pathway ' '
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Fig. 14 Transport pathways of substances across the BBB. Reproduced from Ref.1 with permission from Elsevier.

4.1. NM characteristics influencing interaction with the BBB

As the BBB is a strong barrier, BBB crossing requires effective
strategies to deliver therapy for brain diseases. Multiple NP
formulations and designs have been researched over the years,
and a general overview of these is given in Fig. 15. Here, we
report an overview of different nanoparticle properties such as
size, surface charge, surface chemistry and BBB targeting
strategies that showed effective transport through an in vitro
or in vivo BBB model. Please note that while BBB transport has
been widely studied using both organic and inorganic NPs, the

This journal is © The Royal Society of Chemistry 2023

majority of studies focused on organic NPs (Fig. 15A). Given the
large variety of NP types, it is furthermore rather difficult to
properly evaluate the influence of the NP core material on BBB
crossing ability. We therefore do not address the topic of NP
composition directly, but rather indirectly, where specific
aspects such as magnetism or NP rigidity will be discussed in
view of the specific NP types.

4.1.1. Size. The size of NPs is an important parameter
for effective targeting (Fig. 15B). NPs with diameters less
than 10 nm are rapidly cleared from the circulation by the
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renal system, while NPs larger than 200 nm have a higher
chance to be cleared by the reticuloendothelial system (RES).>*®
Therefore, NPs in between this range (10-200 nm) are com-
monly used for in vivo targeted delivery. For crossing the BBB,
additional size requirements could be expected, but reports
have not shown conclusive trends. Shilo and colleagues inves-
tigated the effect of Au NP size on the probability to cross the
BBB, by quantifying their uptake in bEnd.3 endothelial cells
in vitro.**® They incubated Au NPs of various sizes (20, 50, 70
and 110 nm) with the brain endothelial cells and concluded
that the 70 nm NPs showed the highest cellular uptake. In a
study by C. Li et al., it was revealed that 40 nm Au NPs show an
increased endothelial paracellular permeability in vitro and an
enhanced brain permeability in vivo compared to 637 nm Au
NPs.**° The enhanced BBB permeability of the 40 nm NPs was

4698 | Chem. Soc. Rev, 2023, 52, 4672-4724

shown to be due to tight junction disassembly and tight
junction protein degradation.

Furthermore, there is evidence that size is not a determining
factor regarding BBB crossing, if the particles are in an accep-
table size range.”**’®* To shed light on the effect of NP
physicochemical characteristics on BBB passage, Voigt et al.
evaluated the influence of size, zeta potential and surfactant
composition on BBB transport.”’®* For this purpose, they
designed fluorescently labeled polybutylcyanoacrylate (PBCA)
NPs with a size range from 64 nm to 464 nm and imaged the NP
transport through the retina barrier, a model for the BBB
barrier, using in vivo confocal neuroimaging. Their results
indicated that NP size does not influence BBB transport, but
the most important parameter proved to be surface chemistry.
However, it should be noted that for comparing the effects of

This journal is © The Royal Society of Chemistry 2023
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NPs of different sizes, it is not easy to decide how the equivalent
injected NP dose will be determined (total mass, NPs mL ",
total surface area) and specifically for fluorescence imaging,
bigger NPs will be brighter and hence more easily detected,
which may result in biased results.

Additionally, the employed BBB model should be taken into
consideration when NP size is investigated. A lot of research on
the influence of NP size on BBB permeation has been per-
formed using in vitro BBB models, which cannot fully recapi-
tulate the in vivo biodistribution clearance mechanisms. For
example, in the study of Ohta et al., the size-dependence of Au
NP brain delivery, assisted by FUS-induced BBB opening, was
investigated.>*® They compared the permeability efficiency of
3 nm, 15 nm and 120 nm Au NPs across an in vitro and in vivo
BBB mouse model. Interestingly, it was shown that the perme-
ability of smaller NPs was higher in vitro, while the highest
permeability in vivo was with the medium sized NPs.

This size-dependence was attributed to competition for
permeation through gaps in the BBB and excretion of particles
from blood circulation. Of note, the authors determined the
equivalent dose of the different NP sized formulation based on
the total mass of gold. This means that in their setups, the
concentration of NPs mL™ " or total surface area for a particular
NP size would vary. This is important to take into considera-
tion, in particular upon considering active targeting strategies
where at equal ligand densities, the NPs with the highest total
surface area will have a higher absolute number of targeting
ligands, which may affect receptor binding efficacy and asso-
ciated transcytosis across the BBB.

4.1.2. Surface charge. Only limited studies have investi-
gated the true effect of surface charge, so conclusive trends
cannot be made (Fig. 15C). However, a few interesting studies
have reported on the surface charge effect. The BBB and
specifically the brain endothelial cell membranes express high
levels of phosphatidylinositol and phosphatidylserine on their
cell membrane glycocalyx, which results in a more negative
surface charge of the brain endothelium, compared to other
vascular endothelial cells.>*" This negative charge provides an
extra barrier for the penetration of drugs and molecules across
the BBB. Zhang et al. investigated the permeability of neutral
versus positively charged NPs across an in vitro BBB and showed
that positively charged NPs resulted in a 100-fold higher
permeability than the neutral ones. Based on their in vitro
results, the researchers developed an in silico BBB model to
predict the permeability of NPs due to their charge and size as
well as the ion concentration of the surrounding salt solution,
and the charge, rigidity, surface tension and viscoelastic prop-
erties of the endothelial cell membrane. Their predictions
revealed that the charge of the endothelial cell (EC) membrane
is fundamental for the transcytosis of NPs. They showed that
when EC membranes have no charge, no NPs can cross the
in vitro BBB. On the other hand, when the EC is negatively
charged, there is a higher probability that neutral NPs may pass
through transcytosis.>*> The predictions from their in silico
model could explain the measured permeability data of their
in vitro results. Positively charged NPs have been shown to cross

This journal is © The Royal Society of Chemistry 2023
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the BBB easier in vitro, but when administered in vivo, there are
other factors that should be taken into consideration, such as
their tendency for rapid formation of a more tightly bound
protein corona, which can lead to rapid clearance by the RES,
while when administered at high concentration, they may
result in BBB toxicity.>*"**? In addition, it is demonstrated that
negatively charged and neutral NPs present reduced adsorption
of serum proteins and hence an increased circulation half-
time.***

The work of Lockman et al. demonstrated that high con-
centrations of negatively charged NPs and both high and low
concentration of positively charged NPs affected BBB integrity,
while neutral NPs had no acute effect.**® In addition, the
researchers showed that neutral NPs and low concentrations
of anionic NPs can be delivered safely across the BBB. There-
fore, these results indicate that not only the cationic NPs have
the potential to cross the BBB, but the neutral and negatively
charged NPs do so too.

4.1.3. Shape. Several studies have shown that the shape of
nanomaterials affects their in vivo biodistribution and their
interaction with cell membranes.***?*> Especially NPs with
higher aspect ratios have been shown to interact more with the
endothelium.’*®**” Tllustratively, Nowak et al. used a 3D
human BBB microfluidic model to investigate the impact of
NP physical parameters on their BBB penetration. The results
indicated that the trans-endothelial transport rate of rod-
shaped polystyrene NPs across the BBB was higher compared
to that of spherical NPs.**®

On the other hand, there are studies showing that spherical
NPs exhibit higher permeation across the brain endothelium
than their rod- or star-shaped counterparts. Liu et al. investi-
gated the permeabilization of TiO, NPs across an in vitro as well
as an in vivo BBB model, and their findings suggest that
spherical TiO, NPs have higher BBB permeabilization efficiency
than rod-shaped particles with similar size.**® In addition,
Enea et al. showed that spherical Au NPs internalized more
efficiently in BBB endothelial model cells than their counter-
part star-shaped NPs.>>°

The discrepancies between the above-mentioned studies
regarding the shape effect on BBB permeation can be attributed
to variation of other parameters influencing BBB crossing, such
as the NP material, BBB model and experimental method used
for the validation of BBB permeation. For example, other
parameters play a role in vivo, such as the sequestration of
NPs by macrophages, on the biodistribution and BBB permea-
tion efficiency of NPs. Several studies have shown that NPs with
a higher aspect ratio are phagocytosed less efficiently by
macrophages, which should be taken into consideration when
engineering NPs for BBB targeting through
delivery.>>"3>2

systemic

4.2. Targeted delivery strategies

In the last decade, a plethora of research has been conducted
on surface functionalization of NPs with moieties that target
components present on the BBB or on chemotaxis exploitation
of biological vehicles for enhancing NP passage across the BBB.
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In this section we give an overview of the most studied
strategies for targeted delivery of NPs (Fig. 16). In most of the
studies, the BBB targeting strategy followed is the surface
modification of NPs using a targeting ligand (Fig. 16D). In this
section we are discussing the main receptors/transporters on
the BBB that have been exploited as targets of ligand-
functionalized NPs.

4.2.1. Receptor-mediated transcytosis. Receptor-mediated
transcytosis is the most extensively studied route for NP-
mediated brain targeted delivery. Some of the BBB receptors
that have been investigated for delivering therapeutics across
the BBB are the low-density lipoprotein receptor (LDLR), trans-
ferrin receptor (TfR), insulin receptor, epidermal growth factor
receptor (EGFR) and nicotine acetylcholine receptor (nAchR).

4.2.1.1. Low-density lipoprotein receptor (LDLR). LDLR is a
transmembrane receptor involved in lipid metabolism and is
found in different organs such as the liver, the adrenal cortex,
the ovarian corpus luteum and cell structures like neurons and
glial cells. The main ligands for LDLR are apolipoproteins in
the blood such as apolipoprotein A-I and/or E (ApoE). LDLR has
often been used for targeting BBB crossing by NPs.***°! It has
been shown that the use of surfactants, such as polysorbate 80
and poloxamer 188, enables the adsorption of apolipoproteins
from the blood on the NP surface.*****° After the adsorption of
apolipoproteins on the NP surface, LDL receptor-mediated
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transcytosis through the BBB becomes possible. Similarly, in
a study by Voigt et al., efficient BBB passage was achieved when
PBCA-NPs were fabricated with non-ionic surfactants (Tween80,
LutensolAT80, Tween20, Brij35) or cationic stabilizers (such as
DEAEdextran), but not when anionic compounds were added
(SDS).**” Thus, non-anionic surfactants allow the adsorption of
Apo-E from blood, which leads to an efficient BBB passage
through the LDL receptor-mediated transcytosis. Additionally,
the successful BBB passage of the cationic DEAEdextran NPs
suggests that adsorption mediated transcytosis may also play a
role. A study by Piazzini et al. further confirms the advantages
of surfactant usage for BBB crossing. Sterically stabilized lipo-
somes with Tween 80 alone or in combination with didecyldi-
methylammonium bromide (DDAB) increased the permeability
of andrographolide (AG) across hCMEC/D3 monolayer cells.
Their results suggest that caveolae-mediated endocytosis is the
main mechanism involved in NP uptake.’** Exploiting the
beneficial BBB crossing effect of surfactants, Dal Margo et al.
proposed a translational NP targeting strategy by using lipid
NPs with polysorbate 80 as a surfactant and incubating with
recombinant human ApoE4.>®* The ApoE4 decorated NPs
showed a 3-fold increased brain accumulation in BALB/c mice,
compared to the non-decorated NPs (Fig. 17).

In addition to (indirect) absorption of apolipoproteins on
the NP surface, ApoE can be directly coated on the NP surface.
For example, Wei et al. used a short ApoE peptide, which is less
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immunogenic, easy to synthesize and amenable to chemical
modifications than the large apolipoprotein E, to decorate
polymersomes for glioma immunotherapy.’®* They used a
combination treatment of ApoE-decorated polymersomes
loaded with granzyme B, a serine protease granzyme mostly
found in natural killer cells and cytotoxic T-cells, or loaded with
immunoadjuvants like CpG oligonucleotide (CpG). This combi-
nation treatment induced significantly more immunogenic cell
death compared with free GrB and non-decorated polymer-
somes. Additionally, Neves et al. functionalized solid lipid
nanoparticles with ApoE to assess the advantage of
functionalization.*®® Their results showed an increased trans-
cytosis of ApoE modified NPs through an in vitro BBB model
compared to non-modified NPs; which could be attributed to
the interaction between the ApoE ligand and overexpressed
LDL receptors in the BBB.

4.2.1.2. Transferrin receptor (ITfR). The iron-transport protein
transferrin (Tf) is a glycoprotein abundant in plasma, which,
upon binding to the transferrin receptor, shuttles iron between
cells. Iron binding to transferrin serves three main purposes: (i)
it maintains Fe** in a soluble form under physiologic condi-
tions, (ii) it facilitates iron transport and cellular uptake, and
(iii) it maintains Fe®" in a redox-inert state, preventing the
generation of toxic free radicals.**® Two different TfRs have
been recognized, TfR1 and TfR2. In the brain, iron deficiency
leads to increased translocation of TfR1 to the membrane of
microvascular endothelial cells. As TfR is overexpressed at the
BBB in diseases such as Alzheimer’s disease (AD) and Parkin-
son’s disease (PS) and in brain tumors such as glioblastoma
(GBM), TfR-targeted brain drug delivery systems have been
extensively explored the recent years.*®” 372

The advantage of using Tf-decorated NPs to target GBM was
exploited by Lam et al., who showed that Tf-decorated lipo-
somes co-loaded with temozolomide and bromodomain inhi-
bitor JQ1 resulted in a significantly prolonged survival of

This journal is © The Royal Society of Chemistry 2023

U87MG and GL261 glioma mouse models.*”? Similarly, Sun
et al. showed that the decoration of PTX loaded PEG-PLA
micelles with the TfR-T12 peptide presented a prolonged med-
ian survival of nude mice bearing glioma.*”*

An important parameter that should be taken into consid-
eration for successful translocation of Tf-NPs from the endothe-
lium into the brain parenchyma is the avidity of Tf-decorated
NPs for TfR. In their study, Wiley et al. investigated how NP
avidity affects their permeation across the BBB into the brain
parenchyma.?”> As the avidity of NPs for TfR increases with
respect to NP size and Tf content, their study showed that NPs
with high binding avidity to TfR resulted in an increased
association of the NPs with the brain endothelial cells and thus
lower accumulation in the brain parenchyma. NPs with less
avidity showed an increased accumulation in the brain par-
enchyma, which could be attributed to the transcytosis path-
way. Continuing this work, a solution for boosting the
transcytosis of Tf-NPs across the BBB was proposed by synthe-
sizing 80 nm Au NPs with an acid-cleavable linkage between Tf
and NP core.*”® This system exploits the drop in pH during NP
transcytosis, so that after the NPs reach the brain, they are free
from TfR and can be released into the brain parenchyma.

A second parameter that should be optimized is the density
of the TfR antibody on the surface of NPs. A higher density of
the TfR antibody has been proven to be more efficient for
transmigration of NPs across the BBB, which indicates that
there is a lower density limit for successful targeting. However,
a higher density comes with the consequence of off-targeted
accumulation in the lungs and spleen.’”’

4.2.1.3. Insulin receptor. Insulin receptors (IRs) are highly
expressed on the BBB endothelial cells and transport insulin to
the brain from the blood through receptor-mediated
transcytosis.’”® These receptors can be exploited for the active
targeting of the brain using surface functionalized NPs with
anti-insulin receptor antibodies. In their study, Ulbrich et al.
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surface functionalized human serum albumin (HSA) NPs with
insulin or an anti-insulin receptor antibody (29B4), with the
goal to transfer the drug loperamide into the brain.*”® They
tested the antinociceptive effect of the drug through a tail flick
test in an ICR (CD-1) mouse model and showed that both
insulin and 29B4 surface coated NPs resulted in higher anti-
nociceptive effects compared with the drug alone, while a pre-
injection with 29B4 antibody before NP administration inhib-
ited the antinociceptive effects, attributed to saturation of the
IRs from the plain antibodies. Furthermore, Kuo et al. devel-
oped carmustine (BCNU) loaded SLNs grafted with an 83-14
MAD for targeting BBB IRs, which resulted in an improved
permeability across an in vitro BBB model.**® Similarly, the
study of Shilo et al. showed a 5 times greater accumulation of
Au NPs in the brain of BALB/c mice when NPs are surface
functionalized with insulin compared to non-functionalized
Nps.**!

4.2.1.4. Nicotinic acetylcholine receptor (nAchR). Nicotinic
acetylcholine receptors (nAchRs) are receptors for the acetyl-
choline neurotransmitter and can be found in the peripheral
and central nervous system. nAchRs are also expressed on the
BBB and BBB permeability can be increased by nicotine
treatment.*®? With this in mind, Huey et al. conjugated doxo-
rubicin (DOX) loaded PLGA NPs with a 39 amino acid rabies-
virus derived peptide (RDP), possessing nAchR binding
capability.*®® Their study showed doubled cytotoxicity of RDP-
DOX NPs in vitro, on SH-SY5Y neural cells, compared to non-
decorated DOX-NPs, while nAChR was proven to be essential
for RDP uptake. In another study by Hua et al., RVG was used as
well, with a 29-amino-acid sequence for an active brain-
targeting NP delivery.*®* They developed docetaxel (DTX)
loaded RVG29-PEG-PLGA NPs as an anti-glioma targeted ther-
apy and investigated NP biodistribution as well as the anti-
glioma effect on a rat glioma model. The results showed that
the RVG29 decorated NPs reached the brain with a 2.1 higher
concentration than the non-decorated NPs, while the group
treated with the RVG decorated NPs had the highest medium
survival time.

In a later study, Park et al. exploited the RVG brain targeting
system for delivery of siRNA for the treatment of Alzheimer’s

Low
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disease.?®” siRNA was loaded in poly(mannitol-co-PEI) NP com-
plexes (R-PEG-PMT), showing an increased brain uptake for R-
PEG-PMT in vivo, while a significant decrease in the expression
level of GAPDH mRNA in the brain was noted. Furthermore, R-
PEG-PMT/siBACE1 complexes showed significant downregula-
tion of BACE1 in both cortex and hippocampus, whereas PEI, R-
PEG-PEI and PEG-PMT/siBACE1 only showed significant down-
regulation in the cortex.

Another promising group of peptides with high binding
affinity to the nAChR are snake neurotoxins. CDX is a peptide
sequence isolated from candoxin, a snake venom, and was
investigated by Sepasi et al. for its brain delivery potential.**
CDX-modified chitosan NPs for gene delivery into the brain
indeed showed efficient entering of the brain parenchyma.
Furthermore, by using PCDX surface decoration, which is
resistant to proteolytic degradation, the integrity of NPs can
be maintained. This was shown for CDX-decorated nanolipo-
somes, which were able to not only target the brain, but also
reach the brain in an intact form (Fig. 18).

4.2.2. Transporter-mediated transcytosis. As transporter-
mediated transcytosis is a major mechanism for nutrient
transport across the BBB, these transporters also have potential
for facilitating the transport of nanoformulations across the
BBB. The 2 most studied transporters are the glucose and
choline transporters.*®”

4.2.2.1. Glucose transporter (GLUT1). The GLUT1 transporter
is a sodium-independent transporter which facilitates the
transportation of glucose across the BBB and is highly
expressed on the microvascular endothelial cells of the BBB,
facilitating BBB transport of glucose-modified NPs.***%° Using
this as a BBB target, Anraku et al. developed 30 nm polymeric
micelles decorated with multiple glucose molecules with a
density of 10%, 25% and 50% glucose.*** The glucose mole-
cules were linked onto the micelles via an ether linkage at the
C3 or C6 position of glucose. 25% of glycosylated micelles with
the glucose linked at the C6 position accumulated significantly
in the brain of mice. However, these results were only obtained
for mice that had been fasting for 1 day and after administra-
tion of a 20% glucose solution 30 minutes post NP administra-
tion, in order to have an elevated blood glucose concentration.
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Fig. 18 The ex vivo imaging of liposomes (A) and disks (B) in the brains of nude mice bearing an intracranial glioma 15 days post-implantation. The
excitation wavelength was 488 nm and the emission filter was 680 nm. C + R, CDX + RGD. Reproduced from ref. 386 (CC BY 4.0).
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GLUT1 was also exploited by Zhou et al., to deliver BACE1
siRNA polymeric nanocomplexes into the brain, for the treat-
ment of Alzheimer’s disease.*> p-Galactose modified Cy5-
siRNA nanocomplexes were synthesized, which demonstrated
a 5.8-fold higher accumulation in the brain of mice and led to
restoration of the cognitive performance of AD mice. Again,
advantage was taken of GLUT1 recycling by treating the mice
after 1 day of fasting and 30 min after 20 wt% injection of
glucose solution.

4.2.2.2. Choline transporter (ChT). Similar to GLUT1 exploiting
strategies, Wang et al. developed anti-PDL1 polymeric nanocap-
sules (PEGMA) with a choline analogue, 2-methacryloyloxyethyl
phosphorylcholine (MPC), for an effective immunotherapy of
glioma. Glioma bearing mice treated with the MPC-anti-PDL1-
PEGMA nanocapsules presented a prolonged survival compared
to the ones treated with anti-PDL1 alone or anti-PDL1-PEGMA
nanocapsules without MPC.*** In another study by Wu et al,
MPC was also used for surface decoration of polymeric nanocap-
sules, successfully delivering protein therapeutics to the brain of
mice and non-human primates.®**

4.2.2.3. Cell-penetrating peptides (CPPs). Cell-penetrating
peptides (CPPs) are a group of naturally derived peptides that have
been identified with the capability of efficiently crossing cell
membranes. They can be classified into three groups: cationic,
amphipathic and hydrophobic CPPs.>*® Well-studied CPPs include
polyarginine, HIV-1 trans-activator of transcription peptide (TAT),
penetratin and mastoparan.®*® The BBB crossing capability of CPPs
has not been studied in depth yet, but was explored by Kanazawa
et al., who developed MPEG-PCL nanocarriers decorated with TAT.
Using intranasal delivery, TAT decorated nanocarriers showed
increased brain accumulation compared to naked ones.**” How-
ever, as CPPs can cross various cell membranes, off-target uptake
by other organs occurs as well.**®

4.2.2.4. Considerations on the targeted ligand strategy. It is
rather difficult to make solid conclusions about the most
efficient targeting ligand for brain NP delivery, as the methods
that have been used in the different studies to prove NP
targeting efficiency are not comparable. There are very few
studies that mention the dose of the encapsulated cargo that
reached the brain related to the initial administered dose, while
a lot of studies prove their point with qualitative methods such
as optical imaging, microscopy or other indirect methods, such
as intensity of an encapsulated dye or therapeutic outcome. In
the majority of the surface engineering strategy though, NPs are
functionalized with a ligand that targets LDL receptors, while in
a lot of cases ligands that are related to a specific disease are
aimed to be targeted (Table 4). It is worth mentioning that it
would be extremely valuable to the field that scientists investi-
gating NP targeting would give quantitative results of the dose
that reached the targeted tissue related to the initial
administered dose.

4.2.3. Bio-inspired strategies

4.2.3.1. Extracellular vesicles (EVs). Extracellular vesicles
(EVs) are small membrane particles produced by cells, loaded

This journal is © The Royal Society of Chemistry 2023
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with genetic material, lipids and proteins for intercellular
communication.’*® EVs are divided into two main groups: (i)
EVs formed from the cell’s plasma membrane with average
sizes of 100-1000 nm, known as microvesicles, ectosomes, or
microparticles, and (ii) exosomes, which are smaller than
150 nm and are generated inside multivesicular endosomes
or multivesicular bodies.**® Given their natural property to
deliver messages between cells and cross the BBB, they have
been exploited as delivery vehicles to deliver therapeutics to the
brain.’*® For example, Tsivion-Visbord et al. used EVs derived
from mesenchymal stem cells (MSCs-EVs), which can home
towards sites of injury, in order to improve schizophrenia-like
behaviors in a schizophrenia mouse model."® Alternatively,
Tang et al. used neuron-2a cell isolated exosomes loaded with
neferine, a compound known for mitigating anxiety, and
reported improved motor function and a reduced level of B-
amyloid (AB) in the brain of an Alzheimer’s disease mouse
model.*** Additionally, they found that only exosomes encap-
sulated with compounds of molecular weight lower than 1109
Da are able to cross the BBB, which is an important finding for
future use of exosomes as a brain delivery vehicle.

4.2.3.2. Cell membrane coating. Biomimetic nanomaterials,
including cell membranes, have gained considerable attention
as delivery vehicles due to their excellent capability of escaping
immune recognition. Functionalization of cell membranes with
BBB targeting moieties can facilitate passage across the BBB.
For example, Duan et al. exploited the homotypic targeting
capabilities of brain cancer cell membranes for targeting brain
tumors for imaging purposes, and used them as a shell for
polymeric NPs, loaded with superparamagnetic iron oxide NPs
(SP10s).*** Additionally, they engineered these cell membranes
with cRGD, an endothelial integrin receptor targeting peptide,
which is overexpressed in the tumor vasculature, to enhance
their targeting efficiency towards glioma. Similarly, Liu et al.
engineered red blood cell membrane (RBCm) nanovehicles
loaded with anti-glioma therapeutic siRNA.*** The nanovehi-
cles were further decorated with Angiopep-2, resulting in super-
ior anti-tumor efficacy in GBM bearing mice.

Apart from membrane functionalization, fusion of cell
membranes to obtain a delivery vehicle with desired properties
is a promising alternative strategy. For example, Hao et al.
prepared hybrid membrane-coated nanosuspensions using the
membranes of glioma cancer cells and dendritic cells and
loaded them with docetaxel."® The exploitation of antigen
presentation on the membrane of dendritic cells and the
homotypic-targeting mechanism of glioma cells resulted in a
delivery system exhibiting the synergistic effects of chemother-
apy and immunotherapy, resulting in an enhanced anticancer
effect.

4.2.3.3. Cell-mediated delivery. Cells as a whole have also
been used for delivery purposes, with immune cells, such as
monocytes, macrophages, dendritic cells, lymphocytes, neutro-
phils and stem cells, exhibiting both homing properties to
sites of injury, inflammation or cancer and BBB crossing
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capabilities. Immune cells have the capability of crossing the
BBB in response to cytokines produced in neuroinflammation
or cancer, via changing their shape through a process called
diapedesis.*®® NPs can be attached on the cell membrane with
covalent or ligand-receptor coupling, the so-called cell-NP
hitchhiking system, or be internalized inside the cell cyto-
plasm, the so called “Trojan Horse method’.**® Ayer M. et al.
exploited the migration capability of activated CD4+ T-cells
across the BBB and used them for delivering NPs conjugated
to the membranes of these cells for enhancing their brain
targeting.*®” Alternatively, Tong H. et al. used SPIO internalized
bone marrow derived monocytes to target the inflamed brain of
mice."*® Transiently disrupting the BBB using mannitol, bra-
dykinin and serotonin further increased the transmigration
efficiency of monocytes into the inflamed brain tissues (1.3-
1.8-fold increase). In addition, Wu M. et al. exploited the
chemotactic ability of neutrophils to inflamed tissues and used
them as Trojan horses of doxorubicin loaded core-shell mag-
netic mesoporous silica nanoparticles to increase NP delivery
into an incomplete resected U87 glioma model that mimics
postsurgical glioma. This strategy enabled MRI diagnosis of the
residual tumor as well as an improved survival rate and delayed
glioma relapse.*”

Besides its potential, engineering of live cells ex vivo also has
limitations, such as the risk of mitigating cell transmigration
abilities, reduced cell viability and fast degradation of the
cargos before reaching their target, high cost and insufficient
quantities of harvested cells.*'>*"" An emerging strategy is the
in vivo hitchhiking of immune cells with NPs which give them
an ‘eat me’ signal in order to exploit their migratory abilities to
the diseased tissue. For example, Li M. et al. cloaked cisplatin
loaded NPs with bacteria-secreted outer membrane vesicles so
as to be recognized by neutrophils upon intravenous adminis-
tration and internalized by them. Following NP internalization,
neutrophils targeted residual s.c. microtumors after photother-
mal therapy, released their cargo and eradicated the residual
tumors.”"" In another example, Gao C. et al. intravenously
injected bacteria-mimetic gold NPs in a melanoma mouse
model, which were internalized by immune cells in circulation
and converted to gold aggregates with a photothermal effect
inside the cell cytoplasm. Next, the intracellular gold nano-
aggregates were transferred to melanoma tissue via inflamma-
tory tropism and showed highly effective antitumor PTT/immu-
notherapy.*'> These strategies show great potential for NP
targeted delivery and still need to be explored for their potential
to cross the BBB.

4.3. Combination strategies

4.3.1. Focused ultrasound with microbubbles. Focused
ultrasound (FUS) coupled with IV administration of microbub-
bles is a non-invasive method for localized opening of the BBB.
The mechanism of action of the localized opening of the BBB is
based on the oscillation of the circulating microbubbles at the
preferred location, due to their FUS exposure. This oscillation
causes mechanical effects on the blood vessel walls, opening

them temporarily without tissue damage.*’®> Combination of
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nano-based delivery systems with FUS using microbubbles
is therefore a promising strategy to overcome the BBB
impediment. Bérard et al. developed perfluorooctyl bromide
(PFOB) nanodroplets loaded with a hydrophobic molecule of
interest (dye or drug) and administered them in healthy
mice, combined with FUS-mediated BBB disruption using
microbubbles.*** Their results showed BBB permeabilization
and delivery of nanodroplets to the FUS exposed hemisphere
only (Fig. 19). Similarly, Moon et al. showed that sonosensitive
liposomes, loaded with doxorubicin, combined with FUS using
microbubbles showed an increased accumulation at the tumor
site of a murine GBM model.*"

Apart from co-administration of NPs with microbubbles,
several studies have shown more sufficient BBB crossing when
NPs are linked to the microbubbles. For example, Burke et al.
demonstrated that 5-fluorouracil (5FU) loaded PLGA NPs,
covalently linked to microbubbles with FUS activation, signifi-
cantly increased NP delivery to C6 glioma subcutaneous tumors
compared to PLGA NPs alone or PLGA NPs co-administrated
with microbubbles.*'® Similarly, Aslund et al. showed that
poly(butyl cyanoacrylate) (PBCA) NPs used together with casein
could be self-assembled into microbubbles (NPMBs).*'” Appli-
cation of FUS after intravenous administration of the NPMBs
resulted in a reversible BBB disruption allowing NP delivery
across the BBB.

4.3.2. Magnetic targeting. A final strategy to overcome the
BBB and increase brain drug delivery is by the use of external
magnetic forces and magnetic nanoparticles. Iron oxide NPs
have been extensively investigated as magnetic carriers, due to
their intrinsic magnetic properties as well as their biocompat-
ibility. Below a critical size (~30 nm) iron oxide nanoparticles
exhibit superparamagnetic properties, meaning that their mag-
netization appears to be zero, on average, at physiological
temperatures, while being easily magnetized by an external
magnetic field. This trait makes them ideal candidates for
magnetic targeting, magnetic hyperthermia treatment, mag-
netic resonance imaging (MRI) and magnetic particle imaging
(MPI).*'® For example, Huang et al. used Tween-80-SPIOs or
PEI/PEG-SPIOs to target the brain of rats using an external
magnetic field."'” The presence of iron in the frontal cortex of
the rats increased the BBB permeability of Tween-SPIOs com-
bined with magnetic targeting, while the magnetic force could
not increase the BBB permeability of PEI/PEG-SPIOs, indicating
that both Tween 80 and the external magnetic field play a role
in BBB permeability. Similarly, Kong et al. administered iron
oxide loaded polystyrene NPs in mice and observed that after a
one-hour long application of an external magnetic field on the
skull of mice, a 25-fold increase in the brain retention of the
NPs was achieved.**°

4.4. Considerations for BBB delivery

Apart from the commonly chosen intravenous administration
route for brain delivery of NPs, other routes of administration
have been investigated. Nose-to-brain delivery is considered a
non-invasive way to bypass the BBB, by delivering therapeutics
directly from the nasal cavity, via the olfactory and trigeminal
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Fig. 19 In vivo intracerebral accumulation of nanodroplets after BBB disruption. (a) Evans blue coloration in the sonicated hemisphere after FUS
exposure to 0.33 MPa acoustic pressure. (b) Fluorescence microscopy imaging of coronal brain slices after retro-orbital i.v. administration with STE (pale
blue-purple) and hemisphere FUS procedure application. (c) Fluorescence-activated cell-sorting analysis of DiD positive cells in sonicated and non-
sonicated (control) brain hemispheres after retro-orbital i.v. administration with STE and hemisphere FUS procedure application (n = 3 areas for each
hemisphere, *p < 0.05, student’s t-test). Adapted from ref. 414 (CC BY 4.0).

neural pathways, to the central nervous system. Comparing the intravenous administration, studies have showed an increased
delivery of dendrimers to the brain after intranasal or brain accumulation after intranasal administration (Fig. 20).***
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Fig. 20 PAMAM NPs with labeled with cy7 and complexed with the Td tomato plasmid were delivered IN or IV. The mice were sacrificed 72 h post
administration. (A) Ex vivo images of the explanted organs. (B and C) Histograms representing the level of Cy7 fluorescence (B) and RFP fluorescence (C).
Reproduced from Ref. 421 with permission from Elsevier.
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Furthermore, Wei et al. compared the immunotherapy effects
of (ApoE)-directed polymersomes CpG NPs in LCPN glioma
bearing mice after intravenous or intranasal administration.>*”
Both administration routes showed an effective glioma immu-
notherapy, with the intranasal administered group showing
around 45 days overall survival versus 55 days overall survival
for the intravenous administered group. While promising,
intranasal delivery has some intrinsic drawbacks, as there is a
limited volume and surface area of the olfactory mucosa and
mucociliary clearance resulting in low drug concentrations reach-
ing the brain. In their extensive review, D. Lee and T. Minko give
the details of the pharmacokinetics and physicochemical proper-
ties of NPs that play an important role for an effective nose-to-brain
delivery. We advise the readers to refer to their review for more
details on nose-to-brain NP delivery.***

For NM to cross the BBB, a clear distinction must be made in
the disease state that will be targeted. In neurodegenerative
diseases, the BBB may be affected, but its integrity overall will
not change too much. In invasive tumors such as glioblastoma,
the effects on BBB integrity can be far more outspoken. How-
ever, it is difficult to assess the extent of it in all conditions and
how to relate this to NM delivery efficacy. Preclinical imaging
setups such as dynamic contrast-enhanced MRI or PET imaging
are indispensable tools in this, but these are not available to all
researchers. While various strategies are employed to enhance
NM delivery across the BBB, as for other ‘tissue barriers’, one
unique concept of the BBB is to purposefully break down the
BBB to allow for transfer of blood-borne components to enter
the brain more easily. These transient pores, generated through
ablation or focused ultrasound, serve as a special tool to allow
the researcher or clinician to open up small delivery portals
through the barrier. As such, the excellent filtration capacity of
the BBB becomes less of a direct issue, but more information is
needed on the safety and efficacy of generating these pores.

Other administration routes for brain delivery include deliv-
ery by the lymphatic system, which has been shown to be more
effective than iv administration,””® and oral delivery, which is
often considered the most convenient administration route,
because of the ease of administration and patient compliance.
However oral delivery requires formulations to cross both the
intestinal barrier and the BBB to reach the brain.””® Never-
theless, Kim et al. have reported the accumulation of gold (Au)
NPs in the brain of glioma bearing mice after oral administra-
tion, by surface functionalizing the NPs with lactoferrin, which
is expressed in the GI tract, BBB and GBM.**°

4.5. Translatability

Despite a wealth of promising research in nanomedicine for
targeting the brain and in the use of nanoparticle-mediated
delivery across the BBB, only a limited number of these
discoveries have made it to clinical trials. Most studies focused
on tumor models such as GBM, where, due to the invasive
nature of the tumor, the integrity of the BBB itself may have
been compromised facilitating the delivery of the investigated
nano-therapeutics across the BBB. An initial study (phase I;
NCT00734682) examined the pharmacokinetics of a liposomal
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irinotecan derivative in patients with recurrent, high-grade
gliomas. While the trial stopped in 2014, no follow-up trial
was set up, likely indicating the poor brain delivery. A second
trial (phase II; NCT02340156) studied the efficacy of temozolo-
mide together with p53 ¢cDNA encapsulated in cationic lipo-
somes. This study was, however, terminated due to the low
number of participants that could be enrolled. A first-in-human
trial was concluded in 2022 (NCT03020017) where patients were
given NU-0129, a gold nanoparticle coated with nuclear acids
that target Bcl2L12, where the primary objective was to study
safety and delivery into the brain. The study indicated that most
patients had not suffered any side effects, but a low percentage
did indicate changes in lymphocytes, platelets and vascular
disorders. It remains unclear whether these studies will be
continued and whether the delivery was sufficiently high to
reach therapeutic efficacy. Another ongoing trial was set up
(phase I/II) in 2022, where polysiloxane Gd-chelates based
nanoparticles (AGulX) are tested together with radiotherapy
and concomitant temozolomide in the treatment of newly
diagnosed glioblastoma (NCT04881032). The study will be a
combined dose escalation (phase I) and randomized (phase II)
trial to study the recommended dose and therapeutic efficacy,
next to pharmacokinetic properties. While the number of trials
is low, it is important to notice as well that none of the
formulations mentioned make any modifications to enhance
the delivery of their nanoparticles across the BBB. They rely on
the intrinsic ability of some nanoparticles to cross the BBB,
albeit at low efficacy, while simultaneously expecting some BBB
damage that would help the nanoparticles to cross more
efficiently. It is, therefore, important to note that most strate-
gies described here are preclinical and would need to be tested
in human settings. If they could efficiently promote BBB
transfer, this would have a strong impact on future clinical
trials. Other settings, such as the transient opening of the BBB
using external stimuli, have been more widely researched
(NCT03712293; NCT02474966; NCT03744026; NCT04440358;
NCT04417088; NCT04614493; NCT04417088... a total of 58
studies were found on ClinicalTrials.gov), but have thus far
not been combined with nanotherapies; instead they have been
used in combination with classical chemotherapies. Therefore,
more preclinical studies are needed which are based on patient
derived tissues and cells for precision medicine and to facilitate
the translation of discoveries in the nanomedicine and nano
targeting field into the clinic.

5. Placental barrier

During intrauterine life, the fetus is protected from environ-
mental factors by the mother and the placenta. The latter
functions both as a barrier and a central metabolic organ where
the two main pathways (maternal-fetal and fetal-maternal
transport) enable fetal protection, detoxification, growth and
development. Optimizing treatment and minimizing side
effects through targeted drug delivery are therefore of critical
importance for maternal diseases that co-occur in pregnant
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women, for example cancer, pregnancy-related complications,
for example preeclampsia, or specific fetal diseases. Although
major therapeutic advancements have been implemented, such
as antenatal corticosteroid use for improved fetal outcome and
flecainide  administration for fetal supraventricular
tachycardia,****** true custom-made therapies for mothers
and fetuses are rare. This can, at least in part, be attributed
to the abovementioned presence of the placenta as a biological
barrier. The placental barrier plays a dual role, as it allows and
facilitates transport of nutrients/waste to and from the fetus,
and also protects the fetus by impeding exposure to damaging
substances, making tuned antenatal drug delivery more
complex (Box 4).

In this section, we analyze how nanomaterials have been
employed for crossing the placental barrier and improving
prenatal medicine. The latter can be subdivided into fetal,

Box 4: Placental barrier characteristics

View Article Online

Chem Soc Rev

maternal or placental disorders and each category poses spe-
cific challenges for targeted therapeutics. Fetal therapeutics are
needed for diseases such as fetal tachycardia and genetic
diseases, but also for lung maturation acceleration in case of
expected preterm delivery.**®> The aim of these fetal therapeu-
tics should be to target the fetus by enabling the crossing of the
placental barrier, while avoiding maternal side effects, for
example in the case of pregnancy-related diabetes after antena-
tal corticosteroid therapy.**® For maternal therapeutics, for
example in the case of cancer, the therapeutic agent should
be targeted towards the tumor while the crossing of the
placenta, with potential fetal exposure, should be avoided.
The third category are the placental therapeutics, for example
for pre-eclampsia management, for which only the placenta
should be targeted and side effects in both the fetus and the
mother should be minimized.

The placenta is composed of both maternal, derived from the endometrium, and fetal tissue, derived from the chorionic sac. In between the two regions, the
intervillous space is characterized by the villous structures containing fetal blood vessels. These vessels transport oxygenated blood from the microvilli to the

umbilical vein, while deoxygenated fetal blood is returned from the fetus to the placental microvilli via the umbilical arteries. Nutrients, waste and oxygen are

then interchanged with maternal blood, which flows through the intervillous space.

427 Blood perfusion of the villi and maternal-fetal exchange are not

established until the end of the first trimester and abnormal vascular development has been linked to preeclampsia onset.*>® In humans, fetal and maternal
blood are separated by 3 layers: the syncytiotrophoblast, connective tissue and the vascular endothelium of fetal blood vessels. These 3 layers form the placental

membrane or barrier. Molecules larger than ~ 600 Da do not cross the human placenta, unless through active energy-dependent pathways, as is the case for IgG
antibodies.*****° However, this size exclusion can vary over time as the placenta is a dynamic structure, developing right after blastocyst implantation up to

expulsion right after birth. Multiple changes in the placenta can be noted during pregnancy: (i) the syncytiotrophoblast (STB) develops from a primitive to a
layer with apical-basal polarity (Fig. 21A); (ii) continued regeneration of the STB by differentiation and fusion of cytotrophoblasts (Fig. 21B); (iii) thinning of the

placental barrier, as the cytotrophoblast layer is depleted, from 50-100 pm to 2-4 pm at term; and (iv) changes in placental transporters at the placental
surface.>*>” Of note, important differences in the placental structure exist between species, so interspecies extrapolation has its limits.

5.1. NM design strategies for placental interaction

5.1.1. (Not) crossing the placenta barrier. (Nano)particles
have been shown to cross the placenta, with studies mainly
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Fig. 21 Placental structure during pregnancy. (A) Formation of the primi-
tive syncytiotrophoblast (STB) from GD 7-8 to 8-9. First formation of
lacunae. (B) Well-developed chorionic villus in late pregnancy. Repro-
duced from ref. 2 (CC BY 4.0).
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focusing on fetal toxicity concerns after maternal exposure to,
for example, ambient black carbon particles or multiwalled
carbon nanotubes.****3> Unfortunately, to date, only a limited
number of studies have been reported on crossing the placenta
for fetal therapy purposes, despite the need for better side effect
management as well as improved therapeutic dosage attain-
ment at the fetal site. For instance, promising antenatal drugs,
such as sildenafil, have been shown to have a very low trans-
placental transfer (2.9%) and could benefit from a fetal targeted
nanomedicine approach, allowing transplacental transport.**?
Contrarily, valproic acid, an antiepileptic drug occasionally
given during pregnancy if there are no other effective options,
crosses the placenta but has been associated with detrimental
fetal side effects. Encapsulation of valproic acid in liposomes
significantly reduces fetal exposure compared to free drug
administration.***

Evidently, simply encapsulating drugs in NPs does not
suffice for (avoiding) placental crossing. As with any barrier,
multiple parameters can determine whether nanoparticles can
cross the placental barrier. While sizing of NPs is considered to
play a role, reports vary significantly. For example, small
inorganic nanoparticles, such as titanium dioxide and silver
NPs, show high (toxic) fetal concentrations after maternal
exposure.**>*3¢ On the other hand, polystyrene nanoparticles
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up to 500 nm have been reported to cross the placenta, albeit at
significantly lower concentrations.**” Furthermore, a study by
Huang and colleagues in an in vivo mouse model showed that
20 nm PS NPs showed significantly less placental uptake than
40 nm PS NPs, suggesting a non-linear size exclusion mecha-
nism for placental uptake.**® Small NPs may even be impeded
from undergoing translocation, as was shown for Cu NPs with a
size of 15 nm.**° Likely, the varying effect can, at least partly, be
attributed to differing material compositions. Of note, the lack
of placental translocation does not exclude possible fetal side
effects. Maternal exposure to Cu NPs did lead to strong immuno-
modulatory effects in the offspring.

The non-linear size exclusion implies the involvement of
active transportation of particles. In a study by Grafmueller and
colleagues, it was shown that passive diffusion, through
concentration equilibration, was indeed not the main driver
of placental translocation and, therefore, active transport path-
ways are involved in NP transport.**® Various active transport
pathways have later been described to play a role. Through
selective inhibition of the caveolae-mediated endocytosis path-
ways, barrier crossing in vitro of pullulan acetate (PA) NPs was
reduced by 55%, indicating that active caveolae-mediated
transport has an important role in NP transport (Fig. 22A).
Inhibition of macropinocytosis and clathrin-mediated endocy-
tosis reduced transport as well, but by only. 24.2% and 23.9%
respectively.**' With the role of active transporters in mind,
Jiang and colleagues developed folate-conjugated pullulan
acetate (FPA) NPs, which showed placental translocation
in vitro, by leveraging folate receptor-mediated transport.**>

The role of surface charge is still unclear, but studies have
showed its impact on placental transport, with negatively
charged NPs tending to show better barrier penetration com-
pared to positively charged NPs.*** However, highly negatively
charged nanoparticles, for example through COOH-surface
groups, show less placental translocation.**® Neutrally charged
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NPs, for example NPs coated with PEG, have been shown to
pass in higher quantity compared to negatively charged parti-
cles in ex vivo human placenta models.*** However, the precise
effect of PEGylation on placental crossing remains unclear, as
other reports have suggested impeding of placental transloca-
tion by particle PEGylation.*****

Finally, in a recent study by Tse and colleagues, inspiration
was taken from the maternal-fetal transfer of passive immunity
for their design of IgG-modified chitosan nanoparticles.**® 1gG
antibodies are known to be transported across the placental
barrier through involvement of Fc receptors.**” Based on this,
IgG-NPs were shown to be translocated across the placenta
in vitro (Fig. 22B).

5.1.2. Targeting the placental barrier. Most strategies for
increased placental retention of nanoparticles use antibody/
peptide surface functionalization for increased interaction with
a specific placental target. A popular placental target is chon-
droitin sulfate A (CSA), which is present on syncytiotrophoblast
cells, and which has been shown to be a target of malaria
infected red blood cells. The specific binding regions have been
identified through phage selection as VAR2CSA regions, also
called CSA-binding domains (CSA-BP).**®* By mimicking
malaria infected RBCs, Zhang and colleagues developed CSA-
BP coated NPs which showed specific binding to trophoblast
cells, increasing placental methotrexate (MTX) concentrations
more than 3-fold compared to non-functionalized MTX-NPs.
Furthermore, both renal and hepatic maternal toxicity was
reduced compared to free MTX treatment and no detectable
placental crossing of the NPs was observed.*** Meanwhile, the
potential of CSA-BP guided placental targeting has been under-
lined by successful reports on choriocarcinoma treatment
using CSA-BP modified dendrimers and preeclampsia manage-
ment by siRNA delivery with CSA-BP modified PEG-PLA
NPs.**%%1 An alternative placental targeting strategy is the
use of tumor-homing peptides. As the highly dynamic placenta

B
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(A) Fluorescence intensity of BeWo after uptake of PA-FITC NPs in the presence of the endocytic inhibitor chlorpromazine (CPZ), colchicine

(Col), nystatin (NY) or amiloride (AMR). **p < 0.01. Adapted from ref. 441 with permission from Dove Medical Press Limited. (B) Confocal microscopy
images of BeWo cells and FITC-labelled CNPs or IgG-CNPs (green) with immunostaining for FcRn (red) and counterstaining with DAPI (blue). Co-
localization (yellow; white arrows) of the IgG-CNPs with FcRn was observed. Scale bars = 20 um. Adapted from ref. 456 with permission from the Royal
Society of Chemistry.
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shares physiologic and biochemical similarities to solid
tumors, the placenta could be considered as a well-controlled
tumor and thus, King and colleagues hypothesized that well-
developed tumor targeting nanomedicine strategies could
potentially be used for placental therapies as well.*”> CGKRK
or cyclic iRGD peptide functionalization of liposomes did
indeed show specific homing towards the placenta, accumulat-
ing within the syncytiotrophoblast layer of both mouse and
human placentas, while avoiding fetal exposure. Administra-
tion of IGF-2 loaded iRGD-liposomes improved placental
growth and fetal weight of growth-restricted mice. However,
further evaluation of this targeting strategy is needed to ensure
safety in women with undiagnosed malignancies. Other pep-
tide surface functionalizations include arginine-glycine-
aspartic acid (RGD) peptides, which specifically target highly
expressed integrin avf3 on the placenta, or epidermal growth
factor receptor (EGFR) targeting peptides.*>*>*>*

Besides active targeting strategies, tuning nanoparticle prop-
erties can improve placental targeting, although available stu-
dies are scarce. A study by Ho and colleagues reported positively
charged PEI-PGMA with significant higher retention propor-
tions than plain PGMA particles.*”® Additionally, Swingle and
colleagues recently reported on a systematic study in which
they screened lipid NPs with differing ionizable lipid compo-
nents for both their mRNA loading and their placental
targeting.”>> While lipid NPs have commonly been used for
liver accumulation for, among others, vaccination purposes,
oxygen-containing lipids were found to significantly increase
extrahepatic delivery towards the placenta. In a similar fashion,
systematically varying the molar ratios of C12-200, DOPE,
cholesterol and PEG allowed optimal lipid NP design for
maximizing placental accumulation.**®

5.2. Considerations for antenatal drug delivery

5.2.1. Administration route. Maternal administration for
fetal therapies is evidently the least invasive but also less
effective mode of administration. Placental or fetal targeting
can also be achieved through invasive methods. Invasive pro-
cedures have mainly been used for prenatal diagnostic tests,
such as amniocentesis and chorionic villus sampling, but
principles can be extrapolated for targeted drug delivery as
well.*”” For example, a study by Ellah and colleagues reported
IGF-1 plasmid DNA loaded polymeric NPs with effective and
trophoblast specific transgene expression after direct murine
placental injection.**®

Fetal targeting can be invasively enhanced, for example by
intra-amniotic administration of PAMAM dendrimer-based
therapeutics.*>® Alternatively, administration via the umbilical
vein was recently reported in clinical settings for enzyme-
replacement therapy for infantile-onset Pompe’s disease.’®
However, it should be noted that more invasive procedures
pose risks to the unborn child and mother; however recent
studies indicate that risk mitigation might be feasible.®'¢>

5.2.2. Research gaps. Nanomedicine has only recently
infiltrated the field of antenatal medicine and research gaps
are to be expected. Despite the promising research described

This journal is © The Royal Society of Chemistry 2023
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above and the conceptual potential of nanomedicine to address
current shortcomings in prenatal medicine, the current limited
knowledge of the influence of NP characteristics on placental
barrier crossing and its associated mechanisms is the cause for
concern. Thorough methodological experimental designs are
needed to better understand NP-placenta interactions. For this,
placenta-on-chip tools could be of assistance, as they provide a
dynamic model considering placental differentiation over time,
as well as shear stress induced by maternal blood flow."®®
Validation of transport studies with the already well-
integrated ex vivo human placenta models is therefore essen-
tial. Additionally, only a few studies have looked at NP biodis-
tribution at different gestational ages, as ex vivo human
placentas are usually late gestational ones.*®*

5.2.3. Translatability. As the placenta is different at the
histological level and functional level in many of the common
lab species (mouse, rat, sheep, etc.) compared to humans, the
extrapolation of data from animal studies is challenging.*®®

Furthermore, clinical applications of therapeutics during
pregnancy are subjected to significant constraints which make
translationability cumbersome. Ethical considerations regard-
ing fetal therapies need to balance harm and benefits for both
mother and child and may change depending on the gesta-
tional age.**® These considerations further impact clinical trial
designs, where exclusion of pregnant women has been com-
mon practice. Illustratively, only 5% of available medicines
have been tested and labeled for use in pregnancy.*®” Given
the proven differences of changing drug pharmacokinetics
during pregnancy, translationability and clinical use of new
drugs and advanced drug delivery technologies for pregnancy-
related complications remain a gray area.*®®

6. Conclusions and final remarks

The biological barriers described in this review portrait a
unique challenge, where each individual barrier requires tai-
lormade engineering of nanomaterials to modulate their trans-
location. While we provide an overview of key parameters, and
their respective effect on barrier penetration, a general lack of
systematic studies impedes in-depth analysis of the relative
contribution of these different parameters to (un)successful
barrier crossing and subsequent interactions with the target
cells. We reckon that future studies should include homoge-
neous standardization, for example, in the case of mucus
penetration by including multiple particle tracking analysis,
offering interstudy comparable parameters for penetration
probability. Such standardized systematic studies may not only
allow better translational research, but they will also aid in our
fundamental understanding of the bio-nano interface and the
in vivo fate of these nanoformulations.*®® While this review has
mainly focused on 4 special, yet highly relevant, cases of organ
barriers, the insights on nanoformulation engineering are
transferable to other physical barriers, albeit with a significant
required effort on specific barrier customization.
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Upcoming technologies that may aid in the execution of
these standardized studies include precision-cut-tissue slices
and organ-on-chip technologies, providing a tool wherein,
similar to in vitro studies, barrier penetration studies are
possible but in a more closely in vivo mimicking
environment.*’® Additionally, mathematical modelling tools
can aid in screening relevant nanoparticles and calculating
their barrier crossing probability.””* "

Despite the knowledge gap on fundamental bio-nano inter-
actions, advanced strategies have been discussed in this review
showing potential to efficiently transport the cargo across the
barriers. For systemic barriers, such as the blood-brain barrier
and placental barrier, initial reports on, for example, cell-based
nanoformulations show a very promising outlook and are
expected to drastically improve biodistribution control and
barrier translocation efficiency.””**”> On the other hand, for
mucus-based barriers, intelligent or switchable nanoparticles
are expected to drive formulation efficiency, not only in terms of
mucus penetration, but also for subsequent target cell interactions.
These intelligent nanoparticles can be redox-responsive, pH-
responsive or ROS-triggered and, subsequently, may change their
size, charge or shape accordingly.”””*’**”” Other NP types, such as
Janus NPs, may serve as hyper-engineered platforms, leveraging the
strengths of different crossing strategies or allow dual-drug treat-
ment with simultaneous delivery in multifunctional NPs.*”%7
While simplicity in formulation has often been regarded as having
the greatest translatability from preclinical studies to human
clinical trials, these recently suggested engineered formulations
may hold the greatest promise for effectively penetrating the
barriers of organs.

In conclusion, the current review has demonstrated that
ample efforts have been made to improve the transport of
engineered NPs across biological barriers. While the efficacy
of nanomedicine strategies has remained, generally, rather low,
the introduction of more advanced engineered nanomaterials
is expected to be the foundation for future clinical success.
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