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The application of nanotechnology, molecular biotechnologies, and nano-sciences for medical purposes has been termed
nanomedicine, a promising growing area of medical research. The aim of this paper is to provide an overview of and
discuss nanotechnology applications in the early epochs of life, from transplacental transfer to neonatal/pediatric
conditions. Diagnostic and therapeutic applications, mainly related to the respiratory tract, the neurosensory system, and
infections, are explored and discussed. Preclinical studies show promising results for a variety of conditions, including for
the treatment of pregnancy complications and fetal, neonatal, and pediatric diseases. However, given the complexity of
the functions and interactions between the placenta and the fetus, and the complex and incompletely understood
determinants of tissue growth and differentiation during early life, there is a need for much more data to confirm the safety
and efficacy of nanotechnology in this field.

Keywords: nanotechnology ; nanomedicine ; child health ; nanodrug delivery ; fetus ; newborn

| 1. Introduction

Research activities aimed at exploring the human applications of nanotechnology, nanomaterials, and nanomechanics are
becoming increasingly performed.

The application of nanotechnology, molecular biotechnologies, and nano-sciences for medical purposes has been termed
nanomedicine, a multi-disciplinary branch of medicine for diagnosis (nano-diagnostics), controlled drug delivery (hano-
therapeutics), monitoring biological parameters and biomarkers, and, more recently, theranostics, a novel approach which
contains in the same system both the diagnosis/imaging agent and therapy. Nanomedicine is a growing area of medical
research. To confirm this trend, 6696 articles were extracted from PubMed/MEDLINE that were published in the period
from 2003 to 2019 [,

In a previous paper, we discussed novel applications of nanotechnology in medicine and bone tissue engineering,
exploring typical applications of these emerging technologies 2.

The diagnostic and therapeutic applications of nanotechnology in the early epochs of life are becoming increasingly
reported. Diagnostic and therapeutic applications have been proposed, and conditions mainly related to the respiratory
tract, the neurosensory system (including the eye), and infections have been studied.

The aim of this narrative review is to provide an overview of and discuss typical applications in the early epochs of life in
order to explore the potential of nanoparticles (NPs), starting from transplacental transfer and extending to the diagnosis
or treatment of pediatric diseases 2.

| 2. Transplacental Drug Delivery System

The placenta is a fetomaternal organ consisting of two components: the fetal placenta, which develops from the same
blastocyst that forms the fetus, and the maternal placenta, which develops from the maternal uterus. The placenta is an
important metabolic organ that acts as a lung, liver, and kidney for the fetus; it regulates the passage of several metabolic
products between the maternal and fetal bloodstreams (Eigure 1). Minimizing the exposure of the fetus to drugs and
reducing adverse effects in the mother are the main challenges faced by researchers in this field.
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Figure 1. Schematic view of the placenta. Source: Anatomy & Physiology;Connexions Web site.
http://cnx.org/content/col11496/1.6/, Jun 19, 2013.

Nanoparticles cross the placental barrier by paracellular passage (particles under 25 nm) and transcellular passage,
which is an active process requiring multiple steps 4. The transportation of nanoparticles through the placenta depends
on the physico-chemical characteristics of these substances (e.g., size, shape, charge, and degree of hydrophilicity) as
well as the conjugation with other particles to maintain drugs in the maternal bloodstream (i.e., polyethylene glycol and
placental chondroitin sulfate A binding protein) or allow transplacental passage “El. The ultimate goals of nanoparticle
administration during pregnancy are of paramount importance for clinicians and include the treatment of pregnhancy
complications, the prevention of preterm birth and related complications, and the promotion of fetal growth and wellbeing.
These factors have an impact even on adult health.

Surface-functionalized nanoparticles are candidates for the therapy of pregnancy complications as they could help
prevent fetal transfer of specific substances and may enhance placental-specific drug delivery Bl. For example, prevention
of premature birth, ectopic pregnancies, and fetal growth restriction have been studied in animal and in vitro models.
However, human applications are still unexplored due to reasons including the risk of acute immune reactions (i.e.,
anaphylaxis); moreover, placenta is a species-specific mammalian organ and therefore observations from animal models
cannot be automatically translated to humans.

Another tool for the treatment of pregnancy complications and fetal conditions are short interfering ribonucleic acids
(siRNAs). These compounds may induce the silencing of a target gene through a protein complex and have high
specificity for pathogenic targets. Some authors found that siRNAs loaded into liposome complexes were internalized by
the placenta without being transferred to the fetus, enabling the possibility to selectively treat placental disorders &, Other
authors developed and tested, in an animal model, a novel siRNA delivery system consisting of a lipid nanoparticle that
protects the mRNA from clearance, allowing its distribution to the liver for the treatment of a severe inherited metabolic
disorder: ornithine transcarbamylase deficiency €.

| 3. Nervous System

Nanoparticles are currently being studied as drug carriers to cross the blood-brain barrier (BBB) for the therapy of several
central nervous system diseases, as nanoscaffolds for axonal regeneration, tools for neurological interventions, and brain
diagnostics. The main obstacle drugs have to face to reach their molecular targets in the central nervous system is the
blood-brain barrier, as shown in Eigure 2.
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Figure 2. Structure of the blood-brain barrier. Source: Fontana 2013. Reproduced with permission of Josef Fontana.



The BBB is a highly selective barrier that separates circulating blood from the brain and prevents free diffusion of
circulating substances from the blood into the brain. Intrauterine inflammation has been associated with preterm birth and
also with a variety of neurobehavioral disorders, ranging from cognitive and learning disabilities to motor dysfunction
disorders such as cerebral palsy. In a mouse model of intrauterine inflammation, Burd et al. [ demonstrated that intra-
amniotic delivery of hydroxyl polyamidoamine dendrimer (G4-OH)-based nanodrugs may be effective in preventing
complications such as preterm birth and its consequences (i.e., neurodevelopmental delay, chronic lung disease, and/or
poor growth)

Nanoparticles can also exert adverse effects on the central nervous system via several possible mechanisms, including
oxidative stress, autophagy, lysosome dysfunction, and the activation of specific pathways which result in cell damage,
dysfunction, or death. Other studies suggested that nanoparticles could induce considerable neurotoxicity in animals (i.e.,
blood-brain barrier destruction and/or neuronal degeneration). Since nervous tissue regeneration is limited, most of the
nerve damage is irreversible. Furthermore, animal models have shown that nanoparticles administered to the mother
during gestation may harm fetal development through direct or indirect mechanisms. Even traces of particles in maternal
blood can migrate to the fetal compartment (8. However, it is difficult to predict the toxicological behavior of nanoparticles
in humans, given the lack of standards in previous studies and the complexity of the biological responses to these
compounds.

Regeneration in the brain, which is a very complex process, involves cellular replacement, but also synaptic and
functional repair. Nanotechnology has been proposed as a promising tool to facilitate nervous system regeneration, with
multiple mechanisms being comprehensively reviewed by Liaw et al. . Briefly, nanoparticles may be used as carriers of
drugs, growth factors, or genetic material and may exert actions on cells involved in neuroregeneration (glial cells),
immune function (leukocytes), and/or circulation (endothelial cells), or may form scaffolds to support neuronal growth and
modify the extracellular environment. Carbon nanotubes can be used as scaffolds for neuronal growth and neural stem
cell growth and differentiation. A nanoscaffold is a three-dimensional structure composed of polymer fibers that enhances
damaged cell adherence and regeneration of tissues. As the tissue grows, the scaffold is metabolized and completely
cleared (&,

SiRNA nanomedicines can overcome obstacles such as the BBB, particle clearance in the bloodstream, and cell entry,
allowing the treatment of several brain diseases 29, Clinical studies in childhood are needed to confirm this possibility.

| 4. Respiratory System

The development of the respiratory system during fetal life and early childhood includes dramatic changes. Lung
development can be divided into five stages—embryonic, pseudoglandular, canalicular, saccular, and alveolar—that start
in fetal life (the first four stages) and take several years to complete (the alveolar phase), as shown in Figure 3.
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Figure 3. Lung development. Source: Anatomy and Physiology by Rice University, licensed under a Creative Commons
Attribution 4.0 International License.



The phases are characterized by morphogenesis of the conducting airways, formation of alveoli (the terminal regions of
the lungs where gas exchange occurs), differentiation of cells with region-specific functions of the lung (such as protection
from foreign substances), efficient movement of air into and out of the lung, and efficient gas exchange at the alveolar—
capillary interface. These processes are finely regulated by a complex network of cell signals, cell-derived molecules,
hormones, and genetic expression.

One of the key components of the respiratory system is pulmonary surfactant. Pulmonary surfactant covers and stabilizes
the alveoli and has peculiar biophysical properties, including the reduction of alveolar superficial tension and defense
against microorganisms and toxic substances.

Surface tension is the force that develops at the interface between two or more fluids or between fluids and a solid wall.
The forces of cohesion that act between the molecules of a fluid mean that those on the outer surface are subjected to a
resulting force directed inwards; there is therefore a tendency of molecular stray from the limit surface of the liquid, which
tends to contract and assume the minimum possible extent.

In the lungs, there is an interface between the liquid that covers the alveolar walls and the gas at their internal. Again, the
surface liquid layer tends to contract and expel the air outwards, resulting in the collapse of the alveoli. The pressure
generated within the alveoli due to surface tension is called collapse pressure and, according to Laplace’s law, is directly
proportional to twice the surface tension and inversely proportional to the radius of the alveoli. Thus, the increase in
surface tension determines an increment in the collapse pressure of the alveoli. In the physiological lung, surface tension
is greatly reduced by the presence of surfactant, a mixture of different phospholipids, proteins, and ions produced by type
Il alveolar epithelial cells that cover about 10% of the area of the alveolar walls. Surfactant production begins at around
the 20th week of gestation and reaches significant amounts in the amniotic fluid only after the 28th week 111,

The main components of surfactant are phospholipid dipalmitoylphosphatidylcholine, apoproteins, and calcium ions (see
below). The tensioactive capacity lies in the amphibious dipalmitoylphosphatidylcholine at the liquid—gas interface. The
absence of surfactant can lead to atelectasis (collapse of the alveoli) and respiratory insufficiency. Quantitatively, the
surface tension of normal liquids covering the alveoli without surfactants is 50 dine/cm; this decreases to 5-30 dine/cm
with surfactant. Consequently, the collapse pressure for medium-sized alveoli (r = 100 um) falls from about 18 to 4 cm
H,0.

To summarize, lung surfactant has important functions:

« increases lung compliance and therefore reduces the work required to expand the lung;

« contributes to the stability of the alveoli by preventing their collapse;

« limits the risk of pulmonary edema by decreasing the recall force of fluids inside the alveoli;
« allows the expansion of the lung at birth during the first respiratory efforts.

Moreover, surfactant can be used as a shuttle for the delivery of drugs and nanocarriers. Pulmonary surfactant is
composed of approximately 90% lipids and 10% proteins. Four proteins—SP-A, -B, -C, and -D—are important for
surfactant functions. SP-A and SP-D are large hydrophilic glycoproteins involved in pulmonary host defense through
binding to inhaled particles and pathogens. SP-B and SP-C are smaller hydrophobic proteins that regulate the very low
surface tension observed in the lung. The expression of surfactant proteins is regulated by genetic and environmental
factors, including inflammation (121131,

Interactions between surfactant and nanoparticles depend on the physico-chemical properties of the nanoparticles and
also on the molecular composition, dynamic surface phase behavior, and monolayer biomechanics of the pulmonary
surfactant 1413116l The interaction between nanoparticles and surfactant has been studied with different methods. Hu et
al. 14 showed that many factors, including surface charge, degree of hydrophobicity, and acquisition of a lipoprotein
corona from endogenous surfactant, influence nanoprotein adsorption and blood stream translocation. Hydrophobic
nanoparticles, such as carbon-based nanomaterials, can be retained at the surfactant lining layer and can lead to
increased inflammation. Hydrophilic nanoparticles can be used for systemic drug delivery due to their rapid absorption
and translocation to other organs and tissues. Anionic nanoparticles may inhibit the biophysical function of pulmonary
surfactant by binding to surfactant proteins and interfering with their functions. Cationic nanoparticles may be taken up by
cells and may cause acute toxicity. Therefore, neutral nanoparticles might be the safest option for pulmonary drug
delivery.

In experimental models, some authors reported that hydrophilic nanomaterials (halloysite and bentonite) induced
concentration-dependent damage on surfactant phospholipid function 1. The shape and porous structure of
nanoparticles are important factors to consider.



Other authors found that nanoparticles have different effects on lung inflammation and function depending on their metal
properties: compared to non-metal nanoparticles (which elicit a dose-dependent inflammatory effect), silver nanoparticles
do not induce significant inflammation, but only change in lung elastance 81291,

On the other hand, the interaction between nanoparticles and surfactant may offer important therapeutic advantages:
delivering drugs or nanoparticles in combination with surfactant can improve drug stability and prevent degradation and
clearance in vivo, thereby allowing the delivery of macromolecular drugs. For example, nanovesicles carrying antibiotics
have been successfully tested in animal models and clinical trials are ongoing 2421, Other potential applications include
the diagnosis and therapy of different pulmonary diseases, vaccines, and cancer therapy.

Surfactant itself (animal-derived or synthetic) is an established therapy for respiratory distress syndrome, particularly
among newborns: the administration of this drug is invasive, as it requires endotracheal instillation through a tube or a
catheter. However, this maneuver can be associated with lung function deterioration and long-term complications among
infants, and studies aimed at finding the most convenient method of administration are ongoing 22231, Other potential
applications include the diagnosis and therapy of different pulmonary diseases, vaccines, and cancer therapy. Some
authors designed inhalable nanoparticles mimicking some of the lipid components of surfactant [24. Hopefully,
technological advancement in this field will eventually lead to the production of inhalable surfactant preparations, and
invasive surfactant administration will eventually be overcome.

Respiratory tract infections are among the most frequent worldwide and represent one of the most important causes of
death in childhood. Antimicrobial resistance is a major challenge, as it results in increased morbidity and mortality
worldwide. Since the development of new antimicrobials is expensive and has scarce success, one strategy to overcome
this issue could be the application of synthetic products with antimicrobial properties. Moreover, newborns and young
children have still immature metabolic pathways that can result in increased drug toxicity and poorly known drug
interactions, potentially resulting in transient or persistent adverse events. Polymers with intrinsic antimicrobial effects or
that can be conjugated with antimicrobials might replace antimicrobials. A comprehensive review of these compounds has
been recently published 3. Furthermore, nanomodified endotracheal tubes have been shown to reduce bacterial
adhesion on the inner surface of the tube itself and potentially reduce the likelihood of ventilator-acquired infections 128!,

Lower airway inflammation can be the result of different diseases and is often characterized by neutrophil leukocytes
recruitment. Current therapies locally administered have low efficacy as multiple systems reduce drug availability, i.e.,
hydrophobicity and clearance by local defense systems. Some authors developed a delivery platform that takes
advantage of the extracellular proteolysis of a microgel to deliver nanoparticle-embedded hydrophobic drugs to
neutrophils and then to the lower airways [24. In another study, Vij et al. successfully tested, in animal models, the efficacy
of a PEGylated immuno-conjugated PLGA-nanoparticle to selectively deliver a drug to neutrophil cells (28],

Furthermore, the delivery of siRNAs to endothelial cells has been investigated in animal models for the treatment of
pulmonary inflammatory conditions and other diseases 29,

Asthma is a common chronic inflammatory disease of the lungs starting in childhood and is characterized by intermittent
airway obstruction, bronchial hyper-reactivity, and chronic airway inflammation. Diagnostic tests include the measurement
of lung exhaled air flow and characteristics by means of specific instruments, i.e., spirometers. The electronic nose (E-
nose) is a novel device based on nanosensors capable of detecting specific volatile organic compounds in exhaled gas,
thus confirming an asthma diagnosis and allowing stratification and subtype characterization BY. Asthma therapy relies
mainly on the inhalation of certain drugs; however, poor deposition of the inhaled drug in the lung presents a challenge for

the effectiveness of therapy. Drug nanoformulations are currently being evaluated following promising preclinical studies
[31][32](33]

Concerning respiratory function monitoring and diagnostics, Bhattacharjee et al. 24 developed a point-of-care testing
device consisting of a mouthpiece, paper-sensor, micro-heater assemblage, and monitoring unit which could facilitate the
diagnosis of chronic obstructive lung diseases. The sensor was developed by depositing gold and cadmium sulfide
nanoparticles on a paper surface in which the former enhanced the electrical and thermal conductivities while the latter
allowed high precision humidity sensing.

Clinical studies are needed in order to assess the safety and efficacy of nanoparticles as drug carriers for respiratory and
systemic conditions.

| 5. Ocular System

The regeneration of damaged ocular parts resulting in vision loss is a complex and current issue, and engineering



approaches are becoming increasingly tested.

Potential targets are congenital and acquired diseases which may occur during childhood, including genetic retinal defects
(i.e., retinitis pigmentosa) and retinopathy of prematurity (ROP), characterized by excessive vascular proliferation leading
to retinal detachment B3, Given that vascular endothelial growth factor (VEGF) plays a crucial role in the pathogeneses of
ROP and other retinal diseases, injection of anti-VEGF agents (i.e., bevacizumab) is effective in reverting retinal
neovascularization while avoiding detrimental effects of other procedures (such as laser therapy).

Some authors developed a nano-sized siRNA therapeutic delivery system loaded with VEGF receptor 2 and found that, in
an animal model of ocular neovascularization, it was a safe and effective method of reducing vessel proliferation 281,

According to the International Classification of ROP, the instrumental fundus examination of the eye of premature infants
allows the identification of five different stages of evolution of the disease. From stage 1 to stage 3, the retina is still
adherent, while in stage 4, partial retinal detachment begins. In the presence of a partial detachment and increased
vascular activity, the retina may further detach from the epithelial layer of the choroid to which it adheres physiologically. If
vascular activity diminishes after medical treatment (ROP regression), it is advisable to employ a geometric-mechanical
criterion to determine the onset of its further propagation, which also depends on many other pathogenic factors, for
example myopia. It is necessary to adopt a fracture mechanics approach to this delamination problem.

Many models regarding the mechanics of the eye have been proposed in the literature. To our knowledge, only one paper
describes a mathematical model to study the mechanics of retinal detachment B2, Based on an energy criterion, the
problem of quasi-static and axisymmetric propagation of a detaching retina has been solved. The propagating boundary
value problem has been reformulated in a variational form allowing variations of the boundary and deformation of the
detaching retina. In our opinion, the model should be reformulated by using a more rigorous adhesion—delamination
theory.

In a later paper B8 the authors extended the model, taking into account the geometrical variations induced by the
evolution of myopia. According to the clinical evidence, detachment propagation is initiated when the energy release rate
exceeds the critical energy release rate reached at severe levels of myopia without other stress factors acting on the
retina.

Nanotechnology may be used to increase drug bioavailability in the intraocular tissues, thus reducing the need for
repeated injections and complications B, The use of nanoparticulate systems—Iliposomes, nanoparticles, and
nanoemulsions, with a size less than 1000 nm—has been explored as an appropriate alternative to conventional options.
In particular, liposomes are composed of phospholipids and cholesterol, forming a layer capable of surrounding an
aqueous compartment, thus allowing the encapsulation of drugs and protection from degradation; polymeric
nanoparticles, either natural or synthetic, are polymeric colloidal particles, which adsorb, absorb, attach, or encapsulate
drug molecules. Solid lipid nanoparticles consist of a nanosized lipidic core stabilized by a layer of surfactants. The
nanostructured lipid carrier represents a novel system allowing greater drug loading and availability compared to older
systems. Polymeric micelles are a nanosized (10 to 100 nm) self-assembly of amphiphilic block copolymers (hydrophobic
core and hydrophilic shell). Nanoemulsions typically include droplets of a specific liquid stabilized by surfactants and
dispersed in another liquid.

Carbon dots (C-dots) constitute a functional nanomaterial with unique properties (including the inhibition of VEGF-
stimulated angiogenesis in choroidal blood vessels), which have been evaluated as effective anti-VEGF carriers across
the cornea, reaching therapeutic levels even when topically administered 49,

Nanoparticles can be used to enhance the bioavailability of topic drug formulations and potentially also to treat disorders
of the posterior ocular segment.

Nanomaterials have also been employed as scaffolds to promote the adhesion of stem cells, proliferation, and
differentiation, or as vectors for genes, growth factors, cytokines, and drugs to enhance ocular tissue regeneration and
regulate a variety of host responses [41],

Finally, novel formulations and drug delivery systems have been explored. Some authors designed and validated, in a
preclinical model, an intraocularly implantable device called the nanofluidic Vitreal System for Therapeutic Administration
(nViISTA), based on a nanochannel membrane for continuous and controlled drug release in an attempt to avoid repeated
drug injections 421,



Clinical studies are needed to confirm the encouraging results of the experimental evidence.

| 6. Future Directions

Nanomaterials are being tested for multiple diagnostic and therapeutic applications in medicine. Transplacental transfer of
nanoparticles from the mother to the fetus and applications of nanotechnology in the early epochs of life are important
emerging fields of study. Preclinical studies show promising results for a variety of conditions, including the treatment of
pregnancy complications and fetal, neonatal, and pediatric conditions. However, given the complexity of the functions and
interactions between the placenta and the fetus, and the complex and incompletely understood determinants of tissue
growth and differentiation during early life, there is a need for much more data to confirm the safety and efficacy of
nanotechnology in this field.
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