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Abstract

In recent years, the continuous development of innovative nanopharmaceuticals is expanding their biomedical and clinical
applications. Nanomedicines are being revolutionized to circumvent the limitations of unbound therapeutic agents as well as
overcome barriers posed by biological interfaces at the cellular, organ, system, and microenvironment levels. In many ways,
the use of nanoconfigured delivery systems has eased challenges associated with patient differences, and in our opinion, this
forms the foundation for their potential usefulness in developing innovative medicines and diagnostics for special patient
populations. Here, we present a comprehensive review of nanomedicines specifically designed and evaluated for disease
management in the pediatric population. Typically, the pediatric population has distinguishing needs relative to those of
adults majorly because of their constantly growing bodies and age-related physiological changes, which often need special-
ized drug formulation interventions to provide desirable therapeutic effects and outcomes. Besides, child-centric drug car-
riers have unique delivery routes, dosing flexibility, organoleptic properties (e.g., taste, flavor), and caregiver requirements
that are often not met by traditional formulations and can impact adherence to therapy. Engineering pediatric medicines as
nanoconfigured structures can potentially resolve these limitations stemming from traditional drug carriers because of their
unique capabilities. Consequently, researchers from different specialties relentlessly and creatively investigate the useful-
ness of nanomedicines for pediatric disease management as extensively captured in this compilation. Some examples of
nanomedicines covered include nanoparticles, liposomes, and nanomicelles for cancer; solid lipid and lipid-based nanostruc-
tured carriers for hypertension; self-nanoemulsifying lipid-based systems and niosomes for infections; and nanocapsules
for asthma pharmacotherapy.
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Introduction hence, they are not “small adults,” and age-appropriate

medicines are required for them [5, 6]. It is necessary to adapt

In the past decade, children’s medicines have been a major
focus of attention and effort globally. As a result, the US Food
and Drug Administration (US FDA) and European Medicines
Agency (EMA) continued encouraging pharmaceutical
companies to evaluate drugs for administration in pediatric
patients [1-3]. The reason was related to the lack of pediatric
drug research and developments, which have triggered
serious problems such as under or overdosing and long-
term adverse effects [4]. The pathophysiology of diseases
in children and adolescents may differ from those of adults;
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biopharmaceutical methods to make sure that in vivo/in vitro
predictions and drug development processes are relevant to
pediatric patients because of the differences in their anatomy
and physiology [7, 8].

Typically, pediatric doses are calculated by allometric
scaling of adult doses based on the ratio of body weight and
surface area. To determine an effective and safe pediatric
dose, a simple proportional reduction of the adult dose may
not be sufficient because of the remarkable differences in
drug absorption, distribution, metabolism, and excretion
patterns plus pharmacological effects [9, 10]. For instance,
gastric pH may be changed from 1 to 8 between birth and the
age of 3 years old, and intestinal transit time can be longer
in neonates compared to adults due to their decreased intes-
tinal motility. These differences can affect the overall drug
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absorption kinetics in children [11, 12]. Furthermore, drug
distribution is continually influenced by other factors such
as adipose tissue, total body water, and plasma protein bind-
ing during the first years of life. Extracellular water reduces
from 40 to 20% during the first 4 months of life and the per-
centage of body fat grows in the same duration. Besides, a
reduction in protein binding which is a result of a decline in
plasma protein levels can have effects on the drug distribu-
tion [13, 14]. The pediatric population also has individual
drug metabolism, which stems from the expression of some
enzymes such as CYP3AS5, CYP2B6, and CYP2C19 [15].
In children, the kidney’s processes of excretion (i.e., tubular
secretion, reabsorption, and glomerular filtration) are gener-
ally influenced by renal blood and plasma flow, which rise
with age as cardiac output increases and peripheral vascular
resistance decreases [16, 17].

The development of modified-release drug delivery sys-
tems, such as nanomedicines for use by the pediatric popu-
lation, is one of the age-appropriate formulation strategies,
according to the European Pediatric Formulation Initiative
(EuPFI). The use of nanotechnology-based platforms can be
beneficial for preparing modified release formulations that
can enhance pediatric biopharmaceutics [18, 19]. Relative
to conventional drug products, nanomedicines have several
potential advantages which can include, formulation stabi-
lization, active or passive targeted drug delivery to specific
tissues, controlled drug release and regulated encapsulation,
improved solubility for hydrophobic drugs, reduced toxicity,
limited exposure of drug molecules to potentially harmful
physiological conditions (e.g., enzymatic degradation), and
prevention of premature clearance [20, 21]. These can lead
to better therapeutic effects and can improve drug target site
accumulation and biodistribution plus diagnostic and thera-
peutic efficacy in vivo.

Additionally, nanostructured drug carriers may reduce
the accumulation of drugs and imaging agents in healthy
tissues, as well as decrease the frequency and seriousness
of side effects, and extend circulation time by reducing renal
excretion and hepatic degradation. There are several bio-
logical, chemical, physical, and clinical barriers related to
the unsuccessful delivery of drugs to pathological sites that
can be overcome using nanomedicines which are capable
of enhancing the therapeutic index of low molecular weight
agents in cancer, infections, inflammatory disorders, and
other life-threatening diseases [21-25]. Therefore, nano-
medicines can be used for the treatment, prevention, and
diagnosis of several diseases, which can enhance the quality
of a pediatric patient’s life [26]. Although nanomedicines
have all the benefits mentioned earlier, they also have some
demerits such as drug fusion and leakage from encapsulated
nanoformulations, short half-life, low capacity for loading
drugs, high water content in nanocarrier dispersions, burst
release of encapsulated drugs, high production costs, lack of
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regulatory guidelines, and limited information on toxicity
profiles [27, 28].

Considering what nanomedicines have to offer as it
relates to effective pharmacotherapy, we believe they can
serve as useful, specialized platforms for the delivery of bio-
active agents in children. We therefore focused this review
on reported applications of nanomedicines to manage vary-
ing diseases unique to the pediatric population. Different
pediatric diseases treated by nanomedicines (e.g., cancers,
infections, asthma, and human immunodeficiency virus) and
different types of pediatric nanomedicines such as nanopar-
ticles, micelles, and nanostructured lipid carriers were dis-
cussed. Besides, the advantages and disadvantages of these
nanosystems were summarized. Research articles evaluated
in this review were gathered by searching Google Scholar,
Science Direct, Scopus, and PubMed using different rele-
vant keywords, including “nanomedicines,” “nanoparticles,”
pediatric/paediatric nanomedicine,” “pediatric nanoformula-
tion,” “pediatric nanodrugs,” “pediatric nanodelivery.” The
outline of this review manuscript is illustrated in Fig. 1.

99 <

Pediatric nanomedicine — brief background
and current trend

As already mentioned, pediatric organs and systems develop
gradually after birth, and children differ from adults meta-
bolically and biologically. Hence, when diseases affect both
children and adults, nanomedicines need to be adjusted for
pediatric use, demanding clinical trials in children to develop
new pharmaceutical formulations. Additionally, specifically
tailored nanomedicines need to be fabricated for diseases
affecting children or causing greater harm to them. Never-
theless, both academic and industry researchers hesitate to
study these age-specific nanodrug delivery systems because
of the fragmented pediatric market complexities and the dif-
ficulty associated with conducting clinical trials in individu-
als within this age group [9, 29]. Therefore, there are limited
nanotechnology-based commercialized pediatric drug for-
mulations. Doxil®, known as liposomal doxorubicin, was
the first US FDA-approved nanodrug and this occurred in
1995. This doxorubicin formulation is able to target tumors
passively, and it could be combined with other drugs to treat
Hodgkin lymphoma [30]. Further studies showed that the
pharmacokinetics of Doxil® in the pediatric population
differed from adults and its half-life was low in pediatric
patients. Similarly, other liposomal formulations, which are
US FDA-approved for adults, such as DaunoXome® (dau-
norubicin) and SPI-77 (liposomal cisplatin), were evaluated
in the pediatric population and their pharmacokinetics were
different from adults [19].

Although the application of nanomedicines for children is
recommended by the EuPFI, there is a lack of research on how
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nanotechnology, which is effective for adults, can also be used
for pediatric-specific drug delivery. The pediatric population is
considered a smaller size market compared to adults and this
presents challenges to nanotechnology researchers and innova-
tors. Although around 27% of the global population consists of
children, only 17% of all clinical trials registered with the World
Health Organization (WHO) are dedicated to the pediatric popu-
lation. Regarding the industry funding preference for adult dis-
eases, regulatory limitations in the development of nanomedi-
cines, and a tendency to use adult data, have led to the lack of
new treatments and formulations for complex pediatric diseases
[19]. In Table 1, some commercialized nanomedicines that have
been evaluated for pediatric patients are summarized.

Commonly applied routes of administration
in pediatric pharmacotherapy

Based on pediatric preferences, various routes of admin-
istration can be used for them, some of which are oral,
nasal, ocular, otic, parenteral, dermal and transdermal,

rectal, and pulmonary drug delivery with the most pre-
ferred being the oral channel [37].

The oral route of delivery is known as the most popular
channel of drug administration for patients of all ages
because of its great benefits, including the convenience
of drug administration, patient compliance, and non-
invasiveness [38—40]. However, swallowing difficulties
(dysphagia) occur in children more than adults and this can
influence dosage form suitability and choice [41, 42]. Even
though dysphagia can affect healthy children at different
ages, it is more likely to occur in children with prematurity,
cardiopulmonary, neuromuscular, and gastrointestinal tract
disorders, as well as anatomical anomalies of the upper
aerodigestive tract [43, 44].

Pediatric patients typically have varied preferences when
the need to consume medications arises and this could be
due to their age, personality differences, specific physiology,
and anatomy. As part of this administration route, pediat-
ric formulations will have extra critical quality attributes
(CQAys), including palatability, organoleptic characteris-
tics, dosing flexibility, easy administration, safety, stability,
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Table 1 Examples of approved or under clinical trial pediatric nanomedicines

Nanodelivery system Pharmaceutical Trade name Treatment goal FDA approval Pediatric age References
active
Nanocrystal Aprepitant Emend® Anti-emetic 2015 > 6 months [31]
Liposome Daunorubicin and Vyxeos® Acute myeloid leu- 2021 1 year and older [32]
cytarabine kemia

Liposome Amphotericin B AmBisome® Fungal/protozoal 1997 One month and older [33]
infections

Albumin Paclitaxel Abraxane®  Anti-solid tumors Phase I/II clinical <21 years [34]

nanoparticles trial

Liposome Vincristine Marqibo® Lymphoblastic Phase I clinical trial ~ Broad (median [35]
leukemia age=13.3 years)

Liposome Cytarabine DepoCyt®  Neoplastic meningitis Phase I clinical trial >3 years [36]

and suitable pharmacokinetics [39, 45]. Solid dosage forms
might be administered to school-aged children, but liquid
dosage forms are preferable for children under 5 years old
due to their comfortable dose adjustment and swallowing.
Tablets and capsules, which have dose accuracy, are popular
among pediatric populations over 6 years old owing to their
taste masking [46].

It is believed that nanodrug delivery systems can carry
drugs, both hydrophobic and hydrophilic, through the gas-
trointestinal tract (GIT). These systems not only can pro-
tect the therapeutic agents from harsh GIT environments,
but they could also soar intestinal absorption of the drugs.
Furthermore, controlled release or accumulation of drugs
in certain cells can be achieved by employing these systems
[21, 47, 48].

In 2020, cefpodoxime proxetil (CFP) was loaded into
lyotropic liquid crystalline nanoparticles (LLCNs) system
to mitigate the nasty taste of the drug and enhance the ease
of administration for children [49]. Moreover, a liquid for-
mulation of nanoparticles containing saquinavir, which is
a liposoluble antiretroviral drug, was prepared to enhance
stability and taste masking for the pediatrics [50]. In 2021,
a 6-mercaptopurine-loaded oral nanoliquid formulation was
prepared for acute lymphoblastic leukemia, which is known
as the most common hematologic malignancy in the pedi-
atric population [51]. In another study, nanoparticle-based
orodispersible palatable formulations were developed as
drug carriers for the combination of ritonavir (RTV) and
lopinavir (LPV), which are unpalatable and low water-sol-
uble drugs [52].

Potential limitations and challenges
Although nanotechnology benefits from great potential

and may provide many new possibilities for pediatric
medicines, it also increases concerns about their health

@ Springer

risks. Since nanomedicines can affect pediatric health
and wellbeing, assessing their safety profile is essential.
Research investigations have revealed the need to exercise
caution with the rapidly growing interests in the use of
nanomedicines and examples include studies examining
their neurotoxicity and effects on the health of children,
indicating the need to understand their potential risks [53].
Pediatric drug development has been significantly influ-
enced by numerous factors, including the inadequacy of
approved active pharmaceutical ingredients and excipient
safety data for this patient population. Excipient safety
profile information is one of the obligatory requirements
of regulatory organizations to avoid inappropriate or toxic
ingredients for the pediatric population. Hence, excipients,
which are approved as food grade, generally recognized
as safe or as inactive ingredients are typically used in the
preparation of pharmaceutical products. Furthermore,
there is a limitation in the usage of organic solvents, par-
ticularly chlorinated solvents in the formulation method
of drug products like this. For preventing the use of any
potentially toxic or unsuitable additives for the formula-
tion of pediatric medicines, it is one of the mandatory
requirements of regulatory agencies to know the excipi-
ent safety profile. To ensure that prepared formulations
are safe for use in children, all excipients used are either
categorized as generally recognized as safe or are used as
inactive ingredients [34].

Besides, the toxicity and adverse reactions of formula-
tions can be challenging in pediatric drug development.
More importantly, pediatric patients, depending on their
age group, are unable to communicate effectively so veri-
fying the onset of certain side effects may be challenging.
Although pharmaceutical companies can access several
regulatory documents that can guide them through the study
design and conduct for adults, there are many unanswered
questions regarding the development of pediatric drugs due
to their complexity [54]. Furthermore, traditional animal
models, such as mice and rats, have different organogenesis
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and physiology development from pediatrics and short life
spans; thereby, they may not provide reliable preclinical
pharmacokinetic/pharmacodynamic prediction or toxicity
evaluations [55].

Children’s cancer is a particular concern because in vivo
preclinical evidence is sometimes unable to replicate the dis-
ease or the age differences correctly, while late toxicities are
not assessed [56]. In therapeutic areas such as rheumatology,
oncology, allergy, and psychiatry where patients are being
treated over the long term for chronic diseases or serious
illnesses, this is especially significant. The long-term safety
of drugs is difficult to evaluate because of the need for long
follow-ups, and randomized controlled trials are probably
not an appropriate method for studying long-term safety. In
contrast, observational studies are more likely to produce
results with uncertainty due to selection and recall biases. It
can also be challenging to differentiate between drug-related
and condition-related side effects when evaluating long-term
safety [57].

Moreover, there are ethical issues in pediatric clinical tri-
als, such as volunteers’ age and legal consent provided by
their parents to participate, which make the process more
difficult compared to adult clinical trials. For instance, lipo-
some drug delivery systems biocompatibility in adults is rec-
ognized, and several nanoformulations, which are prepared
for adult patients, have attained clinical trials. However,
there is limited information on their safety in the pediatric
population [58]. Besides, the pediatric population is het-
erogeneous, as it comprises various subgroups, including
preterm newborns, term newborns, infants and toddlers,
children, and adolescents. As a result, each developmental
phase has its own physiologic factors and pharmacokinetic
outcomes, which are discussed earlier, posing a challenge
to pharmacological studies in pediatric clinical assessment
[59]. Hence, the absence of regulatory clarity on quality and
specification limits, small market value, shortage of appro-
priate in vivo models for different pediatric ages, and lack of
pharmacokinetic data place limitations on nanoformulation
development for minors [60].

Categories of nanomedicines explored
for pediatric use

Nanoemulsion

Nanoemulsions are defined as stable dispersions of
immiscible liquids (oil-in-water or water-in-oil) that are
stabilized by surfactants. Their droplet sizes are typically
smaller than 500 nm. These emulsions have applications
in various dosage forms, such as creams, sprays, and gels,
that can be administered through different routes, such as
oral, pulmonary, transmucosal, transdermal, intravenous,

and ocular. Nanoemulsions might enhance solubiliza-
tion capacity and kinetic stability compared to traditional
emulsions which are valuable in drug delivery. There
are several advantages of using nanoemulsions, some of
which are drug dissolution rate increase, bioavailability
improvement, especially for hydrophobic drugs, target
organ therapy, taste masking, and first-pass metabolism
bypass [61, 62]. In 2022, an oil-in-water nanoemulsion
of tadalafil, which is practically insoluble in water, was
prepared for pediatric pulmonary hypertension treatment
by using a nebulizer. This formulation not only improved
drug solubility, but it was also safe in both in vitro (A549
cell line) and in vivo (male Sprague—Dawley rats) evalua-
tions. The viscosity of liquid-optimized formulations was
suitable, and they were stable after the nebulization [63].
In 2023, an oil-in-water nanoemulsion of coenzyme Q10
(CoQ10) was developed for the infant formula supplement
to treat newborns suffering from CoQ10 deficiency. Play-
ing a vital role in numerous essential cellular processes,
CoQ10 is a crucial element of the mitochondrial respira-
tory chain. Apart from its primary function within this
respiratory chain, CoQ10 is recognized as an exception-
ally potent natural lipid antioxidant which can enable it
to reduce the harmful effects of reactive oxygen species
(ROS), regenerate other antioxidants like vitamins E and
C, protect cellular membranes from lipid peroxidation,
and ultimately prevent cell death. Neonates experienc-
ing a deficiency in CoQ10 often exhibit severe hypoto-
nia and hyporeactivity which might lead to difficulties
in newborns’ proper sucking during feeding because of
exhaustion. The study indicated that the CoQ10 nanoemul-
sion was stable for 90 days, and it showed no cytotoxic-
ity in vitro using the macrophage-like RAW 264.7 cells.
Moreover, the formula containing CoQ10 nanoemulsion
led to quicker and enhanced absorption of coenzyme Q10
in comparison to the powder-enhanced formula [64].

Nanosuspension

The liquid nanosuspension drug delivery system is a fluid
colloidal dispersion of dissolution medium, stabilizers,
and drug nanoparticles (smaller than 1000 nm). Since
nanosuspensions can provide nanosized particles of drugs,
they can improve the solubility and bioavailability of phar-
maceutical agents. Likewise, formulation and scaling up of
nanosuspension are straightforward [65]. Perween and col-
leagues developed an oral nanosuspension of mefenamic
acid for pediatric administration by using hydroxypropyl
methylcellulose (HPMC). Mefenamic acid (MA), which is
known as a nonsteroidal anti-inflammatory drug (NSAID),
has low water solubility and, consequently, poor oral bio-
availability, which can lead to a challenging formulation.

@ Springer



2304

Drug Delivery and Translational Research (2024) 14:2299-2324

This study indicated that the more concentration of sur-
factant was used, the higher drug release was observed.
Also, the drug’s solubility was increased, and the formula-
tion was stable [66].

Dendrimers

Dendrimers, which are polymeric macromolecules, have the
shape of spheres with central cores surrounded by multi-
ple layers. Dendrimers benefit from the amphiphilic hol-
low structure which makes them ideal for incorporating
therapeutic agents. Additionally, their surfaces are able to
be modified by using biomolecules such as antibodies, tar-
geting ligands, nucleic acids, and drugs. There are differ-
ent types of dendrimers, one of which is polyamidoamine
(PAMAM) dendrimers. They are generally spherical and
highly branched polymers, and their size and surface can
be regulated during synthesis. Dendrimers as drug carri-
ers can enhance drug solubility and bioavailability, decline
toxicity, and mitigate the unpleasant taste of drugs [67, 68].
In 2018, oral dosage forms of dendrimer-N-acetyl-1-cysteine
conjugates (NAC) were developed to treat pediatric neuroin-
flammation. As NAC’s oral bioavailability is low, Capmul®
MCM (glyceryl caprylate) was used in the formulation as a
penetration enhancer. This study demonstrated that prepared
formulation benefits from stability in gastrointestinal fluids,
in vitro transepithelial permeability, and in vivo appropriate
oral absorption [69].

Nanofibers

A collection of nanofibers, defined as fibers with 100 nm
diameter or lower, is known sas a mat or a mesh. The mat
could be formed of regular patterns of oriented fiber (woven)
or randomly oriented fibers (non-woven). The nanofibers
can have similar compositions, multi-component structures,
or core/shell structures in the system. Nanofibers can be
produced using several methods; for instance, electrospin-
ning is one of the common and robust techniques [70].
Nanofibers can potentially protect the drug from decompo-
sition within the body to reach the target site. Hence, they
could be exploited to develop various dosage forms such
as oral, transmucosal, ocular, topical, and transdermal [71].
Nanofibers can be composed of natural and synthetic poly-
mers which may affect drug release properties [72]. Besides,
they benefit from good stability and a high drug-loading
capacity [73]. In 2015, ultra-rapidly dissolving orodispersi-
ble films containing iodine-loaded nanofibers were prepared
for pediatrics to prevent or treat iodine deficiency which
can cause mental impairment. The study revealed that the
novel formulation had good mechanical properties and fast
disintegration and dissolution rate in vitro [74]. In 2016,
electrospun polymeric nanofibers of SN-38, known as an
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active metabolite of irinotecan and anti-solid tumor agent,
were developed for pediatric uses after resection surgery.
As SN-38 has poor water solubility and a short half-life due
to hydrolysis in plasma, nanofibers could be an appropri-
ate option for drug delivery. The experiment demonstrated
enhanced survival, long-lasting therapeutic activity, sus-
tained release in vitro, and, more importantly, tumor recur-
rence control in pediatric patient-derived xenograft in vivo
models HSID-ES-001 and HSJD-NB-005 [75].

Carbon nitride dots (CNDs)

A novel nanocarrier material, carbon nitride dots (CNDs),
is a subclass of carbon dots. Their unique characteristics,
including nanosized dimensions, high photoluminescence
(PL), good water dispersion, nontoxicity, and suitable
biocompatibility, make their application in biological and
medical research possible [76, 77]. In an investigation,
doxorubicin was delivered to pediatric brain tumor cells
more efficiently and specifically via nontoxic water-soluble
carbon dots conjugated with transferrin. Chemotherapeu-
tic agents can be transported across the blood—brain barrier
(BBB) and into the brain parenchyma by utilizing transfer-
rin receptors on the BBB. Since brain tumor cells require
a significant amount of iron, they express more transferrin
receptors and can, therefore, take up more transferrin-bound
chemotherapy than normal cells [78]. In 2020, it was shown
that a conjugate system using carbon nitride dots (CNDs)
as nanocarriers, coupled with a new glioma drug candidate,
gemcitabine (GM), is capable of targeting cancerous cells
while crossing the BBB, thereby resolving both major dif-
ficulties associated with glioblastoma chemotherapy of pedi-
atrics [79].

Polymeric nanoparticles

Polymer-based nanoparticles (NPs), whose size/diameter is
around 10-1000 nm, can be employed as a drug delivery
system due to their ability to increase drugs’ half-life and
solubility and provide controlled/sustained release charac-
teristics. Moreover, controlled biodistribution and reduced
toxicity of drugs can be achieved by employing stimuli-
responsive nanoparticles [80]. Polymeric nanoparticles
can improve drug bioavailability or targeted delivery at the
site of action. Polymeric NPs have versatile applications
in drug delivery, especially for oral administration. They
may not only protect drugs from pH changes, efflux pumps,
and enzymes but also improve stability in the gastrointes-
tinal fluids. Benefiting from small-size particles, NPs may
enhance contact with epithelial surfaces and improve drug
uptake. Surfaces of polymer-based NPs can be modified
by using various attachments such as ligands like antibod-
ies. Besides, diverse therapeutic agents, including small
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molecules and nucleic acids, can be encapsulated in NPs [81,
82]. Polymeric nanoparticles have been broadly employed
as viable templates for drug delivery systems intended for
pediatric use (Table 2).

Solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles, which are usually made from bio-
degradable lipidic ingredients, can be used as carriers for
different types of therapeutic agents such as small and large
drug molecules (whether hydrophilic or hydrophobic drugs),
DNA or siRNA, and antigens. Although these nanoparticles
may retain hydrophobic molecules in their core and provide
a controlled release for drugs, they have limitations in terms
of loaded drug capacity. Besides, SLNs can offer targeted
drug delivery, appropriate physical stability, and drug pro-
tection in harsh environments [94]. In 2017, SLNs contain-
ing hydrochlorothiazide-in cyclodextrins were developed for
pediatric hypertension treatment. As hydrochlorothiazide is
known as a diuretic drug with low solubility and perme-
ability, cyclodextrins can enhance their aqueous solubility,
stability, and bioavailability. It was demonstrated that using
cyclodextrins in this liquid oral formulation could improve
drug entrapment efficiency in SLNs and in vitro drug
release. More importantly, the novel formulation showed a
higher diuretic therapeutic effect in male Sprague—Dawley
rats (in vivo) [95].

Exosomes

Exosomes, classified as nanoparticles based on their size
(30-100 nm), are known as extracellular vesicles contain-
ing proteins, bilayer lipids, and RNA/miRNAs. In contrast
to nanoparticles prepared in vitro, exosomes are released
endogenously from cells which are non-cytotoxic and can
deliver substances to the target cells specifically based on
their modifications. Exosomes have a wide range of advan-
tages including improved permeability and retention (EPR)
effect, passive targeting, and specific target therapy [96].
In 2020, an exosomal miR-181a inhibitor was prepared to
suppress pediatric lymphatic leukemia growth. The study
demonstrated that the novel formulation silenced the exoso-
mal miR-181a, which derived from the serum of pediatric
acute lymphocytic leukemia/conditioned medium of acute
lymphocytic leukemia cell lines and induced the prolifera-
tion of leukemic cells in vitro [97].

Gold nanoparticles

Gold nanoparticles (Au NPs), whose sizes are between 1
and 150 nm, could be synthesized by using reducing agents
to chemically reduce chloroauric acid. Their specific fea-
tures such as nanosized particles, customizable surface, high

X-ray absorption, and UV absorbance make them appro-
priate for drug delivery and imaging purposes. Modifying
surfaces of Au NPs can enhance the selective targeting of tis-
sue or cells through systemic delivery, leading to decreased
antitumor drug treatment dosage, normal cell toxicity, and
side effects. Moreover, biocompatible coatings of Au NPs
can increase stability in physiological conditions [98, 99].
In 2019, an AuNP-based immunosensor was developed for
detecting dehydroepiandrosterone sulfate (DHEAS), which
is known as a biomarker of pediatric adrenocortical carci-
noma, in blood plasma samples. The immunosensor was
prepared by using a modified oxidized glassy carbon elec-
trode with arginine-functionalized gold nanoparticles and
anti-DHEA IgM antibodies. The experiment demonstrated
that the novel formulation benefited from appropriate sensi-
tivity, accuracy, stability, and DHEAS detection specificity.
Besides, a statistical difference was not observed between
the result of DHEAS quantification by using prepared
formulation in real patient plasma samples and reference
chemiluminescence assay [100].

Micelles

Micelles as nanostructures are composed of amphiphilic
molecules within aqueous solutions. Micelles are self-
assembled, and they have a core—shell structure consisting
of both hydrophobic and hydrophilic sections. Their size is
typically from 5 to 100 nm in diameter and can be varied
based on the type of head groups and length of the alkyl
chain. Micelles may have applications in drug delivery
because of their ability to increase drug solubility, enhance
circulation time, target drug delivery, and reduce toxicity.
Moreover, they are capable of gene delivery and loading a
wide range of insoluble therapeutic agents [101]. In 2018,
glucosylated polymeric micelles containing dasatinib,
which is a tyrosine kinase inhibitor and poorly water-sol-
uble drug, were developed for targeted therapy in pediatric
patient-derived sarcomas in murine models (in vivo). The
study indicated that glucosylation of polymeric micelles
increased the drug encapsulation and bioavailability in vitro
(Rh30 cells). Besides, the formulation reduced cytotoxicity
and enhanced survival in vivo [102]. In 2021, pitavastatin-
loaded polymeric micelles coated by silica were prepared for
targeted therapy in pediatric patient-derived glioblastoma.
Pitavastatin, which is a hydrophobic drug, has an anti-glio-
blastoma multiforme effect. This drug was loaded in silica-
coated mixed-polymeric micelles for targeting integrin in
BBB and cancerous cells. The enhancement of drug uptake
and the antiproliferative activity within pediatric patient-
derived cells in vitro were shown in this study [103]. In
2023, anti-CD276 antibodies were conjugated on the poly-
meric micelles’ surface for the purpose of targeting brain
tumor in pediatrics. In this study, ligand-installed micelles
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were employed due to their high stability. As CD276/B7-H3
expression could be high on the membrane of medulloblas-
toma (MB) cells, targeting them can increase ligand-installed
micelles’ cellular uptake. The experiment showed that using
an anti-CD276 antibody as a ligand increased intracellular
delivery to MB cells with high CD276-expressing in vitro
(DAOY (HTB-186) cell line). Besides, the more antibod-
ies which micelles had on their surfaces, the higher cellular
uptake was observed [104].

Nanostructured lipid carrier

Nanostructured lipid carriers (NLCs) consist of a solid lipid
matrix composed of solid lipids and liquid lipids mix, plus
surfactants as an aqueous phase. Mixing the liquid lipids
and solid lipids can provide a matrix, whose crystal lattice
is not perfect, and the imperfect core of solid matrix and
amorphous matrix. There are three different types of NLCs,
such as imperfect, amorphous, and multiple structures. This
specific structure of NLCs leads to the solid form of NLCs at
room temperature, physical stability enhancement, and drug
leakage decrease over the storage time. Moreover, these car-
riers have a larger capacity for loading drugs despite SLNs
having limited capacity [105-107]. In 2018, a hydrochlo-
rothiazide (HCT)-cyclodextrin combination was loaded to
NLCs to obtain an oral liquid dosage form for pediatrics.
Cyclodextrin can improve the aqueous solubility of drugs
such as HCT, whose solubility is low. The study showed that
using cyclodextrin can enhance the entrapment efficiency
of loaded drugs in NLCs and drug release. Moreover, the
novel formulation had higher therapeutic effects rather than
either HCT aqueous suspension or HCT-loaded NLC (with-
out cyclodextrin) [108].

Nanocapsules

Nanocapsules consist of polymeric membranes (natural or syn-
thetic) surrounding a core which can be aqueous or nonaque-
ous. This system is categorized as a submicroscopic colloidal
drug carrier and its size ranges from 5 to 1000 nm. The core
cavity incorporates therapeutic agents, which may be liquid or
solid in nature and protects them from chemical or biologi-
cal degradation. Nanocapsules are one of the most interesting
drug delivery systems due to their controlled release and tar-
geted drug delivery capabilities. Besides, they can potentially
enhance drug stability and bioavailability significantly [109,
110]. In 2006, nanocapsules of spironolactone, a low-water sol-
ubility diuretic, were prepared by using polycaprolactone (PCL)
polymer and oils for pediatric pharmacotherapy. It was reported
that prepared formulations were stable for 6 months and drug
release in simulated gastric medium was fast. Furthermore, this
liquid formulation benefited from the high concentration of the
drug which was suitable for pediatric administration [111]. In

2018, the reconstitutable powder of chitosan-coated nanocap-
sules of phenytoin (PHT) was prepared by using the spray dry-
ing method. PHT, which is practically insoluble in water, can be
used as epilepsy treatment by blocking the voltage-dependent
sodium channels. The experiment indicated that the chitosan-
coated formulation enhanced the powder’s dispersibility in
water. Besides, the formulation, after reconstitution, had good
gastrointestinal stability. More importantly, the final oral lig-
uid formulation showed a better anticonvulsant effect in mice
which have induced seizures by pilocarpine [112]. Wirsching
and colleagues developed ovalbumin nanocapsules of resiqui-
mod (R848) coupled to polyethylene glycol (PEG) (OVA-PEG-
R848) to stimulate neonatal dendritic cells. R848 is known as
a toll-like receptor (TLR)7/8 agonist, which is capable of acti-
vating the innate immune system. The study demonstrated that
ovalbumin nanocapsules simulation enhanced the activation
marker expression and secretion of pro-inflammatory cytokines
in neonatal dendritic cells [113].

Nanosponges

Nanosponges are porous, solid structures at the nanoscale
(200-300 nm), consisting of crosslinked polymers, and have
been extensively studied for targeted therapy and sustained
drug release in cancer treatment. These structures are bio-
compatible, highly stable, and exhibit low cytotoxicity and
side effects, which can make them suitable carriers for bio-
medical applications. They can be synthesized through vari-
ous techniques, such as molecularly imprinted approaches,
and can be functionalized by using silver nanowires and
materials like carbon nanotubes. Moreover, they can
improve drug penetration through the skin and enhance
trans-epidermal drug delivery. However, pertinent factors
related to the optimal performance of nanosponges such as
pharmacokinetics, biocompatibility, bioavailability, histo-
pathological changes, drug adsorption and encapsulation
processes, and cytotoxicity should be evaluated systemati-
cally in clinical studies [114]. In 2015, a dried suspension
of controlled-released gabapentin-loaded nanosponges was
prepared for reconstitution for pediatric uses. Gabapentin
has a bitter taste and a short half-life under biological con-
ditions, and these were improved by using B-cyclodextrin
nanosponge delivery systems. It was demonstrated that drug
release was extended up to 12 h, and the nasty taste of the
drug was masked. Furthermore, in vivo evaluation showed
an increased bioavailability of the controlled-released deliv-
ery system in male Wistar rats [115]. In 2020, an oral lig-
uid formulation of griseofulvin-loaded nanosponges, which
is a poorly water-soluble drug with an unpleasant taste,
was developed with the pediatric population in mind. The
prepared p-cyclodextrin formulation had a masked taste,
improved drug solubility, and was orally bioavailable as per
evaluations conducted in rats [116].
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Lipid-based nanovesicles

These nanovesicles are spherically shaped small vesicles that
are characterized by a double-layered structure containing
lipids. Small unilamellar vesicles or nanovesicles are com-
prised of a single bilayer structure and their size is typically
below 200 nm. The surfaces of vesicles of this nature can
be modified by attaching various ligands which can lead to
the fabrication of multifunctional systems. Their physico-
chemical properties (e.g., size, shape/morphology, surface
charge, density) significantly influence their functionality
and are determined by the method of synthesis plus process
variables [117].

Nanoliposomes

Liposomes, which were discovered in the 1960s, comprise
an aqueous core surrounded by phospholipid bilayers. Their
ability to load hydrophilic and lipophilic therapeutic agents
makes them appropriate choices for drug delivery. They also
can be used for delivering gene medicines, anesthetics, anti-
cancer, antifungal, antibiotics, and anti-inflammatory drugs.
Nanoliposomes offer merits such as targeted therapy, surface
modification, controlled release, cost-effectiveness, biocom-
patibility and biodegradability, and improved bioavailabil-
ity, solubility, and stability during processing and digestion
[118-120]. In 2009, MEPACT®, a liposomal form of mifa-
murtide, was approved by the European Commission for the
market throughout the European Union for use as a safe and
efficacious postoperative adjuvant to polychemotherapy of
young patients, aged 2—-30 years old, with non-metastatic,
resectable high-grade osteosarcoma post “macroscopically
complete surgical resection” [121].

In 2018, alpha lipoic acid (ALA) nanoliposomes of cef-
triaxone (CTX) were developed for pediatric use. CTX
is one of the cephalosporins, which are the most used
antibiotics as initial empiric therapy in serious infection
treatment. However, CTX can cause some severe side
effects including bladder sludge, nephrolithiasis, and bil-
iary pseudolithiasis, especially in pediatrics. The study
demonstrated that alpha lipoic acid could provide a protec-
tive effect on ceftriaxone nephrotoxicity. Furthermore, the
ALA nanoliposomes of CTX benefit from appropriate per-
centage entrapment efficiency and extended-release pro-
file [122]. Stewart and colleagues prepared nanoliposomal
irinotecan (nal-IRI) and carried out the pharmacokinetic
studies on normal and tumor xenograft (derived from a
solid tumor of the pediatric patient) mice model. Irinote-
can is known as an antineoplastic enzyme inhibitor. The
examination showed that using the single dose of nal-IRI
maintained the active metabolite of irinotecan in tumors
for several days compared to standard irinotecan which
typically needs 5-10 days of administration. Therefore,
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this formulation had the potential to decrease side effects
and hospital visits and could be a suitable treatment for
pediatric patients [123].

Niosomes

Niosomes, which are the stable bi-layered structure of non-
ionic surface-active agents, could be formed by mixing
suitable proportions of surfactants and cholesterol together
at a point that is higher than the gel liquid transition tem-
perature. This bi-layered structure can encapsulate hydro-
phobic and/or hydrophilic drugs in their layers and centric
hollow spaces, respectively. Besides, hydrophilic agents can
be adsorbed to the bilayer surface of niosomes. Niosomes
offer numerous advantages over conventional delivery sys-
tems, including greater chemical stability, longer shelf life,
and enhanced osmotic activity compared to liposomes. The
hydrophilic head’s functional group allows for easy surface
formation and modification. They are less toxic and more
biocompatible due to the absence of charges, are biodegrad-
able without causing immunogenic reactions, and can encap-
sulate both hydrophilic and hydrophobic drugs. Niosomes
can potentially enhance patient compliance, bioavailability,
and drug stability and provide targeted, sustained, and con-
trolled release delivery systems. They can be administered
via various routes, such as oral, pulmonary, ocular, paren-
teral, and transdermal. However, the stability of niosomes in
aqueous suspension may be challenging due to drug hydroly-
sis, drug leakage or aggregation [124]. In 2016, transdermal
niosomal gel containing simvastatin, whose water solubil-
ity and GIT absorption are poor, was developed for treating
pediatric dyslipidemia. The in vivo evaluation in rats showed
that cholesterol and triglyceride were decreased and the bio-
availability of transdermal niosomal simvastatin was higher
than in oral suspension [125].

Virosomes

It is known that viruses have several characteristics that
make them ideal for drug delivery, including their inherent
ability to avoid being recognized by the immune system and
their ability to penetrate cells to transfer their genes for self-
replication. However, the safety and immunogenicity of viral
vectors are being questioned, since they are pathogenic and
originate from viruses that were previously encountered via
infection [126, 127]. Virosomes are liposome-virus hybrid
vesicles composed of lipid membranes and viral envelope
proteins which allow cell penetration, escaping from the
endosomes, and drug delivery to the cells’ cytoplasm. Viro-
somes can be used as a carrier for pharmaceutical and biop-
harmaceutical drugs, vaccines, and adjuvant systems, as they
are able to produce long-term immunity against pathogens.
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However, their stability is low and there are safety concerns
about their immunogenicity [117]. In 2009, the safety of
Inflexal®V, known as an influenza vaccine, was evaluated
in a post-marketing surveillance study in children aged 6
months to 6 years. Inflexal®V was marketed in 1997 for
all ages of patients and it was found to be effective and safe
in these young individuals [128]. The study showed low
intensity localized and systemic adverse events with most
symptoms reported being mild to moderate that disappeared
after a few days [129]. In another investigation, the long-
term immunogenicity effect of Epaxal® Junior, which is a
safe and immunogenic virosomal hepatitis A pediatric vac-
cine, was evaluated in children aged 1-17. The reduction in
antibody titers was more pronounced in younger children
between 1 and 7 years old showing vaccine protection of
at least 5.5 years after two doses, which was lower than the
estimated duration of 25 years [130].

Cubosomes

Cubosomes, which are known as a loaded lyotropic liquid
crystalline nanoparticles system, are formed from specific
amphiphilic lipids and stabilizers. They could be adminis-
tered through several drug delivery routes such as oral, trans-
dermal, ocular, and chemotherapeutic methods. Cubosomes
can provide a suitable delivery system for cancer therapy and
other purposes, because of their acceptable biodegradability,
targeted and controlled release, large surface area, straight-
forward manufacturing, and the ability to load diverse active
compounds. Their preparation methods include sonication,
emulsification, and homogenization, using both top-down
and bottom-up techniques [131]. In 2020, cefpodoxime
proxetil-loaded cubosomes were prepared for pediatric
oral delivery. Cefpodoxime proxetil, which is a pro-drug
for oral administration, is defined as a third-generation
cephalosporin antibiotic and it has broad-spectrum activity
against gram-positive and gram-negative microorganisms.
However, the bitter taste of cefpodoxime proxetil can cause
low pediatric compliance to marketed oral dosage forms
such as tablets, capsules, and dry suspensions. The in vitro
experiment demonstrated a sustained-release behavior in 24
h, and electronic tongue results indicated that cubosomes
containing cefpodoxime proxetil masked the bitterness of
the antibiotic [49].

State of the art in pediatric diseases
managed with nanoconfigured drug carriers
Cancer

Nearly 90% of cancers in pediatric ages ranging from 0 to
19 years old occur in low- and middle-income countries

(LMICs), where nearly 95% of the children live. The health
systems of these countries are generally weaker, so cancers
often go undetected and untreated. In terms of childhood
cancers, acute lymphoblastic leukemia is the most common
and accounts for 19% of all pediatric cancers. Non-Hodgkin
lymphoma is next with 5%, followed by nephroblastoma and
Burkitt lymphoma with 5% and retinoblastoma with 5%.
Survival probabilities range from less than 30% in LMIC
and low-income countries (LIC) to 50% in upper-middle-
income countries and over 80% in high-income countries
(HIC) [132].

Chemotherapy agents are mostly used for the control or
prevention of metastatic disease. There are several major
issues with present chemotherapy agents including their
action against cancerous and normal cells without discrimi-
nation which can lead to killing normal cells, toxicities, and
severe side effects. Using emerging technologies in nano-
medical research can lead to targeted chemotherapy which
can be administered specifically to tumor tissues to eradi-
cate serious side effects and toxic effects associated with
conventional chemotherapy [133]. A potential application
of nanotechnology in this field is improving the therapeutic
index of cytostatic agents by reducing their toxicity. Nano-
medicines can deliver both chemotherapeutic and immu-
nomodulating agents which can enhance immunogenic cell
death inducement and immune response in tumors, respec-
tively [134-136].

The usage of anticancer nanomedicines in pediatrics
could, therefore, potentially be a major step in avoiding
difficulties that stem from drug dose selection and chemo-
therapeutic toxicity [137]. It is believed that nanosized sus-
pensions can escalate the therapeutic index of loaded thera-
peutic agents and raise tumor targeting; thereby, the tissue
distribution and pharmacokinetics of these drugs could be
modified [138]. Moreover, nanoparticles can overcome bio-
logical barriers (e.g., the blood—brain barrier) and they can
be beneficial for treating brain tumors. Nanoparticles could
be prepared by using organic or inorganic materials or a mix
of them. Furthermore, they may be different in size, shape,
and size, all of which can be tuned following the synthesis
method used [139]. Several nanomedicines discussed herein,
though fabricated as potentially effective therapies for child-
hood cancer, have also found substantial use in the manage-
ment of adult carcinomas.

Brain cancer and tumors

Brain cancer is an uncontrolled cell growth disease in the
brain which can spread to adjacent tissues in some cases.
Brain cancers are of two kinds primary brain cancers, which
originate in the brain, and secondary brain cancers, which
start in the other parts of the body and spread to the brain
[140, 141].
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There are between 15 and 20% of all malignancies in chil-
dren that arise from central nervous system (CNS) tumors
[142]. Although brain tumors are rare in pediatrics, they
are classified as the most prevalent solid tumors in this age
population. It is believed that boys have a higher incidence
of these tumors throughout their lives than girls. Each year,
approximately 3700 pediatric CNS tumors are diagnosed in
the USA between the ages of 0 and 14 [143]. A low-grade
glioma, which is defined as an astrocytoma of WHO grades
T'and II, is the most common brain tumor in pediatrics, about
24% of all childhood brain cancers. Based on histological
findings, they are categorized based on their location and
histology [144].

Optimum drug delivery to tumors is the major challenge
in all brain tumors treatments, especially pediatric brain
tumors, due to the blood-brain barrier (BBB) and the brain-
cerebrospinal fluid (CSF) barrier. The BBB, which is a vas-
cular barrier, can provide brain protection by tightly regu-
lating macromolecules, ions, and nutrient permeation [145,
146]. Nanoparticles are known as a non-invasive drug deliv-
ery system for passing through the BBB. Tumor-targeted
delivery is another significant potential of nanoparticles for
carrying a wide range of drugs to brain tumors in children.
Additionally, fluorescent and magnetic molecules can be
used to modulate nanoparticles [147—-149]. Active or passive
targeting might be achieved by using nanocarriers. An active
targeting approach involves the attachment of targeting moi-
eties to the nanoparticles’ surface, which may interact with
overexpressed receptors on the brain tumor cells’ surface,
while the enhanced permeability and retention (EPR) effect
is attributed to passive targeting. Moreover, RNA therapeu-
tic agents, such as miRNA and siRNA, can be employed as
recent approaches for brain tumor treatment. Biocompatibil-
ity, high transfection capacity, preferable accumulation, and
easy fabrication of liposomes make them one of the most
effective nanocarriers for RNA molecules to be delivered to
brain tumors [150, 151].

In 2014, liposomal nanoparticles comprising Evans blue
were developed for targeting and imaging brainstem tumors
in pediatric patients suffering from infiltrating brainstem
gliomas (BSG). As nanoparticles were accumulated in brain-
stem tumors in the murine model, the investigation showed
site-specific delivery of liposomal nanoparticles [152]. In
2015, chitosan-g-PEG copolymer (CP)-coated iron oxide
nanoparticles were developed by using a co-precipitation
method and siRNA was loaded into nanoparticles. This
formulation delivered genes to brain cancer cells without
in vivo (cell lines derived from pediatric MB and epend-
ymoma) and in vitro cytotoxicity [153]. In 2017, gold nano-
particles were loaded with siRNA which was protected and
carried to pediatric MB and ependymoma cells. Gold nano-
particles, which were coated with polyethylene glycol (PG),
chitosan, and polyethyleneimine (Au-CP-PEI), decreased
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brain tumor resistance to radiation therapy in pediatrics
[154]. In another study, high-density lipoprotein nanopar-
ticles (HDL NPs) are investigated for their effect on Sonic
hedgehog (SHH) subtype medulloblastomas, which make
up about 25% of all malignancies. It was demonstrated that
these nanoparticles bind and uptake in cells expressing HDL
receptors and scavenger receptor type B-1 and have anti-
neoplastic effects in MB cells [155].

In 2019, poly(beta-amino esters) (PBAEs) nanoparti-
cles encapsulating plasmid DNA encoding the suicide gene
herpes simplex virus I thymidine kinase (HSVtk) were
developed for treating pediatric malignancies such as MB
and atypical teratoid/rhabdoid tumors (AT/RT) which are
the most common pediatric brain malignancies. PBAEs
are cationic, biodegradable, and self-assembled polymers
which could carry nucleic acids. This study indicated that
genes of interest with significant therapeutic effects were
delivered to MB and AT/RT tumors using PBAEs in mouse
xenograft models in vivo via intracranial injection [88]. In
2021, gold nanoarchitecture containing doxorubicin was pre-
pared as a treatment against diffuse intrinsic pontine glioma
(DIPGs) which are the most aggressive high-grade gliomas
in the pediatric population. These gliomas are difficult to
treat because of their infiltrative nature in the brainstem.
Doxorubicin-loaded nanoarchitectures were shown to be
more effective than free doxorubicin in cytotoxicity against
DIPG cells [156, 157]. Moreover, a novel N(3)-propargyl
(N3P) derivative of temozolomide was loaded into nanoli-
posomes to enhance its solubility, sustained distribution,
and stability for treating temozolomide-resistant pediatric
diffuse midline glioma. In children, diffuse midline and
diffuse intrinsic pontine gliomas (DIPG) are infiltrative
malignant tumors of the ventral pons with no effective and
currently available treatment. As a result, the combination
of convection-enhanced delivery with the longer half-life
of these therapeutic agents in the nanoparticles should be
able to minimize systemic toxicities and administered doses.
The experiment showed that the formulation benefited from
a sustained-release profile and instant uptake during 1-h
incubation in the DIPG model (in vitro), distribution, and
penetration in vivo (rats) [158, 159].

Retinoblastoma

As the most prevalent intraocular malignancy in children,
retinoblastoma (Rb), which is an aggressive eye cancer in
infants and children, accounts for four percent of all pedi-
atric cancers. It is estimated that 1 in 20,000 babies is born
with retinoblastoma, and there are app) has been establish-
eroximately 200-300 new patients of retinoblastoma each
year in the USA. The chance of survival and saving vision
depends on the severity of the disease [160—162].
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Several nanoformulations have been developed to over-
come pediatric drug delivery obstacles; some of them are
shown in Table 3.

Leukemia

Childhood acute lymphoblastic leukemia (ALL) is derived
from B and T lymphoblasts in the thymus and bone marrow
tissues. In the USA, about 40 patients per 1 million children
aged 0-14 years suffer from ALL annually. Krishnan et al.
prepared polymeric nanoparticles to encapsulate dexameth-
asone which is known as an anti-inflammatory and bone
growth steroid. Dexamethasone is counted as one of the
most effective chemotherapeutic agents for childhood ALL
treatment. It can eradicate a large number of leukemic cells
by inducing cell death of B and T lymphocytes. This study
showed the nanoformulation of dexamethasone-induced
leukemia apoptosis and enhanced survival with lower doses
of dexamethasone [179]. In another study, zinc oxide nano-
particles (ZnO-NPs) were developed to treat pediatric leu-
kemia. ZnO-NPs are one of the most popular drug carriers
amongst all metal oxide nanoparticles due to their safety
and lower toxicity. Since they benefit from the small particle
size, the zinc could be absorbed easily in the body. Hence,
they can be used as a cancer treatment and diagnosis agent
[180, 181]. Liu et al. synthesized the ZnO-NPs by using a
biological source. Besides, the dose-dependent cytotoxicity
of these NPs against pediatric leukemia cells was evaluated
and revealed. As discussed earlier, nanoparticles might be
an efficient carrier to deliver small interfering RNA (siRNA)
into the cancerous cells. In an investigation, a certain siRNA
was loaded in lipid-based nanoparticles to treat acute mye-
loid leukemia (AML), which is characterized by the rapid
proliferation of immature myeloid blast cells. This study
showed that the prepared formulation did not affect normal
cells due to its selective targeting of AML cells. Moreover,
the potent uptake of nanoparticles by the pediatric AML
cell line model and the inhibition of AML cell progression
were revealed [182].

Osteosarcoma

The term sarcoma refers to malignant tumors derived from
cartilage, bones, and muscle tissues. An osteosarcoma (OS) is
characterized by mesenchymal malignancies which produce
immature bones or osteoid. Generally, children under the age
of 20 suffer from bone cancer infrequently and 650-700 new
cases of bone cancer per year are estimated [183]. As part of
the effort towards designing better therapeutic interventions
for osteosarcoma management in the pediatric population,
the effects of paclitaxel-loaded nanoparticle albumin-bound
(nab-paclitaxel or Abraxane®) on 143.98.2 osteosarcoma cells

were investigated in 2014. Five days of nab-paclitaxel treat-
ment resulted in prolonged survival and inhibited the growth
of OS [184]. In 2015, Ni and team developed a method of
emulsion/solvent evaporation that was used to prepare salin-
omycin-loaded poly(lactic-co-glycolic acid) nanoparticles
(NP) conjugated with CD133 aptamers (as an osteosarcoma
marker) for targeting CD133" osteosarcoma cancer stem cells.
The aptamer is a molecule composed of an oligonucleic acid
or peptide that binds to a particular target molecule. It has been
proven that salinomycin, known as an antibiotic, can kill OS
cancer stem cells. However, salinomycin is poorly soluble in
water, inhibiting its clinical application. The study showed that
compared to salinomycin-NP only or unbound salinomycin,
the conjugated formulation had the best therapeutic effect on
Saos-2 osteosarcoma xenograft mice. It was demonstrated that
the prepared formulation killed OS cancer stem cells in vitro
and in vivo [185].

In another investigation, doxorubicin-loaded PEGylated
liposomes were developed using the pH gradient hydra-
tion method. The study demonstrated that liposomal dox-
orubicin increased toxicity in MG-63, U2-0S, Sa0OS-2,
Sa0S-LMT7 cell lines, and human primary osteoblasts cells
compared to free doxorubicin. Besides, the permeability of
doxorubicin into the cell was enhanced due to nanoparticle
encapsulation [186]. Gonzilez-Fernandez and colleagues
prepared edelfosine-loaded lipid nanoparticles (EF-LN)
for primary tumor targeting and metastases elimination.
The antitumor effect of edelfosine (EF) has been estab-
lished in vitro and in vivo; however, low oral bioavail-
ability and severe side effects of EF lead to therapeutic use
prevention in clinical practice. In vivo evaluations showed
that EF-LN reduced the progression of the primary tumor
growth in MNNG-HOS and 143 B-orthotopic OS mice
models. Furthermore, EF-LN prevented the metastatic
spread of 143B OS cells from the primary tumor to the
lung [187]. Also, the surface of the cancer cell membrane
derived from 143B cells was modified using silica nano-
particles to target homogenous 143B cells. Furthermore,
indocyanine green as a photothermal agent was encap-
sulated into the nanoparticles to provide tumor-targeted
photothermal therapy of osteosarcoma cells. In vitro and
in vivo studies showed that the novel formulation ben-
efited from higher targeting ability and anticancer efficacy
compared to free drug and unmodified silica nanoparti-
cles. Moreover, the encapsulated indocyanine green was
delivered to isogenous 143B cells specifically by the pre-
pared nanosystem and it has pH-dependent release [188].

Furthermore, the 50-nm nanoassemblies (NAs) were
formed by co-assembling alkyl-lysophospholipid edelfosine
(EF) and squalenoyl-gemcitabine (SQ-Gem). Gemcitabine is
known as a second-line antineoplastic therapeutic drug for
pediatric OS treatment. EF, which is a pro-apoptotic drug, is
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believed to modify SQ-Gem pharmacokinetics and increase
its tolerability. It was demonstrated that EF enhanced SQ-
Gem exposure after intravenous administration. This experi-
ment showed that not only was the toxicity, after administer-
ing the novel formulation several times, in mice (in vivo OS
model) decreased, but the tolerability was also improved.
Besides, the developed formulation reduced the kinetic of
primary tumor growth without causing adverse effects [189].
Xu and colleagues also explored the novel nanosystem of
zoledronic acid-loaded nanoparticles that was prepared
by using hyaluronic acid, polyethylene glycol, and nano-
hydroxyapatite for targeted therapy of osteosarcoma cells.
Zoledronic acid, an approved bisphosphonate for treating
metastatic bone diseases, has been shown to be safe and
tolerable. The results demonstrated that a series of human
osteosarcoma cell lines, including 143b, HOS, and MG63,
were effectively inhibited by the NPs, while there was no
significant cytotoxic effect on normal cells. Moreover, the
injection of NPs locally in vivo showed the stimulation of
tumor apoptosis and necrosis and infiltration of granulocytes
in blood vessels [190].

Neuroblastoma

Neuroblastoma (NB), which is an extracranial pediatric
malignancy, represents about 13% of all pediatric cancer
mortality and is the main cause of death in children aged 1
to 5 years. NB stems from neuronal crest progenitor cells
and affects infants younger than one year of age more com-
monly than other cancers. NB is characterized by noticeable
biological and genetic diversity, as well as clinical heteroge-
neity. It is associated with spontaneous remission, resistance
treatment, and a low rate of survival [191]. In 2018, doxoru-
bicin-loaded nanocells were developed for pediatric aggres-
sive NB. The in vitro results showed that tumor growth and
volume were reduced in mice with orthotopic xenografts of
human neuroblastoma after 28 days [192].

Hypertension

Pediatric hypertension (HTN), which can happen because of
obesity, is a growing health concern. Hydrochlorothiazide
(HCT), categorized as a diuretic drug, is mostly used for
pediatric hypertension treatment because of its safety and
effectiveness. Besides, HCT benefits from high-level patient
compliance because it is easy to administer (i.e., once daily).
Nevertheless, HCT is a BCS class IV drug indicating that it
has low solubility and permeability that can result in poor
bioavailability. Mura and colleagues prepared two different
types of hydrochlorothiazide nanocarriers, solid lipid nano-
particles (SLNs) and nanostructured lipid carriers (NLCs),
for pediatric therapies in the form of oral liquid formulations

to resolve the solubility and stability problems of HCT. Both
SLNs and NLCs were stable after 6 months, and they did not
show cytotoxicity on cells. However, the drug release and
entrapment efficiency of NLCs were higher than SLNs [107].

Infections

Infectious diseases, including malaria, diarrhea, and acute
respiratory infections in countries with high mortality, are
the major cause of death in post-neonatal children who are
less than 5. The deadliest communicable disease impacting
the pediatric population relative to other infectious diseases
is acute respiratory infection (ARI) [193]. As some of these
infectious diseases require long-duration or even lifelong
therapies, prolonged and fixed-dose combination formula-
tions can be beneficial to improve patients’ compliance and
treatment efficiency. Achieving these goals can be made
possible using nanoconfigured technologies which have dis-
tinguishing merits, such as targeted delivery to the bacteria,
improvement of stability, solubility, and bioavailability of
anti-infective agents, and thus reduce the development of
drug resistance [194, 195].

Parasitic infections

Parasites can cause chronic diseases in general, and their
symptoms usually are not noticeable in contrast to bacterial
infections. Most anti-parasitic agents such as benzimidazoles
have low water solubility and stability leading to insufficient
bioavailability and therapeutic effect which can be resolved
by using nanoformulations [196, 197]

Malaria Malaria, which is a life-threatening disease, is typi-
cally transmitted to humans, when bitten, by an infective
female Anopheles mosquito. Globally, half of the world’s
population lives in malaria-endemic territories, and imports of
malaria disease are common in almost every country. Children
aged 6 months to 5 years are the most affected, and malaria
may account for up to 10% of all child deaths in regions where
it is endemic [198]. Nanomedicines have found some poten-
tial applications in the management of malaria. For instance,
Dandagi and co-workers employed solid lipid nanoparticles
(SLN) as novel carriers for the delivery of quinine sulfate, a
key antimalarial drug, used in children and even adults. The
developed nanostructured system effectively masked the bit-
ter taste of quinine and provided a flexible dose adjustment
system based on body weight which are useful for improving
acceptance, compliance, and therapeutic efficacy in the pedi-
atric population [199].

In 2017, a fast dissolvable oral formulation containing

mefloquine-loaded liposomes was developed for pediatrics.
Mefloquine, used as a prophylaxis or treatment of malaria,
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has low water solubility and bitter taste causing low adher-
ence in children. The research depicted that drug solubility
was elevated, and the unpleasant taste was masked. Besides,
the prepared liquid formulation was stable for more than 3
months in a refrigerator (4 °C) and the lyophilized powder
of liposomal formulation was stable for more than 3 months
at room temperature. The result of the in vivo evaluation
showed that drug absorption was significantly increased in
mice [200].

Schistosomiasis Schistosomiasis is an acute and chronic
neglected tropical parasitic disease caused by trematode
worms. It affects about 240 million people, of which some
of them are preschool-age children accounting for 28 mil-
lion cases. Although praziquantel (PZQ) is the first choice
of treatment for schistosomiasis, its nasty and metallic taste
can reduce children’s compliance. Besides, the low aque-
ous solubility of PZQ could significantly affect the drug’s
dissolution and bioavailability [201, 202]. In 2019, dried
PZQ-loaded nanoparticles were fabricated and investigations
showed not only taste improvement but also better aqueous
solubility [203].

Chagas disease Trypanosoma cruzi is the causative organ-
ism for Chagas disease, which affects approximately 6—7
million people around the world, and it particularly affects
children who are chronically infected. Benznidazole (BNZ)
is the first-line treatment for Chagas disease, while the
USFDA recently approved it for treating patients aged 2—12.
BNZ is practically insoluble in water [204, 205]. The powder
form of polymeric nanoparticles containing BNZ was devel-
oped by using the freeze-drying method. This nanoformula-
tion increased drug dissolution and provided dose flexibility
to meet the needs of children of all age groups [206].

Fascioliasis Fascioliasis is a parasitic infection affecting
the hepatobiliary system especially observed among pedi-
atric patients in countries with unhealthy water resources.
As a first-line therapy, triclabendazole (TBZ) has been rec-
ommended to treat this disease. However, its poor water
solubility limits the dissolution rate [207]. Considering
that many patients suffering from fascioliasis are children,
a dosage form tailored to pediatrics is essential. In 2022,
the self-nanoemulsifying lipid-based system of TBZ (TBZ
SNEDDS) was prepared to enhance its aqueous solubility
and bioavailability. Moreover, solid TBZ SNEDDS in dis-
persible colored tablet form was developed which was able
to customize pediatric weight-based doses to avoid toxicity
and side effects. Hence, the prepared tablet was a suitable
formulation for use in pediatric treatment [208].

Cutaneous leishmaniasis Leishmaniasis is a parasitic dis-
ease spread by female sandfly bites. Globally, 350 million

@ Springer

people are at risk of contracting leishmaniasis in 98 coun-
tries and children constitute an important number of cases
[209, 210]. Cutaneous leishmaniasis is the most prevalent
form of the disease, which causes long-lasting atrophic scar-
ring and nodule-ulcerative lesions. Amphotericin B, as a
liposomal preparation (L-AmB) marketed as AmBisome®,
is an effective and preferred bioactive molecule that is com-
monly used in the treatment of cutaneous leishmaniasis in
persons of all ages. Specifically, the efficacy of intravenous
L-AmB for treating cutaneous leishmaniasis in pediatric
patients was investigated. In the study, intravenous L-AmB
was administered in six doses (3 mg/kg/day) for five suc-
cessive days, and on day 10, slow infusion of L-AmB over
60 min was administered. Systemic antihistamine, methyl-
prednisolone, and paracetamol were given before L-AmB
administration, and less than 50% of the pediatric patients
treated showed complete clinical recovery [210].

Sepsis

Sepsis is the life-threatening response of the body to infec-
tions which causes organ dysfunction. There is a high rate
of child mortality due to pediatric sepsis around the world
[211]. Although metronidazole is usually utilized for treat-
ing bacterial infections, its short half-life limits its usage.
In 2023, a pH-responsive system containing metronida-
zole nanocarriers was prepared by using the hydrother-
mal method to provide a controlled release of the drug. In
this system, metronidazole was encapsulated in zeolitic
imidazole frameworks-90 (ZIF-90) to be protected from
decomposition in acidic conditions. It was demonstrated
that the developed formulation can enhance immunity
while eliminating microbial infections [212].

Viral infections

Viral infections, which stem from viral pathogens, could
have no symptoms or severe presentations. Although many
pediatric viral infections can be prevented by using vac-
cines, very few of them might be treated by antiviral drugs.
Although children may be infected during pregnancy or at
birth due to maternal infections, they can be impacted by
viruses at older ages [213, 214].

Human immunodeficiency virus (HIV) The human
immunodeficiency virus (HIV) targets T-helper lymphocytes
and attacks the immune system. In most infected children,
the human immunodeficiency virus type 1 (HIV-1) is
transferred from mother to child during pregnancy, delivery,
or breastfeeding. According to the recent World Health
Organization (WHO) reports, 1.5 million children aged
between 0 and 14 years are living with HIV [215, 216].
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Chiappetta and colleagues loaded efavirenz (EFV) into the
core of polymeric micelles for pediatric uses. EFV, known
to be poorly soluble in water, is known as a first-choice
antiretroviral drug for pediatric treatment. This experiment
illustrated that encapsulating EFV in polymeric micelles
improved the water solubility and bioavailability of the drug
[217]. In 2011, a pediatric oral formulation of tenofovir-
loaded niosomes was prepared by using high-pressure
homogenization technology. Tenofovir is a nucleotide
antiretroviral drug that is used against (HIV-1), and its
bioavailability is insufficient. The effects of physical process
and compositional variables on formulation features such as
vesicle size and drug release were evaluated. The significant
effects of compositional variables, such as drug amount,
level of cholesterol, and length of surfactant chain, on drug
release profile were shown in this study [218]. Furthermore, a
group of investigators prepared D-a-tocopheryl polyethylene
glycol 1000 succinate (TPGS) micelles containing nelfinavir
mesylate (NFV) was prepared as an HIV treatment in the
pediatric population. NFV is the first non-peptidic HIV-1
protease inhibitor recommended for pediatric use. Based on
the Biopharmaceutical Classification System (BCS), NFV
is a class IV biomolecule (i.e., low aqueous solubility and
permeability). However, polymeric micelles are known to
improve drug stability and water solubility, so NFV was
incorporated into their hydrophobic cores. The experiment
showed that NFV-loaded TPGS micelles were solubilized
in an aqueous formulation which could provide ease of
administration and dose adjustment for children. Overall, the
oral bioavailability of NFV was enhanced [219]. In another
study, chitosan nanoparticles of dolutegravir were prepared by
using the spray drying method as a food or milk admixture for
infected pediatrics. Dolutegravir (DTG), classified as a BCS
class II, is an integrase strand transfer inhibitor. This study
demonstrated that the administration of DTG nanoformulation
with milk is feasible, and in vivo study in Balb-C mice was
done for validation. Moreover, the nanoformulated drug
biodistribution in plasma and organs was more than the pure
drug [220]. In 2023, a lipid-based nanostructured oral liquid
formulation of lamivudine and zidovudine was developed
based on green chemistry principles. The lamivudine and
zidovudine combination are known as the first-line treatment
of nucleoside reverse transcriptase inhibitor (NRTT) backbone
for pediatrics. The novel formulation provided a controlled
release of the drugs and protected them from degradation in
the acidic gastric environment. Also, they were suitable for
children because they were taste-masked and offered flexible
dosing for dose adjustment purposes [221].

Asthma

Asthma is defined as airways chronic inflammatory disease,
known by recurrent airflow obstruction which arises from

the edematous and bronchospastic airways, and increasing
mucus production. According to the Centers for Disease
Control and Prevention (CDC) reports, more than 6 million
of the pediatric population in the USA suffer from asthma.
In general, asthma is a chronic disease with a high morbidity
rate and a low mortality rate [222]. In 2015, prednisolone-
loaded nanoparticles in oral dispersible tablets dosage form
were developed. Prednisolone (PDS), which is a synthetic
glucocorticoid and immunosuppressive drug, is a good
choice for pediatric treatment of asthma. However, avail-
able dosage forms can cause swallowing difficulties in chil-
dren. Besides, PDS’s solubility in water is low which can be
improved by using nanoencapsulation. Therefore, Chen and
colleagues prepared fast-disintegrating tablets containing
PDS-loaded chitosan nanoparticles with the overall goal of
enhancing patient compliance and overcoming swallowing
problems [223]. Also, in 2021, the suspension of zafirlu-
kast (ZFR)-loaded nanoparticles was prepared for children.
ZFR, which has a low solubility in water can control and
reduce asthma-induced symptoms, including wheezing and
shortness of breath. Using chitosan to prepare nanoparticles
in this formulation improved both drug solubility and drug
release from suspension [224].

Concluding remarks

Here, we have discussed a wide range of nanomedicines
fabricated to circumvent possible impediments to successful
pediatric-specific disease management. Interestingly, the use
of these diversified bioactive molecules containing nano-
systems displayed the capacity to meet the unique needs of
the pediatric population that can make desired therapeutic
outcomes achievable. Generally, nanosystems offer a vari-
ety of characteristic features (such as shape/morphology,
surface charge and properties, size) that are adaptable to
provide a range of properties that can aid and/or optimize
drug delivery for specific purposes and diverse patient cat-
egories. This customization potential makes them incred-
ibly attractive for use as innovative drug carriers for various
patient-specific biomedical/clinical applications, along with
potential opportunities for precision/personalized medicines
that can significantly enhance therapeutic efficacy and mini-
mize adverse effects. Additionally, nanomedicines function
as encapsulating structures that can increase the aqueous
solubility of hydrophobic drugs thus facilitating bioavail-
ability. They can also provide targeted therapy, especially
for anti-cancer agents, which can negatively impact normal
cells and increase the cellular uptake of drugs raising their
biological effectiveness. These novel systems also provide
differing drug release kinetics (e.g., sustained, extended,
controlled release) which make them versatile delivery
matrices that can cater for a variety of pediatric therapeutic
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needs. Furthermore, nanomedicines may escalate drug deliv-
ery through the blood brain barriers for tumor shrinking or
imaging or even for specific gene delivery applications or on
the other hand shield encapsulated ribonucleic acids during
delivery to tumors. All these make up useful applications for
the pediatric population. Besides, nanomedicines have good
flexibility and potential as effective pediatric drug delivery
systems because they have been shown to provide the ben-
efits that are critical for developing child-friendly formula-
tions such as improving palatability and other organoleptic
characteristics, aiding dosing and administration flexibility,
reducing dosing frequency, enhancing safety and in vitro/in
vivo stability, alleviating swallowing difficulties, and aug-
menting in vivo performance (i.e., pharmacokinetics and
pharmacodynamics).

Expert opinion Undoubtedly, a huge global need for inno-
vative pediatric medicines exists and the use of nanomedi-
cines is a potentially viable solution to this lingering chal-
lenge considering their flexibility. Therefore, intensifying
research and development efforts centered on designing
effective nanoconfigured drug carriers can serve as a major
contribution to scientific knowledge and the innovation of
marketable child-friendly medicines that can aid disease
management and clinical outcomes. From our perspective,
the nanoemulsion, nanosuspension, nanoparticle (polymer,
polymer-lipid, lipid-based), and liposomal technologies
would be good options to continue pursuing and expand
on for commercialization purposes majorly because these
delivery systems have shown repeated promise for further
development of child-friendly dosage forms and appear to
be easily scalable options for pharmaceutical manufactur-
ing purposes. Besides, a closer look at their toxicity pro-
files, the most suitable animal model for preclinical in vivo
studies, excipients, and active drug selection, as well as
identifying key quality parameters and specification limits
that can strengthen current regulatory measures, particu-
larly for this patient population, will go a long way in mak-
ing these sustainable.
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