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ABSTRACT

Children's growth and physiology are basically different from that of adults, so paediatric pharmacotherapy is dissimilar in challenge. The traditional
formulations of medicines are not suitable for children, as they face issues of poor taste, insusceptibility of dosage flexibility, and potential miscalculation
of dosage. Nanotechnology of nanoscale dimensions holds great promise in solving paediatric drug delivery issues. In this article, the prospect of
nanocarriers, such as liposomes, polymeric nanoparticles, and solid lipid nanoparticles, is discussed in paediatric medicine. Nanoformulations have been
found to increase oral bioavailability by 60% and decrease dosing frequency by 50%, with improved therapeutic response in paediatric patients. Today,
at least four FDA-approved nanoformulations are on the market for paediatric applications, such as liposomal amphotericin B for fungal infections and
pegylated liposomal doxorubicin for paediatric oncology, showing the increasing clinical use of nanotechnology in paediatric medicine. However, there
are huge challenges remaining: long-term safety of nanomaterials in developing organisms, scalable manufacturing, regulatory hurdles, and ethical
considerations for paediatric clinical trials. The review will highlight the continued need for interdisciplinarity to overcome the challenges and reach the
potential of nanotechnology for enhancing paediatric health outcomes. Future directions include stimuli-responsive and personalized nanocarriers,
combination therapy, and theranostic nanoparticles. With further research and development, nanotechnology can potentially revolutionize paediatric
pharmacotherapy with more effective, safer, and patient-compliant drug delivery.
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INTRODUCTION

Paediatric pharmacotherapy is accompanied by challenges, which
for decades confounded healthcare providers and drug researchers.
Paediatric and adult population physiologic and developmental
distinctions require unique drug formulation and delivery strategies
[1]. Children are not 'little adults’; they have different
pharmacokinetic and pharmacodynamic characteristics that may
greatly affect the efficacy and safety of drugs. For instance, neonates
and infants have undeveloped liver enzymes, diminished renal
clearance, and varying rates of drug metabolism, which affect drug
absorption and elimination kinetics [2]. These variations are
particularly evident in neonates and infants, whose immature organ
systems and fluctuating body compositions can significantly modify
drug absorption, distribution, metabolism, and excretion [3].

Standard drug products are not suitable for paediatric application
due to their properties, viz poor palatability, inflexibility in dose, and
difficulty in measuring adequate and exact dosing. All these factors
contribute to non-adherence to therapy, which ultimately results in
less optimal therapeutic effects. Moreover, a dose reduction from the
adult to paediatric dose suffers with erroneous dose and
bioavailability and is exposed to safety risk [4]. Under these
circumstances, nanotechnology provides a solution by offering
pediatric-friendly formulations with enhanced solubility, targeted
delivery, and controlled release to overcome these pharmacotherapy
challenges better [5].

Over the last two decades, nanotechnology has emerged as one of
the new promising frontiers to address long-standing issues in
paediatric drug delivery. Nanoformulations, by definition, possess at
least one dimension between 1-100 nm; such particles can have
properties that are novel for exploitation to enhance drug delivery in
children [6]. Nanoscale systems enhance drug solubility, enhance
permeability across biological barriers, and offer the vehicle for
targeted delivery to specific tissues or organs [7].

The advantages nanotechnology would offer to paediatric preparation
is numerous. Nanocarriers can enhance the drug's poor solubility
universal issue with paediatric pharmacotherapy since oral liquids are
prevalent [8]. They would also facilitate control release profiles; this
would mean reduced dosing frequency and increased patient
compliance [9]. Moreover, nanoformulations can provide the potential
for new drug delivery routes-like transdermal and pulmonary
delivery-in a way potentially favourable to children [10].

But the application of nanotechnology in paediatric medicine is not
without its challenges. The long-term safety of nanomaterials in
developing organisms is a critical area of research [11]. Regulatory
frameworks for nanomedicines, particularly for paediatric
applications, are in development [12]. In addition, scalability and
cost-effectiveness of nanoformulations are challenges to the large-
scale clinical application of nanoformulations. Nanotechnology drug
delivery systems have an added benefit in paediatric
pharmacotherapy because they can promote bioavailability, allow
targeted delivery, and lower systemic toxicity. For example,
liposomal carriers can be used to encapsulate cytotoxic drugs,
minimizing off-target toxicities in paediatric oncology. Likewise,
polymeric nanoparticles can be made to release the drug in a
controlled manner, minimizing the frequency of dosing and
maximizing compliance in patients—essential elements in
compliance in paediatric treatment [13].

This review aims to offer a comprehensive overview of the current
situation of nanotechnology in paediatric drug delivery. It will
compare different types of nanocarrier systems and their application
in paediatric medicine, outline the regulatory climate, and examine
the challenges and prospects of this rapidly evolving area.
Synthesizing the latest research and clinical data will allow us to
gain a clearer understanding of the ability of nanotechnology to
revolutionize paediatric pharmacotherapy and promote health
outcomes among children.
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The selections of articles for the present review were searched from
specialized databases (Range of years: 2014-2024) such as Elsevier,
PUBMED, and Cambridge using the keywords Nanotechnology,
paediatric drug delivery, nanocarriers, liposomes, polymeric
nanoparticles, solid lipid nanoparticles, paediatric pharmacotherapy,
controlled release, targeted drug delivery and nanomedicine
applications. Other selections include articles from Springer, and
Wiley, information from Internet sources, and online-published
articles from The Lancet Respiratory Medicine, Medscape, and
Statpearls.

Int ] App Pharm, Vol 17, Issue 6, 2025, 49-56

Nanocarrier systems in paediatric formulations

Nanocarrier systems are a promising field of research towards
overcoming the challenges of drug delivery in paediatric patients.
The nano-carriers contain various benefits concerning the
enhancement of bioavailability, site-specific drug delivery, and
reduced dosing cycles. In the next section, we will discuss three
major types of nanocarriers that hold promise in paediatric
formulation, namely liposomes, polymeric nanoparticles, and solid
lipid nanoparticles.

Table 1: Comparative physicochemical properties, stability, and clinical applications of nanocarriers in paediatric drug delivery

Nanocarrier type  Physicochemical properties Stability Advantages in paediatrics Clinical applications References
Liposomes Size: 50-200 nm Amphiphilic Moderate Reduced toxicity, enhanced Liposomal amphotericin B 14

structure stability bioavailability for fungal infections
Polymeric Size: 10-1000 nm High Controlled drug release, Paediatric oncology 19
nanoparticles Hydrophobic/hydrophilic core stability surface functionalization (e. (targeted chemotherapy)

g, PEGylation)

Solid Lipid Size: 50-400 nm Lipid-based Excellent Long-term stability, Topical paediatric 20
nanoparticles matrix stability controlled release formulations (e. g., anti-
(SLNs) inflammatory drugs)
Liposomes capability of targeting in paediatric preparations. For instance,

Liposomes are round vesicles made up of one or more phospholipid
bilayers which contain an aqueous interior. Their unique structure
enables the encapsulation of hydrophilic or hydrophobic drugs,
making them extremely versatile carriers for therapeutic
compounds in their numerous applications [14].

In paediatric application, liposomes have the potential to enhance
drug delivery with decreased toxicity. For example, a study in 2015
by Ladaviére and Gref demonstrated that liposomal preparations of
amphotericin B minimized nephrotoxicity in children infected with
fungi, thus enabling higher doses and improved therapeutic
response [15]. This is extremely critical in paediatric patients where
organ toxicity has long-term developmental implications.

Another important use is in the treatment of paediatric cancers.
Liposomal doxorubicin has been investigated to reduce
cardiotoxicity, a great concern in children who undergo
anthracycline chemotherapy. In children with relapsed or refractory
solid tumours, a phase I trial by Voller et al. (2015) concluded that
liposomal doxorubicin had an acceptable toxicity profile versus
standard formulations [16].

Liposomes have also been explored for vaccine delivery in paediatric
populations. Schwendener (2014) discussed the application of
liposomes as adjuvants and delivery vehicles for vaccines, noting
their potential to improve immune responses and possibly decrease
the number of doses for immunization [17]. This may be very useful
in enhancing vaccination compliance among paediatric patients.

Polymeric nanoparticles

Solid colloidal particles of biodegradable or biocompatible polymers
with sizes ranging from 10-1000 nm are polymeric nanoparticles.
Effective encapsulation, along with controlled release properties,
positions polymeric nanoparticles as good candidates for drug
targeting. Their surfaces can be modified using biocompatible
polymers, like polyethene glycol (PEGylation), in order to increase
the circulation lifetime, decrease immunogenicity, and enhance the

PEGylated polymeric nanoparticles have demonstrated enhanced
blood circulation and decreased renal clearance, making them well-
suited for long-term paediatric cancer treatment [18].

Polymeric nanoparticles have been investigated in paediatric oral
drug delivery and targeted cancer therapy in paediatric cancers.
Yadav et al. (2019) published a review of polymeric nanoparticles in
paediatric drug delivery wherein they hold promise in improving
poor water-solubility drugs oral bioavailability, as well as sustained
release formulation [19].

Solid lipid nanoparticles

SLNs are colloidal carriers that are made up of physiological lipids,
which are usually solid at room and body temperatures. Such
nanocarriers can have numerous benefits, such as a high drug-
loading capacity, enhancement of the stability of entrapped drugs,
and the ability for controlled release [20].

SLNs have been known to enhance the oral bioavailability of highly
water-insoluble drugs and to provide long-lasting release preparations
in paediatric drugs. Pinto and Miiller (1999) were the pioneers to
suggest the use of SLNs in children, highlighting the role of the latter in
enhancing the palatability of oral preparations and also imparting
control release characteristics [21].

Also, SLNs have promising applications in paediatrics in topical drugs.
Jain et al. (2017) formulated aceclofenac SLN-based gel for the topical
administration of juvenile rheumatoid arthritis. Their research
revealed that higher skin permeation and greater anti-inflammatory
action happen with SLN compared to conventional gels [22].

Applications in paediatric medicine

The use of nanotechnology in paediatrics crosses a broad spectrum
of therapeutic fields. This chapter will discuss in some detail three
major areas in which nanoformulations have indicated specific
potential: cancer treatment, respiratory diseases, and infectious
diseases.

Table 2: Clinical applications of nanocarriers in paediatric medicine

Drug/Nanocarrier Type Paediatric indication Clinical outcomes References
Liposomal Amphotericin Liposome Fungal infections Improved efficacy, reduced nephrotoxicity 30

B (Ambisome)

Doxorubicin (Doxil) Liposome Paediatric oncology Reduced cardiotoxicity, enhanced targeting 23

Efavirenz-loaded SLNs
Polymeric Micelles
(Paclitaxel)

Solid Lipid Nanoparticle
Polymeric Micelles

Paediatric HIV therapy Enhanced bioavailability, reduced dosing 30
Paediatric tumours

Increased drug accumulation at tumor sites 61
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Cancer therapy

Children's cancers are particular challenges because treatment may
have lasting effects on development and growth. Nanoformulations
hold the promise of more localized therapies with decreased
systemic toxicity, an important issue in paediatric oncology. One of
the most well-studied paediatric cancer nanoformulations is
liposomal doxorubicin. Doxorubicin is an anthracycline antibiotic
that is a standard treatment for many paediatric solid tumours and
hematologic malignancies. It is, however, dose-limited by
cardiotoxicity, which is a special concern in children [23].
Doxorubicin's pharmacokinetics have been changed by liposomal
encapsulation, with a theoretical reduction in cardiotoxicity and a
preservation of activity. A phase I trial by Dorr et al. (2007) studied
pegylated liposomal doxorubicin in children with relapsed or
refractory solid tumours. It proved that liposomal formulation could
accommodate greater doses of doxorubicin on a cumulative scale
with reduced cardiotoxicity over standard formulations [24].
Another possible application of nanotechnology in paediatric
oncology is brain tumours. A primary obstacle to drug delivery for
CNS tumours 1is the blood-brain barrier (BBB). Polymeric
nanoparticles have been examined as a tool for enhancing the
penetration of drugs across the BBB. Zhao et al (2018)
demonstrated in a study that transferrin-conjugated docetaxel-
loaded PLGA nanoparticles exhibited improved penetration across
BBB and enhanced antitumor activity in a mouse model of
glioblastoma [25]. Nanocarriers have exhibited a piovital role in the
biological applications, especially in the field of cancer drug
targeting. These drug delivery systems have demonstrated a
significant improvement with reference to its drug efficacy,
enhanced circulation time and controlled and targeted drug release
over the conventional treatment regime [26].

Respiratory diseases

The advantages of nanotechnology for the treatment of respiratory
diseases in children are enhancing drug delivery to the lungs and
increasing the efficacy of inhaled therapy.

Inhalation is one of the most prevalent chronic childhood illnesses:
asthma. Traditional inhaled corticosteroids have demonstrated their
effectiveness; however, they tend to be marred by inefficient lung
deposition and fast clearance. Nanocarriers have the possibility of
improving these limitations.

The efficacy of chitosan nanoparticles as a carrier in pulmonary
delivery for theophylline in treating asthma was tested by Nafee et
al. (2014). Improved lung deposition with sustained release and
reduced systemic bioavailability was exhibited by the
nanoformulation, as compared to conventional formulations. In vivo
rat studies showed more pronounced bronchodilation effects; thus,
such a formulation is worth considering for the management of
asthma in paediatric patients [27].

Another area of interest is the treatment of cystic fibrosis, a genetic
disorder that affects the lungs and other organs. Effective delivery of
antibiotics to combat chronic lung infections is critical in CF
management. Cipolla et al (2016) developed a liposomal
formulation of amikacin for inhalation in CF patients. Their phase II
clinical trial in paediatric and adult CF patients demonstrated
improved lung function and reduced bacterial density compared to
placebo, with a favourable safety profile [28].

Nanocarriers have also been quite promising in the delivery of
vaccines against respiratory infections. Recently, Kunda et al. (2013)
reported on the formulation of pneumococcal vaccines in the form of
dry powder inhalers using PGA-co-PDL nanoparticles [29]. The
nanoformulation proved to be more stable and immunogenic
compared to liquid formulations and thus promises to allow needle-
free vaccination for paediatric populations.

Infectious diseases

Nanotechnology may revolutionize the treatment of infectious
diseases in paediatric patients, with the improved efficacy of
antimicrobial agents and overcoming drug resistance mechanisms.
Nanoantibiotics present a major benefit in the fight against bacterial

Int ] App Pharm, Vol 17, Issue 6, 2025, 49-56

resistance mechanisms, especially in paediatric infections.
Nanocarriers are promising in drug delivery as they circumvent
bacterial efflux pumps, minimize enzymatic degradation, and
enhance intracellular drug levels. PLGA nanoparticles with
encapsulated gentamicin, for instance, have shown enhanced
intracellular penetration and sustained release, which was able to
completely eradicate Brucella melitensis from macrophages. This
improved bioavailability decreases the dose of required antibiotic
and diminishes toxicity and is most especially beneficial for use in
bacterial infection in paediatric populations where dosage accuracy
and safety are of foremost concern. Further, rifampicin-lipid
nanoparticles have demonstrated augmented effectiveness against
drug-resistant (MDR) Mycobacterium tuberculosis through
precluding efflux-driven resistance with prospects for uses in the
paediatric therapy of tuberculosis.

Of utmost research, areas include the development of nanocarriers
in antibiotic delivery. An example was seen in Lecaroz et al.'s (2007)
report in which PLGA nanoparticles of gentamicin are used as
nanoformulations to treat brucellosis. Results in the in vitro model
indicate intracellular penetration as well as potent antimicrobial
activity against Brucella melitensis with such nanoformulations,
where an application has also been mentioned to paediatric patients
affected by intracellular bacterial infection [30].

Nanoformulations also have been demonstrated to be of promise in
the treatment of viral infections. Mahajan et al. (2012) developed
efavirenz-loaded solid lipid nanoparticles for enhanced oral
bioavailability in paediatric HIV treatment. Their in vivo studies in rats
showed significantly higher plasma concentrations and improved
pharmacokinetic profiles compared with the free drug, suggesting the
possibility of a reduced dose and better therapeutic results in
paediatric HIV patients. In the clinical setting, nanoformulations have
shown enhanced performance in paediatric infectious diseases. For
instance, liposomal amphotericin B, an FDA-approved drug, is
extensively applied to children suffering from systemic fungal
infections and has proven to be more efficacious and less toxic than
traditional amphotericin B. Such clinical uses exemplify the developing
role of nanomedicine in the management of paediatric infectious
diseases, from preclinical promise to real-world application [31].

There's another thrilling field of nanotechnology in paediatric
infectious disease: application in vaccine delivery. Nanoparticles can
behave as delivery vehicle and adjuvants possibly enhancing
immune response and lowering the dose number required to
immunize, as exemplified in a study by Dhakal et al, 2018,
developing the nanoparticle-based intranasal vaccine for a major
cause of respiratory illness of infants: Respiratory Syncytial Virus.
The nanoformulation caused strong mucosal and systemic immunity
in mice, thereby suggesting a potential for needle-free RSV
vaccination of paediatric populations [32].

In conclusion, nanotechnology holds promise for a range of
applications in paediatric medicine, from cancer therapy to
respiratory and infectious diseases. The nanoformulations may be
used to enhance drug delivery and therapeutic effect with reduced
side effects in paediatric patients. Further studies, such as large-
scale clinical trials, will be required to establish the safety and
efficacy of nanoformulations in paediatric patients.

Regulatory considerations

Paediatric formulations are being made and approved that are
nanoformulations, but that also impose specific regulatory
complexities. Those range from the complexities of nanomaterials
themselves, special precautions for paediatric age groups, to an
ever-developing regulatory paradigm in terms of nanotechnology-
based medicine. That is what the current regulatory model looks like
now, and the following considerations for how the regulatory void
might be fulfilled are special thoughts for paediatric-specific
nanoformulations.  Regulatory  frameworks for paediatric
nanomedicines vary significantly across regions, with the FDA, EMA,
and ICH adopting distinct approaches. The FDA’s 2017 guidance on
nanomaterials  emphasizes a  product-specific, risk-based
assessment, focusing on physicochemical characterization, biological
interactions, and long-term safety. In contrast, the EMA employs a
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more comprehensive risk assessment framework, incorporating
both product-specific and general safety evaluations, including
immunotoxicity and long-term biocompatibility considerations. The
EMA's reflection paper on intravenous liposomal products (2013)
highlights the need for enhanced pharmacokinetic and
pharmacodynamic modelling in paediatric trials, which is less
explicitly detailed in the FDA guidance. The ICH guidelines,
particularly ICH E11 (clinical investigation of medicinal products in
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the paediatric population), provide a globally harmonized
framework for paediatric drug development. The ICH approach
promotes the use of age-appropriate formulations, pharmacokinetic
modelling, and adaptive trial designs, influencing both FDA and EMA
paediatric regulatory standards. However, nanomedicine-specific
regulations remain fragmented, with no unified international
guidelines, highlighting the need for further harmonization in
paediatric nanomedicine regulation.

Fig. 1: Regulatory framework for clinical trials and safety guidelines

Current regulatory framework

Regulatory agencies across the world, including the U. S. Food and
Drug Administration and the European Medicines Agency, have
recognized an imperative for specific guidance on nanomedicine
development and assessment. Yet to date, nanomedicines do not
have a distinct path for regulation but are typically incorporated into
current drugs, biologics, or medical devices regulatory systems [33].

FDA has released a series of guidance reports on nanotechnology in
drug products. In 2017, the FDA published a draft guidance titled
"Drug Products, Including Biological Products, that Contain
Nanomaterials,” which details the agency's current thinking on the
development of drug products containing nanomaterials [34]. This
guidance highlights a risk-based approach to evaluating
nanomedicines, including material properties, biological
interactions, and desired use.

Similarly, the EMA has published reflection documents on
nanomedicine production, with specific regards to intravenous
liposomal and block copolymer micelle products [35]. The reports
provide information on the quality, safety, and efficacy aspects of
nanomedicines, commenting on the need for unique characterization
techniques and safety assessments.

Paediatric-specific regulatory considerations

Additional regulatory requirements also exist for paediatric
formulations. PREA in the United States mandates that
pharmaceutical firms determine the safety and efficacy of new drugs
and biologics in paediatric populations [36]. The Paediatric
Regulation was established by the European Union to make available
and develop medicines for children [37]. The regulatory agencies
recommend the following parameters as mandate conditons for the
administration of nanoformulations in case of paediatrics patients
such as formulations and dosage form appropriate to age of the
paediatric, pharmacokinetic and pharmacodynamic studies to be

conducted in all paediatric age groups, establishing long-term safety,
including the potential impact on growth and development and final
ethical considerations in the design of clinical trials for paediatric
populations.

The regulatory issues in the development of nanomedicines for
paediatric applications have been recently discussed by Germain et
al. (2020), calling for standardized protocols in safety evaluation,
paediatric pharmacokinetic modelling, and age-related clinical trials.
It was noted that there is a need to harmonize definitions of
nanomedicines by different regulatory agencies and further
development of a paediatric investigation plan in earlier stages of
drug development [38].

Safety considerations and risk assessment

In paediatric populations, nanoformulations require very special
attention due to their potential long-term effects during growth and
development. Preclinical studies are usually extensive and usually
required by regulators before clinical trials can proceed in paediatric
populations.

A review by Tinkle et al. (2014) presented the safety considerations
for nanomedicines in paediatric populations. They referred to the
necessity of specific toxicology studies to assess the developmental
toxicity, immunotoxicity, and genotoxicity of nanoformulations [39].
The authors also called attention to the point that nanoparticles’
biodistribution and clearance would be crucially different in
developing organisms from their adult counterparts.

The FDA guidelines on nanomaterials in drug products are to be
evaluated using a risk-based approach toward safety assessment.
The considerations include, physicochemical characteristics of the
nanomaterial, the possibility of changed biodistribution relative to
traditional formulations, the possibility of long-term tissue
accumulation, immunological impact of the nanomaterial and finally
the possibility of developmental toxicity in paediatric populations.
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Challenges in clinical trial design

It is difficult to plan clinical trials on nanoformulations in paediatric
groups. Ethical implications, endpoints appropriate for the age
group, and long-term follow-up are some of the foremost concerns
that must be taken into account.

A review by Riehemann et al. (2018) addressed issues of clinical
translation of nanomedicines, including considerations for paediatric
trials. In this context, authors discussed novel trial designs such as
adaptive trials and basket trials that can assess nanoformulations for
multiple paediatric indications cost-effectively [40].

The ICH has provided general guidelines for the clinical investigation of
medicinal products in children (ICH E11). In the context of
nanomedicine, such ICH guidelines that are generally provided for any
formulation are essential points to be addressed in paediatric trials [41].

Efforts to address regulatory gaps

Given an appreciation of the need for more details about
nanomedicines in children, several initiatives have been established
to fill regulatory gaps:

1. The FDA's Nanotechnology Task Force was established to develop
science-based approaches for nanomaterials in FDA-regulated
products [42].

2. The European Technology Platform on Nanomedicine (ETPN)
created a working group on regulatory issues to have a platform for
dialogue between industry, researchers, and regulators [43].

3. The Organization for Economic Co-operation and Development
(OECD) has launched several programs to establish internationally
harmonized guidelines for testing risks of nanomaterials [44].

A review by Tinkle et al. in 2014 summarized the scientific and
regulatory gaps in nanomedicine development. They underlined the
importance of collaboration between researchers, industry, and
regulators to start formulating appropriate regulatory frameworks
for nanomedicines with certain prospects for paediatric use.

In summary, regulatory environments for nanoformulations of
paediatric medicine are still highly complex and constantly evolving.
While current regulatory schemes offer a broad platform for the
evaluation of nanomedicines, considerable space is left for a more
focused body of guidelines, particularly for paediatric indications.
Harmonized approaches to gap-filling and delivering regulatory
convergence across different areas will go far toward making safe
and effective nanoformulations for paediatric indications a reality.

Challenges and future perspectives

Although nanotechnology holds a lot of promise in enhancing
paediatric drug formulations, numerous challenges need to be
addressed to achieve its full potential. This section discusses the
most important challenges in the development and application of
nanoformulations in paediatric medicine, as well as future directions
and upcoming trends in the field.

Long-term safety concerns

One of the significant challenges of the application of
nanotechnology in paediatric formulation is the growth and
development effects over a long time. One of the advantages that
make nanoparticles well suited for delivery purposes is one of the
same features that poses safety risks for long-term exposure to
developing organisms.

A systematic review by Suk et al. (2016) highlighted the need for
long-term safety assessments of nanoformulations in children. The
authors emphasized that developing organs and tissues of children
could be more vulnerable to possible toxicities of nanomaterials and
that conventional toxicological studies in adult animals might fail to
reflect fully such risks [45].

Of particular concern are:
1. Opportunities for nanoparticle accumulation in developing organs

2. Impact on the developing immune system
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3. Possibility of genotoxicity and carcinogenicity
4. Impact on reproductive development

In 2021, Teng C et al. conducted a study on the long-term effects of
titanium dioxide nanoparticles on the reproductive system of a
mouse model. According to the study, nanoparticles have the
potential to cause minimal reproductive parameter changes at early
stages, thereby requiring meticulous evaluation of nanoformulations
aimed for paediatrics use [46].

To overcome these issues, scientists are formulating novel methods
to evaluate the long-term safety of nanoformulations. For instance,
Bhattacharya et al. (2017) suggested employing in vitro organoid
models that are derived from human pluripotent stem cells to
evaluate the developmental toxicity of nanomaterials [47]. These
models would yield significant insights into the long-term impact of
nanoformulations on human development.

Scale-up and manufacturing issues

Another significant challenge in the scale-up and manufacturing of
nanoformulations for paediatric applications is ensuring
consistency, stability, and sterility during large-scale production of
nanoformulations. It can be technically demanding and expensive.

Patra et al (2018) reviewed the challenge of scale-up in the
manufacturing of nanoformulations. The authors pointed out
challenges, including:

1. Ensuring uniform particle size distribution during scale-up

2. Total elimination of organic solvents employed in the
manufacturing process

3. Stability of encapsulated drug during manufacturing and storage

4. Economical production techniques that are amenable to
commercial-scale manufacture [48]

To conquer such challenges, researchers are seeking new ways of
production. As an example, microfluidic devices' utilization in the
continuous manufacturing of polymeric nanoparticles was explored
by Vanhoorne et al. (2019). The method provided enhanced control
of particle size and drug loading compared to batch-like strategies. It
promises greater homogenous large-scale nanoformulation
production [49].

Need for age-appropriate dosage forms

Preparations suitable for a certain age are of special concern in
paediatrics, and the problem is the same for nanoformulations.
Several ages within the paediatric range offer specific requirements
and abilities in terms of drug delivery.

Lopez et al. (2015) summarized the difficulties in the preparation of
age-suitable oral dosage forms for children. The authors highlighted
the importance of flexible dosing, palatability, and suitable
excipients to be used across various age group [50]. The same is
crucial for nanoformulations as well.

Researchers are also attempting to devise creative solutions. For
instance, Preis et al. (2015) laboured over electrospinning to create
nanofiber-based oral films that contain nanoparticles. This strategy
could provide a flexible, simple-to-administer dosage form suitable
for use across all paediatric age groups [51].

Ethical considerations in paediatric clinical trials

Carrying out clinical trials of nanoformulations in children is the
most challenging ethically. These involve issues of informed consent,
keeping the risk to participants as low as possible, and making sure
that such trials are well planned to provide meaningful information
but not put undue burden on children.

Rieder and Hawcutt (2016) discuss the ethical issues in paediatric
drug trials. The authors noted that novel trial designs are required
that can extract maximum information with minimal risk and
discomfort to the paediatric subjects [52]. This factor is particularly
important for nanoformulations, where the long-term impact may be
unforeseeable.
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Adaptive clinical trial designs and modelling strategies are also
being researched to counter these challenges. For example,
Hampson et al (2014) suggested the application of Bayesian
adaptive designs to paediatric clinical trials. It will enable more
economical usage of data and possibly lower the number of
participants involved, which is a valuable concern in paediatric trials
of nanoformulations [53].

Future perspectives and emerging trends

Despite these challenges, the field of nanotechnology in paediatric
formulations continue to advance rapidly. Several emerging trends
and future directions show promise:

1. Personalized Nanomedicine: As a consequence of the recent
progress in genomics and precision medicine, individual
nanoformulationsby a patient’s genetic make-up have gained renewed
interest of late. Egusquiaguirre et al (2015) showed a review
highlighting the promise of nanomedicine for cancer therapy in
children in a personalized way by specifically attacking tumor-specific
changes at the genomic level via the use of nanocarriers [54].

2. Stimuli-responsive Nanocarriers: Scientists are designing
"intelligent" nanocarriers that release the payload upon responding
to certain stimuli, e. g, pH, temperature, or enzymes. The strategy
could afford more precise regulation of drug delivery in paediatric
patients. For instance, Gu et al. (2016) created glucose-stimulated
insulin-releasing nanoparticles, which hold promise for diabetic
management in children [55].

3. Combination Therapies: Nanocarriers have been increasingly
explored for delivering two or more therapeutic compounds
simultaneously. This may prove extremely useful in paediatric
oncology. Singh et al. (2015) showed the promise of nanoparticles
co-delivering chemotherapy drugs and siRNA for the therapy of
drug-resistant paediatric brain tumours [56].

4. Theranostic Nanoparticles: Theranostic-nanoparticles with
diagnostic and therapeutic capabilities-are very promising for
paediatric use. In Baetke et al's (2015) review, the potential of
theranostic nanoparticles in paediatric oncology can be observed, as
"real-time monitoring of drug delivery and therapeutic response”
with them is feasible [57].

Though obstacles remain in creating and applying nanoformulations
to be used in paediatric environments, ongoing research and
technological developments are introducing novel solutions to this
issue. Ongoing collaboration between researchers, clinicians,
regulators, and the pharmaceutical community will facilitate the
overcoming of present obstacles in nanotechnology research and
development. Finally, the application of nanotechnology holds great
promise to enhance drug and therapeutic delivery in children and
enhance the clinical outcomes for the paediatric population.

Persistent challenges

In spite of these limitations, nanotechnology in paediatric
formulations keeps pace at a rapid rate. A few new trends and
directions of the future hold promise:

1. Personalized Nanomedicine: Due to the recent advancements in
genomics and precision medicine, patient-specific nanoformulations
based on a patient's genetic profile have re-emerged in the focus of late.
Egusquiaguirre et al. demonstrated a review with the emphasis on the
potential of nanomedicine for paediatric cancer therapy in a
personalized manner by targeting specifically tumor-specific alterations
at the genomic level through the utilization of nanocarriers [58].

2. Regulatory barriers: The nanoscale preparations and special
considerations for paediatric patients present regulatory issues.
Harmonized definitions and particular guidance on paediatric
nanomedicines are in dire need, as stated by Sainz et al. [59].

3. Ethical concerns in nanoformulation clinical trials: Clinical trials of
nanoformulations in paediatric populations need to be conducted
with due consideration of ethical concerns. The Rieder and Hawcutt
highlighted the necessity of novel trial designs to optimize the
information obtained while limiting risk to paediatric subjects [60].
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Overall, liposomes, polymeric nanoparticles, and solid lipid
nanoparticles are promising nanocarrier systems for paediatric drug
formulations. These systems are viable options for many of the
problems involved with paediatric drug delivery, such as poor
bioavailability, high frequencies of dosing requirements, and toxic
effects. More research is required to confirm their long-term safety
profiles and to tailor their formulations to a particular paediatric use.

Aside from liposomes, polymeric nanoparticles, and solid lipid
nanoparticles, pharmaceutical nanocrystals have also proven to be a
promising nanocarrier system in paediatric drug delivery.
Nanocrystals are sub-micron colloidal dispersions of pure drug
particles surfactant-stabilised. They improve the solubility and
bioavailability of poorly water-soluble drugs by increasing the
surface area and saturation solubility of the drug.

Nanocrystals may be prepared by top-down methods such as high-
pressure homogenization and media milling, or bottom-up methods
such as precipitation. Their enhanced dissolution rates render them
especially suitable for paediatric oral and parenteral products, where
solubility constraints tend to restrict therapeutic effectiveness.

Although they have their strengths, there are challenges which
include physical stability issues, likelihood of particle agglomeration,
and scalability of manufacturing processes. Nonetheless, with
ongoing research, nanocrystals are very promising in paediatric
pharmacotherapy, especially for drugs characterized by low aqueous
solubility.

Dendrimers: These branched, tree-shaped polymers provide exact
control over size and surface functionality and are well suited to
targeted drug delivery. Their multivalent surface allows for ligand or
therapeutic agent attachment, which increases tissue-specific
delivery and minimizes off-target effects. Dendrimer-based carriers
in paediatric oncology have been found promising for delivering
chemotherapies with increased tumor specificity and less system
toxicity.

Micelles: Micelles are formed by amphiphilic molecules and result in
a hydrophobic center and hydrophilic exterior, thus being
appropriate for the delivery of poorly soluble drugs. Polymeric
micelles have shown better pulmonary drug retention and less
dosing frequency in paediatric respiratory disease.

Nanoemulsions: Oil-in-water or water-in-oil surfactant-stabilized
dispersions with enhanced solubility and hydrophobic drug
bioavailability. Their tiny particle size increases mucosal absorption
making them attractive for oral and nasal paediatric dosage forms
[61-64].

CONCLUSION

Nanotechnology in paediatric drug products is a fascinating field in
pharmaceutical science with the potential to address most of the
long-standing issues in paediatric medicine. The review will
consider the state of the art, pointing out some of the significant
advances, challenges, and future directions. The area of
nanotechnology in paediatric drug delivery is at a crossroads. While
important advances have been made in the creation of nanocarrier
systems and the proof of concept of their potential advantage, much
work remains to address safety issues, resolve manufacturing
hurdles, and traverse regulatory challenges. Interdisciplinary
teamwork will be the future. Nanoformulations are multifaceted and
call for multidisciplinary expertise across materials science,
pharmaceutics, paediatrics, toxicology, and regulatory science.
Additionally, interaction with patients, caregivers, and physicians
will be essential to guarantee that nanoformulations address the
true needs of children in the real world. As studies are evolving in
this sector, innovation has to be countered by caution. Extensive
prospects loom for nanoformulations within paediatrics; and
immense liabilities for therapy to reach the most vulnerable
members of our populace. Finally, lots of possibilities remain for
nanotechnology to transform paediatric medicine into a more child-
friendly but more effective and safe form of drug development. This
will only be realized by way of future studies, proper safety
assessments, and careful consideration of regulatory and ethical
issues that need to be in place. A lot can be added by nanotechnology
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in the form of better therapeutic outcomes and quality of life for the
majority of paediatric patients due to the treatment of different
medical conditions.
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