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Abstract

Children are a heterogeneous population, and their physiology 
differs from adults in terms of physical size, body composition, 
organ development and metabolism; all of which impact the 
pharmacokinetics and pharmacodynamics of administered 
medications. However, less than 50% of therapeutics are evaluated 
in paediatric patients, and more than 40% of medications prescribed 
to children are used off-label. Therefore, there is a critical need to 
design medicines intentionally for children. Precision therapies for 
children require constituent biomaterial-based drug delivery systems 
that are engineered to target distinct microenvironments of paediatric 
patients. In this Review, we examine the specific anatomy, physiology 
and immune profiles of paediatric populations. By exploring the 
biological barriers and opportunities for drug delivery across three 
developmental stages — fetal (before birth), infant (birth to 23 months) 
child (2 years to adolescence) — we highlight considerations for the 
design of biomaterial-based drug delivery systems aimed at advancing 
translational paediatric medicines.
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trials) and human erythropoietin for neonatal brain injury (PENUT 
trial)6,7. Thus, there is an opportunity to develop next-generation 
paediatric medicines that are specifically designed for paediatric 
populations, using drug delivery systems that possess biomaterial 
properties optimized for paediatric microenvironments and tested 
across models that approximate paediatric disease states.

The criteria for developing biomaterial-based drug delivery 
systems for children and adults are fundamentally distinct (Fig. 1). 
Organ anatomy and tissue biology at different stages of develop-
ment can shape the ideal biophysical properties for drug delivery 
systems, including size, shape, solubility, charge, ionization and sta-
bility. Age-related physiological differences in children relative to 
adults, such as increased body surface area to weight ratio, increased 
cardiac output, increased ventilation rate, higher rates of hepatic 
clearance and immature metabolic enzymes, can affect the ADME 
(absorption, distribution, metabolism and excretion) profile of drug 
delivery systems8. These effects are likely to be further compounded 
by differences in the optimal routes of administration and controlled 
release properties at a given age to target specific tissues. Together, 
distinctions in anatomy and physiology between children and adults 
can influence drug pharmacokinetics and pharmacodynamics and, 
consequently, drug efficacy and safety. Additionally, the innate and 
adaptive immune systems mature during development and the mecha-
nisms through which biomaterials interact with immune cells change, 
both in adjuvant applications (stimulatory) and for safety purposes 
(immune evading). Immunological differences between adults and 
children, therefore, lead to a distinct set of biochemical and biophysical 
parameters for drug delivery systems. Practical considerations such 
as appearance, palatability and ease of swallowing should also be con-
sidered for paediatric drug formulations, whereas ethical, regulatory 
and financial challenges specific to paediatric drug development must 
also be overcome. Furthermore, from a global health lens, paediatric 
drugs should be affordable, accessible and compatible with a range 
of storage conditions. Finally, drug delivery systems designed for the 
fetus must be compatible with the maternal–fetal dyad and follow 
associated medical, ethical and legal guidelines9.

Age-specific drug delivery systems can address the gap in pae-
diatric drug delivery to prevent, treat and cure childhood diseases10. 
In this Review, we introduce barriers in drug delivery by paediatric 
developmental stage, including age-dependent anatomy, physiology 
and immunology. Recognizing that paediatric development is a con-
tinuum, we focus on three distinct age ranges — fetal (before birth), 
infant (birth to 2 years) and children (2 years to adolescence) — and 
highlight biomaterial advances and engineering considerations for 
drug delivery systems within each of these populations. Finally, we dis-
cuss candidate diseases for therapeutic development at each age range 
to provide insights on future directions for paediatric drug delivery.

Engineering considerations for drug delivery 
to the fetus
Delivery of therapeutic agents to the fetus can treat congenital diseases 
before the onset of irreversible pathology. There are several advantages 
to in utero intervention relative to postnatal treatment. In brief, devel-
oping fetal anatomy and physiology enable the use of administration 
routes confined to gestation, facilitating drug delivery to a range of 
organs and tissues that become less accessible after birth, whereas the 
relatively immature immune system reduces the potential for immune 
reaction to administered agents10. In utero therapies can be designed 
to take advantage of fetal development, which is a highly ordered 

Key points

	• Children are a heterogeneous population distinct from adults in 
terms of physical size, body composition, organ development and 
metabolism.

	• Precision medicines designed specifically for children are needed 
to treat the broad spectrum of paediatric disease.

	• Biomaterials engineered to deliver next-generation paediatric 
therapies must take into consideration age-dependent anatomy, 
physiology and immunology in their design.

	• Preclinical testing of biomaterials in paediatric animal models that 
recapitulate age-appropriate microenvironments will facilitate more 
accurate predictions of human safety and efficacy.

	• The development of paediatric medicines involves distinct financial, 
regulatory and ethical barriers, which must be overcome for clinical 
translation.

Introduction
Paediatric health comprises the physical, mental and social health of 
children from the womb to young adulthood. A complex interplay of 
genetic, nutritional, infectious and environmental factors throughout 
development shapes paediatric health outcomes and susceptibility to 
diseases as an adult. Health services for children range from anticipa-
tory guidance and preventative care to the diagnosis and management 
of acute and chronic conditions. To effectively treat paediatric diseases, 
a comprehensive understanding of patient diversity across the age 
spectrum is necessary.

Precision age-specific medicines can be intentionally designed 
to address emerging and unresolved paediatric diseases. These thera-
pies require correspondingly precise drug delivery systems to intro-
duce therapeutics (such as small molecules, biologics, nucleic acids 
and cells) into the body. Biomaterials (such as polymers, ceramics, 
metals and composites) can be engineered into drug delivery systems 
(such as nanoparticles, hydrogels and scaffolds) to control how, when 
and where drugs are released. Biomaterial-based drug delivery systems 
boast tunable material properties, consistency in cargo stability and 
release, reproducible formulations using standardized methods, scal-
ability for ease of manufacturing and favourable biocompatibility 
in vivo1. For example, lipid nanoparticle (LNP)-mediated mRNA vac-
cines for COVID-19 demonstrated clinical safety and efficacy in adults 
and children aged 6 months to 18 years2,3.

However, like the mRNA-LNP vaccines for COVID-19, most new 
medicines used clinically in children are first developed and evaluated 
in adults and then applied to children4,5. This bias originates in preclini-
cal research and development, in which drugs and their constituent 
drug delivery systems are optimized for delivery to adult tissues, using 
ideal routes of drug administration, pharmacodynamic effects and 
toxicological properties in adult animal models. Therapeutics are sub-
sequently trialed in adult patients, after which dose-adjusted formula-
tions are adapted for paediatric use, often with limited further study in 
children. This approach has resulted in failed attempts to repurpose 
drugs developed in adults for paediatric indications, including silde-
nafil for paediatric pulmonary hypertension (STARTS-1 and STARTS-2 
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and intricate process with three major stages11. In the germinal stage, 
a sperm and egg join to create a zygote, which divides sequentially to 
become an embryo and a supporting placenta12. Following rapid cell 
division, the zygote, now referred to as a blastocyst, implants into the 
uterine lining, triggering additional maternal changes to support the 
pregnancy13. In the embryonic stage, the embryo begins to take on 
distinct human characteristics, including neural tube formation (brain 
and spinal cord), limb budding (arms and legs) and organogenesis 
(heart, lungs and hepatobiliary tract)13. Finally, in the fetal stage, the 
body and major organ systems continue to mature, culminating in birth 
at 39–41 weeks after fertilization for a full-term pregnancy14. In this  
Review, discussion of fetal intervention will be limited to modalities 
targeting somatic cells during the fetal stage (>9 weeks) owing to 
safety and ethical concerns regarding germline cell manipulation and 
embryonic intervention15.

Fetal anatomy
In the maternal abdomen, the developing fetus resides in the amniotic 
cavity, a thin, fluid-filled sac that protects the fetus from trauma. Amni-
otic fluid within this cavity serves as a reservoir of nutrients for the fetus, 
provides protection from infectious agents and supports the growth 
of major organ systems, including the musculoskeletal, gastrointesti-
nal and pulmonary systems16. Clinicians can sample amniotic fluid to 
monitor the progression of pregnancy or introduce therapeutics into 

the amniotic space. For example, intra-amniotic injection of mater-
nal platelets and cryoprecipitate (amniopatch) following iatrogenic 
premature rupture of membranes can provide temporary closure of 
fetal membrane defects17. Medicines targeting the external fetal sur-
face within the amniotic sac are also being developed for disorders 
of skin development (such as X-linked hypohidrotic ectodermal dys-
plasia), neural tube defects (such as spina bifida) and abdominal wall 
defects (such as gastroschisis)18–20. Biomaterials used in intra-amniotic 
applications must be stable within amniotic fluid. For example, a fam-
ily of poly(α-lipoic acid) bioadhesives have been tested for sealing 
punctures of the murine amniotic sac, and the mechanical integrity 
of these biomaterials is improved with the addition of an electrophile 
that prevents closed-loop depolarization during use as an amniotic 
patch21. Intra-amniotic biomaterial stability also correlates with drug 
delivery efficacy. For example, mRNA-LNPs with greater ex vivo stabil-
ity in mouse amniotic fluid samples had enhanced in vivo transfection 
after intra-amniotic injection in mice22. Furthermore, the most stable 
mRNA-LNPs in mouse amniotic fluid differed from those most stable in 
mouse serum, demonstrating the importance of testing drug delivery 
systems directly in target paediatric microenvironments.

The blood–brain barrier, a semi-permeable membrane between 
the blood and brain parenchyma, develops during gestation23 (Fig. 2a). 
Enhanced permeability of this barrier during the fetal stage compared 
with postnatal stages can enable systemic drug delivery to the brain 
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Fig. 1 | Engineering considerations for paediatric 
drug delivery. Drug delivery systems such as 
lipid nanoparticles, polymer nanoparticles, metal 
nanoparticles, dendrimers, hydrogels and tissue-
engineered scaffolds can be designed and tailored 
for use in paediatric populations. Design factors 
differ for fetus, infant, child and adult populations 
and should consider the distinct anatomy, 
physiology and immune system of each. An ideal 
paediatric drug delivery system possesses chemical 
and structural properties tailored for release of 
cargo to a target paediatric organ or cell type, is 
administered in a manner suitable for access to the 
desired tissue compartment at a defined stage of 
development and contains excipients that are safe 
for use in paediatric populations.
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after intravenous injection in utero, which is challenging postnatally24. 
For example, in fetal mice and sheep, adeno-associated virus (AAV)-
encoding gene therapies administered intravenously at mid-gestation 
transduced the developing brain25–27. One of the first non-viral 
approaches to take advantage of fetal blood–brain barrier permeability 
used piperazine-derived ionizable lipids to produce mRNA-LNPs that 
transfected the fetal mouse brain after intravenous administration28. 
Similarly, the accumulation of poly(lactic-co-glycolic acid) (PLGA) 
nanoparticles, a drug delivery system used for FDA-approved for-
mulations, was observed in the fetal mouse brain after intravenous 

administration29. However, both of these studies achieved low levels 
of nanoparticle-mediated delivery of nucleic acids to the fetal brain 
(several orders of magnitude lower than the fetal liver), necessitat-
ing alternative strategies (such as active targeting of blood–brain 
barrier receptors) to optimize systemic drug delivery across the fetal 
blood–brain barrier.

The brain parenchyma can also be accessed directly during fetal 
development, as it is protected by a soft, hyaline cartilage skull that 
only undergoes terminal endochondral ossification postnatally30,31. 
Fetal skull anatomy enables direct introduction of therapeutic 

Apoptosis Apoptosis

a  Fetal brain b  Lung

c  Amniotic sac

f  Thymus g  Placenta

d  Fetal circulation e  Fetal liver

Tight junction

Parenchyma
Astrocyte Amniotic

fluidEndothelial cell

Capillary

Drug 
delivery 
system

Air

Surfactant

Fetal lung Postnatal lung

Key design factors:
• Size to cross blood–brain barrier
• Stability in cerebrospinal fluid
• Shape for parenchyma penetration

Key design factors:
• Stability in amniotic fluid
• Size to cross epithelium

Key design factors:
Stability in amniotic fluid

Key design factors:
Evaluation of bidirectional 
delivery across the placenta

Key design factors:
Reduced immunogenicity and no impact 
on fetal development or physiology

Foramen ovale

Umbilical vein

Fetal side

Maternal side

eTAC

IgG

Treg cell

Ductus venosus

Stellate cell

Kup�er
cellHSC

LSEC

Key design factors:
Biodistribution across fetal shunts

Key design factors:
Targeting cell type of interest

Immature
T cell

Mature
T cell

Biomaterial
antigen

APC

Hepatocyte

Skin

Lung

GI tract

Kidney

Non-selection Negative selection Positive selection

Ductus arteriosus

http://www.nature.com/natrevbioeng


Nature Reviews Bioengineering

Review article

agents into the ventricular system, a set of communicating cavities 
within the brain. For example, a library of piperazine-derived ioniz-
able LNPs was screened via intracerebroventricular injection in fetal 
mice, and the lead formulation, C3 LNP, facilitated 17-fold greater 
mRNA delivery to the fetal mouse brain than a clinical gold stand-
ard D-Lin-MC3-DMA mRNA-LNP. C3 LNPs had similar biodistribution 
after intracerebroventricular injection in a fetal non-human primate32. 
The transfection efficiency of C3 LNP was correlated with greater sta-
bility (reduced nanoparticle aggregation) in patient-derived cerebro-
spinal fluid (CSF), the biological fluid that the nanoparticles interacted 
with after in vivo administration, compared with human serum. In a 
similar study, mRNA-LNPs containing a dense and acid-degradable 
poly(ethylene) glycol (PEG) coating reduced both local cytokine pro-
duction in the brain and systemic immune response in comparison to 
mRNA-LNPs formulated with the standard dimyristoyl glycerol-PEG 
2000 (ref. 33). Drug delivery systems engineered specifically for fetal 
intracerebroventricular administration can be used to treat congenital 
diseases with central nervous system manifestations, including spinal 
muscular atrophy, inborn errors of metabolism and lysosomal storage 
diseases34,35.

During gestation, the fetal lungs develop within a liquid–liquid 
interface filled with plasma ultrafiltrate derived from the fetal pul-
monary circulation, components of pulmonary surfactant and other 
fluids secreted by pulmonary epithelial cells. This liquid within the fetal 
lung is crucial for pulmonary growth and development36. The transi-
tion from intrauterine to extrauterine life is dependent on clearing 
liquid from the lungs at birth, creating the air–liquid interface neces-
sary for gas exchange37 (Fig. 2b). Therefore, aerosolization of drug 
delivery systems is required for postnatal drug transport to the lung 
epithelium. By contrast, aqueous-phase drug delivery systems can be 
introduced directly into the trachea for delivery to the liquid-filled 
fetal airway. For example, injection of fluorophores and AAV-encoding 
reporter transgenes into the fetal mouse trachea enabled delivery to 
the lung parenchyma, and combining fetoscopic bronchoscopy with 
intratracheal administration of an adenoviral gene therapy resulted in 
transduction of the distal airway38. However, intratracheal administra-
tion of drug delivery systems in the fetus remains under-investigated, 
in part due to the technical challenge of screening intratracheal drug 
delivery systems in fetal small-animal models. Overcoming this limita-
tion via ex vivo models of the fetal lung liquid–liquid interface could 
facilitate translation of drug delivery systems directly into large ani-
mals, enabling the development of fetal therapies for congenital lung 
diseases, including α-1-antitrypsin deficiency, cystic fibrosis and sur-
factant protein disorders39. By contrast, several biomaterials, including 

polymer fabrics, hydrogels and tissue-engineered constructs, have 
been evaluated for the closure of congenital diaphragmatic hernias, 
a structural defect in the fetal diaphragm, via reversible intratracheal 
occlusion to promote lung development or open diaphragm repair in 
both animal models and patients39–42.

Fetal physiology
The rate of fetal growth varies throughout pregnancy, reaching its peak 
during the third trimester before slowing prior to delivery14. A rela-
tively small fetal size (~1,000 g at 28 weeks) reduces the therapeutic 
dose requirement per weight while also decreasing cost of production10. 
However, administration of therapeutics to a fetus which is rapidly 
changing in size presents a safety risk, especially for narrow therapeu-
tic index drugs. The amniotic fluid surrounding the growing fetus is 
regulated both in volume and in composition by spontaneous in utero 
ingestion, breathing movements and excretion through the primi-
tive urinary tract16, enabling therapeutics to follow the physiological 
movement of fluid into the gastrointestinal lumen, respiratory tract 
and renal calyces (Fig. 2c). For example, in a mouse model of Angelman 
syndrome, intra-amniotic administration of antisense oligonucleotides 
with locked nucleic acid modifications and phosphorothioate linkages 
led to phenotype improvement in the lungs, kidneys and abdominal 
organs34. In two severe mouse models of spinal muscular atrophy, a sin-
gle intra-amniotic dose of splice-switching antisense oligonucleotides 
specific for the SMN2 gene ameliorated neurological disease pheno-
types, likely owing to diffusion first into systemic circulation and sub-
sequently into the immature central nervous system34,43. Drug delivery 
systems have also been engineered to take advantage of this physiologi-
cal diffusion. Intra-amniotic injection of polymer nanoparticles in mice 
mediated transfection of the fetal lungs29,44. Similarly, intra-amniotic 
injection of extracellular vesicles, which are lipid bilayer-coated nucleic 
acids derived from amniotic fluid stem cells, reversed features of pul-
monary hypoplasia in a rat model of congenital diaphragmatic hernia45. 
Therefore, amniotic fluid mechanics during gestation could be lever-
aged to access organ systems throughout the fetus to target diverse 
conditions including congenital disorders of the intestines (such as 
Hirschsprung’s disease), congenital anomalies of the kidney (such as 
posterior urethral valves and autosomal dominant polycystic kidney 
disease) and multiorgan diseases (such as cystic fibrosis).

The fetal circulatory system is designed to bypass the developing 
liver and lungs, whose functions are assumed by the placenta, with 
three physiological shunts that close in the perinatal period46 (Fig. 2d). 
Oxygenated blood from the maternal circulation enters the fetus via 
the umbilical vein and then blood is shunted away from the liver and 

Fig. 2 | Engineering considerations for drug delivery to the fetus. a, In the 
fetal brain, an immature blood–brain barrier with developing tight junctions 
can enable translocation of nanotherapeutics injected intravenously into the 
brain parenchyma. b, The fetal lung is filled with amniotic fluid, and the postnatal 
lung is filled with air and a layer of surfactant, which can be barriers to drug 
delivery. c, Intra-amniotic injection is a route of administration only present 
during gestation, which enables access to the skin, lung, gastrointestinal (GI) 
tract and kidney. d, The umbilical vein delivers oxygen and nutrients from the 
mother to the fetus, which has three physiological shunts (ductus venosus, 
foramen ovale and ductus arteriosus) that divert blood flow away from the 
developing liver and lungs. e, The fetal liver is composed of hepatocytes, 
Kupffer cells, liver sinusoidal endothelial cells (LSECs) and stellate cells. It 
also provides a niche for haematopoietic stem cells (HSCs), which directs 

haematopoiesis in the liver before migration late in development to the bone 
marrow. f, T cell selection occurs in the thymus, as T cells that do not interact 
with self-major histocompatibility complex molecules presented by antigen-
presenting cells (APCs) undergo apoptosis (non-selection), cells that bind 
too strongly to self-antigens undergo apoptosis (negative selection) and 
T cells with intermediate affinity for self-antigen-major histocompatibility 
complexes receive a survival signal to mature. Biomaterial antigens that are 
presented during fetal development take advantage of self-tolerance processes 
to avoid immune recognition. g, The placenta implants in the maternal uterus 
during development, connecting to the fetal circulation via the umbilical 
cord. In addition to oxygen and nutrients, the umbilical vein facilitates vertical 
transmission of IgG, regulatory T (Treg) cells and extrathymic AIRE-expressing 
cells (eTACs) — all of which convey maternal–fetal tolerance to specific antigens.
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towards the heart by the ductus venosus. In the heart, the foramen ovale 
enables oxygenated blood in the right atrium to pass directly to the 
left atrium, whereas the ductus arteriosus connects the aorta with the 
pulmonary artery, further shunting blood away from the lungs. Blood 
pumped from the heart travels through the body before returning 
to the placenta via the umbilical arteries. This distinct path of blood 
flow, combined with fetal endothelial permeability and premature 
phagocytosis, enables intravenously delivered therapeutics differential 
access to organ compartments. Although FDA-approved drug deliv-
ery systems, such as D-Lin-MC3-DMA mRNA-LNPs, exhibit primarily 
hepatic accumulation in adult mice after intravenous administration47, 
the same mRNA-LNPs exhibit broader organ delivery in fetal mice, 
including the heart, kidneys, lungs, gastrointestinal tract and brain28. 
Furthermore, in adults, stem and progenitor cell populations are rare 
and hidden in deep tissue compartments, but in the fetus, these popu-
lations are abundant and easily accessible via systemic circulation10. 
In mice, intravenous administration of reporter mRNA-LNPs facilitated 
transfection of myogenic stem cells of the heart, diaphragm and skel-
etal muscle33. Transfection of these self-renewing and multipotent cell 
populations with targeted drug delivery systems in utero enables the 
repair or replacement of damaged tissues before disease onset and 
long-lasting therapeutic effects in stem cells and their progeny.

Some populations of stem and progenitor cells reside in different 
niches during fetal development than after birth10. For example, dur-
ing the second trimester, haematopoiesis occurs in the liver (Fig. 2e), 
which provides the requisite microenvironment for expansion and 
differentiation of definitive haematopoietic stem cells (HSCs), from 
which a hierarchy of progenitor cells emerge48. The third trimester 
marks the beginning of skeletal ossification along with bone marrow 
development as HSCs migrate to the bone cavities where they reside 
and regulate haematopoiesis throughout postnatal life under normal 
physiological conditions48. Compared with the postnatal niche within 
the bone marrow, the liver is a more accessible compartment for drug 
delivery49. For example, intravenous administration of polymeric 
nanoparticles carrying a peptide nucleic acid genome-editing cargo 
was used to transfect HSCs and rescue the haematological phenotype of 
a fetal mouse model of human β-thalassaemia29. Additionally, LNPs, 
which are intrinsically hepatotropic, can be conjugated to antibod-
ies targeting the haematopoietic CD45 receptor to mediate specific 
transfection of fetal mouse HSCs within the liver in vivo50. Four months 
after in utero administration of mRNA-LNPs, the transfected HSCs 
were found engrafted within the adult bone marrow and circulating 
myeloid and lymphoid progeny of HSCs in the peripheral blood had 
similar rates of transfection (20–30%). However, when the same CD45 
receptor-targeted mRNA-LNPs were administered to adult mice, HSCs 
within the bone marrow were not transfected50. Therefore, age-specific 
design of drug delivery systems can be used to target cell populations 
in utero that are difficult or impossible to access in adults. Targeting 
the haematopoietic niche in utero could potentially be used to treat a 
range of congenital blood diseases that have high perinatal morbidity 
and mortality (such as α-thalassaemia and sickle cell disease)51.

Fetal and maternal immune systems
The fetal immune system is predisposed towards tolerance from gesta-
tion to early postnatal life, enabling the fetus to coexist with maternal 
antigens and avoid mounting an immune response against its own 
tissues52,53. In the developing thymus, tolerance to self-antigens occurs 
through positive and negative selection of T cells, resulting in clonal 
deletion of T cells with high-affinity recognition of self-antigens and 

maintenance of T cells with potential to react to foreign antigens54 
(Fig. 2f). Self-reactive T cells that escape central deletion are suppressed 
by regulatory T cells in the periphery55. Immune tolerance during gesta-
tion can be leveraged for the design of fetal therapeutics. For example, 
postnatal bone marrow transplant is a therapy for X-linked severe com-
bined immunodeficiency; however, transplant survival is only 60–80% 
if the donor is a parent whose human leukocyte antigens (HLA) match 
half of those of the child32. This lower transplant survival rate is likely 
due to early graft-versus-host response mediated by donor mature 
T cells and/or late host rejection resulting from naive T cell progeny 
of incompletely matched transplanted stem cells56,57. By contrast, 
probably owing to fetal immune tolerance, early gestational trans-
plantation of unmatched paternal CD34-enriched bone marrow in 
fetuses with X-linked severe combined immunodeficiency resulted in 
engraftment and reconstitution of the haematopoietic niche without 
rejection56,57. In theory, drug delivery systems and their cargo (nucleic 
acids or small molecules) introduced during early infancy before transi-
tion from immune tolerance to immune competence would similarly 
evade immune recognition, enabling the use of gene and cell therapies 
without immunosuppression, which is often required for postnatal 
therapeutics58.

Evaluating the fetal immune response to drug delivery systems 
involves assessing innate and adaptive immune activation, effects at 
the maternal–fetal interface and the potential for long-term immuno-
logical consequences. Lipid-based drug delivery systems delivered 
in utero through intravenous injection have shown negligible hepa-
totoxicity relative to controls but acute-phase cytokine responses 
vary depending on ionizable lipid identity28,32,33,47,50. Although the 
immediate adaptive immune response to piperazine-derived LNPs 
resolves rapidly within the womb, the impact of lipid chemistry on 
long-term consequences on fetal immunity is not well studied50. 
Polymer-based nanoparticles, including both poly(amine-co-ester) 
nanoparticles and PLGA nanoparticles, have a safety profile similar 
to LNPs and do not induce pro-inflammatory cytokines after in utero 
administration29,44,59. Additionally, poly(amidoamine) dendrimers 
have been investigated in pregnant mice60, but fetal safety is not well 
characterized. A range of biomaterials, including poly(α-lipoic acid) 
bioadhesives and mussel-mimetic tissues adhesives, have also been 
tested for repair of fetal membrane defects, and all show a minimal 
foreign body response21,61,62. Although the humoral immune response 
to viral-based therapeutics has been well studied in utero27,63, com-
prehensive investigation of this process for non-viral therapeutics is 
limited. Therefore, although biomaterial-based drug delivery systems 
tested in fetal small-animal models have demonstrated safety with mini-
mal immune activation, thorough evaluation of the immune reaction 
to component chemistries in vivo is needed in diverse animal models 
before clinical translation.

The maternal and fetal circulatory systems are connected at the 
placenta, enabling exchange of gases, nutrients and waste products 
across the maternal–fetal interface (Fig. 2g). Therefore, drug delivery 
systems engineered for the fetus must be designed to traverse or target 
the placental interface selectively, minimize unintended maternal 
pharmacological exposure and achieve adequate fetal bioavailability. 
In fetal animal models, drug delivery systems introduced directly 
into the fetal circulation have demonstrated limited trafficking into 
the maternal circulation28,29. However, drug delivery systems, such 
as gold, silica, titanium dioxide and polymer nanoparticles, admin-
istered to pregnant animals can cross the placental barrier into the 
fetal circulation and can impair fetal development64–68. By contrast, 
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large libraries of combinatorially designed lipid-based nanoparticles 
tested in pregnant mice have no detectable transplacental delivery to 
the fetus69–72. In pregnancy disorders that negatively impact the fetus 
(such as pre-eclampsia), targeting the placenta during pregnancy 
could be advantageous. For example, intravenous administration of 
piperazine-derived LNPs encapsulating vascular endothelial growth 
factor mRNA to pregnant pre-eclamptic mice led to nanoparticle 
trafficking to the placenta, resulting in placental transgene expres-
sion, resolution of maternal hypertension, improvement of aberrant 
placental vasculature and restoration of fetal growth parameters72. 
Differences in placental structure (such as number of cell layers) and 
physiology between mice and humans limit the translatability of these 
studies73–75. Therefore, future studies of engineered drug delivery sys-
tems should use models that closely approximate the human placenta, 
including ex vivo human placental organoids and pregnant guinea pigs 
or non-human primates.

The maternal and fetal immune systems are also linked at the 
placenta via transfer of soluble immune mediators and cells across 
the maternal–fetal interface76. Vertical transmission of IgG antibodies 
occurs during pregnancy via neonatal Fc receptors (FcRn) to provide 
early immunity to common pathogens. Similarly, maternal extrathymic 
AIRE-expressing cells and fetal–maternal trafficking of regulatory 
T cells during pregnancy enforce maternal–fetal tolerance by sup-
pressing alloreactive immune responses77–81. Maternal–fetal trans-
fer of passive immunity can be used to facilitate transplacental drug 
delivery10,82. In placental transwell models, chitosan nanoparticles and 
D-Lin-MC3-DMA LNPs coated with IgG facilitated cargo transfer across 
the placental barrier83,84. The specific formulation of these drug deliv-
ery systems can also impact their translocation efficiency. For example, 
orientations of antibodies on the surface of D-Lin-MC3-DMA LNPs 
that reduce steric hindrance and the type and amount of PEGylated 
lipid within LNPs both impacted placental transport ex vivo83. Vertical 
transfer of maternal immunity can also negatively affect fetal drug 
delivery. For example, pre-existing maternal antibodies to viral delivery 
vectors dampen the efficacy of AAV-based gene therapy in fetal mice79. 
Human serum samples from maternal–fetal dyads showed similar 
transmission of anti-AAV IgG from mother to fetus, demonstrating 
that maternal immunity is a potential clinical barrier to fetal gene 
delivery during pregnancy79. Existing maternal immunity could be 
responsible for the variability in studies of transplacental transfer of 
mRNA-LNP components in pregnant women85,86, motivating further 
exploration of its effect on non-viral drug delivery systems and their 
constituent biomaterial components (such as anti-PEG IgG) in future 
translational studies.

Engineering considerations for drug delivery 
to the infant
Throughout infancy, newborns undergo substantial structural changes 
to support life outside the womb. This development is a continuous 
process, and in this Review, infancy is defined as the interval from 
birth to 2 years of age with the neonatal period spanning from birth 
to 1 month of age.

Infant anatomy
From birth to the first year of life, the average newborn more than tri-
ples in length and increases its weight nearly 20-fold87. Growth over 
this period is not necessarily linear and differs by anatomical system. 
For example, at birth, the average baby brain is ~25% the size of the 
average adult brain88, but the brain doubles in size within the first year 

of life89. To accommodate this growth, membrane-covered spaces 
formed from the cranial sutures that hold the skull bones together, 
called the posterior and anterior fontanelles, remain open after birth 
for 2 months and 1 year, respectively (Fig. 3a). This skull anatomy ena-
bles direct access to the CSF-filled ventricular system, circumventing 
the functional blood–brain barrier in infants. In the clinic, transient 
catheter-based ventricular drainage through the anterior fontanelle 
can be used in infants with hydrocephalus, a condition characterized 
by excessive accumulation of CSF90. Additionally, a ventricular access 
device can be placed under the scalp, which is used to introduce thera-
peutics directly into the lateral ventricles, including antimicrobial, 
antifungal, antineoplastic and analgesic medications91. In preclinical 
studies, this intracerebroventricular route of administration has been 
used to introduce viral and non-viral gene therapies for neonatal con-
genital brain diseases32,92. Congenital and acquired craniofacial bone 
abnormalities (including cleft palate and hemifacial microsomia) can 
also be treated at the neonatal stage before full skeletal maturation. 
For example, a PEG synthetic hydrogel decorated with an osteogenic 
Notch ligand ( JAG1) was engineered to encapsulate paediatric human 
bone-derived osteoblast-like cells93. This platform stimulated regenera-
tion of bone volume in surgically induced defects in the parietal bones 
of mice. Incorporating biomaterials into infant craniofacial defects 
should factor in structural and surface properties of paediatric bone 
(such as stiffness, porosity, mineral content and collagen organization) 
that impact cell adhesion, proliferation and differentiation.

Compared with later developmental stages, infant airways also 
have a distinct anatomy to permit coordination of breathing with suck-
ing and swallowing during breastfeeding (Fig. 3b). In particular, infants 
have a relatively large tongue, an anterior and cephalad larynx and a 
short neck and trachea87. Together, these features enable the epiglottis 
to interlock with the soft palate when breastfeeding, forming a barrier 
that lets inhaled tidal volume travel from the nose to the lungs, whereas 
breastmilk flows via adjacent channels to the oesophagus94. As a result, 
children up to the age of 1 are obligate nose breathers, affecting the 
design of inhaled therapeutics95. Inhaled drug delivery systems can tar-
get the nasal mucosa, the olfactory bulb and the respiratory epithelium, 
potentially diffusing across the highly vascularized epithelium of these 
tissues into the systemic circulation96. Because this route of administra-
tion circumvents hepatic first-pass metabolism, inhaled sedatives and 
analgesics that target the nasal mucosa are useful clinically for rapid 
onset and titratable delivery of these medications in young children97. 
The roof of the nasal cavity also includes the olfactory neuroepithelium 
through which inhaled substances can traverse to directly access the 
central nervous system. This route can be used to treat neonatal brain 
injury such as hypoxic–ischaemic encephalopathy98. For example, in 
piglets, the administration of intranasal vascular endothelial growth 
factor facilitated drug delivery to the brain, which resulted in recovered 
cerebrovascular density after hypoxic injury99. Similarly, an early-stage 
clinical trial in neonates with perinatal arterial ischaemic stroke dem-
onstrated the safety of intranasally delivered bone-marrow-derived 
allogeneic mesenchymal stromal cells100. The most distal destination 
for inhaled drug delivery systems is the respiratory epithelium. Infants 
have immature mucosal barriers on this tissue, including thinner epi-
thelial layers, reduced tight junction maturity and lower mucus density, 
potentially an advantage for uptake of drug delivery systems into lung 
disease-relevant cells on the respiratory epithelium101. By contrast, the 
small nares and narrow nasal passages of the infant create high airway 
resistance and therefore may trap inhaled drugs in the upper, central 
airways87,95. Drug delivery systems can be modified with distinct surface 
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chemistries, peptides or mucosal adhesives to increase diffusion across 
the respiratory epithelium. Additionally, the size, charge and stability of 
drug delivery systems can be optimized for infants during formulation 

to reach the deep airways often implicated in paediatric respiratory dis-
eases. For example, small drug delivery systems (<1 µm) have improved 
penetration and retention in the alveoli, as large particles (2–10 µm) are 
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Fig. 3 | Engineering considerations for drug delivery to the infant. a, The 
developing infant skull possesses two fontanelles (anterior and posterior) at 
the junction of cranial suture lines that permit expansion of the brain after 
birth. These soft fontanelles also enable access to the developing brain via 
intracerebroventricular injection. b, Simultaneous suck–swallow–breathing 
during infant breastfeeding is facilitated by tongue position within the oral 
cavity that enables the epiglottis to interlock with the soft palate, forming a 
barrier so that oxygen can travel from the nose to the lungs via the trachea 
while breast milk flows via small channels to the stomach. c, The infant skin 
consists of layers with distinct physiochemical properties, including a thin 
stratum corneum, a developing subcutaneous vasculature. d, The path of an 
orally administered medication to infants involves absorption in the intestines, 

metabolism by the liver, distribution through the bloodstream to target tissues 
and eventual elimination by the kidneys. These pharmacokinetic processes, 
collectively referred to as the ADME (absorption, distribution, metabolism 
and excretion) profile, are all developing during infancy, including variable 
gastrointestinal motility and digestion, phase I (P1) and phase II (P2) metabolic 
reactions and glomerular filtration rate (GFR) through the kidneys. e, The vaccine 
response in infants occurs as weakened or inactivated antigens are taken up by 
dendritic cells (DCs). Activated DCs traffic to lymph nodes, where they produce 
mature T cells that facilitate either a T helper 1 (TH1) cell response that stimulates 
the function of cytotoxic T cells (CD8+) or a TH2 cell response that stimulates 
humoral immunity. Vaccine-mediated immunity protects against serious 
infections.
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filtered out in the conducting airways102. Poly(amine-co-ester) nano-
particle formulations and polymer–lipid hybrid 7C1 nanoparticle for-
mulations with greater total PEG content and inclusion of permanently 
cationic groups, compared with their respective standard formulations 
for intravenous delivery, enhanced mucus penetration and improved 
delivery to pulmonary epithelial cells in mice103,104. The combination 
of optimized nanoparticle platforms with inhalant delivery devices 
tailored to infant airway anatomy can enable precise and efficacious 
drug delivery to the respiratory epithelium105.

Rapid skeletal and visceral growth, along with the transition from 
a wet to dry environment at birth, necessitates dynamic structural and 
functional skin maturation during infancy106. The most exterior physi-
cal barrier of the skin, the stratum corneum, confers protection against 
external factors and limits the diffusion of large and hydrophilic mol-
ecules through the epidermis once fully mature107 (Fig. 3c). Compared 
with adults, during infancy the stratum corneum is thinner and less 
developed with smaller corneocytes and fewer keratinocyte layers108. 
Furthermore, infant skin possesses higher rates of water absorption 
and desorption, a large surface area to volume ratio and a develop-
ing subcutaneous vasculature109. These factors together make infant 
skin more permeable than adult skin, enabling drug delivery systems 
applied topically to infiltrate the skin barrier and reach the deep epi-
dermis and dermis where many paediatric skin disorders originate or 
manifest, without the assistance of adjunctive physical methods (such 
as microneedles or electroporation) often required in adults110. By 
contrast, skin permeability increases the risk of systemic toxicity after 
topical therapeutic administration, which has been reported in young 
children111. Infant skin also has fewer total lipids and natural moisturizing 
factors than adult skin108, which, coupled with exposure to amniotic fluid 
in the womb and a lack of commensal microbial colonization, results in a 
more alkaline pH of infant skin (6.6–7.5) than adult skin (4.5–6.7)109. Drug 
delivery systems must be engineered specifically for this distinct micro-
environment, and biomaterials with tunable pH-responsiveness are best 
suited for infant application. For example, Eudragit comprises a set of 
synthetic methacrylic polymers widely used in clinical pharmaceutical 
formulations owing to their modular backbones and side chains that 
convey distinct pH solubility profiles112. Similarly, ionizable lipids have 
head group, linker and tail structures that can be engineered to dictate 
the pKa of the LNPs that they form, impacting their delivery efficiency 
at physiological pH113. Combining drug delivery systems optimized 
for the biophysical properties of infant skin with existing paediatric 
formulations for lotions, creams and ointments presents an opportunity 
to develop topical therapies for rare (such as epidermolysis bullosa) 
and common (such as eczema and psoriasis) paediatric skin diseases.

Infant physiology
Anatomical development during infancy is accompanied by physiologi-
cal changes that impact drug pharmacokinetic properties, which gov-
ern how a drug moves through the body via absorption, distribution, 
metabolism and excretion. These properties are especially relevant 
for oral medications, the most common route of administration in 
children114. For example, the gastrointestinal tract is relatively slow and 
poorly coordinated during infancy, impacting the absorption and bio-
availability of medications administered orally115 (Fig. 3d). At birth, gas-
tric pH transitions from a more alkaline in utero pH (6–8) to the acidic 
pH (1–3) found in adults115. However, a period of more alkaline gastric 
pH follows, only returning to adult levels by the end of infancy116. Gastric 
emptying, a pH-sensitive process, is therefore delayed in infants, affect-
ing the ionization of medications administered orally and subsequently 

their bioavailability. In the infant stomach, weakly basic drugs (such 
as amoxicillin) have increased absorption and weakly acidic drugs 
(such as phenytoin) have decreased absorption, comparatively117,118. 
pH-sensitive drug delivery platforms can be similarly impacted by 
delayed gastric emptying113. Thus, drug delivery systems engineered 
to operate effectively at a wide range of pH values could be effective 
for oral drug delivery during infancy. For example, a drinkable, liquid 
hydrogel that comprised both ionic (calcium and alginate) and covalent 
(PEG) polymer networks was designed to undergo gelation specifically 
within the stomach, enabling the hydrogel to act as a depot for con-
trolled release of small molecule drugs119. These hydrogels were able to 
form, through crosslinking chemistry, ex vivo in gastric fluids ranging 
from 1.77 to 6.8 pH, indicating their potential suitability for use in oral 
drug delivery across dynamic physiological changes in gastric pH dur-
ing infancy. Outside the stomach, the immature pancreatic-biliary 
system of infants is characterized by limited synthesis of lipase and bile 
salts, which normally function to digest and emulsify dietary fats. This 
leads to reduced solubilization and breakdown of lipophilic molecules, 
such as fat-soluble vitamins120,121. Absorption of lipid-based delivery 
platforms administered orally may be similarly altered during infancy, 
requiring formulation strategies that enhance solubility and bioavail-
ability, such as the use of predigested lipids, surfactants or emulsifying 
agents, as well as careful dose adjustment to account for the immature 
digestive capacity.

The rectum, the distal segment of the large intestine, offers another 
route of drug administration commonly used during infancy. In infants, 
the rectum is shorter (3–5 cm versus 15–20 cm) and smaller (10–20 cm2 
versus 200–400 cm2) compared with adults, and this small size and fluid 
volume enable controlled release of medications via local administra-
tion122. Rectal drug delivery is particularly useful for medications that 
have poor stability, solubility or permeability following oral adminis-
tration123. Drugs administered rectally also have reduced hepatic first-
pass metabolism owing to direct drainage of the middle and inferior 
rectal veins into the inferior vena cava and extensive drainage by the 
lymphatic system into the systemic circulation122,123. In infants, rec-
tal administration can be preferred over oral administration owing 
to generally immature swallowing capacity or persistent nausea and 
emesis during a disease state124. However, drugs administered rectally 
have variable absorption rates due to changes in the depth of the rectal 
vault as the gastrointestinal system develops125. Designing modular solid 
(suppository), semi-solid (gel) or liquid (enema) rectal formulations 
specifically for infants ensures precise and safe dosing of medications 
administered rectally126.

The gut microbiome influences both infant intestinal motility and 
drug metabolism. It develops in three distinct phases after initial inocu-
lation during birth, including a developmental phase (months 3–14), 
a transitional phase (months 15–30) and a stable phase (months 31–46), 
before transitioning towards an adult bacterial consortium127. Gesta-
tional age at birth, mode of delivery (vaginal versus caesarean section), 
diet, geographical location and household exposures all affect the 
diversity and composition of the infant gut microbiome128,129. Drug 
delivery systems engineered to treat pathogenic bacteria by deliver-
ing antibiotics130, removing bacterial toxins131 or inducing protective 
immunity132 must simultaneously avoid disrupting commensal bac-
teria, which regulate growth, metabolism, organ development and 
immune defence133. The fragility of the paediatric gut microbiome 
is evidenced by the deleterious effects on the structure and relative 
abundance of commensal bacteria associated with inorganic nanopar-
ticles found in processed foods and biomedical agents134. Therefore, 
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the biomaterial-specific interplay between drug delivery systems and 
the developing gut microbiome is a critical design parameter for infant 
gastrointestinal applications.

Gastrointestinal immaturity during infancy is also accompanied 
by underdeveloped metabolism, which impacts drug pharmacokinet-
ics. Biotransformation, the process of drug metabolism in the liver, 
includes phase I and phase II reactions135. Phase I reactions (oxidation, 
reduction and hydrolysis) introduce non-synthetic modifications to 
convert parent drugs into more polar metabolites136. Phase II reactions 
(sulfation, acetylation and glucuronidation) are synthetic reactions 
mediated by uridine diphosphate transferases, which conjugate endog-
enous functional groups on molecules to form highly polar metabo-
lites that can be renally excreted136. Expression of phase I and phase II 
enzymes varies during development, leading to inefficient metabolism 
and clearance during infancy137. For example, immature glucuronida-
tion can impair the metabolism of drugs such as acetaminophen and 
chloramphenicol, increasing the risk of clinical toxicity in infants138. 
Drug delivery systems can be similarly affected by age-dependent 
development of metabolic enzymes. For instance, silver nanoparticles 
often used in antimicrobial, antiviral and wound-healing therapeu-
tics can release silver ions during degradation. Although silver ions 
undergo biochemical conversion in adults, low levels of the necessary 
enzyme in infants can lead to accumulation of reactive oxygen species 
during degradation and cause toxicity from oxidative stress139. Some 
drug delivery systems, such as poly(ε-caprolactone)-PEG polymer 
nanoparticles and carbon nanotubes, further inhibit the expression of 
certain isoforms of CYP450 enzymes, which are necessary for hepatic 
metabolism140,141. Thus, administration of therapeutics that use these 
drug delivery systems can compound the effects of reduced metabolic 
enzyme activity and lead to secondary systemic toxicities in infants.

After drugs are metabolized, they are cleared by the kidneys. 
The first step of excretion is glomerular filtration, in which free drugs 
within the plasma are filtered across the glomerular membrane into 
Bowman’s space, forming the glomerular filtrate. Molecules that pass 
through the nephron are either reabsorbed by the tubules or excreted 
in the urine. Glomerular filtration rate, the volume of plasma filtered 
into Bowman’s space per unit time, increases over the first few weeks 
of life, reaching adult values by 3–5 months142. The pore size (6–8 nm) 
of the glomerulus also limits the passive filtration of drugs and their 
metabolites143. For example, ultrasmall gold nanoparticles (<5 nm) can 
efficiently pass through the glomerulus in healthy adult animals143. 
In adult disease states, such as focal segmental glomerulosclerosis, 
larger polystyrene nanoparticles (20–100 nm) are able to pass through 
the leakier glomerulus144. An immature glomerular filtration barrier 
during infancy could similarly enable larger drug delivery systems to 
traverse the nephron than in mature kidneys145. Additionally, tubule 
excretion and tubule reabsorption of molecules mature at slower 
rates than glomerular filtration, reaching adult capacity only near the 
end of infancy146. In mouse models, gold nanoparticles interact with 
both the peritubular capillaries and renal tubules in a charge-selective 
manner, leading to slower passage through the kidneys147. Therefore, 
targeted renal nanomedicines for paediatric kidney diseases (such as 
renal tubular acidosis) can leverage the surface charge of drug delivery 
systems to increase residence time in the nephron, thereby enhancing 
reabsorption in the disease-affected tubules.

Infant immune system
Although not as tolerant to foreign antigens as during gestation, 
the infant immune system is globally diminished, facilitating the 

safe administration of engineered  therapeutics. For example, 
in a neonatal mouse model of Crigler–Najjar syndrome, intravenous 
administration of proprietary mRNA-LNPs rescued a lethal phe-
notype with minimal inflammatory infiltrate in the liver at necropsy 
(>100 days post-administration)148. Similarly, a biodegradable propri-
etary mRNA-LNP platform administered intravenously in a neonatal 
mouse model of arginase deficiency did not elicit long-term hepatotox-
icity, even after repeat dosing149. Furthermore, a synthetic PEG hydrogel 
that supported the growth of intestinal organoids showed safe and 
successful engraftment in juvenile mice, promoting colonic wound 
repair150. Further study of these therapeutic drug delivery systems in 
age-appropriate large-animal models would build critical preclinical 
evidence for their safety in paediatric patients.

An in-depth understanding of the infant immune microenviron-
ment is also essential for age-appropriate vaccine design (Fig. 3e). 
As maternal antibodies wane, administration of vaccines is necessary 
to protect against life-threatening pathogens in infants. The clinical 
standard includes serial immunizations at birth, 2 months, 4 months, 
6 months, 12 months, 15 months and 18 months of age151. During infancy, 
the immune system has an inherent bias towards T helper 2 (TH2)-
cell polarizing cytokines with suboptimal TH1 cell response and B cell 
differentiation152. A weak neonatal adaptive immune response is par-
tially compensated for by relatively stronger innate immunity, although 
innate immune cells are phenotypically different than in adults and 
secreted cytokines, including type I interferons, are differentially 
expressed in comparison to adults153,154. Vaccines developed with drug 
delivery platforms that take advantage of infant immune responses can 
enhance antigen presentation, promote balanced TH1/TH2 responses 
and improve long-term protective immunity. For example, a dual 
antigen/adjuvant polymersome system, using a block co-polymer 
of PEG-bl-poly(propylene sulfide), was shown to specifically traffic 
to neonatal dendritic cells based on morphology. Dendritic cells tar-
geted by the polymersome platform produced high levels of IL-12p70, 
a cytokine that enhanced intrinsically low TH1-polarized immunity 
and promoted cytotoxic T cell proliferation and survival. In turn, this 
drug delivery system facilitated strong protection against disease 
in a neonatal tuberculosis mouse model, matching or exceeding the 
performance of a live-attenuated vaccine155. The infant immune system 
can be leveraged to develop vaccines tailored to early-life immunity to 
address the high global burden of paediatric infection.

Engineering considerations for drug delivery 
to children
By the age of 2, most major organ systems in the body have reached 
maturity. The development that follows is relatively linear, primarily 
in physical growth and psychosocial development. This changes at 
puberty (age 8–13 for girls and age 9–14 for boys), a process by which 
hormonal changes trigger rapid physical maturation preparing the 
body for sexual reproduction156. In this Review, ‘childhood’ refers to 
the period between age 2 and adolescence.

Childhood anatomy
Growth during childhood is supported by skeletal changes in size and 
shape. Bone is a highly specialized connective tissue that provides 
mechanical support for overlying muscular activity as well as physical 
protection for the internal viscera. As a dynamic tissue, bone undergoes 
continuous remodelling to preserve skeletal structural integrity and 
regulate mineral homeostasis (Fig. 4a). From early childhood through 
puberty, the rate of bone formation exceeds bone resorption, leading to 
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a steady accumulation of skeletal mass until growth plate closure at 
the end of puberty157. Active growth plates and high bone turnover 
increase the risk of some bone cancers in children compared with 
adults. For example, osteosarcoma and Ewing sarcoma, which have 
a 5-year survival rate of ~70% for local disease and a 5-year survival 

rate of ~30% for metastatic disease, are among the deadliest cancers 
for children158,159. Although surgical resection and adjuvant chemo-
therapy are effective treatments for some patients with early-stage 
disease, treatment for more invasive cancers are limited owing to drug 
resistance as well as tumour heterogeneity, evasion and recurrence160. 
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Fig. 4 | Engineering considerations for drug delivery to children. a, In normal 
development, osteoblasts promote bone formation and osteoclasts facilitate 
bone resorption in a tightly regulated process. In bone cancer, tumour cells 
induce osteoblasts to secrete RANKL, which binds to osteoclasts, increases 
proliferation and promotes greater bone resorption, leading to tumour growth. 
b, Most children experience some form of trypanophobia, a fear of needles, 
necessitating alternative formulation types for medications, including nasal 
sprays, chewable tablets, liquid formulations, dermal patches and rectal 
suppository. c, The hypothalamic–pituitary–gonadal (HPG) axis is an endocrine 
system that controls reproduction, organ development and reproductive 
behaviour in humans. Gonadotropin-releasing hormone (GnRH) is produced by 
the hypothalamus and acts on the anterior lobe of the pituitary gland to secrete 
gonadotropins, follicular-stimulating hormone (FSH) and luteinizing hormone 
(LH). These hormones act on the reproductive organs, testes in male individuals 

(males) and ovaries in female individuals (females), leading to production of 
sex steroid hormones, including androgens (testosterone), progestins and 
oestrogens. Sex hormones impact reproductive organ development, facilitate 
peripheral organ maturity and exhibit feedback in the HPG axis. d, Sex influences 
both the innate and adaptive immune systems. Males (XY) have greater numbers 
of natural killer (NK) cells, CD4+ (helper) T cells and regulatory T (Treg) cells than 
females (XX). By contrast, females have enhanced cytokine activity, increased 
numbers of CD8+(cytotoxic) T cells and an enhanced B cell and immunoglobin 
response relative to males. e, A range of allergens in children can trigger a 
hyperactive immune response. Immunoglobins on the surface of B cells 
mistakenly identify a harmless allergen as a threat, leading to the production of 
allergen-specific IgE antibody (Ab). Upon secondary exposure, IgE Ab binding 
to mast cells leads to degranulation and secretion of histamine and other 
inflammatory mediators, manifesting as an allergic response.
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Drug delivery systems designed for children aim to close this gap. For 
example, hollow manganese oxide nanoparticles carrying an anti-
neoplastic agent restricted bone cancer growth in tumour-bearing 
juvenile mice161. These nanoparticles were tailored specifically to target 
paediatric bone tumours after systemic administration leveraging long 
cycling properties in vivo and the high vascularity of paediatric bone 
to promote uptake. In the tumour microenvironment, they also facili-
tated delivery of ginsenosides for immune activation and promoted 
Fenton-like reactions to promote tumour cell death. Other nanocarriers 
have been developed to specifically target bone, including bisphospho-
nate LNPs and calcium-crosslinked methoxy-PEG-b-poly(l-glutamic 
acid) nanoparticles161–163. These drug delivery systems exploit uptake 
in areas of active bone remodelling, which is more pronounced during 
childhood. Combining bone-targeted nanocarriers with modern immu-
notherapies could offer a new strategy to inhibit tumour growth in situ, 
because delivery directly to the paediatric bone microenvironment 
increases local therapeutic concentration, exposes immunomodulat-
ing agents to tumour-adjacent niches undergoing remodelling and 
limits systemic toxicity associated with systemic immunotherapies.

The intersection between paediatric anatomy and psychosocial 
development presents distinct barriers to drug delivery during child-
hood. Sensitive blink reflex, fear of needles and choking anxieties 
can complicate drug delivery for common conditions. For example, 
although the adult and paediatric eye is similar in structure and function, 
children have a more active lacrimal system and a more sensitive blink 

reflex, which reduces the bioavailability of topical ocular therapies, 
such as those for anterior chamber diseases including dry eye syndrome 
and conjunctivitis164. Although higher viscosity solutions have greater 
ocular contact time and increased bioavailability, low viscosity topical 
formulations reduce discomfort in children for better compliance165. 
Additionally, approximately two-thirds of all children experience paedi-
atric trypanophobia (fear of needles) and favour non-injection routes of 
administration for paediatric vaccines166. However, needle-free immu-
nization, such as through intranasal delivery167, can be less effective 
in children owing to poor induction of mucosal immunity152, which 
is compounded by differences in airway geometry and mucociliary 
transport87,168. Finally, more than 50% of children are unable to swal-
low standard-sized pills owing to a small oesophagus and choking 
anxiety169. Chewable or liquid formulations are more acceptable for 
children but require optimization of both oral drug delivery parameters, 
including stability, consistency of dosing, avoidance of gastrointestinal 
tract dilution and spatial localization, and consideration of qualitative 
criteria, such as swallowability and palatability114,170 (Fig. 4b). Testing new 
drug delivery systems in animal models that best recapitulate human 
paediatric anatomy (Box 1) is likely to facilitate downstream translation.

Childhood physiology
Puberty triggers major physiological changes through the production 
of gonadal sex hormones, which facilitate sexual dimorphism171. In this 
Review, comparisons are made only between male (XY) and female (XX) 

Box 1 | Preclinical paediatric animal models
 

Heart: Pig models are used to study paediatric cardiovascular disease 
because humans and pigs share four-chamber heart anatomy and 
cardiac physiology214. Additionally, the major events in pig and human 
cardiac morphogenesis are similar; the final Carnegie stage of heart 
development occurs at gestational day 30–42 in pigs, corresponding 
to approximately the 9th week of gestation in humans215. Therefore, 
pigs are a useful model to study congenital heart disease within 
the womb. The growth of the porcine heart from birth to 4 months 
is analogous to cardiovascular development in humans between 
birth and adolescence, and juvenile pigs enable testing of drug 
delivery systems intended for human children using clinical grade 
equipment216.

Lungs: Rabbits have similar airway anatomy, cellular architecture 
and inflammatory response to humans making them a useful model 
for congenital lung diseases217. Rats can be used to study diseases 
such as bronchopulmonary dysplasia because rat lung development 
at birth is at a similar stage as in a preterm human infant218.

Brain: The human brain is difficult to study in lower-order species 
owing to differences in structural, cellular, genetic and functional 
complexity. Juvenile mice are common model organisms to study 
paediatric brain development, memory and behaviour owing to 
their ease of handling and accessibility. Non-human primate brains 
resemble human brains closely, including similar encephalization 
and brain organization; however, these models are expensive and 
require specialized facilities219.

Blood: Congenital blood diseases (haemophilia a/b and von 
Willebrand disease) and haematological tumours occur natively in 
canines, which can be used to study therapies for these conditions220. 
Although haematology varies widely across mammalian species, 

canines have similar immune system development to humans, and 
juvenile and adult canines possess age-related differences in total 
blood volume and cell composition, which are also found between 
paediatric and adult humans221–223. Of all animals, non-human 
primates have the most similar immune cell populations and 
regulatory mechanisms to humans and are therefore integral for 
safety profiling of drug delivery platforms224.

Liver and gastrointestinal system: Rodent models are used to 
study paediatric liver and gastrointestinal disease. For example, bile 
duct ligature in young rats mimics the pathology observed in human 
biliary atresia225. Similar to humans, guinea pigs express E-cadherin 
on their intestinal surface, rendering them a useful model to study 
viral paediatric gastrointestinal diseases226. Piglets are used to model 
necrotizing enterocolitis because they develop disease pathology 
via the same biological conditions that predispose human infants 
(prematurity, bacterial colonization and formula feeds)227.

Limitations: The small size of young animals makes intervention 
technically challenging relative to adult animal models. Additionally, 
although small-animal models are often more accessible and 
cost-effective for preclinical research, large-animal models often 
better approximate human microenvironments. This trade-off is 
complicated by variable concordance of drug delivery platform 
performance between species. There also exists variability of organ 
and tissue development at a given age across species owing to 
different lengths of gestation, rates of growth and lifespan228,229. To 
intentionally design paediatric biomaterials, care should be taken to 
select a model organism that best approximates not just intended 
human biological age but also the developmental age for the target 
organ or tissue of interest.
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biological sexes, although we acknowledge the existence of a spectrum 
of sex, including Turner syndrome (XO) and Klinefelter syndrome (XXY) 
and a continuum of gender expression.

Before puberty, 37% of genes across 44 tissues have sex-biased 
gene expression, mostly mediated through differences in transcription 
factor binding172. These variations are foundational to sex differences 
in disease incidence, progression and treatment response173. Differ-
ences in endogenous hormonal profiles between male individuals 
(males) and female individuals (females) during puberty distinguish 
developing anatomy and physiology between males and females174 
(Fig. 4c). In females, a rise in adrenal dehydroepiandrosterone sulfate 
(adrenarche) provides precursors for the biosynthesis of oestrogen 
and progesterone, a process initiated and regulated by gonadotropins 
(luteinizing hormone and follicular-stimulating hormone). This is 
followed by the development of the breast buds (thelarche) through 
pathways sensitive to both oestrogen (lactiferous duct development) 
and progesterone (lobular alveoli development). Testosterone sub-
sequently mediates the growth of pubic hair (pubarche), whereas 
gonadotropins directly prompt the onset of menstruation (menarche), 
which coincides with oestrogen-mediated development of the ovaries. 
In males, following adrenarche, gonadotropins stimulate the produc-
tion of testosterone, which regulates the growth of male reproductive 
organs and secondary sex characteristics. The sex-specific changes 
that occur during puberty result in variable body composition and 
metabolic profiles175, which impacts drug pharmacokinetics and neces-
sitates sex-specific design and testing of therapeutics. Development of 
the reproductive organs also leads to sex-specific pathologies (such as 
primary ovarian insufficiency and testicular cancer) that require dis-
tinct biomaterial solutions tuned to the hormonal, anatomical, 
mechanical and immunological features of these physiological environ-
ments73. For example, a decellularized ovarian scaffold with retained 
cellular and tissue architecture provided an organ-specific extracellular 
matrix-based microstructure to artificially regenerate hormonal func-
tion in ovariectomized mice176. Similarly, a decellularized testicular 
extracellular matrix was combined with a hydrogel scaffold for use 
as an artificial testis in mice177. Sex-specific heterogeneities are also 
present in the brain178, heart179,180 and lungs181, motivating the design of 
biomaterials with both age-specific and sex-specific properties across 
organ systems.

Childhood immune system
Comparative vaccination studies have illustrated distinct differences 
between the humoral immune response in children and adults154,182. For 
example, the mRNA-1273 COVID-19 vaccine elicited similar anti-spike 
and anti-RBD IgG levels but stronger antibody effector functions in 
a cohort of children compared with adults, despite children receiv-
ing one-quarter of the adult dose (25 µg versus 100 µg)3. Importantly, 
mRNA COVID-19 vaccines did not elicit severe side effects in children2,3. 
These data motivate comprehensive characterization of age-related 
differences in immunity, including to optimize the formulation, timing 
and dosing of childhood vaccines.

Male and female children have distinct innate and adaptive 
immune responses to both foreign and self-antigens183. Certain sex-
specific differences in immunity are driven by inherent differences 
in genetic programming183. For example, the Toll-like receptor (TLR) 
7 gene, which has a role in innate detection of nucleic acids, is encoded 
on the X chromosome, potentially escaping X inactivation and result-
ing in higher expression of TLR7 in female immune cells compared 
with male immune cells184. By contrast, activation of TLR9 in male 

immune cells results in greater IL-10 production compared with female 
immune cells185. The presence of putative androgen and oestrogen 
responsive elements in the promoter regions of several innate immune 
genes suggests a complex interplay among sex-specific genes, hor-
mones and immunity (Fig. 4d). Together, sex differences on innate 
immune cells lead to differential recognition and binding of specific 
antigens and sex-dependent downstream signalling pathways and 
cytokine production186,187. Sex also influences adaptive immunity183. 
Post-puberty, females have comparatively increased CD4+ T cells and 
greater T cell activation, and males possess comparatively increased 
CD8+ T cells and regulatory T cells183,188. Furthermore, females have 
greater numbers of B cells, elicit a greater antibody response and 
have higher basal immunoglobin levels than males183,189. Although 
androgens are broadly immunosuppressive, oestrogens stimulate 
the adaptive immune response, skewing towards TH2-type responses 
and cell-mediated immunity190,191. Engineering sex-specific drug deliv-
ery systems that leverage or accommodate for sex-based immune 
differences in innate and adaptive immunity can optimize efficacy and 
minimize adverse effects for therapeutic applications in autoimmune 
disease, infectious disease and malignancy183,190,192.

Allergies are specific immune responses to foreign substances, 
which often manifest during childhood (Fig.  4e). Although the 
direct effects of sex hormones in allergy have not been well studied, 
major cell mediators of allergy, including eosinophils, mast cells and 
lymphocytes, express sex hormone receptors and can contribute 
to clinically relevant differences in allergy incidence between males 
and females193. Immunotherapies for paediatric allergy must achieve 
immune desensitization towards a specific allergen without igniting 
systemic anaphylaxis194. Drug delivery systems can be engineered 
for this application by homing to antigen-presenting cells to induce 
antigen-specific tolerance, including platforms that use peptide-based 
self-assembling nanofibres and PLGA nanoparticle systems195,196. For 
safe use, excipients in therapeutic formulations must be carefully 
selected to avoid hypersensitivity reactions, especially in children who 
are relatively naive to medications and unfamiliar with their allergies197. 
For example, excipients commonly used as stabilizers that are impli-
cated in paediatric allergy include propylene glycol, benzyl alcohol, car-
boxymethylcellulose and PEG197. Food allergies, such as to egg or yeast, 
can also cause allergic reactions in children, as these components are 
often used during vaccine production198. Hypoallergenic alternatives 
to these excipients that minimize risk of allergic reaction while main-
taining stability and bioavailability of the therapeutic agent will enable 
safer administration of drugs and vaccines in paediatric populations.

Outlook
Effective drug delivery in paediatric populations requires platforms 
that accommodate their anatomical, physiological and immuno-
logical characteristics. Biomaterials offer a customizable and bio-
compatible solution that can be engineered to meet these distinct 
needs. Biomaterial-based drug delivery systems have been used in 
vaccine delivery and regenerative therapies in which targeted deliv-
ery and immunomodulation have resulted in excellent efficacy and 
safety against disease. Insights from these applications can inform 
the development of paediatric drug delivery systems tailored to the 
needs of young patients across disease processes during development.

For example, the clinical success of mRNA-LNP vaccines for immu-
nization against COVID-19 in children can be leveraged to develop 
similar mRNA-based platforms that prevent highly contagious and 
difficult-to-treat paediatric infectious disease. For novel paediatric 
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mRNA vaccines, optimization of nanoparticle formulations can lead to 
increased payload delivery to target immune cells as well as enhanced 
adjuvant activity to boost vaccine-induced immune response. Addi-
tionally, the emergence of new mRNA-based gene-editing technologies 
offers an opportunity to treat congenital paediatric disorders at their 
root cause before the onset of disease pathogenesis. Drug delivery 
systems that carry these payloads to specifically target stem and pro-
genitor cells, which are more abundant at younger ages, can enable the 
persistence of a therapeutic effect for the duration of life10. Chimeric 
antigen receptor (CAR)-T cell therapies have already demonstrated clin-
ical success in paediatric patients with certain blood cancers, including 
B cell acute lymphoblastic leukaemia and certain types of lymphoma199. 
Therapeutic cell yields and fitness in these applications could be 
increased with biomimetic tissue-engineered scaffolds that repro-
gramme, expand and release CAR-T cells ex vivo. Alternatively, in vivo 
CAR-T cells can be generated in the peripheral blood via direct injection 
of nanoparticles or in situ within solid tumours via local administration 
of transient hydrogel depots to treat diverse paediatric cancers200,201. 
Finally, for paediatric solid tumours, stimuli-responsive biomaterials 
can provide precise control over the delivery and pharmacokinetics 
of immunotherapies202.

The safety of paediatric therapeutics should also be highly prior-
itized owing to the potential for long-term effects on growth, develop-
ment and overall health, especially given several high-profile deaths in 
clinical trials following experimental viral gene therapies for paediatric 
diseases203. Childhood is characterized by rapid growth and develop-
ment at the cellular and tissue level, which can be negatively influenced 
by organ-specific off-target toxicity, including to germline cells10. Addi-
tionally, anatomical changes during development are accompanied by 
distinct physiological processes such as puberty and neuropsychiatric 
development. The administration of therapies in the peri-puberty 

period risks unintended reproductive and hormonal side effects or 
changes to behaviour, thinking and emotions at this critical stage of 
development. Medications administered to children have the inherent 
potential to cause delayed or long-term consequences. For example, 
two-thirds of paediatric cancer survivors experience a late physical or 
psychological effect of chemotherapy and radiation204. Chronic side 
effects in children have also been observed after administration of 
anti-epileptics205, steroids206 and immunosuppressives207. Addition-
ally, environmental exposure to engineered inorganic nanoparticles in 
ingested food products in utero, during infancy or during childhood, 
can lead to long-term toxicities208,209. Therefore, it is imperative to eval-
uate the safety of paediatric therapeutics and their constituent drug 
delivery systems across the lifespan with monitoring of reproductive 
fertility, incidence of chronic disease and neurocognitive metrics.

Finally, the translation of paediatric therapeutics hinges on over-
coming financial, regulatory and ethical barriers (Box 2). Approxi-
mately 12% of research funding provided by the National Institutes of 
Health (NIH), the largest government funding source for biomedical 
research worldwide, is allocated to paediatric research210. Although the 
USA and other countries have passed legislation to incentivize industry 
funding for paediatric therapeutics211, clinical trials involving children 
are limited by an expectation of lower profitability. As many paediatric 
diseases are considered rare, clinical trials in children are also hindered 
by inadequate enrolment. Logistical barriers for families, parental con-
cerns regarding their child’s participation and challenges with patient 
retention further complicate the success of paediatric clinical trials210. 
Additionally, as a vulnerable population, children require specialized 
ethical safeguards during clinical trials with careful consideration of 
informed consent, assent and overall risk–benefit ratio212. Navigating 
complex ethical frameworks requires shared decision-making among 
patients and their families, study investigators and institutional ethics 

Box 2 | Challenges to paediatric drug development
 

Funding: Historically, funding for paediatric disease research is 
lower than funding for adult diseases210. For example, only 4% of 
National Cancer Institute research funds are allocated to paediatric 
cancer research, although paediatric cancer is rare (1% of all cancers 
diagnosed). Limited industry expenditure for paediatric drug 
development, perhaps owing to small market sizes, compounds this 
discrepancy, and investment by non-profit organizations is often 
integral for preclinical drug development research.

Regulation: The USA has implemented legislation to address 
discrepancies in drug development programmes for children211. 
In 2002, the Best Pharmaceuticals for Children Act incentivized 
pharmaceutical companies to develop new drugs for paediatric 
conditions by offering an additional period of market exclusivity. 
In 2003, the Paediatric Research Equity Act gave the Federal 
Drug Administration (FDA) authority to require clinical trials in 
children for certain drugs and biological products. In 2017, the FDA 
Reauthorization Act included a provision known as the Research to 
Accelerate Cures and Equity for Children Act, requiring investigators 
to assess the efficacy of adult cancer treatment in children, regardless 
of the indication. Similar laws have been passed in Europe under the 
jurisdiction of the EMA.

Clinical trials: Patient recruitment for paediatric clinical trials is 
limited owing to small populations of patients with a given condition 

and parent or guardian hesitancy for their child to participate. Study 
design is also complicated by strict inclusion and exclusion criteria as 
well as by heterogeneity within the paediatric population in terms of 
weight, organ maturation and body composition. Barriers to retention 
within a paediatric clinical trial include parental perception of the 
benefit trial participation and the burden of long-term follow-up. 
Addressing these logistical and operational challenges to paediatric 
clinical trials can facilitate trial completion.

Ethics: Although adults can legally consent to participate in 
clinical trials, children can, at best, provide assent for clinical trial 
participation, necessitating legal consent from an adult parent or 
guardian. Minimization of risk is especially important in paediatric 
clinical trials, given the vulnerability of this patient population. 
For paediatric clinical trials, physician-investigators should have 
adequate qualifications and expertise in caring for and leading trials 
involving children. Finally, compensation for paediatric clinical trials 
should be limited to reimbursement for direct trial-related expenses 
to avoid unduly influencing a parent or guardian to enrol their child 
in a study. Shared decision-making between physician-investigators, 
industry partners, institutional ethics boards, legal counsel and 
patients and their families is required to navigate these ethical 
challenges.
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boards. These hurdles to translation can be addressed by early and 
efficient collaboration among academia, industry and government 
during paediatric drug development, as exemplified by the successful 
development of a personalized gene-editing therapy for an infant with 
severe carbamoyl phosphate synthetase 1 deficiency in 8 months213.

Age-specific drug delivery systems are critical to developing next-
generation paediatric therapeutics to prevent and treat childhood 
diseases. Strong collaboration among bioengineers, clinicians, indus-
try scientists, regulatory bodies and funding agencies is necessary to 
engineer and implement biomaterial-based drug delivery systems that 
are designed with the biology and behaviour of the paediatric popula-
tion in mind. Such drug delivery systems, engineered intentionally 
for paediatric populations, can facilitate more efficacious and safer 
therapeutics for children worldwide.

Published online: xx xx xxxx
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