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Abstract: Pediatric cancers (PC) require treatments that maintain cure rates while minimizing long-term toxicity and non- 
communicable diseases. Yet, conventional dosing, adult-oriented formulations, and high treatment burden remain major limitations 
in childhood cancer care. This review synthesizes the current evidence using artificial intelligence (AI) and 3D nano printing as 
emerging tools to support personalized pediatric oncology. A structured literature search of PubMed, Scopus, Web of Science, and 
Google Scholar (2005–2024) identified English-language studies related to pediatric cancer, nanomedicine (NM), 3D printing, 
precision dosing, and pharmacogenomics, and relevant findings were organized by cancer type, clinical application, and potential 
impact on toxicity, adherence, and survivorship. Across leukemia, neuroblastoma, brain tumors, bone sarcoma, and lymphoma, AI- 
supported platforms were found to improve individualized chemotherapy exposure, anticipate toxicity based on clinical or pharma
cogenomic markers, and assist clinicians towards modifying early treatment. At the same time, 3D nano printing enabled child-friendly 
medicines, multi-drug polypills, and controlled-release formulations that reduced dosing errors and improved treatment adherence. 
Early hospital-based experience with Bayesian therapeutic drug monitoring and on-demand pediatric drug printing suggested high 
feasibility for real clinical settings. Overall, AI-guided dosing and nano-printed formulations enhanced precision, lowering acute and 
late toxicities that support healthier long-term outcomes in children with cancer, particularly when linked to disease-specific needs. 
Further multicenter pediatric studies, regulatory development, and expansion of hospital 3D printing capacity are recommended to 
enable safe and equitable translation of these technologies into routine clinical care. 
Keywords: pediatric oncology, artificial intelligence, 3D printing, personalized medicine, non-communicable diseases

Introduction
Every year, more than 400,000 children are diagnosed with cancer, making it one of the leading causes of childhood 
illness and death worldwide.1 While survival rates for acute lymphoblastic leukemia are above 90% in high-income 
countries, they remain below 40% in many low and middle-income countries. Even for children who survive, current 
treatments often bring serious challenges. Most medicines are designed for adults and then adapted for children, which 
can lead to dosing errors, poor adherence, and harmful side effects. Long-term survivors also face risks of non- 
communicable diseases such as heart disease from anthracyclines, hearing loss from cisplatin, and learning difficulties 
after cranial irradiation.2,3 This highlights the urgent need for safer, personalized treatments tailored specifically to 
children.
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New technologies such as artificial intelligence (AI) and 3D nano printing are creating opportunities to meet this 
need. AI driven molecular profiling can analyze genetic, clinical, and treatment data to predict how a child will respond 
to therapy, adjust doses, reduce the risk of side effects and improve adherence (Figure 1A and B).4 At the same time, 3D 
nano printing enables the production of personalized medicines on demand, such as flavored chewable tablets, mini- 
tablets, and polypills tailored to a child’s age, weight, genetic profile, and treatment plan.4,5 These approaches also allow 
for controlled-release formulations, which help maintain stable drug levels and reduce toxic peaks.6 Together, AI and 3D 
nano printing promise not only to improve survival but also to protect children from long-term cancer complications 
under a new term “Precision Pediatric Cancer Nanomedicine”. Despite rapid innovations, several challenges regarding 
translation into pediatric oncology remain persistence. These include a lack of dedicated attention to the development of 
pediatric-specific nanocarriers; an absence of AI-informed molecular profiling in how treatments are selected; scant 
utilization of organoid or ex vivo tumor models for dosing customization; limited strides toward personalized pediatric 
drug printing; and scattered literature that fails to bring these cutting-edge technologies together into a single, cohesive 
framework.

Earlier published reviews have discussed AI in oncology7 and/or 3D printing in pharmaceuticals.5 However, none 
have brought these fields together in the context of precision pediatric cancer nanomedicine (NM). This current review 
focuses on the combined use of AI and 3D nano printing in pediatric cancer care, with a special emphasis on reducing 
treatment-related non-communicable diseases (NCDs) (Figure 1C and D). It brings together AI-driven drug formulation 
strategies, pharmacogenomics, personalized 3D-printed medicines, and real-world clinical evidence into a single inte
grated framework. By addressing both technological innovations and clinical challenges, this manuscript presents a fresh 
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perspective from past findings on how these tools centered on NM can transform pediatric oncology.8 Despite progress in 
chemotherapy, radiotherapy, and supportive care, most existing studies continue to rely on adult-derived dose strategies, 
fragmented formulations, and retrospective toxicity management. Previous reviews have examined AI in oncology or 3D 
printing in pharmaceuticals, but they do not address these technologies in a pediatric-specific context or evaluate their 
combined role in improving treatment adherence, pharmacogenomics-based dosing, and prevention of long-term non- 
communicable diseases.9 This gap limits understanding of how precision manufacturing and computational tools may 
reshape survivorship. Therefore, this review aims to synthesize the current evidence of AI-assisted dosing and 3D nano- 
printed pediatric drug formulations, summarizing their disease-specific applications, and assessing their potential to 
reduce toxicity, enhance adherence, and support long-term pediatric cancer outcomes.

Figure 1 Integration of AI-driven approaches into precision pediatric cancer nanomedicine. This figure illustrates how ML algorithms integrate multidimensional, genomic, 
clinical, and environmental data to optimize pediatric cancer management. AI models analyze complex datasets to guide personalized nano treatment strategies, including 
optimized dosing and formulation design. The solid arrows reflect how patient data feed into the AI/ML model to yield optimized dosing and personalized treatment plans. 
Horizontal arrows from AI toward the patient indicate model-driven therapeutic recommendations. The dotted line reflects the indirect route through which the AI-assisted 
choices translate into better outcomes that aim to: (A) reduce drug toxicity, (B) enhance treatment adherence, (C) minimize the risk of non-communicable diseases, and 
(D) ultimately improve survival outcomes in pediatric oncology patients.
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Methodology of Literature Search
This work is a review based on a structured search of PubMed, Scopus, Web of Science, and Google Scholar for English- 
language articles published from 2005–2024. Search terms covered pediatric cancer, NM, 3D printing, artificial 
intelligence, precision dosing, and pharmacogenomics. Relevant clinical studies and reviews were screened, and non- 
oncology or non-clinical engineering papers were excluded. Due to heterogeneity in study designs, a meta-analysis was 
not performed; instead, findings were summarized narratively and organized by cancer type, clinical application, and 
implications for toxicity reduction, adherence, and survivorship. The synthesized evidence was used to outline current 
progress and future recommendations.

Pediatric Cancer Challenges and the Need for Personalized Nano 
Therapies
PC care presents unique challenges distinct from those in adult oncology. Treatments often do not consider children’s 
specific genetic backgrounds, leading to long-term side effects like heart disease and secondary cancers.10 Genetic 
variability within tumors causes parts of the same tumor to respond differently, increasing the risk.11 Difficulties with 
medication forms and treatment adherence further limit success. These challenges highlight the urgent need for 
personalized, child-friendly therapies (Table 1). A detailed discussion is provided in the subsections below.

Epidemiology and Long-Term Treatment Complications
PC remains a leading cause of disease-related mortality in children and adolescents, with global incidence rates showing 
a gradual but steady increase in recent decades. Leukemia, central nervous system tumors, and lymphomas remain the 
most common childhood cancers, reflecting a significant burden on healthcare systems worldwide.18 While survival rates 
have improved substantially due to advancements in chemotherapy, radiotherapy, and supportive care, the long-term 
health consequences of these treatments present critical challenges.

Evidence from survivorship cohorts highlights that a large majority of children treated for cancer develop late 
complications. For instance, a Polish multicenter study of survivors diagnosed before the age of three reported that 
only 17% retained normal function across all organ systems, while over 80% experienced dysfunction in at least one 
system, commonly affecting the cardiovascular, urinary, auditory, immune, and visual domains.19,20 Further, data from 
the British Childhood Cancer Survivor Study demonstrated that the risk of mortality extends far beyond the initial five- 

Table 1 Key Challenges and Treatment Gaps in Pediatric Oncology

Challenge Area Key Challenges Need for Nano Personalization Ref.

Epidemiology & 

Long-term 

Complications

Rising incidence; >80% survival in high-income countries, but >70% 

of survivors develop late effects such as cardiotoxicity, endocrine 

dysfunction, and neurocognitive decline.

Personalized therapies to reduce late 

effects and improve survivorship 

outcomes.

[2,3,12]

Genetic Variability 
& Tumor 

Heterogeneity

Fusion genes (ETV6-RUNX1, EWSR1-FLI1, PAX3-FOXO1) and 
inherited variants (TP53, ALK, MYCN) drive relapse and therapy 

resistance.

AI- and genomics-guided dosing to 
manage tumor diversity and genetic risks.

[13]

Conventional 

Therapy 

Limitations

One-size-fits-all chemotherapy leads to toxicity, underdosing, and 

poor tumor control in diverse pediatric populations.

Tailored dosing and advanced delivery 

systems to improve efficacy and safety.

[14,15]

Medication 

Adherence Issues

Children face swallowing difficulties, bitter taste (eg, mercaptopurine 

and cyclophosphamide), and complex regimens, causing missed 
doses and relapse.

Child-friendly 3D printed formulations 

(chewable, flavored, polypills) to boost 
adherence.

[16]

Global Disparities 
in Access

Survival >90% in high-income countries vs <40% in low-/middle- 
income countries due to lack of precision tools, supportive care, and 

medicines.

Global AI platforms and regional 3D 
printing hubs to close survival gaps.

[17]
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year survival mark. Second primary cancers, circulatory disease, and pulmonary disease accounted for 77% of the excess 
deaths observed 45 years after the initial cancer diagnosis.21 Such findings emphasize that pediatric cancer survivors are 
at a heightened risk of developing chronic non-communicable diseases, including cardiac dysfunction and secondary 
malignancies, which substantially reduce life expectancy and quality of life. Importantly, while improvements in frontline 
therapy have reduced cancer recurrence, they have simultaneously increased the prevalence of treatment-related 
complications.

As highlighted in recent reviews, the toxicities of chemotherapy and radiotherapy, ranging from cardiotoxicity to 
endocrine dysfunction, pose lifelong risks, underscoring the urgent need for precision strategies that minimize exposure 
while maintaining therapeutic efficacy.22 These epidemiological patterns and survivorship outcomes underscore the 
necessity for personalized, low-toxicity treatment strategies. Emerging technologies such as AI-driven 3D nano printed 
drugs offer opportunities to tailor formulations to reduce cumulative toxicity, thereby potentially preventing long-term 
organ dysfunction and reducing the burden of chronic non-communicable diseases in childhood cancer survivors.23

Genetic Variability and Tumor Heterogeneity
PCs are quite different from adult cancers, especially when it comes to their genetics. While adult cancers tend to have 
numerous small genetic mutations, known as point mutations, pediatric cancers usually have fewer of these. Instead, 
child tumors exhibit more significant changes in the structure of their DNA, such as large rearrangements, gene fusions 
(where parts of two different genes join together), and alterations in the number of copies of certain genes. These genetic 
changes happen not only by chance but are often inherited from parents, which means some children are born with 
genetic variants that increase their risk of developing cancer.24,25 Important genes in pediatric cancers include MYCN 
and ALK in neuroblastoma, WT1 and TP53 in a Wilms’ tumor, and a range of fusion genes, such as ETV6-RUNX1, in 
childhood leukemia. These inherited and acquired changes together shape how these cancers grow and behave26,27 

(Figure 2A).
One of the complex aspects of pediatric cancers is their genetic heterogeneity, which means the tumor is composed of 

different groups of cells with distinct genetic profiles. This can occur between different child tumors (inter-tumor 
heterogeneity) and even within a single tumor (intra-tumor heterogeneity).28 For example, a Wilms’ tumor may have 
regions with different genetic mutations like WT1 or varying numbers of copies of chromosomal parts. In contrast, 
neuroblastoma tumors may contain subpopulations where some cells exhibit MYCN amplification, while others do not.29 

This diversity within the tumor can cause some cancer cells to respond differently to treatment, making it hard to 
eradicate the disease. Importantly, this variation can exist from the early stages of tumor development and change over 
time, especially after treatment.30 These gene fusions play a big role in pediatric tumor diversity and development. 
Fusions like ETV6-RUNX1 are common in childhood leukemia, while other fusion genes, such as EWSR1-FLI1, drive 
Ewing sarcoma, and PAX3-FOXO1 is seen in rhabdomyosarcoma. These genetic rearrangements not only initiate tumors 
but also contribute to the complexity of genetic changes across different tumor cells. Because these fusion genes often 
vary in their presence and activity across different parts of the tumor, they add another layer of complexity to tumor 
heterogeneity, influencing how the tumor grows and its potential resistance to treatment31 (Figure 2B and C).

Understanding the genetic diversity and hereditary factors associated with pediatric cancers is crucial for improving 
diagnosis, treatment, and monitoring. Different groups of tumor cells may respond differently to therapies, which can 
lead to treatment resistance and relapse if not all subpopulations are targeted. Taking a biopsy from only one tumor area 
might miss some genetic differences important for choosing the right treatment. Furthermore, inherited mutations not 
only increase cancer risk but also affect how a child metabolizes drugs and their chances of side effects or second 
cancers.32,33 Therefore, combining information about inherited genetics with detailed tumor analysis is crucial to create 
more effective and personalized treatments for children with cancer (Figure 2D).

Current Gaps in Conventional Therapies and Adherence Issues
The burden of epidemiology and long-term treatment complications, as well as the influence of genetic and tumor 
heterogeneity, highlights that conventional treatments in pediatric oncology often fail to strike a balance between efficacy 
and safety. Standard chemotherapy and radiotherapy protocols are typically adapted from adult cancers and do not fully 
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address the unique biology of childhood tumors. This one-size-fits-all approach can result in over-treatment, which 
increases late toxicities such as cardiomyopathy, infertility, and secondary cancers, or under-treatment, which allows for a 
relapse in high-risk cases.15 In acute lymphoblastic leukemia, which represents the most common childhood malignancy, 
poor adherence to oral maintenance therapy with 6-mercaptopurine has been directly linked to relapse, even in well- 
resourced settings.34 In pediatric Hodgkin lymphoma, intensifying chemotherapy and radiotherapy reduces recurrence 
but exposes survivors to late effects, such as cardiovascular disease and secondary solid tumors, particularly breast and 
thyroid cancers.35 Similarly, in brain tumors, especially medulloblastoma, craniospinal irradiation improves survival but 
is associated with neurocognitive decline, growth hormone deficiency, and reduced quality of life for long-term 
survivors.36

Treatment adherence is also a major concern in low- and middle-income countries, where 20–30% of children 
discontinue therapy due to high costs, lack of transportation, or drug unavailability.37 Even when drugs are available, 
formulation barriers cause additional problems. Many medicines are not designed for children, large tablets are difficult 
to swallow, liquid preparations may be bitter, and some drugs require refrigeration that families cannot maintain. 
Medicines are often crushed or diluted before given to children, which can change their stability and reduce how well 
they work.38

These examples demonstrate that conventional pediatric cancer treatments do not adequately account for biological 
diversity, toxicity, or the realities of medication use in children. AI-guided 3D printing can create personalized, child- 
friendly medicines, such as flavored chewable tablets, mini-printlets, or combined pills that enhance the way children 

Figure 2 AI-driven analysis of tumor heterogeneity to personalize nano cancer therapy. This figure illustrates the progression of tumor complexity to targeted therapy 
exploiting AI. (A) Patient-specific genetic variability, such as gene fusion, further leads to tumor heterogeneity. (B) Intertumor heterogeneity across patients (interpatient), 
between metastatic locations (inter-metastatic), and in multi-focal disease. (C) Intratumor heterogeneity is cellular, genomic, and epigenetic heterogeneity of a single primary 
tumor. (D) Personalized nano therapies facilitated by precise AI examination ultimately lead to lower worldwide disease burden and improved patient survival. Solid arrows 
indicate information flow from genetic alterations and heterogeneity patterns toward detailed tumor analysis and AI-assisted treatment planning. The solid return arrow 
shows the additional contribution of intratumor heterogeneity to further shaping therapeutic decisions. The dotted arrow reflects the indirect pathway by which 
individualized therapies should achieve better overall outcomes, resulting in a reduction of global disease burden and improved survival.
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take their medication, ensure accurate doses, and reduce potential harmful side effects. By addressing these issues, 3D 
nano printing helps make pediatric cancer treatments safer and more effective worldwide.

As shown in Table 2, conventional approaches to pediatric oncology remain constrained by empirical dosing, adult- 
oriented formulations, and reactive toxicity management. These limitations often translate into under- or over-dosing, 
poor adherence, and preventable treatment-related complications.39 In contrast, AI-driven dosing and 3D-printed 
personalized nano formulations provide proactive, patient-specific solutions that directly address these gaps. By integrat
ing pharmacogenomic, clinical, and environmental data, AI enables precision dosing that conventional trial-and-error 
methods cannot achieve.40 Similarly, 3D printing produces age-appropriate, palatable, and simplified dosage forms that 
overcome barriers of taste, pill burden, and complexity inherent to standard regimens.41,42 Importantly, predictive AI 
models shift toxicity management from a reactive to a preventive paradigm, reducing the risk of long-term non- 
communicable diseases such as cardiotoxicity and endocrine dysfunction.43 Together, these approaches not only enhance 
survival but also ensure healthier survivorship, an outcome that conventional strategies have struggled to secure.

3D Nano Printed Drugs: Custom Formulations for Individual Needs
Conventional pediatric oncology still relies heavily on adult-sized tablets that must often be crushed or diluted, leading to 
dosing errors, instability, and reduced therapeutic accuracy. These formulations are frequently bitter and unpalatable, 
resulting in poor adherence and, in many cases, treatment discontinuation.53 In contrast, 3D nano printing enables the 
production of mini-tablets, flavored chewables, and dissolvable films that are tailored to a child’s age, weight, and 
swallowing ability. Such personalized dosage forms directly improve tolerability and compliance, addressing one of the 
major barriers of conventional therapy.54,55 By combining AI with 3D nano printing, pediatric oncology is entering a new 
era where medicines can be customized to a child’s genetic profile and lifestyle requirements, through innovations in 
fabrication techniques.56 AI models further optimize these designs by predicting the right dose, drug ratios, and release 
profiles based on genetic and clinical data, ensuring both precision and safety.57 In parallel, controlled-release and 
targeted delivery systems developed through 3D nano printing allow for spatial and temporal control of chemotherapy 
delivery, helping to minimize toxic peaks and improving therapeutic consistency.58 These advances directly support the 
long-term goal of reducing treatment-related non-communicable diseases, including cardiotoxicity, metabolic syndromes, 

Table 2 Conventional Approaches vs AI/3D Nano Printing in Pediatric Oncology

Challenge Area Conventional Approaches AI/3D Nano Printing Approaches Impact Ref.

Drug Dosing & Precision Empirical, trial-and-error dosing, 
population-based models

AI-guided, data-driven dosing (pharmacogenomic + PK 
integration)

↓ Toxicity; 
↑ Dose accuracy

[44,45]

Formulations Crushed adult tablets, bitter liquids, off- 
label use

3D-printed nano mini-tablets, chewables, dissolvable 
films, polypills, customized by age, weight, and release 
profile

↑ Adherence; 
↑ Dosing precision

[16,38]

Treatment Adherence Complex multi-dose regimens, poor 
palatability, and non-compliance (≤30% in 
LMICs)

AI models predict at-risk patients, 3D-printed nano 
polypills simplify regimens and mask taste

↑ Compliance; 
↓ Relapse risk

[46,47]

Toxicity & Long-term Side 
Effects

Reactive monitoring, late detection of 
side effects

AI-predictive analytics for early toxicity flagging of 3D- 
printed modified-release dosage forms

↓ NCD risk (cardiac, 
endocrine, 
neurocognitive); 
↑ Preventive 
management

[48,49]

Global Access One-size-fits-all, protocols survival gap: 
>90% (HICs) vs <40% (LMICs)

Regional 3D-printing hubs, open-source AI for 
decentralized care

↓ Access disparity 
↑ Equity in precision 
medicine

[15,50]

Regulation & Flexibility Rigid, mass-production frameworks, slow 
clinical adaptation

Modular hospital-based 3D printing, adaptive AI- 
regulatory integration (FDA/EMA-aligned)

↑ Clinical translation 
speed 
↑ Regulatory 
harmonization

[51,52]

Notes: ↑ indicates improvement or increase in beneficial outcomes; ↓ indicates reduction in harmful effects or risks.
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and neurocognitive decline, by lowering drug toxicity while maintaining efficacy.49 Together, the integration of AI- 
guided drug design, nano fabrication techniques, and controlled-release drug platforms creates a connected framework 
for truly personalized pediatric cancer care that enhances survival while protecting quality of life, as represented in 
Figure 3.

Techniques for Fabricating Patient-Specific Nano Drug Forms
Treating cancer in children presents unique challenges because their bodies are still growing, and they often respond 
differently to medicines compared to adults. Conventional drug formulations are rarely tailored to meet pediatric needs, 

Figure 3 3D nano printing methods for personalized pharmaceutical products in pediatric cancer treatment. (A) Customized formulations are produced by 3D nano 
printing techniques based on individual patient requirements. (B) Personalized therapy products are facilitated through 3D printing, producing different dosage forms such as 
chewable tablets, mini-tablets, controlled-release devices, and polypills. (C) 3D printing technologies used to print these patient-specific dosage forms are depicted as: (i) 
Fused Deposition Modeling, (ii) Inkjet Printing, (iii) Extrusion Methods, (iv) Modular Printlets, and (v) Selective Laser Sintering.
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making it challenging to deliver the correct dose, minimize side effects, and ensure that young patients adhere to their 
treatment plans. 3D nano printing technologies offer promising solutions by enabling healthcare providers to create 
medicines tailored to each child’s specific condition, body weight, genetic profile, and individual treatment requirements 
(Figure 3A and B). Several techniques, including Fused Deposition Modeling (FDM), Inkjet Printing, Selective Laser 
Sintering (SLS), Semi-Solid Extrusion (SSE), and Modular Printlets (Table 3 and Figure 3C), have been successfully 
applied in pediatric cancer care and NM, thereby improving safety, efficacy, and adherence as further described below.

Fused Deposition Modeling (FDM)
FDM is widely used to create tablets with precise shapes, doses, and drug-release profiles, making it particularly useful in 
pediatric oncology. In children with acute lymphoblastic leukemia, the most common childhood cancer, chemotherapy 
drugs like methotrexate and mercaptopurine must be given in exact doses. FDM allows tablets to be customized 
according to the child’s body surface area, reducing the risk of toxicity or treatment failure.59 Similarly, children with 
neuroblastoma often require complex multi-drug regimens including cyclophosphamide and doxorubicin. Using FDM, 
tablets can be printed to match each patient’s unique treatment schedule while avoiding harmful drug interactions.60 For 
example, in Ewing’s sarcoma, where vincristine, actinomycin D, and cyclophosphamide are used in combination, FDM 
helps design tablets with staggered release patterns, allowing for precise dosing that minimizes cumulative side effects.61 

For children with medulloblastoma, a common brain tumor, temozolomide tablets printed by FDM offer sustained 
release, preventing sudden spikes in drug concentration that could worsen neurological symptoms.73 FDM has also been 
frequently used with 3D nanoparticles which aid in immune system avoidance, prolonged drug release at very small 
concentrations, and even controllable on-demand release necessary for children (Figure 3C(i)).

Inkjet Printing
Inkjet printing is another advanced technique that sprays tiny droplets (even nanometer dimensions) of a drug solution 
onto substrates, enabling highly accurate dosing and improved taste features essential for pediatric cancer treatment.74 

Targeted therapies like dasatinib and imatinib, used in pediatric chronic myeloid leukemia, require precise dosing to 
avoid toxicity while ensuring therapeutic effectiveness. Inkjet printing ensures that each dose is personalized to the 

Table 3 3D Printing Techniques and Their Applications in Pediatric Oncology Nanomedicine

3D Printing Nano 
Technique

Application in Pediatric Oncology Nanomedicine Advantages Ref.

Fused Deposition 
Modeling

Methotrexate/mercaptopurine printlets for ALL; polypills for neuroblastoma and 
Ewing’s sarcoma.

↑ Precision dosing; 
↑ Multi-drug flexibility; 

↓ Toxicity

[59–61]

Inkjet Printing Imatinib/dasatinib microdoses for CML; ondansetron films for brain tumors; 

prednisolone strips for rhabdomyosarcoma.

↑ Dosing accuracy; 

↑ Taste masking; 

↑ Pediatric 
acceptability

[62–65]

Selective Laser 
Sintering

Sustained-release temozolomide (medulloblastoma); carboplatin (osteosarcoma); 
and dexamethasone (neuroblastoma).

↑ Controlled release; 
↓ Peak toxicity; 

↑ Tolerability

[66–68]

Semi-Solid Extrusion Chewable cyclophosphamide/prednisone (NHL); flavored paracetamol and 

cetirizine tablets.

↑ Adherence; 

↓ Treatment anxiety; 

↑ Child compliance

[47,69,70]

Modular Printlets/ 

Polypills

Multi-drug combinations for ALL, CINV, and endocrine therapy. ↓Pill burden; 

↑ Dosing simplicity; 
↑ Long-term 

adherence

[63,71,72]

Notes: ↑ indicates increased or improved outcomes; ↓ indicates reduced or minimized negative effects.
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patient’s metabolism and health status.75 Children with gliomas and other brain tumors often suffer from chemotherapy- 
induced nausea; dissolvable ondansetron films printed with flavors help manage these symptoms, making treatment more 
tolerable.76 Similarly, prednisolone used in rhabdomyosarcoma can be printed in microdosages and nanodosages to 
reduce side effects while maintaining efficacy. Antibiotics like amoxicillin, required to treat infections in immunocom
promised pediatric cancer patients, have been printed as flavored strips, improving compliance and reducing 
discomfort64,65 (Figure 3C(ii)).

Semi-Solid Extrusion (SSE)
SSE is especially suited for making soft, chewable formulations that are easier for children to take. Flavors and 
sweeteners can be added to mask the bitterness of chemotherapy drugs, enhancing adherence and reducing treatment- 
related anxiety. For example, cyclophosphamide and prednisone, used in non-Hodgkin lymphoma, have been printed as 
flavored chewable tablets, making long-term treatment regimens more acceptable to children.47 Similarly, paracetamol 
printed with flavors has helped manage pain and fever in children undergoing treatment for leukemia.69 Cetirizine, used 
to address allergies and side effects in brain tumor patients, has been printed into chewable tablets to encourage regular 
use. Iron supplements needed to treat anemia during cancer treatment have also been printed into palatable chewable 
forms for children with blood cancers, improving treatment adherence and nutritional support.70 Nanomaterials and 
nanoparticles have been used in conjunction with SSE to further improve efficacy (Figure 3C(iii)).

Modular Printlets and Polypills
Modular printlets and polypills combine multiple drugs into one tablet, reducing the complexity of treatment schedules 
and improving treatment adherence. Maintenance therapy often includes 6-mercaptopurine, methotrexate, and folinic 
acid; these drugs can be combined into a single polypill, ensuring that children receive all necessary medicines while 
reducing the chances of missed doses.71 Ondansetron and dexamethasone, used together to manage nausea and 
inflammation during chemotherapy for brain tumors, have been combined into single tablets to streamline treatment.63 

Levothyroxine and calcium supplements, required for children who develop endocrine dysfunction after cancer treat
ment, have been printed into combination tablets that ensure consistent dosing over long periods.72 Similarly, vitamin 
D and zinc supplements, often recommended to support immune function during chemotherapy, have been combined into 
chewable polypills that encourage regular intake and improve overall treatment outcomes.77 Nanomaterials and nano
particles have been used for modular printlets and polypills to control the nanometer spatial and temporal release of such 
drugs (Figure 3C(iv)).

Selective Laser Sintering (SLS)
SLS is particularly beneficial for creating tablets with controlled-release properties, allowing medications to act steadily 
over time, a crucial consideration in pediatric cancer care. For example, temozolomide tablets for children with 
medulloblastoma and gliomas have been printed using SLS to ensure that the drug is released slowly, helping reduce 
nausea and neurological side effects while maintaining therapeutic levels.66 Similarly, carboplatin tablets printed for 
osteosarcoma patients allow for sustained drug release, preventing the fatigue and nausea that often accompany 
chemotherapy.67 Children with neuroblastoma benefit from controlled-release dexamethasone tablets that manage 
inflammation during treatment, while reducing systemic side effects.68 SLS has also been used to print ibuprofen tablets 
for leukemia patients, providing extended pain relief during chemotherapy with fewer daily doses.78 In SLS, the laser 
power can be easily changed to maintain nanoparticle size and nanotexture to avoid immune system clearance and embed 
very small quantities of drugs needed for children (Figure 3C(v)).

Controlled-Release Nano Systems and Targeted Delivery
In pediatric cancer care, controlling the release and distribution of a drug in the body is crucial for achieving optimal 
therapeutic outcomes while minimizing adverse side effects. Children’s bodies are more sensitive to fluctuations in drug 
concentration, and their developing organs can be easily affected by aggressive treatments. Conventional dosing methods 
often result in drug peaks that cause toxicity or troughs that reduce effectiveness, which is especially dangerous in 
cancers like leukemia, brain tumors, and bone cancers.79 Controlled-release nano systems and targeted delivery platforms 
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help overcome these challenges by ensuring that medicines are delivered at the correct dose, over the appropriate period, 
and to the specific site of the disease. These approaches are particularly beneficial in cancers such as acute lymphoblastic 
leukemia, brain tumors, neuroblastoma, and bone cancer, where nano precision in treatment can greatly affect outcomes 
and long-term health.

Controlled-release nano systems are designed to release a drug gradually over time rather than all at once. For 
example, in children with medulloblastoma, a common brain tumor, the chemotherapy agent temozolomide can be 
formulated into porous tablets with or without nanoparticles that steadily release the drug, maintaining therapeutic levels 
for longer time periods while reducing neurological side effects such as seizures and fatigue.80 Similarly, dexamethasone, 
used to reduce inflammation during cancer treatment, can be embedded in slow-release tablets with or without 
nanoparticles for children with neuroblastoma, helping control edema without causing sudden spikes in drug concentra
tion that may lead to mood swings or metabolic disturbances.81 For children undergoing treatment for osteosarcoma, 
controlled-release formulations of carboplatin ensure that the drug is absorbed over time, lowering the risks of nausea 
and fatigue that are common with bolus chemotherapy administration.82

Targeted delivery systems further refine treatment by directing the drug specifically to cancer cells, a cancer cell 
receptor, cancer cell internal organelle, etc., thereby sparing healthy tissues. This is particularly important in pediatric 
cancers, where growing organs are vulnerable to damage from toxic chemotherapy. Lipid-based nanoparticles, polymeric 
carriers, and implantable matrices are among the technologies being used to achieve this precision.83 In acute lympho
blastic leukemia, for instance, targeted nano liposomal formulations of methotrexate and other drugs are being investi
gated to deliver the chemotherapy directly to bone marrow, improving the drug’s effectiveness while reducing systemic 
toxicity.84 Similarly, gliomas in the brain have been treated with drug-loaded nanoparticles that cross the blood-brain 
barrier and release medication locally, reducing nausea and cognitive side effects often associated with systemic 
administration.85 For neuroblastoma, implantable hydrogel matrices embedded with cyclophosphamide have shown 
promise in releasing drugs at the tumor site over extended time periods, minimizing the need for frequent injections 
and improving patient comfort.86 In addition to improved dosing and site-specific delivery, these systems enhance patient 
treatment adherence and quality of life. Children are spared from repeated invasive procedures, and families benefit from 
simpler treatment regimens. Targeted nano delivery also opens new possibilities for combining therapies, such as 
immunotherapy with chemotherapy, without increasing toxicity. Recent studies have demonstrated that polymeric nano 
carriers delivering combinations of vincristine and other agents to bone tumors achieve better tumor shrinkage with fewer 
side effects.87 As research continues and more nano formulations enter clinical practice, these systems are expected to 
play a pivotal role in personalizing care for children battling cancer, improving therapeutic outcomes while reducing the 
burden of treatment-related complications.

Advances in Chewable, Flavored, and Multi-Dose Nano Printlets for Improved 
Adherence
Ensuring medication adherence is a major challenge in pediatric cancer care, as children often face difficulties swallow
ing large pills, dealing with unpleasant tastes, and managing complex dosing schedules. Advances in 3D nano printing 
have led to the development of chewable, flavored, and multi-dose printlets that improve treatment experiences and 
outcomes (Figure 3). For instance, in non-Hodgkin lymphoma, bitter drugs (such as cyclophosphamide and prednisone) 
have been formulated into chewable tablets flavored with sweeteners and fruit extracts, making it easier for children to 
complete long chemotherapy regimens.88 Many of these flavors are added in nanoformulations during manufacturing 
leveraging the increasing surface area needed for enhanced taste at lower concentrations. Similarly, flavored methotrexate 
printlets have been used in acute lymphoblastic leukemia to enhance compliance during maintenance therapy.89 Flavored 
formulations have also been applied to supportive care drugs widely used in pediatric oncology. In children receiving 
chemotherapy for brain tumors, dissolvable ondansetron films with added flavors mask bitterness, helping reduce nausea- 
related treatment discontinuation and improving adherence.90 Paracetamol chewable tablets with fruity flavors have been 
successfully used to control pain and fever in children with leukemia.91 Multi-dose nano printlets, for children with 
neuroblastoma, release multiple agents at predetermined intervals, helping reduce pill burden and dosing errors.92 In 
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maintenance therapy for acute lymphoblastic leukemia, polypills combining 6-mercaptopurine, methotrexate, and folinic 
acid have led to better compliance and fewer missed doses compared to traditional multi-tablet regimens.93

Clinical studies confirm the benefits of these formulations. A trial with leukemia patients found that flavored 
chewable tablets significantly improved adherence and reduced side effects,94 while a study in brain tumors showed 
that dissolvable films helped children tolerate treatment better, improving the quality of life.80 Using AI to customize 
printlets based on a child’s age, weight, and metabolism is making treatments safer and more effective, while helping 
families manage care at home.56 These improvements represent a significant step toward providing more accessible and 
personalized care for children with cancer.

AI-Driven Design: Enhancing Drug Development and Treatment Precision
Traditional chemotherapy dosing remains largely empirical, with adjustments often made only after toxicities have 
already occurred. This trial-and-error approach increases the risk of relapse from underdosing or late organ damage from 
overdosing, and is especially harmful in children, whose developing organs make them more vulnerable to dosing 
errors.95 In contrast, AI-driven pharmacogenomic platforms, such as MTXPK.org for methotrexate dosing, enable 
proactive and model-informed dose adjustments by integrating genetic, clinical, and pharmacokinetic data. This approach 
reduces toxic peaks, enhances treatment precision, and improves overall safety in pediatric oncology.96 AI-driven design 
is changing the way drugs are developed and used in pediatric cancer care by making treatments faster, safer, and more 
personal. With machine learning models for formulation optimization, AI can virtually test thousands of possibilities, 
predicting the optimal drug combinations, doses, and release patterns without the need for lengthy trial-and-error 
experiments93 (Table 4).

These tools are especially useful for children, who often need flexible, age-appropriate medicines. Equally important, 
AI can integrate clinical, genetic, and environmental data to inform treatment decisions. For example, pharmacogenomic 
insights, such as TPMT or CYP3A5 variants that alter how chemotherapy is processed, can be combined with lifestyle or 
exposure factors to design safer and more effective dosing plans.102 This enables each therapy to be more precisely 
tailored to the child’s biology and living conditions. Finally, predictive analytics for treatment response and safety utilize 
data from biomarkers, imaging, and past treatments to forecast how a child will respond to a drug and whether side 
effects, such as heart damage or other long-term non-communicable diseases, may occur. Such models are already 
helping clinicians adjust treatment early to protect children from harm.103 Together, these AI-driven approaches create 

Table 4 AI and ML Applications in Pediatric Oncology Nano Formulations

AI/ML Application Use in Pediatric Oncology Nanomedicine Advantages Reference

Prediction of Dissolution and 
Drug Release

ML models predict dissolution profiles of methotrexate, vincristine, etc., with >97% 
accuracy.

↓ Trial-and-error 
experiments; 
↑ Formulation speed; 
↑ Safety in design

[48,97]

Design of Multi-Drug Polypills Bayesian optimization designs safe, stable 3D-printed polypills combining chemo and 
supportive drugs.

↓ Pill burden; 
↑ Regimen simplicity; 
↑ Adherence

[98,99]

Taste Masking Optimization ML models predict coatings/excipients to reduce bitterness in cyclophosphamide and 
mercaptopurine.

↑ Palatability; 
↑ Pediatric acceptance; 
↑ Compliance

[60,100]

Toxicity and Side Effect Prediction ML models integrate pharmacogenomics (eg, TPMT, NUDT15, CYP3A5) with 
formulation design.

↑ Risk identification; 
↓ Adverse effects; 
↑ Personalized dosing

[101]

Therapeutic outcome prediction AI models combine imaging, genomics, and clinical data to predict relapse and survival in 
ALL and solid tumors.

↑ Treatment precision; 
↓ Over-/under- 
treatment; 
↑ Prognostic accuracy

[95]

Notes: ↑ indicates improvement or increase in beneficial outcomes; ↓ indicates reduction in negative factors.
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a powerful framework where every step from drug design to delivery is personalized, giving children with cancer a better 
chance of a cure and healthier lives after treatment.

Machine Learning Models for Nano Formulation Optimization
Machine learning (ML) can help scientists predict how various ingredients, tablet shapes, nanomaterial design, and 
release systems impact the efficacy of a medicine within the body. This saves time and reduces the need for trial-and- 
error experiments. For example, recent research has shown that ML models can predict the dissolution and release of 
a drug with more than 97% accuracy, which could be applied to important cancer drugs such as methotrexate or 
vincristine.48,97 Most children with cancer take several medicines at once, which can be hard to manage. ML can guide 
the design of 3D-printed multi-drug tablets, also called “oncology polypills”. These tablets can combine several drugs in 
one printlet, reducing pill burden and improving treatment compliance. Studies using Bayesian optimization have already 
shown success in designing safe and stable drug combinations, and these ideas can be extended to pediatric cancer 
care.98,99 Another challenge is taste. Many cancer drugs for children are very bitter, such as cyclophosphamide and 
mercaptopurine, which makes them difficult to take every day. ML models trained on taste data have been used to predict 
which nano ingredients or coatings can make medicines taste better. Applying these models to 3D-printed nano 
formulations can create flavored, chewable tablets that are more palatable for children, allowing them to adhere to long- 
term treatment plans.60,100 Finally, ML can also help predict side effects and toxicities before they happen. By combining 
formulation details with genetic information, such as TPMT variants for thiopurines or CYP3A5 for vincristine, ML can 
identify children who might have stronger reactions to standard doses (Table 4). This allows doctors to adjust treatment 
safely and reduce harmful effects.101 Compared to conventional materials, nanomaterials can more easily adjust proper
ties (drug dissolution, drug release, taste, etc) important for pediatric cancer NM. Together, these tools point toward 
a future where ML and 3D nano printing work hand in hand to deliver safe, effective, and child-friendly cancer 
treatments.

Integrating Clinical, Genetic, and Environmental Data
Personalizing treatment for children with cancer requires more than just adjusting drug doses. Clinical data, such as age, 
weight, organ function, growth stage, and past treatment history, play a crucial role in determining how medicines 
interact with the body. For example, younger children often have immature liver or kidney function, which can change 
how they metabolize chemotherapy agents. ML models can combine these clinical features to design optimized nano 
formulations, ensuring that 3D-printed nano tablets release drugs at the right rate for each developmental stage. Recent 
studies in precision oncology have shown that integrating clinical records with AI models can improve the prediction of 
therapeutic outcomes and survival for pediatric cancers (Figure 4A, D and E).99

Genetic data are critical for personalizing pediatric cancer therapy, as many anticancer drugs are influenced by 
pharmacogenomics. Genetic variation is a powerful driver of differences in how children respond to cancer therapy, 
making pharmacogenomics crucial for personalized treatment. In acute lymphoblastic leukemia, TPMT and NUDT15 
variants strongly influence thiopurine metabolism, whereas standard doses can cause severe myelosuppression in carriers 
unless adjusted.104 Similarly, CYP3A5 polymorphisms affect vincristine metabolism, with poor metabolizers experien
cing higher rates of neurotoxicity due to slower clearance.105 Beyond ALL, other pharmacogenomic markers play 
a major role: DPYD variants predisposed to fluoropyrimidine toxicity,106 GSTM1 and GSTT1 deletions increased the 
risk of methotrexate-related hepatotoxicity,107 and UGT1A1*28 polymorphisms altered irinotecan clearance and toxicity 
in neuroblastoma and other pediatric solid tumors.108 Using genetic information in ML models helps predict which 
children may need smaller doses, slower-release medicines, or different drug combinations. When combined with 3D 
nano printing, this technology becomes capable of creating personalized tablets on demand, tailored to each child’s 
unique DNA profile. For example, children with TPMT or NUDT15 variants could receive thiopurine nano tablets 
designed to release very small, safe doses,109 while those with CYP3A5 variants could be given vincristine nano tablets 
that release the drug more slowly to lower the risk of neurotoxicity.110 By bringing together pharmacogenomics, ML, and 
3D printing, doctors can provide treatments that are more precise, safer, and better suited to each child with cancer 
(Figure 4B, D and E).
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Environmental and lifestyle factors often determine how children with cancer tolerate therapy. Malnutrition, common 
in low- and middle-income countries, reduces hepatic enzyme activity and protein binding, altering the pharmacokinetics 
of chemotherapy. For example, malnourished children with acute lymphoblastic leukemia have been shown to experience 
higher treatment-related toxicity and poorer survival.111 Infectious disease burden is another factor: chronic infections, 
such as malaria or helminths, can activate immune and metabolic pathways that interfere with drug metabolism, 
potentially leading to under- or overexposure to anticancer agents.112 Exposure to environmental toxins, such as arsenic- 
contaminated water, indoor air pollution, or pesticides, can also impact drug safety. For instance, arsenic exposure in 
children has been linked to impaired liver function, which may alter the metabolism of hepatically cleared 
chemotherapeutics.113 Similarly, nutritional supplements and herbal medicines, often used by families during cancer 
care, can interact with standard chemotherapy, for example St. John’s wort and green tea extracts, which affect 
cytochrome P450 enzymes and alter the clearance of vincristine and cyclophosphamide114,115 (Figure 4C).

Predictive Analytics for Treatment Response and Safety on Drug Delivery
Predictive analytics is becoming increasingly essential in pediatric oncology to anticipate how children will respond to 
treatment and minimize harmful side effects.116 In medulloblastoma, the most common malignant brain tumor in 
children, models that combine clinical data with molecular subtypes (WNT, SHH, Group 3, and Group 4) help predict 

Figure 4 ML models and the efficiency in reproducing data to maximize drug nano formulation safety and efficacy in children. (A) Information regarding clinical patient 
factors such as age, organ function, and growth rate. (B) Genetical information related to DNA structure, genetic alterations, and mutations is provided. (C) Information 
regarding environmental factors such as malnutrition, infections, and toxins are addressed. (D) ML models for data collection and drug optimization to enhance drug safety 
and performance. Dotted arrows mark the input of patient-specific data into the ML system, while solid arrows represent the resulting formulation decisions grounded in 
predicted safety and performance. (E) The resulting improvements in pediatric effectiveness and safety aim at optimal outcomes such as decreased pill burden, optimizing 
doses, better taste, and securing doses.
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survival and long-term neurocognitive outcomes, guiding more personalized therapy.117 In diffuse intrinsic pontine 
glioma (DIPG), which has very poor survival rates, predictive models using imaging and genomic data are being 
developed to identify children unlikely to respond to radiotherapy, enabling the earlier consideration of alternative 
strategies.118 In solid pediatric tumors, predictive tools also play an important role. In neuroblastoma, variants such as 
UGT1A1*28 are linked to severe toxicity from irinotecan-based regimens, while in Ewing sarcoma, ML applied to 
imaging and biomarkers can identify children with poor chemotherapy response, allowing timely treatment 
modification.108,119 In hepatoblastoma, predictive models that use gene expression can help identify which children 
are likely to respond well to cisplatin. This makes it possible to give the drug only to those who will benefit, while 
avoiding unnecessary side effects in resistant children.120 Predictive analytics is also improving long-term care for 
childhood cancers. In rhabdomyosarcoma, heart damage from anthracyclines can be predicted early using biomarkers and 
heart scans, allowing doctors to protect children at the highest risk.121 In children with neuroblastoma or hepatoblastoma 
treated with cisplatin, genetic variants such as SLC16A5 and ACYP2 have been linked to permanent hearing loss122 

(Figure 5A). By connecting these predictive tools with 3D nano printing, doctors can adjust drug doses and release 
patterns in real-time, making treatments safer, more effective, and tailored to each child.123

Figure 5 The figure justifies the comparison of the effects of traditional and 3D-printed nano drugs on paediatric oncology. (A) Conventional oncology has hazards of non- 
communicable disorders in children. (B) Advanced oncology that uses 3D-printed pharmaceuticals delivers better survival, less toxicity, and safer, more tailored treatment. 
Solid arrows illustrate the directional progression from treatment type to associated outcomes, including risks such as nephropathy, cardiomyopathy, hearing loss, and 
secondary cancers. (C) Examples of various non-communicable diseases caused by conventional methods of treatment. (D) Personalized pharmaceuticals use pharmaco
kinetic modelling to ensure quality control, target-specific drug release, and dose adjustments. The dotted dividing line separates harmful long-term effects from modern 
precision-based improvements.
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Improving Outcomes: Reducing Side Effects and Non-Communicable 
Diseases
Conventional oncology typically relies on the late detection of toxicities, such as anthracycline-induced cardiotoxicity or 
cisplatin-related hearing loss, which are often evident years after therapy and significantly compromise 
survivorship.124,125 This reactive model leaves limited scope for preventive intervention. In contrast, AI-driven predictive 
analytics enable early identification of children at high risk, allowing clinicians to adapt therapies before irreversible 
damage occurs. At the same time, 3D-printed modified-release formulations minimize harmful drug peaks, shifting 
toxicity management from a reactive to a preventive paradigm and improving both safety and long-term health 
outcomes.126 Improving outcomes in pediatric oncology requires not only curing cancer but also reducing side effects 
and long-term health risks. AI and 3D printing help in minimizing toxicity and treatment-related complications by 
enabling controlled-release formulations that prevent harmful drug peaks.127 At the same time, child-friendly formula
tions such as chewable or flavored nano printlets, supported by AI-driven monitoring, improve medication adherence and 
survivorship care.128 Precision dosing and predictive models also help in reducing secondary non-communicable 
diseases, such as cardiotoxicity from anthracyclines, hearing loss from cisplatin, and metabolic disorders after cranial 
irradiation.129,130 Importantly, these advances are supported by real-world evidence, as hospital-based trials demonstrate 
that AI-guided dosing platforms and on-demand 3D-printed drugs enhance both adherence and safety in children.51 The 
integration of these approaches provides children with both improved survival and protection against lifelong health 
complications, as illustrated in Figure 5B.

Minimizing Toxicity and Treatment-Related Complications
Children with cancer are highly sensitive to side effects, which can lead to lifelong health problems such as heart disease, 
lung damage, kidney failure, and metabolic disorders.131 AI-based predictive models can help identify which patients are 
at the highest risk before treatment begins. In acute lymphoblastic leukemia, ML has been utilized to predict relapse and 
toxicities more accurately, supporting safer treatment adjustments.132 Similar approaches are emerging in osteosarcoma, 
where AI tools analyzing imaging and clinical data can predict poor response to high-dose methotrexate and guide safer 
alternatives.48 When combined with 3D printing, these predictive insights can be transformed into safer and more 
personalized medicines. In acute lymphoblastic leukemia, children at risk of asparaginase hypersensitivity can be 
switched to safer Erwinia-derived formulations, which can be manufactured on demand.133 In Wilms tumor, nephro
toxicity from ifosfamide or carboplatin can be predicted using renal biomarkers, and AI can guide the design of modified- 
release 3D-printed nano tablets to reduce kidney injury.134 In Hodgkin lymphoma, pulmonary toxicity from bleomycin is 
a major concern, and predictive analytics using lung function tests may support safer dosing or even nano printing of 
drug combinations that omit bleomycin when risks are high.135 Preventing long-term complications is equally important 
for survivorship. Anthracyclines, used in leukemia and sarcomas, are highly effective but increase the risk of chronic 
heart failure; predictive models using cardiac imaging and biomarkers help identify children most at risk.136 In pediatric 
brain tumors, cranial irradiation can cause growth hormone deficiency and metabolic syndrome, but predictive analytics 
linked with personalized nano dosing may help reduce these risks.137 Similarly, in hepatoblastoma, gene-expression- 
based models can predict which children will benefit from cisplatin, avoiding unnecessary toxicity in resistant cases.138 

By combining AI prediction with 3D-printed drug nano formulations, pediatric oncology can move towards safer, child- 
specific therapies that lower both acute toxicity and long-term non-communicable disease risks.

Strategies for Improving Medication Adherence and Enhancing Survivorship Care
Medication adherence is essential in childhood cancer, yet many children struggle to follow long and complex regimens. 
In acute lymphoblastic leukemia, children who miss even a small number of daily mercaptopurine doses face a nearly 
fourfold higher risk of relapse compared to those with good adherence.139 Challenges include the large number of 
medicines, unpleasant taste, swallowing difficulties, and social or family pressures, all of which can be solved through 
pediatric cancer NM. AI prediction models use clinical and prescription data to identify patients at risk of poor 
adherence, allowing for proactive treatment adjustments.140
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Making medicines more suitable for children is also a proven way to improve adherence. Studies show that poor taste 
leads to refusal in nearly one-third of pediatric patients. In leukemia, a flavored liquid formulation of imatinib improved 
tolerability and facilitated regular use in children who were unable to swallow tablets.62 3D nano printing technologies 
take this further by enabling the creation of chewable, mini-tablet, or dissolvable film versions of essential medicines, 
tailored to a child’s age, size, and taste preferences. These child-friendly dosage forms directly reduce refusal and 
improve day-to-day treatment completion.141

Another key strategy is reducing the pill burden children face during therapy. Pediatric cancer nano treatment often 
requires a mix of chemotherapy, antibiotics, and supportive care, which can overwhelm families. 3D-printed nano 
polypills and modular nano printlets can combine several drugs into a single daily dose, simplifying regimens and 
making adherence more manageable.142 With AI integration, these nano polypills can be customized for each child, 
adjusting drug combinations and release timing to ensure safety and maximum benefit. This not only makes treatment 
easier but also reduces caregiver stress, improving the overall quality of care. Better adherence also leads to improved 
long-term outcomes and enhanced survivorship. Many childhood cancer survivors face long-term effects such as heart 
damage from anthracyclines or hormonal problems after cranial irradiation.143 Predictive models using biomarkers and 
imaging can identify children most at risk of cardiotoxicity or endocrine dysfunction, allowing doctors to adapt therapy 
earlier.144,145 By linking these insights with 3D-printed personalized drug nano formulations, such as extended-release or 
low-peak tablets, it becomes possible to reduce toxicity, prevent non-communicable diseases, and ensure that survivors 
enjoy a healthier quality of life.

Reducing Risk of Secondary Non-Communicable Diseases (Cardio, Metabolic, 
Neurocognitive, etc)
Children who survive cancer often face long-term health problems caused by the treatments that saved their lives. These 
are called secondary non-communicable diseases and include heart disease, diabetes, obesity, and learning or memory 
problems (Figure 5C). With survival rates now exceeding 80% in many pediatric cancers, preventing these late effects 
has become a major priority. AI and 3D nano printing, when combined, provide new tools to predict which children are 
most at risk and to design safer, personalized therapies that reduce long-term complications.4 Cardiotoxicity is one of the 
most serious late effects, especially from anthracyclines like doxorubicin, used in leukemia, sarcomas, and 
lymphomas.146 Even moderate cumulative doses can cause permanent heart damage and lead to heart failure years 
later. Large cohort studies confirm that childhood cancer survivors exposed to anthracyclines have a much higher risk of 
early cardiac disease.147 AI-driven prediction models that combine biomarkers and heart imaging can identify more 
vulnerable children. At the same time, 3D-printed extended-release nano formulations of cardiotoxic drugs could reduce 
sharp peaks in drug levels, lowering stress on the heart. Metabolic disorders such as obesity, insulin resistance, and 
growth hormone deficiency are also common in survivors. These often occur in children treated with cranial irradiation 
or corticosteroids, which damage the hypothalamic–pituitary axis. In survivors of medulloblastoma, nearly 50% develop 
an endocrine or metabolic complication within 10 years of therapy.148 AI can integrate radiation dose maps and 
endocrine biomarkers to predict which children are most at risk. With this information, 3D nano printing can produce 
tailored hormone replacement or optimized steroid formulations, reducing the severity of these long-term complications.

Late neurocognitive effects are another major challenge. Treatments such as cranial irradiation and high-dose 
methotrexate can cause long-term difficulties with memory, attention, and school performance. Research shows that 
more than 40% of survivors of childhood acute lymphoblastic leukemia experience measurable neurocognitive problems 
that affect daily life.149 AI models utilizing MRI scans and treatment history are being developed to predict which 
children are at risk of developing these impairments. In parallel, 3D-printed precision dosing of methotrexate and other 
neurotoxic drugs can help avoid overexposure, reducing the risk of cognitive decline.

By combining AI prediction tools with personalized 3D nano printing, pediatric cancer care can go beyond survival to 
focus on healthy survivorship. This approach makes it possible to tailor therapy in a way that reduces side effects, 
prevents secondary non-communicable diseases and ensures that children not only beat cancer but also live healthier 
lives after treatment (Figure 5D).

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S575214                                                                                                                                                                                                                                                                                                                                                                                                      17

Choudhary et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Real-World Evidence and Clinical Outcomes: Case Studies from Pediatric Trials and 
Hospital Implementations
Real-world studies in pediatric oncology demonstrate that AI-driven decision support and precision drug manufacturing 
are already being integrated into clinical use. A major advance has been the development of MTXPK.org, a web-based 
tool that utilizes population pharmacokinetic models constructed from over 31,000 methotrexate levels in 772 children 
with acute lymphoblastic leukemia. This tool forecasts drug clearance and supports personalized adjustments in 
leucovorin rescue and glucarpidase use, improving safety during high-dose methotrexate therapy.44 Updated versions 
have extended their applicability to broader pediatric populations, showing how model-informed precision dosing can be 
embedded into hospital workflows.150 Another important case study comes from busulfan dosing in pediatric hemato
poietic stem cell transplantation. Busulfan is highly effective but carries a risk of life-threatening sinusoidal obstructive 
syndrome. In a study of 172 children, hospitals using Bayesian therapeutic drug monitoring (TDM) reduced the rate of 
SOS nearly in half, from 29% to 15%, while maintaining the same survival rates.45 This real-world evidence proves that 
AI-enabled or Bayesian-informed dosing is not only feasible but also improves hard clinical outcomes in pediatric cancer 
care.

Hospitals have also started using pharmacogenomic testing to guide therapy. At St. Jude, the PG4KDS program 
integrated genetic testing into the medical record, utilizing automated alerts. About 78% of children tested had at least 
one important genetic change, such as TPMT or SLCO1B1 variants, which helped doctors adjust drug doses and reduce 
side effects.151 This is one of the largest examples of real-world precision medicine in pediatric oncology. On the drug 
manufacturing side, 3D nano printing has been utilized in hospitals to produce child-friendly medications. One study 
reported the use of chewable sulfamethoxazole/trimethoprim tablets, printed at the hospital pharmacy, for children 
requiring infection prevention during chemotherapy. The tablets were easy for children to take and accurately 
dosed.152 This shows how point-of-care 3D nano printing can support personalized drug delivery in pediatric cancer. 
Finally, AI tools are improving cancer diagnosis. A DNA methylation-based ML classifier used in children’s hospitals 
changed the diagnosis in about 12% of brain tumor cases, leading to more accurate treatment decisions.153 This real- 
world application of AI in diagnostics demonstrates how new technologies can directly enhance care and outcomes for 
children with cancer. The connection between AI/3D nano printing and side effect reduction with survivorship is 
highlighted in Table 5.

Ethical, Regulatory, and Safety Considerations in Pediatric Cancer 
Nanomedicine Applications
Conventional “one-size-fits-all” treatments worsen global inequalities in childhood cancer care. While survival rates are 
above 90% in high-income countries, they remain below 40% in many low- and middle-income countries.154 These gaps 

Table 5 Improving Outcomes: Linking AI/3D Nano Printing with Side Effect Reduction and Survivorship

Focus Area Application in Pediatric Oncology Nanomedicine Impact on Outcomes Ref.

Minimizing toxicity and 
treatment-related complications

AI models predict relapse/toxicity in ALL and osteosarcoma; 3D-printed 
modified-release carboplatin and asparaginase alternatives.

↓ Nephrotoxicity; 
↓ Pulmonary toxicity; 
↓ Hypersensitivity reactions

[48,133]

Medication adherence Flavored 3D-printed printlets (imatinib and methotrexate); AI tools identify 
patients at risk of non-adherence.

↑ Compliance; 
↓ Relapse rates; 
↓ Caregiver burden

[44,62]

Reducing secondary NCDs 
(cardio, metabolic, 
neurocognitive, etc)

Predictive analytics for anthracycline cardiotoxicity, cisplatin ototoxicity, 
and cranial irradiation effects; 3D-printed extended-release formulations.

↓ Cardiac and metabolic toxicity; 
↓ Cognitive decline; 
↑ Long-term survivorship

[129,130,147]

Real-world case studies MTXPK.org for AI-guided methotrexate dosing, Bayesian busulfan 
monitoring, and hospital-based 3D-printed chewables.

↓ Toxicity; 
↑ Dosing precision; 
↑ Child acceptability

[44,45]

Notes: ↑ indicates improved or increased positive outcomes; ↓ indicates reduction in harmful effects.
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exist because current systems depend on centralized drug production and limited access to precision tools. In contrast, 
regional 3D-printing hubs and open-source AI platforms offer low-cost, scalable solutions. By making personalized 
medicine availability closer to patients, these approaches can help close survival gaps and improve access to advanced 
care worldwide.155 The use of AI and 3D nano printing in pediatric cancer care raises important ethical questions 
regarding data protection and informed consent. These technologies rely on sensitive information, such as genetic profiles 
and treatment records, which must be handled with the highest level of confidentiality and privacy (Figure 6A). Since 
children cannot legally consent, parents or guardians provide permission, while older children should also be asked for 
assent to respect their role in decision-making.156,157 Strong safeguards are necessary to ensure compliance with 
international data protection laws, such as the GDPR in Europe and HIPAA in the US. Experts also emphasize that AI 
systems must be explainable and transparent, as “black-box” algorithms could erode trust in pediatric cancer care.158 

Regulation of AI-assisted, 3D-printed medicines is still evolving, and children face unique challenges. The US FDA has 
issued early guidance on 3D printing of drugs, while the European Medicines Agency (EMA) has also recognized its 
potential. However, there are still no clear pediatric-specific rules. Similarly, the FDA’s framework for Software as 
a Medical Device provides a pathway for AI decision tools, but very few have been tested in children. To move forward 
safely, regulatory agencies must design flexible systems that incorporate real-world evidence and genetic data, enabling 
the rapid adoption of new technologies while safeguarding children’s health52 (Figure 6B).

Equity and access are also major concerns. Today, a child with leukemia has a 90% chance of survival in high-income 
countries, but less than 40% in many low- and middle-income countries.46 If AI systems are primarily built on data from 
wealthy countries, they may not perform as well for children in other regions. Likewise, advanced 3D nano printing may 
remain limited to elite hospitals unless global initiatives expand access to this technology. To reduce disparities, 
international programs should focus on open AI models, regional 3D printing hubs, and training for local healthcare 
teams, ensuring every child has a chance to benefit from these innovations (Figure 6C). Finally, the future of these 
technologies depends on international collaboration and harmonization. Without shared standards, fragmented rules could 
hinder the clinical adoption of new technologies. Global groups, such as the International Council for Harmonization 
(ICH) and the WHO, can help create unified pediatric guidelines. A promising approach is the use of modular 
manufacturing, where certified hospital-based 3D printers operate under a central license, and producing safe persona
lized drugs on demand. The proposed Pharma3DPI initiative represents this vision, bringing together hospitals, regula
tors, and industry partners to test and approve AI-driven 3D-printed medicines across countries, ensuring safety, trust, 
and rapid adoption4,159 (Figure 6D). The ethical, regulatory, and access considerations for AI and 3D nano printing in 
pediatric oncology NM are outlined in Table 6 and illustrated in Figure 6.

Case Studies
As mentioned, due to the prescribed anti-cancer medication, pediatric cancer patients often suffer from additional health 
problems often ignored. This section highlights the combined role that 3D printing of nanomaterials can play to reduce 
heart and skin problems in such patients, while treating the underlying cancer. This section also covers case studies with 
select cancers and specifically how the above-mentioned 3D printings of nanomaterials have aided such cancer treatment.

3D-Printed Hydrogels and Bioinks for Precision Drug Delivery and Regenerative 
Tissue Engineering
This case study demonstrates the potential of 3D printing and bioprinting technologies to be used in the real world for 
personalized drug delivery and regenerative medicine through the incorporation of rational material design and engineer
ing, geometry-controlled drug delivery, cell–material interactions and functional testing in vivo (Figure 7). Drug release 
kinetics can be engineered solely through the digital design of the microarchitecture of the hydrogel tablets. In the study, 
tablets of hydrogels constructed to various geometries of solid, coaxial annulus and porous honeycomb architectures 
were constructed using stereolithography-based 3D fabrication.60 Porous tablets were shown to release a drug at faster 
and greater cumulative amounts when compared to the other geometries, a phenomenon attributable to higher surface- 
area-to-volume ratios which can be engineered to cause significant and higher release under simulated conditions of the 
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human gastrointestinal system. Furthermore, bioprinting is effective in the fabrication of dual-layer hydrogel scaffolds 
incorporating cartilage and bone specific bioactive compounds that resulted in spatially controlled chondrogenesis and 
osteogenesis. This was demonstrated in an osteochondral defect model through the scaffolds improving macroanatomical 
repair, higher ICRS scores, additional mineral accretion, and favorable trabecular microarchitecture on micro-CT. The 
study highlights the importance of bioink composition in dECM-based systems for cardiovascular applications as they 
provided the bioactive compounds that promoted vascularization and improved myocardial repair through maturation of 
the regenerative vascular structures which reduced remodeling of the ventricle, lowered tissue fibrosis, and improved 
function of the heart post myocardial infarction.160

Regarding the healing of wounds, synthetic skin substitutes that incorporate human adipose-derived stem cells 
outperformed traditional skin grafts. They achieved quicker wound healing, greater epithelialization, more extensive 
neovascularization, and improved cellular and protein organization. Although positive outcomes were achieved, the study 
reproduced one major limitation of bioprinting: that cell density impacts viability. The intermediate densities of cells in 
the study achieved a balance of uniform cell distribution and survival. Overall, the example highlights the importance of 
3D printing in controlling the rate of drug release and the subsequent biological effects. This example illustrates the 
growing intersection of biotechnology with performing on-demand patient therapy.168

Multifunctional 3D-Printed Nanocomposite Scaffolds for Synergistic Cancer Therapy 
and Tissue Regeneration
This case study demonstrates the purposeful design and multifunctional capabilities of cutting-edge 3D-printed nano
composite scaffolds designed to simultaneously tackle the challenges of post-tumor resection cancer recurrence and 
tissue regeneration.169 The scaffolds are designed to integrate cross-printed macroporous scaffolds with bioactive 
photothermal, photodynamic, and chemodynamic therapeutic systems and maintain mechanical and regenerative 

Figure 6 This figure emphasizes: (A) The data protection framework for intensive privacy measures, parental consent, and approval by a legal guardian. (B) Regulatory 
framework for pediatric guidelines, defined rules of AI and 3D nano printing, along with the application of real-world evidence. (C) Equity and Access is centered on 
minimizing global inequalities and promoting open models of AI. (D) Globalization stresses the necessity of global cooperation and ensuring safe, global use of such 
sophisticated technologies.

https://doi.org/10.2147/IJN.S575214                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 20

Choudhary et al                                                                                                                                                                    

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



functioning.170 The scaffolds also serve as theranostic platforms with the ability to controllably deform and release 
therapeutics due to the presence of engineered stimuli-responsive nanoparticles embedded within print-ready matrix 
systems.

At the architectural level, extrusion-based 3D printing allows the fabrication of highly ordered scaffolds with 
designed anisotropies. These scaffolds are exceptionally robust with designed pore sizes and are interconnected to 
sustain uniform flow and physiological nutrient diffusion to their interior. Critically, the printed scaffolds retain 
mechanical properties and interconnected porous architectures when immersed in simulated body fluid, which confirms 
the scaffolds would permit cell infiltration and mechanical interlocking for enhanced bioactivity in vivo. The scaffolds at 
this scale have incorporated copper-based protein-stabilized additional structures (CuS@BSA) that serve as multifunc
tional therapeutic agents. These nanoparticles thermally ablate (PTT) and produce localized heat. They also amplify the 
generation of reactive oxygen species (ROS) through photodynamic (PDT) and chemodynamic (CDT) processes. These 
rapid and multi-pronged responses to NIR (or near-infrared) ablate the tumor microenvironment through the generation 
of oxidative intracellular stress and subsequent mitochondrial destabilization along with the modulation of hypoxic cell 
death (Figure 8). The anticancer cell death that follows occurs with significantly reduced collateral damage to support 
healthy tissues.

In addition to the ablation of the tumor, the scaffolds have displayed remarkable shape-memory self-adaptive 
behavior. Their remarkable macroscopic and microscopic (porous) shape adaptive behavior and bioactivity support the 
regeneration of the defective tissue and also permits self-contained modular distribution of the therapeutic nanoparticles 
as the scaffolds form intimate contact with surrounding tissues. When pre-stressed, the shape memory behavior permits 

Figure 7 Continued.
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rapid recovery to the original shape, allowing for controlled defect closure.172 This dual-functioning modular system 
demonstrates the ongoing advancements in the unilateral integration of 3D printing, nanotechnology, and responsive- 
stimuli materials, shifting the paradigm of tissue scaffolds. These systems, in their core functionality, also respond 
actively to the surgical and oncological challenges of tissue bio-regeneration.

Discussion
PCs differ widely in their biology, treatment responses, and long-term complications, and therefore, a single generalized 
approach is not appropriate for all children.173 The purpose of this review was to highlight how artificial intelligence and 
3D nano printing may support safer, more personalized cancer therapy in children. The evidence suggests that these 
technologies have the greatest value when they are connected to the specific needs of individual malignancies rather than 
being applied broadly to pediatric cancer as a whole.174

Figure 7 Case study demonstrating the integration of 3D printing and bioprinting for personalized drug delivery and regenerative medicine. (1) Stereolithography-based 
fabrication of hydrogel tablets with distinct geometries (solid, coaxial annulus, multi-pore, and honeycomb designs) and their corresponding cumulative drug-release profiles 
under simulated gastric (pH 1.2) and intestinal (pH 6.8) conditions, highlighting geometry-dependent modulation of release kinetics161 (Copyright 2020, Elsevier). (2) 
Bioprinted dual-layer hydrogel scaffold for osteochondral repair, showing macroscopic regeneration, improved ICRS scores, and enhanced bone microarchitecture, including 
increased bone volume fraction and mineral density, as confirmed by micro-computed tomography162 (scale bars = 2 mm; *p<0.05 and **p<0.01; ns = not statistically 
different; Copyright 2024, Elsevier). (3) Schematic representation of bioink design principles, illustrating the interdependence of printability, cell behavior, and mechanical 
properties, along with classification of bioinks into hydrogel-based, synthetic polymer-based, decellularized extracellular matrix (dECM)-based, composite, and cell-aggregate 
systems.163 (4) Functional evaluations of dECM-based bioinks in cardiac regeneration, demonstrating enhanced stem cell maturation, neovascularization, reduced ventricular 
remodeling, and improved cardiac function following myocardial infarction164 (A and B scale bar = 50 mm; E scale bar = 10 mm; F scale bar = 2 mm; *p<0.05; **p<0.005; 
Copyright 2017, Elsevier). (5) In vivo wound-healing assessment using 3D-bioprinted skin substitutes, showing accelerated wound closure and superior regenerative 
outcomes compared with full-thickness skin grafts, microskin grafts, and untreated controls165 (*p<0.05; **p<0.01; Copyright 2023, ACCSCEINCE, Creative Commons 
Attribution 4.0). (6) Histological and immunofluorescence analyses of regenerated skin tissues, confirming enhanced epithelialization, collagen deposition, angiogenesis, and 
expression of key regenerative biomarkers166 (Copyright 2024, Elsevier). (7) Evaluation of cell viability during bioprinting at varying cell densities using live/dead staining, 
demonstrating an optimal cell-loading range that balances uniform cell distribution with high post-printing survival. Collectively, these panels illustrate how digitally controlled 
3D printing and bioactive material design enable precision drug delivery and tissue regeneration with strong translational relevance167 (Copyright 2022, Elsevier).
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In acute lymphoblastic leukemia (ALL), a long-term cure depends on the correct dosing of oral maintenance therapy 
and daily adherence. The pharmacogenomic variation in TPMT or NUDT15 can lead to excessive toxicity when standard 
doses are used. AI-supported dosing platforms, such as methotrexate prediction tools, help clinicians adjust doses before 
severe toxicity occurs.104 When these dosing decisions are combined with child-friendly 3D-printed formulations, such 
as flavored or mini-tablet mercaptopurine, the risk of relapse linked to poor adherence may be reduced.175

Neuroblastoma demonstrates a different clinical need. High-risk tumors may carry MYCN amplification and large 
chromosomal rearrangements, which are associated with aggressive behavior and chemoresistance.176 In such cases, 
conventional systemic delivery exposes young children to significant toxicity. Localized or controlled-release nano- 
delivery systems, supported by AI models that estimate toxicity risk, may allow chemotherapy to be given in smaller, 
sustained amounts directly to the tumor region, minimizing systemic exposure.177

For medulloblastoma, survival rates have improved, but radiotherapy and chemotherapy can cause long-term 
neurocognitive and endocrine deficits.178 AI-based molecular classifiers help distinguish tumor subgroups with different 
risks, which may allow for future treatment de-escalation for low-risk patients. At the same time, modified-release 
formulations of temozolomide or supportive medicines, produced through 3D printing, may help limit peak drug levels 
and reduce neurological side effects.117

In osteosarcoma and Ewing sarcoma, treatment involves intensive multi-drug chemotherapy. Children can accumulate 
serious cardiac, renal, or pulmonary injury from this approach.179 Machine-learning models that integrate imaging and 
laboratory markers can help identify patients who may not respond well to standard dosing, allowing for earlier treatment 
modifications. In parallel, 3D-printed polypills or controlled-release tablets may simplify complex drug schedules and 
reduce treatment burden for families.180

Late morbidity is also a major concern in Hodgkin lymphoma, where anthracycline-induced cardiomyopathy and 
bleomycin-related lung injury can appear years after treatment. Predictive models based on cardiac or pulmonary 
biomarkers may help clinicians modify dose intensity before irreversible injury develops. In the future, extended- 
release nano-formulations could lower peak exposure and support long-term cardiovascular health.181

Across these disease examples, a common theme emerges. Conventional pediatric oncology often identifies toxicity 
only after injury has already occurred, and many children struggle with medication adherence due to taste, swallowing 
difficulties, and/or pill burden. AI-supported dosing tools and 3D-printed pediatric formulations shift this paradigm 
toward prevention by anticipating toxicity, adjusting treatment earlier, and producing medicines that children are more 
willing to take.182 Early clinical evidence, for example, Bayesian dosing of methotrexate and busulfan, or hospital-based 
production of chewable formulations, suggests that these innovations are already workable in real clinical settings.65

Table 6 Ethical, Regulatory, and Access Considerations for AI and 3D Printing in Pediatric Oncology Nanomedicine

Dimension Key Considerations Implications for Pediatric Oncology 
Nanomedicine

Ref.

Ethical concerns Use of genetic and clinical data requires strict privacy; children rely on 
parental consent and assent.

↑ Trust and transparency; 
↑ Protection of dignity and autonomy

[156,157]

Transparency of AI AI models must be explainable and avoid “black box” outputs. ↑ Clinician confidence; 
↑ Caregiver acceptance of AI-assisted 
decisions

[158]

Regulatory frameworks FDA guidance on 3D-printed drugs; EMA recognition of AI; limited pediatric- 
specific policies.

↑ Flexibility is needed for pediatric trials; 
↑ Integration of real-world and genomic 
evidence

[52]

Equity & access Survival gap: >90% in HICs vs <40% in LMICs; potential AI bias from high- 
income datasets; limited 3D printing reach.

↓ Global disparities; 
↑ Need for open AI models, regional hubs, 
and workforce training

[46]

Global harmonization Lack of unified international standards may hinder adoption. ↑ Collaboration via Pharma3DPI, ICH, and 
WHO; 
↑ Safe, equitable global integration

[4,159]

Notes: ↑ indicates improved or increased positive outcomes; ↓ indicates decrease positive outcomes.
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However, important challenges remain. Regulatory pathways for 3D-printed pediatric medicines are still evolving, 
clinical studies involving children are limited, and global access to AI technologies is uneven. There is also a need for 
more diverse data from low- and middle-income countries, where survival rates remain low, and treatment abandonment 
is common.23 These factors must be addressed before precision pediatric NM can be used widely. Overall, the current 
evidence indicates that AI and 3D nano printing can improve dosing accuracy, reduce toxicity, increase adherence, and 
potentially prevent long-term non-communicable diseases in survivors. Their value is highest when matched to the 
biological and clinical features of specific childhood cancers.183 Continued collaboration between clinicians, pharmacists, 
engineers, and regulatory bodies will be essential to translate these early advances into routine pediatric cancer care. 
A key limitation is the heterogeneity and scarcity of pediatric-specific trials, which restricts direct comparison of 
outcomes and delay regulatory approval of 3D-printed formulations.

Figure 8 Case study demonstrating nanoparticle-integrated 3D-printed shape-memory scaffolds for multimodal cancer therapeutics. (1) Fabrication and therapeutic 
mechanism of nanoparticle-integrated 3D-printed scaffolds: illustration of the synthesis of CuS@BSA nanoparticles and their incorporation into alginate-based bioinks for 
extrusion-based 3D printing. The resulting scaffolds enable multimodal cancer therapy through synergistic photothermal (PTT), photodynamic (PDT), and chemodynamic 
(CDT) effects under near-infrared irradiation, leading to localized tumor cell destruction after implantation (*p<0.05).169 (2) Structural and microstructural characterization 
of printed scaffolds: Scanning electron microscopy images showing well-defined macroporous architectures, interconnected pore networks, and homogeneous nanoparticle 
distribution within the printed scaffolds. High-resolution micrographs confirm the preserved structural integrity across multiple length scales, supporting both mechanical 
stability and biological functionality170 (Copyright 2024, Elsevier). (3) Mechanical performance and stability of the nanocomposite scaffolds: Quantitative evaluation of 
compressive strength and modulus of 3D-printed scaffolds before and after immersion in simulated body fluid. The nanocomposite constructs exhibit enhanced mechanical 
properties compared with nanoparticle-free controls, demonstrating resistance to physiological degradation and suitability for load-bearing regenerative applications171 

(scale bars = 100 nm; Copyright © 2024 American Chemical Society). (4) Shape-memory behavior and minimally invasive implantation: Demonstration of shape deformation, 
fixation, and rapid recovery of the 3D-printed scaffolds under thermal or NIR stimulation. The shape-memory effect enables temporary compression for implantation into 
irregular defects, followed by fast recovery to the original geometry, ensuring precise defect filling and stable in situ therapeutic performance172 (Copyright IOP Publishing).
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Future Directions: Integrating Technology for Better Long-Term Care
The future of pediatric oncology NM is being transformed by the combination of AI-driven precision tools and point-of- 
care (PoC) 3D printing, which together enable safer, more effective and child-specific therapies. Advances in modular 
manufacturing and hospital-based PoC systems now make it possible to produce personalized medicines, such as 
chewable, flavored, mini-tablets, or multi-drug polypills, directly at the bedside, with strict quality controls to ensure 
safety and dosing accuracy.51,56 At the same time, AI applications in pediatric oncology are expanding rapidly, from 
pharmacogenomic-guided dosing and therapeutic drug monitoring to risk prediction and the integration of imaging and 
genomics. Tools like the MTXPK platform, built from thousands of methotrexate dosing records, already support real- 
time decision-making in hospitals and highlight how AI can be embedded into routine pediatric cancer care.96 Together, 
these advances form a digital manufacturing ecosystem capable of delivering real-time personalized therapies that 
improve adherence, reduce toxicity, and strengthen treatment outcomes.

For these innovations to have a global impact, they must be delivered through strong collaboration and harmonized 
regulation. Today, the survival rate for childhood ALL exceeds 90% in high-income countries. Still, it remains below 
40% in many low- and middle-income countries, underscoring the urgent need for shared AI platforms, regional 3D 
printing hubs, and specialized training.46 Global programs such as the WHO Global Initiative for Childhood Cancer 
(GICC) are working to close these survival gaps. At the same time, proposed collaborations like the Pharma3DPI 
consortium aim to establish international networks of hospitals, regulators, and industry to validate AI-driven, 3D-printed 
medicines under unified standards.4,184 Regulatory agencies are also adapting: the US FDA has issued guidance on 3D- 
printed drugs, and the Software as a Medical Device framework offers a pathway for AI-based tools. However, pediatric- 
specific rules are still limited.185 Looking toward 2030, a clear roadmap is emerging where AI-enabled dosing, modular 
manufacturing, and international cooperation converge to improve survival, reduce late complications, and secure 
healthier long-term outcomes for children with cancer worldwide.

Conclusion
PC care requires approaches that are safe, individualized, and designed for the unique biological and developmental 
needs of children. The literature reviewed in this manuscript shows that artificial intelligence and 3D nano printing have 
emerging potential to support such personalization. AI can guide clinicians in predicting drug clearance, adjusting doses 
based on genetic variation, and anticipating toxicity before clinical injury occurs. At the same time, 3D nano printing 
enables the creation of age-appropriate formulations, including mini-tablets, chewables, controlled-release printlets, and 
multi-drug combinations that may improve adherence and reduce treatment burden for families.

These combined strategies are especially relevant in settings where long-term survivors face risks of cardiotoxicity, 
neurocognitive decline, endocrine dysfunction, and other non-communicable diseases related to intensive chemotherapy 
and radiotherapy. Early clinical examples, such as model-informed methotrexate dosing, Bayesian-guided busulfan 
monitoring, and hospital-printed pediatric dosage forms, indicate that translation into practice is feasible.

Based on published pediatric dosing studies, Bayesian methotrexate and busulfan monitoring has demonstrated 
reductions in acute toxicities and safer exposure control, while survivorship cohorts show elevated risks of cardiomyo
pathy and metabolic dysfunction after anthracycline-based therapy, supporting efforts to lower long-term NCD burden. 
These interpretations arise from a narrative synthesis of clinical studies and hospital implementation reports rather than 
original interventional trials. In line with the concept of precision pediatric cancer NM, we recommend clinical adoption 
of validated AI-guided dose-adjustment tools, expansion of hospital-based 3D printing for pediatric-friendly medications, 
and prioritization of multicenter pediatric research. Key limitations include heterogeneous study designs, limited 
pediatric trials, and regulatory and access challenges, particularly in low-resource regions.

However, broader implementation will require regulatory clarity, equitable access to data and technology, and more 
pediatric-specific clinical studies. If these barriers are addressed, AI-enabled dosing and on-demand pediatric drug 
printing may help shift the focus of childhood cancer care from reactive toxicity management to proactive prevention, 
supporting not only survival but healthier long-term outcomes.
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