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Abstract: Although nanoparticles (NPs) show tremendous potential in the laboratory, most of them fail to reach clinical applications, 
highlighting a significant “translational gap” in nanomedicine. This gap is often due to a lack of focus on advanced formulation 
strategies required to transform NPs into functional drug products. Therefore, this review systematically addresses the crucial role of 
secondary delivery systems in bridging this gap. We analyze and compare various advanced formulation platforms, such as sterile 
injectables for the intravenous route, hydrogels for topical delivery, microspheres for the oral route, dry powder formulations for 
inhalation, and polymer implants for controlled release, and discuss how each system addresses specific clinical challenges related to 
route of administration, stability, and bioavailability. We conclude that shifting the focus from nanoparticle design alone to integrated 
formulation strategies is a fundamental step towards accelerating the translation of nanomedicines from the laboratory to the patient. 
Keywords: nanomedicine, translational gap, advanced formulation platforms, drug delivery, targeted therapy, biomedical nanotechnology

Introduction
Nanomedicine is positioned as a driver of a therapeutic revolution through more precise drug delivery, increased efficacy, 
and reduced toxicity,1–3 This success is evidenced by a small number of clinical approvals, for examples include Doxil®/ 
Caelyx® (liposomal doxorubicin) and Abraxane® (albumin-bound paclitaxel). These products serve as proof of concept 
for successful nanoplatforms in patients.4,5 However, this optimism is at odds with reality. There is a wide translational 
gap, with thousands of published nanomedicines and candidates in preclinical trials. However, only an estimated 50–80 
nanomedicines have achieved global approval for clinical use by 2025. This indicates a low conversion rate from the 
laboratory to the clinic.6,7 Thus, despite the presence of iconic products, the aggregate evidence suggests a gap between 
the abundance of publications and products actually reaching patients.

This gap is rooted in fundamental scientific and preclinical barriers. Many findings in animal models do not translate 
well to humans, particularly regarding the phenomenon of Enhanced Permeability and Retention (EPR), which is often 
robust in mice but heterogeneous and limited in human tumors. Recent literature also highlights that vascular hetero
geneity, interstitial pressure, and non-EPR entry routes complicate in vivo distribution predictions and require strategies 
beyond the EPR to achieve consistent targeting.4 Furthermore, complex interactions with biological barriers impact 
pharmacokinetics/pharmacodynamics,8,9 so that efficacy signals in animals often do not persist in clinical trials.

On the practical side, industrial and regulatory barriers further widen the translational gap.10 Translational success is also 
critically dependent on the ability to overcome practical hurdles in Chemistry, Manufacturing, and Controls (CMC), GMP- 
scale production of nanomedicines requires thorough characterization and stringent process control to ensure inter-batch 
consistency. In the safety assessment pillar, the lack of uniformity in toxicity and immune response testing standards is a major 
focus for regulators. In the regulatory landscape pillar, developers must navigate the ever-evolving guidelines from the Food 
and Drug Administration (FDA) and the European Medicines Agency (EMA) for complex non-biological products.11,12 

Challenges in biocompatibility, nanotoxicology, and regulatory oversight limit the clinical translation of nanomedicines.11
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Addressing these scientific and practical challenges requires an integrated approach that integrates clinical evidence 
evaluation, mechanism-based formulation strategy selection, and harmonized CMC, safety, and regulatory pathways. 
This review aims to map the clinical landscape and approved products, assess design and manufacturing strategies, and 
identify priority research gaps. This manuscript is structured as a roadmap: a summary of clinical status, an analysis of 
scalable formulation strategies, followed by relevant safety and regulatory aspects for next-generation development.

Clinical Landscape and Translational Gaps
Over the past decade, more than 100,000 scientific articles on nanomedicines have been published, but as of 2023, only 
about 90 products have actually obtained global marketing approval, with the portfolio dominated by liposomes, 
nanocrystals, and lipid nanoparticles (LNPs) as the most widely approved types of nanomedicines, accounting for 
more than 60% of the market share; approximately 500 additional candidates remain in clinical trials, resulting in 
<0.1% of research output reaching the clinic—a gap that reflects regulatory hurdles, manufacturing scale, and safety 
issues. Public-private investment continues to increase, for example, the European Union (EU) has allocated approxi
mately US$3 billion since 2004, and the global market value is projected to exceed US$570 billion by 2032, under
scoring the urgency of regulatory harmonization and more efficient development strategies.2,6,13,14

The nanomedicine ecosystem presents a fundamental paradox, while the volume of publications and preclinical 
candidates continues to skyrocket, the number of products successfully achieving clinical approval remains extremely 
limited.15 Early successes in nanomedicine have historically been dominated by first-generation platforms such as 
liposomes. Iconic examples include Doxil® (pegylated liposomal doxorubicin (PLD)) and Abraxane®. These products 
provided strong proof of concept for clinical applications. However, broad replication remains challenging across 
platforms and disease indications.16,17 Analysis confirms that most clinical approvals are concentrated in specific classes, 
highlighting a significant translational “bottleneck” from knowledge to product. This gap is exacerbated by the inherent 
challenges of drug development, such as costs that can exceed $2.5 billion and low clinical trial success rates, which are 
further complicated in the nanomedicine context by unique quality, manufacturing, and regulatory issues.18,19

As a pioneer, PLD demonstrated dramatic improvements in pharmacokinetic profiles compared to free doxorubicin, 
particularly significantly prolonged circulation time, which contributed to reduced cardiotoxicity.17 Its clinical benefits 
have been demonstrated in ovarian and breast cancer. However, this success also provided an important lesson: the 
magnitude of efficacy in humans was not as high as projected from animal models, highlighting the variability of the 
EPR effect in patients as a major limiting factor.20 Real-world data also confirmed the consistency of this product class 
and the limitations of its usefulness in specific clinical scenarios.

In contrast, BIND-014 (targeted docetaxel nanoparticles) exemplifies a clear translational challenge. Despite demon
strating a favorable safety profile and promising early activity signals, this more advanced platform failed to demonstrate 
convincing clinical improvement in several Phase II trials. The primary efficacy endpoint was not met, leading to the 
termination of the development program.21 This case vividly illustrates the gap between robust preclinical evidence of 
molecular targeting and its actual impact on patient clinical outcomes, particularly when the complexities of intratumor 
distribution and biomarker-based patient selection are not adequately addressed.

Failures such as BIND-014 and the limited efficacy of Doxil are rooted in an over-reliance on the EPR effect. This 
concept, while valid, has proven to be highly heterogeneous, often low, and unpredictable in human patients. Factors such 
as vascular heterogeneity, interstitial pressure, and the tumor microenvironment limit the transferability of findings from 
animal models.22 This suggests a critical conclusion, for the next generation of nanomedicines, passive reliance on EPR 
is no longer sufficient. Therefore, active targeting strategies, stimulus-responsive systems, and personalized approaches 
based on transport biomarkers need to be prioritized to rationally increase the probability of clinical success.

Critical Analysis of Advanced Formulation Strategies
Nanomedicine formulation strategies are evolving to simultaneously address biological barriers and manufacturing 
challenges. This approach is multi-scale, encompassing fundamental decisions in core particle design, such as material 
selection and synthesis method, surface engineering through functional coatings such as PEGylation and targeting ligands 
to regulate stability and biodistribution, and integration into a final dosage form suitable for clinical administration.23,24 
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The focus of this overall strategy is balancing enhanced efficacy and safety with measurability of critical quality 
attributes (CQAs) and scalability below quality standards, given their direct impact on reproducibility and translational 
opportunities. Some important notes about nanoparticles are shown in Figure 1.

With this framework in mind, the following discussion will review four platform families: lipid, polymer, hybrid/ 
inorganic, and biocarrier, that represent solutions at the core design and surface engineering levels. Lessons learned from 
one platform can inform optimization in others.

Lipid-Based Platforms
Lipid-based platforms, particularly liposomes and lipid nanoparticles (LNPs), can be considered the backbone of 
translational nanomedicine. As pioneers, liposomes provide a versatile framework for encapsulating both hydrophilic 
and hydrophobic payloads. The ability to modify their surfaces with polymers such as PEG has proven crucial for 
suppressing clearance by the reticuloendothelial system (RES) and extending circulation time.25,26 Their initial success 
was demonstrated by iconic products such as PLD (Doxil®) in oncology. Their most recent evolution, LNPs, has come 
into the global spotlight through the phenomenal success of COVID-19 mRNA vaccines, where a tailored lipid 
composition (including ionizable lipids) is key to protecting and efficiently delivering nucleic acids.27–29

This proven clinical success is rooted in several fundamental advantages, but also accompanied by significant 
challenges. On the one hand, lipid platforms offer superior pharmacokinetic control and have the most mature regulatory 

Figure 1 Limitations in Nanoparticle Drug Delivery Development.
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track record, accelerating the development pipeline. On the other hand, their efficacy often relies on heterogeneous EPR 
effects in humans and can lead to specific side effects such as hand-foot syndrome in PLD. Furthermore, the risk of 
immunogenicity due to anti-PEG antibodies is a serious clinical concern, as it can trigger hypersensitivity reactions or 
accelerate drug clearance upon repeated administration.30–32 Formulation stability during storage, which is susceptible to 
drug leakage or aggregation, also demands stringent quality control.33

This balance between benefits and risks directly highlights several crucial research gaps that must be addressed. 
Current priorities include the development of effective non-PEG stealth alternatives (such as zwitterionic polymers or 
poly(2-oxazoline),34,35 the design of targeting ligands that do not enhance opsonization, and the establishment of 
standardized CQA metrics to reliably link physicochemical parameters to clinical outcomes.

Polymer-Based Platforms
If lipid platforms are the clinical pioneers, then polymer-based platforms are the “laboratories” for nanomedicine design, 
offering unparalleled chemical flexibility. Polymeric micelle-like architectures effectively enhance the solubility of 
hydrophobic drugs, as demonstrated in various experimental paclitaxel formulations. On the other hand, established 
polymers such as Poly(lactic-co-glycolic acid) (PLGA) provide controlled release profiles and reliable biodegradation, 
making them a leading choice for sustained therapy.36–38 Meanwhile, natural biopolymers such as chitosan leverage their 
unique properties, such as positive charge and mucoadhesive properties, for mucosal surface delivery applications.39–41 

All of these platforms can be further modified with PEGylation or targeting ligands to enhance in vivo performance.
Despite offering exceptional design flexibility, polymer-based platforms face significant translational challenges, 

particularly in manufacturing and biological predictability. The primary advantage of this platform lies in its engineering 
capability to precisely control drug release profiles. However, this strength also presents a real-world weakness. This 
chemical diversity often leads to significant challenges in batch-to-batch variability and production scaling under GMP 
standards. Furthermore, there is often a weak correlation between physicochemical attributes measured in vitro and 
particle performance in vivo. For example, cationic polymers designed for gene delivery can interact strongly with cell 
membranes but also carry risks of biopersistence and toxicity if their degradation is inefficient.42

Overcoming these limitations requires progress in several key research areas. A crucial research gap centers on the 
standardization of advanced analytical methods for better characterization, including particle interactions with protein 
coronas and their true size distribution in biological environments. Furthermore, there is an urgent need for the 
development of a new generation of biodegradable polymers with higher biocompatibility and improved gene delivery 
efficiency, to address the safety concerns inherent in conventional cationic polymers.43

Hybrid and Inorganic Platforms
Hybrid and inorganic platforms differ from organic platforms, which rely on polymer chemistry. They offer functionality 
derived from the intrinsic physical properties of their core materials. Hybrid platforms combine different materials, such as 
lipid-polymer or organic-inorganic. This combination synergizes stability, payload capacity, and targeting capabilities in 
a single system.44,45 At the heart of many of these systems are inorganic nanoparticles such as gold (AuNPs) and iron oxide 
(IONPs), which contribute distinctive physical properties such as plasmonic response (ideal for photothermal therapy) and 
superparamagnetism (for MRI contrast).46,47 To function safely in biological environments, these inorganic cores almost 
always require functional coatings, such as silica, PEG, or targeting ligands, to enhance stability and biocompatibility. Their 
primary applications are often in the theranostics realm, where IONPs are used as contrast agents and AuNPs are explored 
for imaging-guided therapy, although these are largely still limited to the clinical exploration phase.16,48,49

This unique ability to combine diagnostics and therapy opens the door to precision-guided medicine, but also presents 
a fundamental set of long-term safety challenges. A key advantage of this platform is its multimodality, which allows for 
real-time visualization of particle distribution while simultaneously delivering therapy. However, this advantage intro
duces the fundamental challenge of biopersistence in non-biodegradable materials. Unlike biodegradable polymers or 
lipids, inorganic materials can accumulate in organs such as the liver and spleen, raising questions about chronic 
toxicology. Their clearance routes are often not fully understood, and some materials, such as quantum dots containing 
heavy metals, risk releasing toxic ions if they partially decompose in the body.30
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Addressing this safety dilemma is a top priority, reflected in current research gaps. The most pressing need is the development 
of standardized protocols for clinically relevant long-term toxicology and biodistribution evaluations. Furthermore, a deeper 
understanding of clearance mechanisms and mapping of dose–exposure–response relationships for non-biodegradable materials 
is needed to establish acceptable safety thresholds for regulatory agencies for broader clinical use.

Biocarriers
As an alternative to synthetic materials, biocarriers such as exosomes and virus-like particles (VLPs) offer delivery 
strategies that borrow from natural biological mechanisms. Exosomes, as natural intercellular communication vesicles, 
possess inherent advantages in biocompatibility, low immunogenicity, and the ability to cross difficult biological barriers 
such as the blood-brain barrier.50 Furthermore, VLPs mimic the precise architecture of viruses without an infectious 
genome, making them highly efficient platforms for antigen presentation in vaccines (such as the HPV vaccine) or as 
functionalizable carriers.51 Both can be engineered to carry therapeutic payloads, ranging from small molecules to 
nucleic acids, with potentially superior tissue tropism compared to synthetic nanoparticles.

This potential to mimic endogenous pathways makes biocarriers highly attractive, but they present unique challenges 
rooted in their biological origins. The primary advantages of these platforms are undoubtedly their superior biocompat
ibility and the potential to evade immune responses, which are often problematic with synthetic materials. However, the 
greatest challenges lie in the realm of Manufacturing and Quality Control. Their biological origins naturally produce 
heterogeneity, making it difficult to achieve inter-batch consistency. Purification processes to separate biocarriers from 
other cellular contaminants are also highly complex and difficult to scale. Furthermore, methods for loading therapeutic 
payloads into them are often inefficient and difficult to control.50,52 Translational analysis, as shown in Table 1, is 
important to obtain the right approach in designing further dosage forms.

These fundamental limitations in standardization and production define the most pressing research gap. Clearer 
regulatory guidelines from agencies like the FDA/EMA specifically addressing these nano-like biologics are needed. In 

Table 1 Translational Analysis of Nanoparticle Platforms

Nanoparticle Platform Main Applications Translational Analysis Refs

Metal NPs (Gold/Silver) Photothermal 

therapy; biomedical 
imaging

● Advantages: unique optical/physical properties enabling photothermal con

version and sensitive detection.
● Challenges: colloidal stability, protein corona formation, biocompatibility, 

and biopersistence with potential tissue accumulation.
● Strategies: polymer stealth coatings (PEGylation) to enhance stability, reduce 

RES clearance, and prolong circulation; consider non-PEG stealth alternatives 

where immunological risk must be minimized.

[53,54]

Quantum dots High-resolution 

cellular imaging

● Advantages: superior fluorescence intensity and photostability for precision 
imaging.

● Challenges: heavy-metal-related cytotoxicity, ion release, and in vivo biode

gradation issues.
● Strategies: encapsulation in silica or polymer matrices to reduce toxicity and 

improve biocompatibility; consider heavy-metal-free QDs as 

a complementary design path.

[55–57]

Magnetic nanoparticles  

(iron oxide)

Targeted drug 

delivery; MRI contrast 
agents

● Advantages: MRI compatibility and magnetic targeting capability.
● Challenges: achieving high target specificity, controlling protein corona inter

actions, and ensuring safe degradation/clearance to avoid biopersistence.
● Strategies: polymer coatings or liposomal encapsulation to improve biocom

patibility and modulate biodistribution; optimize size/loading to meet dual 

imaging–therapy requirements.

[58,59]

(Continued)

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S554821                                                                                                                                                                                                                                                                                                                                                                                                 13043

Herdiana

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



addition, innovations in scalable production and purification methods and precise and controlled payload loading 
techniques are crucial to unlocking the full potential of biocarriers in broader clinical applications beyond vaccination.

Formulation Strategy Based on Route of Administration
The choice of route of administration is not simply a logistical decision, but rather an integral part of nanomedicine design, 
determining the coating type, particle architecture, and CQAs required to penetrate specific biological barriers while minimizing 
side effects. For the oral route, the design must withstand pH extremes and enzymes; for intravenous, the formulation needs to 
manage interactions with the protein corona and opsonization; for inhalation, aerodynamic size is a determinant of deposition; 
and for topical, the ability to penetrate the stratum corneum is key. Within this framework, formulation strategy is mapped as 
a spectrum of complementary solutions, where lessons from one route can often inform optimization of another.

Oral Route
The oral route, while preferred due to convenience and patient compliance,64 faces a harsh gastrointestinal (GI) 
environment. Key challenges include stability against extreme pH fluctuations from the stomach to the intestine, 
degradation by proteolytic enzymes, and penetration through the thick mucus barrier that limits diffusion and interaction 
with the intestinal epithelium.40,65,66

Effective designs often combine protection against degradation in the stomach through enteric coatings, while mucoadhe
sive polymers are utilized to extend residence time and enhance contact with the absorption surface. Various modifications of 
chitosan, for example, have demonstrated improved acid stability and permeation in preclinical studies. Chitosan succinate 
combined with hydroxypropyl methylcellulose phthalate (HPMCP) has shown improved resistance to acidic conditions, 
holding drug release under 10% in acid medium. Another modification, chitosan-laurate (CS-LA), demonstrated significant 
acid stability, maintaining its structure in acidic conditions for over 22 hours.67,68 An ideal oral formulation must overcome the 
harsh GI environment to deliver drugs effectively. Small molecule ligands, such as fatty acids, glucose, bile acids, are more 
suitable than peptides or proteins, as they resist pH and enzymatic degradation, are cost-effective, and align with natural 
nutrient absorption pathways, enhancing transepithelial transport and in vivo safety. Surface engineering with ligands to utilize 
intestinal transporters is also a central strategy for increasing bioavailability.69,70

Despite promising preclinical signals, clinical translation of nano-oral formulations remains limited. The main 
limitations are high interpatient bioavailability variability and the difficulty of predicting drug release in the dynamic 
GI environment.71 Therefore, current research priorities are shifting to the development of more relevant in vitro–in vivo 

Table 1 (Continued). 

Nanoparticle Platform Main Applications Translational Analysis Refs

Nanostructured lipid 

carriers (NLC)

Topical/transdermal 

administration

● Advantages: effective interaction with the skin barrier, improved local reten

tion, and potential for controlled release.
● Challenges: maintaining physical stability and preventing aggregation during 

storage/use.
● Strategies: incorporation into hydrogels to enhance stability, smooth release 

profiles, and practical topical application; optimize lipid composition to 
minimize unfavorable crystallization.

[60,61]

DNA-based 
nanomaterials

Cancer therapy; 
diagnostics

● Advantages: high modularity, programmability, and dual function integration 

(theranostics).
● Challenges: in vivo stability against nucleases, production scalability, and 

manufacturing cost.
● Strategies: encapsulation within lipid or polymer carriers for protection and 

improved circulation stability; combine with stabilization techniques to resist 

degradation and preserve function.

[62,63]
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correlation (IVIVC) models, the determination of biomarkers for mucosal transport, and the development of in vitro 
assays that better capture particle–mucus interactions representatively.

Intravenous (IV) Route
The IV route places the formulation directly into the complex blood circulation, shifting the primary challenge to interactions 
with blood components. The design focus is on preventing opsonization (coating by serum proteins) and rapid clearance by the 
reticuloendothelial system (RES) in the liver and spleen, including issues of biocompatibility, toxicity, drug loading and 
release, storage stability, biodistribution, organ/tissue selectivity, cell internalization, and biodegradability.72

The most common strategy is to create a “stealth coating”, typically through PEGylation, to reduce recognition by the 
immune system.39,73 Simultaneously, the use of targeting ligands, such as antibodies or peptides, aims to enhance tissue 
selectivity. Here, control of CQAs such as size, zeta potential, and surface composition is crucial because they directly 
influence protein corona formation, circulation time, and biodistribution patterns. In intravenous (IV) injections, NPs 
must avoid immune recognition and clearance, and possess optimal size and surface properties to reach the target tissue 
through the EPR effect.16,74

The strengths of the IV route are 100% systemic bioavailability and precise exposure control. However, challenges 
include EPR-based accumulation heterogeneity in humans and the risk of PEG-related immunogenicity. In some patients, 
anti-PEG antibodies have been associated with hypersensitivity reactions and accelerated blood clearance (ABC) 
phenomena. Future research agendas include exploring alternative non-PEG stealth coatings (such as poly(2-oxazoline) 
and polyglycerol34,35 and cell membrane-based biomimetic coatings,75–77 along with the development of a framework for 
immunological risk screening in patients.

Inhalation/Pulmonary Route
NPs carrying bronchodilators or anti-inflammatories enable targeted respiratory therapy, The main challenges are particle 
deposition at the appropriate site (distal airways) and interaction with the mucus barrier. Particles must be able to avoid 
rapid elimination by mucociliary clearance mechanisms.78

The success of this route requires careful control of aerodynamic particle size. Surface engineering is also crucial, 
where anti-mucus coatings can enhance penetration, while mucoadhesive strategies are used for longer local retention. 
Formulation as a dry powder inhaler offers the advantage of storage stability.79 For nucleic acids, approaches such as 
charge stabilization of LNPs have demonstrated efficient delivery of mRNA to the lungs in animal models.79

The advantage of this route is the ability to achieve high local drug concentrations with minimal systemic toxicity. 
However, inter-individual deposition variability, potential local irritation, and dependence on patient inhalation technique 
present significant uncertainties. Crucial steps forward are the development of quality by design (QbD) aerosol testing 
methods, deposition metrics that correlate with clinical outcomes, and safety standards for chronic pulmonary exposure 
to nanoparticles. Strategies for rational formulation and optimization of nanomedicine manufacturing, aligned with the 
principles of QbD and quality risk management (QRM).7

Topical and Transdermal Routes
In dermal application, the greatest challenge is penetrating the highly hydrophobic stratum corneum, which serves as the 
primary barrier.39,80 Formulation strategies focus on combining permeation enhancers with deformable nanocarriers such 
as transfersomes, which are able to “squeeze” themselves through lipid gaps in the skin. Another approach is the use of 
microneedles to temporarily open micropathways. Coatings are designed to enhance local retention in specific skin layers 
or facilitate permeation.81,82

The main advantages of this route are local exposure control and an excellent systemic safety profile. Transdermal 
drug delivery presents a promising noninvasive approach, bypassing first-pass metabolism and gastrointestinal 
degradation.83 Limitations include low penetration rates in intact skin, interindividual variability, and formulation 
stability challenges in dosage forms such as creams or gels.82 Urgent research agendas include standardizing methods 
for assessing penetration in human skin such as using ex vivo skin models, linking penetration metrics to clinically 
meaningful outcomes, and strengthening product stability under realistic storage conditions.

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S554821                                                                                                                                                                                                                                                                                                                                                                                                 13045

Herdiana

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



Mapping the specific challenges for each drug delivery route, from payload protection in the gastrointestinal tract to 
immune evasion in the IV route, is crucial (as shown in Table 2). Therefore, the next step in research should focus on 
developing modular and adaptable nanotechnology platforms. Such platforms can be specifically modified; for example, 
by adding gut-targeting ligands for oral formulations, or by inserting stealth polymers for intravenous applications, while 
maintaining the same nanocarrier core. This direction will accelerate the development of new drugs by enabling rapid 
adaptation to different routes of administration. Integrating these principles forms the foundation for CMC decisions, 
safety evaluation plans, and targeted regulatory navigation, ensuring designs are not only biologically robust but also 
ready for scale-up and clinical evaluation.

Practical Barriers on the Road to the Clinic
The successful translation of a nanomedicine depends not only on intelligent scientific design but also on its ability to 
navigate a complex set of practical obstacles. Ultimate success requires alignment between science, manufacturing and 
regulatory strategies. This section reviews three key practical obstacles that often determine the success or failure of 
a nanomedicine candidate in advanced development stages.

Manufacturing & Scalability
A fundamental challenge in CMC is translating successful laboratory-scale synthesis processes into robust, controlled, 
and scalable production processes under Good Manufacturing Practice (GMP) standards. Regulatory bodies require 
stringent characterization and control of CQAs, such as particle size, size distribution (PDI), surface charge, composition, 
and drug loading efficiency. Inter-batch variability, even differences as small as 10 nm in size, can significantly alter 
pharmacokinetic and biodistribution profiles. Conventional manufacturing techniques often face challenges in scalability 
and precise size control.97,98 Meanwhile, effective and scalable purification methods, such as tangential flow filtration 
(TFF), are preferred over centrifugation to maintain colloidal stability.99

A key research gap in this area is the lack of a thorough understanding of the relationship between manufacturing 
process parameters, CQAs, and in vivo clinical performance. The development of more specific CMC guidelines for 
nano-intensity manufacturing processes such as microfluidics for LNP production and reliable in-process analytical 
methods remain priorities to ensure product consistency and quality.

Safety & Biocompatibility
Non-clinical safety assessments for nanomedicines present unique complexities. One of the most prominent challenges is 
immunogenicity, particularly related to polymer coatings such as PEG. The formation of anti-PEG antibodies in some 
patients has been shown to trigger hypersensitivity reactions, accelerate clearance (ABC phenomenon), and ultimately 
decrease drug exposure and efficacy. The prevalence of pre-existing anti-PEG antibodies in the general population further 
increases the urgency of this issue. Beyond immunogenicity, nanotoxicology is a major concern, where toxicity 
mechanisms can range from solubilization of toxic ions to induction of oxidative stress and inflammatory responses, 
which are highly dependent on the composition and surface properties of the particles.100–103

A pressing research gap is the lack of validated and sensitive standardized assays to predict and monitor immune 
responses to nanomaterials, including anti-PEG antibodies.29 There is a significant need for the development of 
alternative, next-generation, non-immunogenic stealth materials. Furthermore, the integration of a proactive risk manage
ment plan for immunogenicity issues into clinical trial design is a crucial next step.

Challenges and Regulatory Landscape
Regulatory frameworks for nanomedicines often lag behind the pace of technological innovation, creating uncertainty for 
developers.12 Regulatory agencies such as the FDA and EMA generally adopt a risk-based and case-by-case approach, 
given the heterogeneity of nanomedicine platforms. Existing guidelines, such as those from the FDA’s Nanotechnology 
Task Force, emphasize the importance of comprehensive CMC documentation, in-depth physicochemical characteriza
tion, and relevant safety evaluations. However, the lack of a globally harmonized regulatory pathway can delay approval 
and limit patient access to innovation.73
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Table 2 Implications and Critical Considerations of Nanoparticles Based on Routes of Administration

Route of 
Administration

Key Biological Challenges Formulation Strategies Clinical Advantages and Limitations References

Intravenous (IV) Rapid clearance by the immune system (RES), 
opsonization by blood proteins, endothelial 

barriers to reach target tissues

Stealth coatings (PEGylation) to evade RES; surface 
functionalization with ligands (antibodies, peptides) for active 

targeting

● Advantages: 100% bioavailability, precise 

dose control.
● Limitations: invasive, risk of immunogeni

city (anti-PEG reactions), reliance on het

erogeneous EPR in humans

[64,84,85]

Oral Extreme gastric pH, enzymatic degradation, thick 

intestinal mucus barrier

Enteric coatings (pH-sensitive polymers) to protect in the 

stomach; mucoadhesive polymers, such as chitosan, to prolong 
gastrointestinal residence

● Advantages: non-invasive, high patient 

adherence.
● Limitations: low and highly variable bioavail

ability, limited clinical success to date

[64,70,86]

Inhalation 
(pulmonary)

Mucociliary clearance, alveolar macrophage 
uptake, viscous airway mucus

Control aerodynamic diameter (approximately 1–5 µm); dry 
powder formulations for storage stability; mucoadhesive or 

mucus-penetrating surface coatings

● Advantages: rapid local action, avoids first- 

pass metabolism.
● Limitations: interpatient deposition variabil

ity, potential airway irritation, dose impacted 

by inhalation technique

[64,78]

Topical (skin) Highly hydrophobic, tightly packed stratum 

corneum; risk of local irritation

Permeation enhancers; deformable nanocarriers, such as 

Transfersomes, incorporation into hydrogel vehicles

● Advantages: focused local delivery with 

minimal systemic effects.
● Limitations: poor penetration for large 

molecules, variability across skin conditions

[64,87–89]

Intranasal Small dosing volume, rapid mucociliary 
clearance, enzymatic degradation in nasal 

mucosa

Mucoadhesive formulations to extend contact time; 
exploitation of nose-to-brain delivery pathways

● Advantages: fast onset, bypasses first-pass 
metabolism, non-invasive route to CNS.

● Limitations: small absorptive area, best sui

ted for potent, low-dose drugs

[90,91]

Ocular Rapid precorneal loss via tear turnover, tight 

corneal barrier

In-situ gelling systems that gel upon administration; 

mucoadhesive polymers to increase bioadhesion

● Advantages: reduced dosing frequency, 

improved adherence.
● Limitations: typically very low topical ocu

lar bioavailability (<5%)

[92–94]

Rectal Relatively small absorptive surface, variable 
absorption

Suppositories or gels enabling local nanoparticle release ● Advantages: partial avoidance of first-pass 

metabolism; useful for local therapy or for 
patients unable to swallow.

● Limitations: low patient acceptability, 

inconsistent absorption

[95,96]

International Journal of N
anom

edicine 2025:20                                                                                   
https://doi.org/10.2147/IJN

.S554821                                                                                                                                                                                                                                                                                                                                                                                                 
13047

H
erdiana

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



In Table 3, in developing nanomedicine products, key regulatory insights from EU, FDA, MHRA, and global 
frameworks (2024–2025) underscore the need for a case-by-case, risk-based approach, prioritizing detailed physico
chemical characterization, stability, and biological interactions to address complexities in multi-component systems for 

Table 3 Current Nanomedicine Regulatory Guidelines Table (2024–2025)

Regulator / Authority Key Guidance Key Points Challenges & Recommendations Refs

European Union (EU) EU Innovation 

Network 

Horizon 
Scanning Report

● Product trends are shifting from 
simple nanoparticles to multi- 

component systems.
● Applications are expanding into 

cancer, autoimmune, and infec

tious diseases.
● Evaluation remains on a case-by- 

case basis.

● Challenge
50% of stakeholders find current guidance 

unclear.
● Recommendation

Early engagement with regulators, a clinical 

trial tracking system (CTIS), and international 

harmonization.

[12,104]

United States (FDA) Risk-Based 
Approach 

(ongoing)

● No specific legal basis; case-by- 
case evaluation.

● Common pathways: New Drug 

Application (NDA) 505(b)(1) for 
new products or 505(j) for 

generics.
● Focus on characterization, phy

sicochemical properties, and 

manufacturing stability.

● Challenge
Complexity of new formulations.

● Recommendation

Robust control strategies to ensure product 
quality and biological effects.

[12,105]

United Kingdom 

(MHRA)

Decision Tree 

(February 2025)

● Medicinal product or medical 
device (focus medicinal) 

classification.
● Use biosimilar guidelines with 

nano CQAs.
● Determine type, apply ICH/ 

MHRA guidelines.
● Non-biological, Conduct bioe

quivalence; apply ICH quality 

guidelines.
● Consider NAS status for DS/DP.
● Key ICH: Q1A-Q13, M7, etc, 

plus QP declaration and British 
Pharmacopoeia/European 

Pharmacopoeia.
● Prioritize legal basis before 

submission.

● Challenges
Lack of specific nanomedicine guidelines; case- 

by-case evaluation; complex classification 

(medicine vs device); regulatory delays.
● Recommendations

Use decision tree as navigation tool; submit 

queries to MHRA; conduct bioequivalence 
studies and follow ICH for quality; involve 

MHRA Innovation Office for innovations.

[106]

Global/General Interdisciplinary 
Platforms & 

Reviews

● Launch of the European 

Platform for Regulatory Science 
Research.

● Emphasis on a combined 

approach of biotechnology and 
nanomaterials.

● Challenge

Classification ambiguities and lack of standar
dized testing for follow-on nanomedicines, 

difficulties in physicochemical characteriza

tion, safety/toxicity assessment, and scalabil
ity/manufacturing.

● Recommendation

Foster dialogue between researchers and 
regulators to accelerate clinical translation, 

including international harmonization of 

guidelines and collaboration among academia, 
industry, and agencies.

[12,107]
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applications like oncology and infectious diseases; tackle classification ambiguities and standardization gaps by lever
aging tools like MHRA’s Decision Tree and fostering international harmonization via platforms such as the European 
Platform for Regulatory Science Research; engage regulators early through systems like CTIS to mitigate delays and 
ensure robust quality controls; and emphasize interdisciplinary collaboration among researchers, developers, and 
agencies to accelerate clinical translation while balancing innovation with patient safety.

Research and development gaps in this area center on the development of reliable IVIVC models for nanoformula
tions, which currently remains a significant challenge due to the complexity of nanomaterial pharmacokinetics.108 

Furthermore, greater international harmonization efforts are needed to simplify data requirements and expedite regulatory 
review for these complex non-biological products. The development of validated modeling and simulation approaches is 
also key to predicting in vivo behavior and supporting safety and efficacy arguments to regulators.

Conclusions and Future Directions
The nanomedicine journey from laboratory concept to clinical approval faces a significant “translational gap”, with most 
promising candidates failing to overcome development hurdles. This review has explored the roots of this gap, 
demonstrating that success is not solely determined by nanoparticle design at the nanoscale, but crucially relies on 
integrated, advanced formulation strategies. Analysis of multiple platforms, from clinically mature lipids to next- 
generation biocarriers, reveals a common thread: rational matching of particle architecture, route of administration, 
and specific biological challenges is key. Consistent translational success demands a holistic approach that balances 
scientific innovation with manufacturing realities, safety, and regulatory challenges.

Based on this analysis, several priority research gaps emerge as a collective agenda for the nanomedicine community. 
First, the development of alternative, non-PEG-based, non-immunogenic stealth materials to overcome the limitations of 
current PEGylation platforms. Second, standardization of protocols for long-term safety and toxicology assessments for 
non-biodegradable materials. Third, development of more predictive IVIVC models, especially for complex administra
tion routes such as oral and inhalation. Finally, more robust and scalable manufacturing and characterization methods are 
needed, capable of ensuring inter-batch consistency, a prerequisite for regulatory approval.

Looking ahead, the future of nanomedicine will likely be driven by a paradigm shift from a “one-size-fits-all” 
approach to nano-based precision medicine. This will involve the integration of high-throughput screening platforms, 
computational modeling, and the use of companion biomarkers to select patients most likely to benefit from specific 
therapies. Realizing this vision will require unprecedented collaboration between materials scientists, biologists, process 
engineers, clinicians, and regulatory agencies. By addressing existing research gaps and working within an integrated 
translational framework, nanomedicine can begin to consistently deliver on its promise, transforming the way we treat 
the world’s most challenging diseases.

Data Sharing Statement
No new data were created or analyzed in this study. Data sharing is not applicable to this article.

Author Contributions
The author made a significant contribution to the work reported, including conception, study design, execution, 
acquisition of data, analysis and interpretation; took part in drafting, revising and critically reviewing the article; gave 
final approval of the version to be published; has agreed on the journal to which the article has been submitted; and 
agrees to be accountable for all aspects of the work.

Funding
This research was funded by Universitas Padjadjaran for Hibah Riset Internal Universitas Padjadjaran 2025 (No: 2090/ 
UN6.0/TU.00/2025).

Disclosure
The author declares no conflicts of interest in this work.

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S554821                                                                                                                                                                                                                                                                                                                                                                                                 13049

Herdiana

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



References
1. Afzal O, Altamimi ASA, Nadeem MS, et al. Nanoparticles in drug delivery: from history to therapeutic applications. Nanomaterials. 

2022;12:1–27. doi:10.3390/nano12244494
2. Kamali Dolatabadi A, Mokhtari J, Talebian N. Silica xerogel carrier as encapsulating material for the in-vitro controlled release of montelukast. 

Inorg Chem Commun. 2023;149:110378. doi:10.1016/j.inoche.2022.110378
3. Sertkaya A, Beleche T, Jessup A, Sommers BD. Costs of drug development and research and development intensity in the US, 2000–2018. 

JAMA Network Open. 2024;7:1–13. doi:10.1001/jamanetworkopen.2024.15445
4. Pallares RM, Barmin RA, Wang A, Kiessling F, Lammers T. Clinical cancer nanomedicines. J Control Release. 2025;385:113991. doi:10.1016/ 

j.jconrel.2025.113991
5. Asadi A, Obidiro O, Elesho R, et al. Recent advances and FDA approvals in nanoformulations for drug delivery. J Nanopart Res. 2025;27:12. 

doi:10.1007/s11051-024-06199-6
6. Jia Y, Jiang Y, He Y, et al. Approved nanomedicine against diseases. Pharmaceutics. 2023;15:1–29. doi:10.3390/pharmaceutics15030774
7. Zhang X, Chan HW, Shao Z, et al. Navigating translational research in nanomedicine: a strategic guide to formulation and manufacturing. 

Int J Pharm. 2025;671:125202.
8. Cao M, Zhang K, Zhang S, Wang Y, Chen C. Advanced light source analytical techniques for exploring the biological behavior and fate of 

nanomedicines. Acs Cent Sci. 2022;8:1063–1080.
9. Ajazuddin M, Siddique S, Alexander A, et al. Nanomedicines: challenges and perspectives for future nanotechnology in the healthcare system. 

Sci Res Essays. 2019;14:32–38. doi:10.5897/SRE2019.6604
10. Giri PM, Banerjee A, Layek B. A recent review on cancer nanomedicine. Cancers. 2023;15:2256. doi:10.3390/cancers15082256
11. Mangla B, Kumar P, Javed S, et al. Regulating nanomedicines: challenges, opportunities, and the path forward. Nanomedicine. 

2025;20:1911–1927. doi:10.1080/17435889.2025.2533107
12. Rodríguez-Gómez FD, Monferrer D, Penon O, Rivera-Gil P. Regulatory pathways and guidelines for nanotechnology-enabled health products: 

a comparative review of EU and US frameworks. Front Med. 2025;12:1544393. doi:10.3389/fmed.2025.1544393
13. Farjadian F, Ghasemi A, Gohari O, et al. Nanopharmaceuticals and nanomedicines currently on the market: challenges and opportunities. 

Nanomedicine. 2019;14:93–126. doi:10.2217/nnm-2018-0120
14. Liu Q, Zou J, Chen Z, He W, Wu W. Current research trends of nanomedicines. Acta Pharm Sin B. 2023;13:4391–4416. doi:10.1016/j. 

apsb.2023.05.018
15. Abdullah KM, Sharma G, Singh AP, Siddiqui JA. Nanomedicine in cancer therapeutics: current perspectives from bench to bedside. Mol 

Cancer. 2025;24:169. doi:10.1186/s12943-025-02368-w
16. Kurul F, Turkmen H, Cetin AE, Topkaya SN. Nanomedicine: how nanomaterials are transforming drug delivery, bio-imaging, and diagnosis. 

Next Nanotechnol. 2025;7:100129. doi:10.1016/j.nxnano.2024.100129
17. Izadiyan Z, Misran M, Kalantari K, et al. Advancements in liposomal nanomedicines: innovative formulations, therapeutic applications, and 

future directions in precision medicine. Int J Nanomed. 2025;20:1213–1262. doi:10.2147/IJN.S488961
18. Kim E, Yang J, Park S, Shin K. Factors affecting success of new drug clinical trials. Ther Innov Regul Sci. 2023;57:737–750. doi:10.1007/ 

s43441-023-00509-1
19. Bano I, Butt UD, Mohsan SAH. Chapter 25 - New challenges in drug discovery. In: Das S, Thomas S, Das PP, editors. Woodhead Publishing 

Series in Biomaterials. Woodhead Publishing; 2023:619–643. doi:10.1016/B978-0-323-91376-8.00021-5
20. Gabizon AA, Gabizon-Peretz S, Modaresahmadi S, La-Beck NM. Thirty years from FDA approval of pegylated liposomal doxorubicin (Doxil/ 

Caelyx): an updated analysis and future perspective. BMJ Oncol. 2025;4:1–19.
21. Autio KA, Dreicer R, Anderson J, et al. Safety and efficacy of BIND-014, a docetaxel nanoparticle targeting prostate-specific membrane antigen 

for patients with metastatic castration-resistant prostate cancer: a phase 2 clinical trial. JAMA Oncol. 2018;4:1344–1351. doi:10.1001/ 
jamaoncol.2018.2168

22. Vagena IA, Malapani C, Gatou MA, Lagopati N, Pavlatou EA. Enhancement of EPR effect for passive tumor targeting: current status and future 
perspectives. Appl Sci. 2025;15:3189. doi:10.3390/app15063189

23. Yanamadala Y, Muthumula CMR, Khare S, Gokulan K. Strategies to enhance nanocrystal formulations for overcoming physiological barriers 
across diverse routes of administration. Int J Nanomed. 2025;20:367–402. doi:10.2147/IJN.S494224

24. Dalbanjan NP, Korgaonkar K, Eelager MP, et al. In-silico strategies in nano-drug design: bridging nanomaterials and pharmacological 
applications. Nano TransMed. 2025;4:100091.

25. Lin Y, Lin P, Chen X, Zhao X, Cui L. Harnessing nanoprodrugs to enhance cancer immunotherapy: overcoming barriers to precision treatment. 
Mater Today Bio. 2025;32:101933. doi:10.1016/j.mtbio.2025.101933

26. Zhang H, Barz M. Investigating the stability of RNA-lipid nanoparticles in biological fluids: unveiling its crucial role for understanding LNP 
performance. J Control Release. 2025;381:113559. doi:10.1016/j.jconrel.2025.02.055

27. Liu Y, Huang Y, He G, et al. Development of mRNA lipid nanoparticles: targeting and therapeutic aspects. Int J Mol Sci. 2024;25:10166.
28. Buckley M, Araínga M, Maiorino L, et al. Visualizing lipid nanoparticle trafficking for mRNA vaccine delivery in non-human primates. Mol 

Ther. 2025;33:1105–1117. doi:10.1016/j.ymthe.2025.01.008
29. Hourihane E, Hixon KR. Nanoparticles as drug delivery vehicles for people with cystic fibrosis. Biomimetics. 2024;9:574. doi:10.3390/ 

biomimetics9090574
30. Dhumal P, Chakraborty S, Ibrahim B, Kaur M, Valsami-Jones E. Green-synthesised carbon nanodots: a SWOT analysis for their safe and 

sustainable innovation. J Clean Prod. 2024;480:144115. doi:10.1016/j.jclepro.2024.144115
31. Zhang C, Wu L, de Perrot M, Zhao X. Carbon nanotubes: a summary of beneficial and dangerous aspects of an increasingly popular group of 

nanomaterials. Front Oncol. 2021;11:1–12.
32. Miszczak M, Khan K, Danielsen PH, et al. Dynamic QSAR modeling for predicting in vivo genotoxicity and inflammation induced by nanoparticles 

and advanced materials: a time-dose-property/response approach. J Nanobiotechnology. 2025;23:420. doi:10.1186/s12951-025-03510-y
33. Vosoughi P, Naghib SM, Jafari T, Kangarshahi BM. Chitosan-encapsulated lipid-based nanovesicles for therapeutic applications and tissue 

engineering: a review. Carbohydr Polym Technol Appl. 2025;10:100805.

https://doi.org/10.2147/IJN.S554821                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 13050

Herdiana                                                                                                                                                                             

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

https://doi.org/10.3390/nano12244494
https://doi.org/10.1016/j.inoche.2022.110378
https://doi.org/10.1001/jamanetworkopen.2024.15445
https://doi.org/10.1016/j.jconrel.2025.113991
https://doi.org/10.1016/j.jconrel.2025.113991
https://doi.org/10.1007/s11051-024-06199-6
https://doi.org/10.3390/pharmaceutics15030774
https://doi.org/10.5897/SRE2019.6604
https://doi.org/10.3390/cancers15082256
https://doi.org/10.1080/17435889.2025.2533107
https://doi.org/10.3389/fmed.2025.1544393
https://doi.org/10.2217/nnm-2018-0120
https://doi.org/10.1016/j.apsb.2023.05.018
https://doi.org/10.1016/j.apsb.2023.05.018
https://doi.org/10.1186/s12943-025-02368-w
https://doi.org/10.1016/j.nxnano.2024.100129
https://doi.org/10.2147/IJN.S488961
https://doi.org/10.1007/s43441-023-00509-1
https://doi.org/10.1007/s43441-023-00509-1
https://doi.org/10.1016/B978-0-323-91376-8.00021-5
https://doi.org/10.1001/jamaoncol.2018.2168
https://doi.org/10.1001/jamaoncol.2018.2168
https://doi.org/10.3390/app15063189
https://doi.org/10.2147/IJN.S494224
https://doi.org/10.1016/j.mtbio.2025.101933
https://doi.org/10.1016/j.jconrel.2025.02.055
https://doi.org/10.1016/j.ymthe.2025.01.008
https://doi.org/10.3390/biomimetics9090574
https://doi.org/10.3390/biomimetics9090574
https://doi.org/10.1016/j.jclepro.2024.144115
https://doi.org/10.1186/s12951-025-03510-y


34. Donadoni E, Siani P, Gambari S, et al. Optimizing polyethylene glycol coating for stealth nanodiamonds. ACS Appl Mater Interfaces. 
2025;17:19304–19316. doi:10.1021/acsami.4c21303

35. Elter JK, Sedlák F, Palušák T, et al. Solid lipid nanoparticles coated with glucosylated poly(2-oxazoline)s: a supramolecular toolbox approach. 
Biomacromolecules. 2025;26:861–882. doi:10.1021/acs.biomac.4c01052

36. Geszke-Moritz M, Moritz M. Biodegradable polymeric nanoparticle-based drug delivery systems: comprehensive overview, perspectives and 
challenges. Polymers. 2024;16:1–24. doi:10.3390/polym16172536

37. Omidian H, Wilson RL. PLGA implants for controlled drug delivery and regenerative medicine: advances, challenges, and clinical potential. 
Pharmaceuticals. 2025;18:631.

38. Shirzad M, Salahvarzi A, Fathi-karkan S, et al. Green nanocarriers and biodegradable systems for sustainable drug delivery solutions. J Drug 
Deliv Sci Technol. 2025;111:107208. doi:10.1016/j.jddst.2025.107208

39. Baral KC, Choi KY. Barriers and strategies for oral peptide and protein therapeutics delivery: update on clinical advances. Pharmacetics. 
2025;17:1–30.

40. Li H, Chen X, Rao S, et al. Recent development of micro-nano carriers for oral antineoplastic drug delivery. Mater Today Bio. 2025;30:101445. 
doi:10.1016/j.mtbio.2025.101445

41. Zheng G, Zhang B, Yu H, et al. Therapeutic applications and potential biological barriers of nano-delivery systems in common gastrointestinal 
disorders: a comprehensive review. Adv Compos Hybrid Mater. 2025;8:227. doi:10.1007/s42114-025-01292-3

42. Chen R, Liu Y, Jiang Y, et al. Recent advances and future prospects in biological-membrane- targeted polymers. Polym Sci Technol. 2025;XX:1–23.
43. Zhang J, Yang X, Chang Z, et al. Polymeric nanocarriers for therapeutic gene delivery. Asian J Pharm Sci. 2025;20:101015. doi:10.1016/j. 

ajps.2025.101015
44. Parveen S, Gupta P, Kumar S, Banerjee M. Lipid polymer hybrid nanoparticles as potent vehicles for drug delivery in cancer therapeutics. Med 

Drug Discov. 2023;20:100165. doi:10.1016/j.medidd.2023.100165
45. Mazrad ZAI, Lee CL, Zhang T, et al. Lipid-polyhydroxyalkanoate hybrid nanoparticles as sustainable platform for mRNA delivery. Eur 

J Pharm Biopharm. 2025;213:114755. doi:10.1016/j.ejpb.2025.114755
46. Lu K, Zhang R, Wang H, et al. PEGylated ultrasmall iron oxide nanoparticles as MRI contrast agents for vascular imaging and real-time 

monitoring. ACS Nano. 2025;19:3519–3530. doi:10.1021/acsnano.4c13356
47. Holca A, Cucuiet V, Astilean S, Lamy de la Chapelle M, Focsan M. Recent advances in gold nanoparticle-graphene hybrid nanoplatforms with 

visible to near-infrared response for photodynamic and photothermal therapy and bioimaging. RSC Adv. 2025;15:11902–11922. doi:10.1039/ 
D4RA09100K

48. Chen X, Wu D, Chen Z. Biomedical applications of stimuli-responsive nanomaterials. MedComm. 2024;5:1–36. doi:10.1002/mco2.643
49. Nikolaev B, Yakovleva L, Fedorov V, et al. A new method for accelerated aging of nanoparticles to assess the colloidal stability of 

albumin-coated magnetic nanoparticles. Nanomaterials. 2025;15:1–21. doi:10.3390/nano15070475
50. El Safadi D, Mokhtari A, Krejbich M, et al. Exosome-mediated antigen delivery: unveiling novel strategies in viral infection control and 

vaccine design. Vaccines. 2024;12:1–40.
51. Taghizadeh MS, Niazi A, Afsharifar A. Virus-like particles (VLPs): a promising platform for combating against Newcastle disease virus. 

Vaccine X. 2024;16:100440. doi:10.1016/j.jvacx.2024.100440
52. Iqbal Z, Rehman K, Mahmood A, et al. Exosome for mRNA delivery: strategies and therapeutic applications. J Nanobiotechnology. 

2024;22:1–20. doi:10.1186/s12951-024-02634-x
53. Ewii UE, Attama AA, Olorunsola EO, et al. Nanoparticles for drug delivery: insight into in vitro and in vivo drug release from nanomedicines. 

Nano TransMed. 2025;4:100083.
54. Hheidari A, Mohammadi J, Ghodousi M, et al. Metal-based nanoparticle in cancer treatment: lessons learned and challenges. Front Bioeng 

Biotechnol. 2024;12:1–35.
55. Chaki Borrás ML, Das RC, Barker PJ, Sluyter R, Konstantinov K. Silica nanoparticles decorated with ceria quantum dots modulate intra- and 

extracellular reactive oxygen species formation and selectively reduce human A375 melanoma cell proliferation. ACS Appl Mater Interfaces. 
2024;16:50430–50441.

56. Yoo K, Cho H-S, Kim J, et al. Aptamer-conjugated multi-quantum dot-embedded silica nanoparticles for lateral flow immunoassay. Biosensors. 
2025;15:1–12. doi:10.3390/bios15010054

57. Mir TUG, Shukla S, Singh J. Synthesis of molecularly imprinted polymer encapsulated with quantum dots for detection of crocin as an 
alternative approach for quality estimation of saffron. Microchem J. 2025;214:113937. doi:10.1016/j.microc.2025.113937

58. Albukhaty S, Sulaiman GM, Al-Karagoly H, et al. Iron oxide nanoparticles: the versatility of the magnetic and functionalized nanomaterials in 
targeting drugs, and gene deliveries with effectual magnetofection. J Drug Deliv Sci Technol. 2024;99:105838.

59. Bandyopadhyay S, Zafar H, Khan MS, et al. Hydrophobic iron oxide nanoparticles: controlled synthesis and phase transfer via flash 
nanoprecipitation. J Colloid Interface Sci. 2025;678:873–885. doi:10.1016/j.jcis.2024.09.134

60. Azhar SNAS, Ashari SE, Zainuddin N, Hassan M. Nanostructured lipid carriers-hydrogels system for drug delivery: nanohybrid technology 
perspective. Molecules. 2022;27:289.

61. Safta DA, Bogdan C, Moldovan M-L. SLNs and NLCs for skin applications: enhancing the bioavailability of natural bioactives. Pharmaceutics. 
2024;16:1270. doi:10.3390/pharmaceutics16101270

62. Liu Y, Wang J, Sun L, et al. Active self-assembly of ladder-shaped DNA carrier for drug delivery. Molecules. 2023;28:797.
63. Abdollahzadeh H, Peeples TL, Shahcheraghi M. DNA nanotechnology in oligonucleotide drug delivery systems: prospects for bio-nanorobots 

in cancer treatment. Adv Drug Deliv Rev. 2025;225:115673. doi:10.1016/j.addr.2025.115673
64. Chenthamara D, Subramaniam S, Ramakrishnan SG, et al. Therapeutic efficacy of nanoparticles and routes of administration. Biomater Res. 

2019;23:1–29. doi:10.1186/s40824-019-0166-x
65. Zhang Y, Wang Y, Lu Y, et al. Advanced oral drug delivery systems for gastrointestinal targeted delivery: the design principles and foundations. 

J Nanobiotechnology. 2025;23:400. doi:10.1186/s12951-025-03479-8
66. Fin MT, Diedrich C, Machado CS, et al. Enhanced oral bioavailability and biodistribution of voriconazole through zein-pectin-hyaluronic acid 

nanoparticles. ACS Appl Mater Interfaces. 2025;17:513–523. doi:10.1021/acsami.4c16326

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S554821                                                                                                                                                                                                                                                                                                                                                                                                 13051

Herdiana

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

https://doi.org/10.1021/acsami.4c21303
https://doi.org/10.1021/acs.biomac.4c01052
https://doi.org/10.3390/polym16172536
https://doi.org/10.1016/j.jddst.2025.107208
https://doi.org/10.1016/j.mtbio.2025.101445
https://doi.org/10.1007/s42114-025-01292-3
https://doi.org/10.1016/j.ajps.2025.101015
https://doi.org/10.1016/j.ajps.2025.101015
https://doi.org/10.1016/j.medidd.2023.100165
https://doi.org/10.1016/j.ejpb.2025.114755
https://doi.org/10.1021/acsnano.4c13356
https://doi.org/10.1039/D4RA09100K
https://doi.org/10.1039/D4RA09100K
https://doi.org/10.1002/mco2.643
https://doi.org/10.3390/nano15070475
https://doi.org/10.1016/j.jvacx.2024.100440
https://doi.org/10.1186/s12951-024-02634-x
https://doi.org/10.3390/bios15010054
https://doi.org/10.1016/j.microc.2025.113937
https://doi.org/10.1016/j.jcis.2024.09.134
https://doi.org/10.3390/pharmaceutics16101270
https://doi.org/10.1016/j.addr.2025.115673
https://doi.org/10.1186/s40824-019-0166-x
https://doi.org/10.1186/s12951-025-03479-8
https://doi.org/10.1021/acsami.4c16326


67. Surini S, Prakoso K. Preparation and characterization of chitosan succinate as coating polymer for enteric coated-tablet. Int J Appl Pharm. 
2018;10:1–5.

68. Yamada K, Iwao Y, Bani-Jaber A, Noguchi S, Itai S. Preparation and evaluation of newly developed chitosan salt coating dispersions for colon 
delivery without requiring overcoating. Chem Pharm Bull. 2015;63:799–806. doi:10.1248/cpb.c15-00308

69. Suri K, Pfeifer L, Cvet D, et al. Oral delivery of stabilized lipid nanoparticles for nucleic acid therapeutics. Drug Deliv Transl Res. 
2025;15:1755–1769.

70. Zheng Y, Luo S, Xu M, et al. Transepithelial transport of nanoparticles in oral drug delivery: from the perspective of surface and holistic 
property modulation. Acta Pharm Sin B. 2024;14:3876–3900. doi:10.1016/j.apsb.2024.06.015

71. Vllasaliu D. Grand challenges in oral drug delivery. Front Drug Deliv. 2025;5:19–21. doi:10.3389/fddev.2025.1571982
72. Ferrari R, Sponchioni M, Morbidelli M, Moscatelli D. Polymer nanoparticles for the intravenous delivery of anticancer drugs: the checkpoints 

on the road from the synthesis to clinical translation. Nanoscale. 2018;10:22701–22719.
73. Amaral C, Paiva M, Rodrigues AR, Veiga F, Bell V. Global regulatory challenges for medical devices: impact on innovation and market access. 

Appl Sci. 2024;14:9304. doi:10.3390/app14209304
74. Fuoco D. The stealth effect from a medicinal chemist perspective: definition and updates. Front Drug Deliv. 2025;5:1–8. doi:10.3389/ 

fddev.2025.1564120
75. Mei H, Cai S, Huang D, et al. Carrier-free nanodrugs with efficient drug delivery and release for cancer therapy: from intrinsic physicochemical 

properties to external modification. Bioact Mater. 2022;8:220–240. doi:10.1016/j.bioactmat.2021.06.035
76. Lu Y, Cheng D, Niu B, et al. Properties of Poly (Lactic-co-Glycolic Acid) and progress of poly (Lactic-co-Glycolic Acid)-based biodegradable 

materials in biomedical research. Pharmaceuticals. 2023;16:454.
77. Dirks JH, Brüggemann D. The future of bioinspired innovation: exploring the potential of nanobiomimetics. Nano Lett. 2024;24:11765–11767. 

doi:10.1021/acs.nanolett.4c02816
78. Cojocaru E, Petriș OR, Cojocaru C. Nanoparticle-based drug delivery systems in inhaled therapy: improving respiratory medicine. 

Pharmaceuticals. 2024;17:1059.
79. Naureen F, Shah Y, Rehman M, Sha M, Shah KU. Inhalable dry powder nano-formulations: advancing lung disease therapy-a review. Front 

Nanotechnol. 2024;6:1–23. doi:10.3389/fnano.2024.1403313
80. Zafaryab M, Vig K. Biomedical application of nanogels: from cancer to wound healing. Molecules. 2025;30:1–24.
81. Niu J, Yuan M, Wang L, et al. Keratin-functionalized transfersomes for improving the skin permeation and deposition of podophyllotoxin. ACS 

Omega. 2025;10:40422–40434. doi:10.1021/acsomega.5c05798
82. Bakhrushina EO, Shumkova MM, Avdonina YV, et al. Transdermal drug delivery systems: methods for enhancing skin permeability and their 

evaluation. Pharmaceutics. 2025;17:936.
83. Moradi S, Nargesi Azam F, Abdollahi H, et al. Graphene-based polymeric microneedles for biomedical applications: a comprehensive review. 

ACS Appl Bio Mater. 2025;8:1835–1861. doi:10.1021/acsabm.4c01884
84. Trac N, Chung EJ. Overcoming physiological barriers by nanoparticles for intravenous drug delivery to the lymph nodes. Exp Biol Med. 

2021;246:2358–2371. doi:10.1177/15353702211010762
85. Sharma S, Ifergan I, Kurz JE, et al. Intravenous immunomodulatory nanoparticle treatment for traumatic brain injury. Ann Neurol. 

2020;87:442–455. doi:10.1002/ana.25675
86. Park J, Wu Y, Le QV, et al. Self-disassembling nanoparticles as oral nanotherapeutics targeting intestinal microenvironment. Nat Commun. 

2025;16:1–23. doi:10.1038/s41467-025-58513-y
87. Salah NM, Elbedaiwy HM, Helmy MW, El-Salamouni NS. Topical amlodipine-loaded solid lipid nanoparticles for enhanced burn wound 

healing: a repurposed approach. Int J Pharm. 2024;662:124484.
88. Prajapati BG, Sharma D, Elossaily GM, et al. Unlocking potential of zinc oxide nanoparticles in enhancing topical drug delivery. Nano-Struct 

Nano-Objects. 2024;39:101302. doi:10.1016/j.nanoso.2024.101302
89. Almuqbil RM, Aldhubiab B. Bioadhesive nanoparticles in topical drug delivery: advances, applications, and potential for skin disorder 

treatments. Pharmaceutics. 2025;17:229. doi:10.3390/pharmaceutics17020229
90. Kisku A, Nishad A, Agrawal S, et al. Recent developments in intranasal drug delivery of nanomedicines for the treatment of neuropsychiatric 

disorders. Front Med. 2024;11:1463976. doi:10.3389/fmed.2024.1463976
91. Tsuji S, Hatano R, Nakamura S, et al. Intranasal administration of liposomes: potential brain delivery with prospective ophthalmic reach. J Drug 

Deliv Sci Technol. 2024;101:106254. doi:10.1016/j.jddst.2024.106254
92. Abou-Taleb BA, Abdelwahab IA. Comparative evaluation of nano ocular delivery systems loaded pH and thermosensitive in situ gels for 

Acanthamoeba keratitis treatment. Sci Rep. 2025;15:1–16.
93. Bairagi RD, Reon RR, Hasan MM, et al. Ocular drug delivery systems based on nanotechnology: a comprehensive review for the treatment of 

eye diseases. Discover Nano. 2025;20:1–43.
94. Baig MS, Karade SK, Ahmad A, et al. Lipid-based nanoparticles: innovations in ocular drug delivery. Front Mol Biosci. 2024;11:1421959. 

doi:10.3389/fmolb.2024.1421959
95. Melo M, Nunes R, Sarmento B, Das Neves J. Rectal administration of nanosystems: from drug delivery to diagnostics. Mater Today Chem. 

2018;10:128–141.
96. Anusha G, Sunayana R, Ponnam M, Kumar BA. Asian journal of pharmaceutical research and development. Asian J Pharm Res Dev. 

2020;8:77–80.
97. Taha NA, Hussein AA, El-Hak HNG, El-Shenawy NS. A mini-review of nanoparticle therapeutics targeting oxidative stress and inflammation 

in diabetes. J Basic Appl Zool. 2025;86:29. doi:10.1186/s41936-025-00449-2
98. Herdiana Y, Febrina E, Nurhasanah S, et al. Drug loading in Chitosan-based nanoparticles. Pharmaceutics. 2024;16:1043. doi:10.3390/ 

pharmaceutics16081043
99. Tehrani SF, Ac AG, Tuyaga MA, et al. Critical assessment of purification processes for the robust production of polymeric nanomedicine. 

Int J Pharm. 2025;668:124975.
100. Viana M, Tonin FS. Assessing the impact of nanoplastics in biological systems: systematic review of in vitro animal studies. Xenobiotics. 

2025;15:1–25.

https://doi.org/10.2147/IJN.S554821                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 13052

Herdiana                                                                                                                                                                             

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

https://doi.org/10.1248/cpb.c15-00308
https://doi.org/10.1016/j.apsb.2024.06.015
https://doi.org/10.3389/fddev.2025.1571982
https://doi.org/10.3390/app14209304
https://doi.org/10.3389/fddev.2025.1564120
https://doi.org/10.3389/fddev.2025.1564120
https://doi.org/10.1016/j.bioactmat.2021.06.035
https://doi.org/10.1021/acs.nanolett.4c02816
https://doi.org/10.3389/fnano.2024.1403313
https://doi.org/10.1021/acsomega.5c05798
https://doi.org/10.1021/acsabm.4c01884
https://doi.org/10.1177/15353702211010762
https://doi.org/10.1002/ana.25675
https://doi.org/10.1038/s41467-025-58513-y
https://doi.org/10.1016/j.nanoso.2024.101302
https://doi.org/10.3390/pharmaceutics17020229
https://doi.org/10.3389/fmed.2024.1463976
https://doi.org/10.1016/j.jddst.2024.106254
https://doi.org/10.3389/fmolb.2024.1421959
https://doi.org/10.1186/s41936-025-00449-2
https://doi.org/10.3390/pharmaceutics16081043
https://doi.org/10.3390/pharmaceutics16081043


101. Singh G, Thakur N, Kumar R. Nanoparticles in drinking water: assessing health risks and regulatory challenges. Sci Total Environ. 
2024;949:174940. doi:10.1016/j.scitotenv.2024.174940

102. Al-Samydai A, Abu Hajleh MN, Al-Sahlawi F, et al. Advancements of metallic nanoparticles: a promising frontier in cancer treatment. Sci 
Prog. 2024;107:368504241274967. doi:10.1177/00368504241274967

103. Kumar R, Kumar A, Bhardwaj S, et al. Nanotoxicity unveiled: evaluating exposure risks and assessing the impact of nanoparticles on human 
health. J Trace Elem Miner. 2025;13:100252. doi:10.1016/j.jtemin.2025.100252

104. European Medicines Agency. Medicinal products for human use. Vol. 2. 2025. Available from: https://ec.europa.eu/health/human-use/legal- 
framework_en. Accessed October 22, 2025.

105. European Medicines Agency. EMA’s regulatory science strategy to 2025: mid-point achievements report. Vol. 1. 2025. Available from: www. 
ema.europa.eu/contact. Accessed October 22, 2025.

106. Medicines and Healthcare products Regulatory Agency. Decision tree for navigating nanotechnology-based products for medical application. 
2025. Available from: https://www.gov.uk/guidance/comparator-products-in-bioequivalencetherapeutic. Accessed October 22, 2025.

107. Oualikene-Gonin W, Sautou V, Ezan E, et al. Regulatory assessment of nano-enabled health products in public health interest. Position of the scientific 
advisory board of the French National Agency for the Safety of Medicines and Health Products. Front Public Health. 2023;11:1125577.

108. Lhaglham P, Jiramonai L, Jia Y, et al. Drug nanocrystals: surface engineering and its applications in targeted delivery. iScience. 2024;27:111185. 
doi:10.1016/j.isci.2024.111185

International Journal of Nanomedicine                                                                                       

Publish your work in this journal 
The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics, 
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®, 
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The 
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:// 
www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2025:20                                                                                        13053

Herdiana

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

https://doi.org/10.1016/j.scitotenv.2024.174940
https://doi.org/10.1177/00368504241274967
https://doi.org/10.1016/j.jtemin.2025.100252
https://ec.europa.eu/health/human-use/legal-framework_en
https://ec.europa.eu/health/human-use/legal-framework_en
http://www.ema.europa.eu/contact
http://www.ema.europa.eu/contact
https://www.gov.uk/guidance/comparator-products-in-bioequivalencetherapeutic
https://doi.org/10.1016/j.isci.2024.111185
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Clinical Landscape and Translational Gaps
	Critical Analysis of Advanced Formulation Strategies
	Lipid-Based Platforms
	Polymer-Based Platforms
	Hybrid and Inorganic Platforms
	Biocarriers

	Formulation Strategy Based on Route of Administration
	Oral Route
	Intravenous (IV) Route
	Inhalation/Pulmonary Route
	Topical and Transdermal Routes

	Practical Barriers on the Road to the Clinic
	Manufacturing & Scalability
	Safety & Biocompatibility
	Challenges and Regulatory Landscape

	Conclusions and Future Directions
	Data Sharing Statement
	Author Contributions
	Funding
	Disclosure

