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Abstract 

Background and purpose: From the early use of liposomes in the 1960s to modern nucleic acid delivery 
platforms, nanotechnology has shown its value in drug delivery and diagnostic applications. A wide range of 
nanostructures has been investigated for drug delivery, including inorganic, polymeric and lipid-based 
nanomaterials. While some of these nanomaterials have reached more advanced stages of clinical 
development, some even reaching commercialization, new alternatives are continuously being explored. 
Approach: This review describes the different categories of nanomaterials being used as nanocarriers and 
provides concrete representative examples of commercially approved products. Key results: Current trends 
of nanotechnology developments in the pharmaceutical market largely focus on the treatment of cancer, 
infectious diseases, central nervous system disorders and cardiovascular diseases. At the same time, lipid 
nanoparticle platforms are gaining relevance in current development pipelines. However, some of the main 
challenges limiting clinical translation include manufacturability, scale-up, long-term stability, regulatory 
uncertainty, intellectual property issues and the lack of representative preclinical study models. Conclusion: 
Nanotechnology has become a fundamental breakthrough in medicine, especially for advanced therapies 
such as gene silencing or gene editing alternatives. All things considered, no universal nanocarrier fits all 
biomedical applications; the evolution of the field depends on several platforms demonstrating their 
individual potential. 

©2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons 
Attribution license (http://creativecommons.org/licenses/by/4.0/). 
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Introduction 

Nanotechnology is a multidisciplinary field encompassing the design, manipulation and characterization 

of structures, devices and microenvironments at the nanoscale [1,2]. Materials are generally classified as 

nanomaterials if at least one of their dimensions is below 100 nm [1,3], though some authors extend this 

definition to structures up to 300 nm, depending on the specific field of application [4,5]. Nanotechnology 

has diverse applications across multiple sectors, including agriculture [6], fossil fuel extraction [7], renewable 

energy [8,9], textiles [10], waste management [11,12], food production [13], construction materials [14] and 

biomedicine [15]. 

Although archaeological evidence indicates that humans have utilized and harnessed the properties of 

nanomaterials for at least 4,500 years [2,3], modern nanotechnology is generally traced back to 1959 when 

Richard Feynman, later awarded the 1965 Nobel Prize in Physics, argued in his seminar lecture, "There's 

Plenty of Room at the Bottom” [16] that the fundamental laws of nature do not restrict our ability to 

manipulate matter at the atomic and molecular scale; rather, the limitation lies in the absence of suitable 

tools and techniques [3]. Indeed, over the past six decades, advancements in instrumentation have propelled 

nanotechnology into a rapidly expanding scientific discipline [17]. Figure 1 highlights some of the most 

significant milestones in the evolution of modern nanotechnology. 

 
Figure 1. Key milestones in the history of modern nanotechnology. Following the conceptualization of nanotechnology 

in the 1960s, the synthesis of various nanomaterials over the next decades marked significant advancements in the 
field. These developments enabled diverse biomedical applications, including contrast agents, nanoconstruct-based 

chemotherapy and, more recently, nanoparticle-based vaccine delivery against SARS-CoV-2. Adapted from [17] under 
the Creative Commons Attribution 4.0 International License (CC BY 4.0), with additional modifications based on the 

literature reviewed in this work 

Consistently, nanotechnology has emerged as a promising approach for developing advanced drug delivery 

systems. From the early use of liposomes in the 1960s to modern nucleic acid delivery platforms, nanotech-

nology has proven its value not only in drug delivery and diagnostics but also in clinical applications. A major 

milestone in nanomedicine was the U.S. Food and Drug Administration’s (FDA) 1998 approval of Doxil®, a 

liposomal formulation of doxorubicin initially indicated for Kaposi’s sarcoma [2]. Encapsulation enhanced its 

pharmacokinetic profile, improving safety and efficacy over free doxorubicin [18,19]. More recently, the clinical 
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success of therapeutics based on small interfering RNA (siRNA) [20,21], gene-editing treatments [22,23], and 

messenger RNA (mRNA) vaccines for COVID-19 [24] underscores the transformative role of nanotechnology in 

modern medicine. Besides drug delivery, nanotechnology has demonstrated considerable potential in 

biosensors, tissue engineering, nanobiotechnology, and diagnostic tool development [25]. 

Through precise engineering, nanotechnology facilitates the combination of therapies, the circumvention 

of biological barriers and the controlled modification of drug properties [26]. As a result, nanoengineered 

systems improve drug stability and extend circulation time in the body [27]. Additionally, nanomedicine 

formulations allow precise control over dosage, accumulation and, in some cases, drug release site [25,27]. 

Integrating biofunctional structures into nanomaterials enables active targeting toward specific cells or 

tissues [28,29]. The biomedical impact of nanotechnology stems from its functional characteristics, which 

align with biological processes occurring at the nanoscale [30]. 

Nanoparticles have demonstrated their ability to transport a wide range of molecules, from small 

molecules to proteins and nucleic acids [31,32], as well as hybrid drug-diagnostic systems [33,34]. This 

versatility has enabled their investigation for multiple preclinical applications, reinforcing nanotechnology’s 

promise in biomedical development. Nanomaterial-based delivery systems have been most extensively 

applied in oncology [26], primarily due to their ability to minimize side effects and enhance accumulation in 

tumour tissues [35,36]. Their potential has also been widely investigated in other therapeutic areas, including 

infectious diseases [37-39], cardiovascular disorders [40-43], metabolic disorders [44-47], neurological 

conditions [48-52] and rare diseases [53-56], among others. 

Beyond the extensive preclinical research in nanomedicine development, many studies have progressed 

to clinical evaluation or are approaching this stage [48-50,57-61]. A search of the ClinicalTrials.gov database 

in December 2025 identified 815 registered studies involving nanoparticles, of which 135 had reported 

results and 252 were active, predominantly in Phase I and Phase II trials [62]. Complementing these clinical 

efforts, around one hundred nanomedicine formulations have achieved regulatory approval, providing 

concrete evidence of the translational potential and practical impact of nanotechnology in medicine [63,64]. 

Types of nanomaterials used as drug delivery systems 

A wide range of nanostructures has been investigated for drug delivery applications. While some of these 

nanomaterials have reached a more advanced stage of clinical development, new alternatives are 

continuously being explored, with the potential to enrich and diversify therapeutic options in the future. 

These nanomaterials differ in composition, structure and functionality, features that confer specific 

advantages for various biomedical applications [15,26]. Figure 2 illustrates some of the traditionally used 

nanomaterials for drug delivery, grouped into four main categories. In the following sections, each class of 

material is addressed individually, with particular emphasis on subtypes that have demonstrated more 

advanced clinical translation. In addition, emerging materials are briefly discussed to highlight their potential 

and to provide a forward-looking perspective on future developments. 

Polymeric-based nanomaterials 

Polymers are distinguished from other drug-delivery vectors, such as lipids or metals, primarily because 

of their versatility [65,66]. The ability to incorporate diverse functional groups, together with precise control 

over size and shape, confers polymers a broad range of functionalities and applications, as is described in the 

subsequent section [66,67]. 

https://doi.org/10.5599/admet.3495
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Figure 2. Types of nanomaterials used as drug delivery systems. Grouped into four main categories: polymeric 

nanoparticles, lipid-based nanoparticles, inorganic (also referred to as non-polymeric) nanoparticles and hybrid 
systems. Created by the authors with BioRender.com based on the synthesis of the literature reviewed in this article 

Polymeric nanoparticles 

Polymeric nanoparticles, composed of either synthetic or natural polymers, assemble biocompatible and 

biodegradable materials that allow precise control over both the release of encapsulated therapeutic agents 

and surface drug delivery. Polymeric nanoparticles can be prepared using various methods from either natural 

polymers, such as chitosan, gelatine, albumin, or alginate, or synthetic polymers such as poly (D,L-lactic acid), 

poly(D,L-lactic-co-glycolic acid) (PLGA) and poly(ε-caprolactone) and their copolymers [68,69]. These materials 

can modulate drug release in response to environmental stimuli, such as temperature or pH [70]. The 

degradation of certain polymers (e.g. PLGA) yields non-toxic products like CO₂ and H₂O, which are naturally 

eliminated, thus contributing to their favourable safety profiles [71].  

From a translational perspective, the most solid example of the clinical advancement of polymeric 

nanoparticles is Abraxane®, an albumin-bound nanoparticle formulation of paclitaxel, approved alone or in 

combination, for the treatment of metastatic breast cancer, non-small cell lung cancer, and metastatic 

pancreatic adenocarcinoma, which has demonstrated enhanced tolerability and clinical utility compared to 

free drug administration [72,73]. Although proteins are natural polymers, protein-based nanoparticles such 

as Abraxane® are often classified in the literature as a distinct subtype of nanoparticles (protein nano-

particles). 

Polymeric nanoparticle systems have attracted considerable attention in preclinical and clinical research and 

have been explored as carriers for small-molecule drugs, peptides, and nucleic acids, as well as for theragnostic 

applications. Polymeric nanoparticles hold significant promise for transforming cancer therapy into more effect-

tive and personalized treatments through ongoing clinical evaluation and material innovation [65,66,74,75]. For 

an in-depth description of polymeric and polymer-related nanoparticles, readers may refer to previously 

published reviews [65,67,76,77]. 

Drug-polymer conjugates 

A different type of polymer-based platform involves the covalent linking of polymers to small molecules. 

This chemical conjugation increases molecular weight, thereby altering distribution and cellular affinity. Additi-

onally, these conjugates improve stability, solubility and permeability. In the presence of pH-sensitive linkages, 

drug-polymer conjugates can release the molecules at specific sites, enhancing targeted delivery [68,78]. 

https://www.biorender.com/
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A clinically relevant example of this strategy is FYARRO®, an albumin-bound conjugate of sirolimus 

approved for the treatment of malignant perivascular epithelioid cell tumours. This conjugation enables the 

systemic delivery of a poorly soluble molecule while improving tolerability and clinical utility. Other examples 

include early clinical candidates such as PK1 (HPMA-doxorubicin) and NC-6300 (epirubicin-polymer con-

jugate), evaluated in Phase I clinical studies for solid tumours. Beyond oncology, conjugates such as APL-2 

(pegcetacoplan) have advanced to Phase III trials in haematological disorders, further illustrating the 

translational breadth of polymer-drug conjugation strategies [79]. 

Micelles 

Micelles are colloidal structures formed through the self-assembly of amphiphilic molecules in solution, 

utilized for their ability to enhance the solubility and stability of hydrophobic drugs. The micellar constituents 

are organized into spherical structures, with hydrophilic groups surrounding the hydrophobic core, thereby 

encapsulating hydrophobic drugs within their core [68,80]. 

Genexol® is a polymeric micellar formulation of paclitaxel approved for the treatment of breast cancer, 

which has demonstrated enhanced antitumour activity and increased tumour tissue accumulation compared 

with free paclitaxel and earlier paclitaxel formulations. In addition, this micellar system has shown encouraging 

clinical outcomes in multiple trials for the treatment of breast, lung, and ovarian cancers [65,81,82]. Other 

advanced micellar formulations under clinical evaluation include NK105, NK012, NC-6004, NC-401, NK911, 

CPC634, and Nanoxel M®, which are currently in different phases of clinical development and have reported 

promising improvements in safety and efficacy profiles across various oncological indications [83,84]. 

Dendrimers 

Dendrimers are highly branched and compartmentalized nanopolymers that exhibit a uniform and well-

defined three-dimensional structure [64,85]. They typically range in size from 1 to 5 nm and are capable of 

efficiently encapsulating molecules within their internal cavities. The terminal groups on dendrimer surfaces 

can be chemically modified to enhance biocompatibility, solubility and permeability, or to enable active 

targeting [68]. In preclinical studies, dendrimers have been explored as carriers for both small-molecule drugs 

and biomacromolecules, including nucleic acids, peptides, and vaccines. Structurally, they are commonly 

synthesized from synthetic monomers or copolymers such as poly(amidoamine), poly(propyleneimine), and 

poly(ethylenimine), although dendritic or hyperbranched architectures based on biopolymers have also been 

reported [86,87]. 

Advancing from preclinical research, dendrimers have demonstrated clinical translation, with several 

systems progressing to marketed products and advanced clinical trials. Dendrimer-based formulations are 

currently marketed for the prevention and treatment of viral and bacterial infections, including sexually trans-

mitted diseases and respiratory viruses, such as VivaGel™ for bacterial vaginosis and human immunodeficiency 

virus prevention, and VIRALEZE™ as an intranasal antiviral formulation against respiratory viruses [88,89]. In 

parallel, multiple dendrimer-based therapeutics have advanced into Phase I-II clinical trials for oncological and 

inflammatory indications [90]. More recently, dendrimer platforms have expanded into the field of neuroinflam-

mation and neurodegenerative disorders, with active clinical studies evaluating their potential both as therapeutic 

agents and, to a lesser extent, as diagnostic tools capable of reaching the central nervous system [91]. 

Emerging polymeric-based nanomaterials 

Other polymeric-based nanomaterials have demonstrated strong preclinical promise; however, their 

clinical translation remains limited to date. Nevertheless, these platforms represent opportunities for further 

development due to specific advantages over conventional nanostructures. Representative examples include 

https://doi.org/10.5599/admet.3495
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nanogels, polymersomes, and stimuli-responsive or polymer-hybrid nanocarriers, including polymer-lipid 

hybrid systems [68,92,93]. As the present work focuses on nanocarriers with more advanced clinical 

translation, these systems are not discussed in detail here. Readers interested in these platforms may refer 

to the extensive body of existing literature on the subject [94-96]. Further research aimed at identifying and 

overcoming current limitations, as well as expanding the understanding of their applicability, may ultimately 

support their progression toward clinical adoption of these emerging nanomaterials [94,97]. 

Inorganic nanomaterials 

Inorganic nanomaterials have attracted considerable interest in the biomedical field due to their unique 

physicochemical, electromagnetic, optical and mechanical properties [17,98]. Although the application of 

inorganic nanomaterials as delivery agents for antibodies, nucleic acids, peptides and small molecules has been 

explored, their clinical translation remains limited, primarily due to concerns regarding long-term safety [98,99]. 

Drug nanocrystals 

Nanocrystals are primarily composed of crystalline active pharmaceutical ingredients, with minimal use of 

stabilizing agents at low concentrations. These systems are applied to poorly soluble drugs, where their nano-

crystalline form improves apparent aqueous solubility and bioavailability due to the improved surface-to-volume 

ratio. These features allow nanocrystals to achieve higher drug loading and concentration efficiency [68,100]. 

Some examples of marketed products consisting of nanocrystal formulations include Cabenuva® (Cabotegravir), 

Focalin XR® (Dexmethylphenidate hydrochloride) or IVEMEND® (Fosaprepitant) [101]. 

Nanocrystal formulations have shown success enabling clinically meaningful shifts in therapeutic use by 

unlocking new dosing paradigms or routes of administration. For example, antiretroviral nanocrystal/nano-

suspension formulations (e.g. cabotegravir and rilpivirine) were specifically designed to support long-acting 

injectable regimens, addressing adherence limitations associated with daily oral therapy [102,103]. Similarly, 

nanoparticulate fenofibrate formulations reduce food-related variability in exposure, allowing more flexible 

dosing [104]. Beyond these benefits, nanocrystal reformulation represents a lifecycle-management strategy 

that may facilitate drug repurposing by overcoming solubility- and exposure-limited development [105,106]. 

Metallic nanoparticles 

These nanomaterials have diameters between 1 and 100 nm and are typically composed of metals such as 

gold, cobalt, nickel, iron and their oxides. They can be readily synthesized and modified to decorate their surface 

with various molecules, including small molecules and biomolecules such as DNA and proteins [68,107]. These 

particles are biocompatible and stable. In addition, their magnetic properties allow them to be guided to specific 

locations in the body using external magnetic fields [98]. Metallic nanoparticles have both therapeutic and 

diagnostic applications, primarily in the field of oncology [98,108]. 

Approved applications of this type of nanocarrier include Nanobiotix®, which comprises hafnium oxide 

nanoparticles designed to enhance radiotherapy by promoting higher local energy accumulation in tumour 

tissues [101]. Another example is Nanotherm®, a formulation based on superparamagnetic iron oxide 

nanoparticles that enables magnetic hyperthermia; once the nanoparticles accumulate within the tumour 

environment, applying a magnetic field induces localized heating, leading to thermal destruction of tumour 

tissue [109]. 

Emerging inorganic nanomaterials 

Despite extensive preclinical development and attractive physicochemical properties, several inorganic 

nanomaterials have been widely studied but have not yet achieved widespread clinical translation as drug 
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delivery platforms. Among these, silica-based nanoparticles, carbon nanotubes, nanodiamonds, and 

quantum dots have received considerable research attention due to their versatility and tunability, which 

derive from their distinct structural, physical, and functional characteristics; however, their clinical use 

remains limited. Collectively, promising candidates illustrate the gap between technological promise and 

clinical implementation within inorganic nanomaterials [108,110-114]. 

Lipid-based nanomaterials 

As discussed in the Evolution of the pharmaceutical market for nanoparticles section, current market 

trends indicate a growing relevance of lipid nanoparticles in clinical applications. This growing interest reflects 

their excellent biocompatibility and inherent compatibility with biological tissues, stemming from their 

similarity to cell membranes [115-117]. 

Liposomes 

Liposomes are spherical structures with a lipid bilayer surrounding an aqueous core. They were the first 

lipid-based nanocarriers described and are perhaps the most representative of them [118,119]. Their 

structure allows them to encapsulate both hydrophilic and hydrophobic molecules, incorporated within the 

aqueous core or the lipid bilayer, respectively. Liposomes can fuse with cell membranes, releasing their 

contents directly into the cytoplasm, making them effective carriers for selective therapy delivery. Liposomes 

may be unilamellar or multilamellar, depending on the number of lipid bilayers they contain [68,120]. 

These carriers have been employed in therapeutic applications such as tumour detection and treatment, 

antibacterial therapy, vaccination and even targeted drug delivery to the brain. Surface modifications, such 

as coating with functionalized polymers or polyethylene glycol (PEG) chains, facilitate targeted distribution 

and improve circulation time in biological systems [68]. 

As previously mentioned, Doxil® represents a paradigm shift in the clinical impact of liposomal formu-

lations, and, more broadly, of nanotechnology, on drug delivery. By significantly improving the pharmaco-

kinetic profile and reducing toxicity relative to free doxorubicin, the liposomal nanocarrier directly enhanced 

clinical tolerability and enabled the expansion of therapeutic indications for a well-established anticancer 

agent [18,19,121]. Other examples of well-established liposomal clinical platforms include Ambisome® 

(amphotericin B), which is considered the standard medication for severe systemic fungal infections [122], 

or Vyxeos® (daunorubicin and cytarabine) approved for the treatment of acute myeloid leukaemia [123], 

among others. 

Ionizable lipid nanoparticle 

Ionizable lipid nanoparticles (i-LNPs) represent a more recent class of delivery systems that have gained 

increasing relevance alongside the development of nucleic acid delivery technologies [124,125]. Their use 

has become so standardized for this purpose that, in this context, they are often referred to simply as lipid 

nanoparticles (LNPs) [126-131]. They constitute the most clinically advanced delivery systems for maintaining 

the stability of therapeutic nucleic acids and enabling the efficient delivery of siRNA and mRNA [132-135], as 

well as in CRISPR-Cas9 and other gene-editing applications [136-138]. 

Because of their relative novelty, some reviews in the field of lipid nanoparticles do not yet recognize them as 

a distinct category, which can lead to LNPs being mistakenly classified as liposomes or even NLCs [68,139]. 

However, i-LNPs display clear structural and functional distinctions from other lipid-based nanoparticles [125,140]. 

They are composed of four main lipid components: ionizable lipids, phospholipids, cholesterol, and PEGylated 

lipids [129,141]. 

https://doi.org/10.5599/admet.3495
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At acidic pH, ionizable lipids carry a positive charge, enabling electrostatic complexation with negatively 

charged nucleic acids by pH adjustment during manufacturing. However, they are neutral at physiological pH, 

which helps minimize toxic effects during systemic circulation [124,125,129]. After internalization and 

subsequent endosomal acidification, i-LNPs structure becomes unstable due to electrostatic repulsion and 

therefore releases their cargo into the cytoplasm via endosomal escape, a crucial step that protects RNA from 

degradation and allows the nucleic acid to reach its intracellular target [128,142,143]. 

Illustrating the advancement of this specific type of nanovehicle, Onpattro®, the first siRNA-based product 

delivered via ionizable lipid nanoparticles, was approved in 2017 for the treatment of hereditary 

transthyretin amyloidosis [144,145]. In 2020, Comirnaty®, an mRNA vaccine against SARS-CoV-2, received 

emergency approval for global immunization in response to the COVID-19 pandemic [146,147]. In 2023, 

Casgevy® received regulatory approval as the first CRISPR-Cas9-based gene-editing therapy for sickle cell 

disease, reinforcing the position of ionizable lipid nanoparticles as clinically validated platforms for advanced 

medicines [22]. 

Lipid nanocarriers with limited clinical translation 

SLN and NLC were developed earlier than ionizable lipid nanoparticles and have been extensively 

investigated across diverse preclinical applications and drug classes [119,148,149]. However, their clinical 

translation for systemic drug delivery has remained limited, despite the large number of preclinical studies 

and patented formulations [150-152]. This has been mainly attributed to crystallinity-driven drug expulsion 

and physical instability, including polymorphic transitions and formulation-dependent leakage, which are 

partially mitigated in NLC [153,154]. In addition, challenges related to long-term stability, scale-up, and 

reproducibility remain significant barriers compared with more industrially mature platforms such as 

liposomes and ionizable lipid nanoparticles [155-157]. 

Hybrid systems as emerging nanomaterials applied to nanomedicine 

Hybrid nanoparticles, which merge materials of diverse origins to optimize their characteristics, are also 

found in various applications [158]. For example, hybrid nanoparticles may be metal-lipid [159], lipid-

polymer [160] or carbon-polymer [161]. These offer the advantage of creating synergy among the components, 

improving attributes such as stability, adaptability of manufacturing methods, drug release efficiency and 

biocompatibility, thereby optimizing performance in therapeutic or diagnostic applications [158,162]. Over the 

coming years, research and applications involving these materials are expected to expand, potentially leading 

to the emergence of new nanomaterials for biomedical exploration [163,164]. 

In general, each type of nanomaterial is characterized by unique properties that confer suitability for 

specific diagnostic or therapeutic applications [25,165]. The engineering and strategic exploitation of these 

properties have enabled the overcoming of translational barriers, driving the progression from experimental 

concepts to clinically validated therapeutic options with impact on disease treatment and the pharmaceutical 

market. 

Evolution of the pharmaceutical market for nanoparticles 

The earliest approvals of drugs applying nanotechnology date back to the 1980s, 1970s, and even the 

1950s, with the authorization of several medicines whose characteristics and efficacy were based on their 

composition using nanocrystals [68,166-168]. Figure 3 illustrates the evolution of nanotechnology-based 

drug approvals over the years, while references [101,121,169,170] provide detailed lists of the approved 

products. 
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Figure 3. Evolution of nanotechnology-based drug approvals (1955-2024). Number of approved 
nanomedicine products by material class across successive time periods. The data show an increase in 

approvals from the mid-1990s to the early 2000s, followed by relatively stable approval rates in later years, 
reflecting the establishment and consolidation of clinically successful nanomedicine platforms. Figure 

prepared by the authors based on information from references [101,121,169,170] 

A report by Clogston and colleagues [147] provides an industry perspective on the current state of nanome-

dicine drug products based on the PharmaCircle™ database of pharmaceutical product pipelines and comple-

mented by insights from companies active in nanotechnology-based pharmaceutical innovation. According to 

this industry-based analysis, nanocrystals represented the most prevalent nanomaterial type (38 %), followed 

by lipid nanoparticles (32 %) [147]. These observations are broadly consistent with U.S. Food and Drug Admi-

nistration (FDA) data compiled between 1973 and 2015, in which liposomes (33 %) and nanocrystals (23 %) 

have been reported as the two most prevalent nanomaterial categories [171]. Minor differences in percentages 

may reflect sample representativeness, evolving formulation trends, or variations in classification criteria over 

time, particularly as lipid nanoparticle classifications have expanded beyond earlier liposome-focused 

categories.  

Importantly, Clogston and colleagues [147] reported that commercially established products represent 

only 11 % of the overall nanomedicine portfolio, while most developments remain in preclinical or early 

clinical stages. Specifically, preclinical candidates account for 49 % of the lifecycle pipeline, whereas Phase I, 

II, and III clinical studies represent 12, 5 and 5 %, respectively [147].  

Expanding the analysis beyond commercially established products to the broader development landscape 

reveals a marked shift in nanomaterial composition, with lipid-based nanoparticles increasing from 

approximately 28 to 32 % among marketed nanomedicines to 58 % of the overall pipeline [147]. This trend 

may reflect an increasing focus on lipid-based systems in current nanomedicine development.  

From a therapeutic standpoint, cancer remains the leading focus of nanomedicine development. Never-

theless, an emerging trend is the diversification towards targeting infectious diseases and inflammatory, 

immune, and pain disorders. Emerging interest concentrates on central nervous system conditions, 

suggesting a more recent and rapidly growing area of therapeutic interest [147,171,172].  

The market trends over the past three decades, together with advances in innovative therapies and increasing 

regulatory acceptance, suggest a promising future for nanotechnology-based developments [25,141,147]. Despite 

the high costs associated with these products [173,174], pharmaceutical companies are investing heavily in the 

development of nanotechnology platforms, indicating that nanotechnology will continue to have a major impact 

on the pharmaceutical market [121]. 
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The increasing regulatory acceptance and expansion of nanomedicine pipelines are reflected not only in 

current market dynamics, but also in projections for the coming years. Figure 4 summarizes the approximate 

annual value of the nanotechnology-based therapeutic market over recent years, compiled from industry 

reports and published sources. For the upcoming years, the global market value estimates for these products 

are projected to reach up to USD 350 billion per year between 2026-2030 [63,170], while more aggressive 

scenarios indicate a potential market size above USD 420 billion annually by the end of this decade [175]. 

Collectively, the available evidence underscores the considerable potential for nanotechnology to continue 

impacting the pharmaceutical landscape, as translational barriers are progressively identified and addressed. 

 
Figure 4. Estimated evolution of the global nanomedicine market (2020-2025). Approximate annual market size 

estimates (USD millions) compiled by the authors from published studies and industry reports [175-180]. The market 
value observed in 2020 may reflect the immediate impact of the COVID-19 pandemic, likely associated with 

nanotechnology-based vaccine platforms 

Current challenges for the clinical advancement of nanoparticles 

Despite advances in the nanomedicine market, there is still a considerable imbalance between academic 

research and clinical application in the field of nanomedicine [121]. Because nanomaterial performance is 

tightly linked to physicochemical properties, clinical translation depends on the development of robust, 

reproducible manufacturing and characterization processes [30]. At the same time, biological interactions, 

such as immune responses, and environmental considerations pose substantial challenges to nanomedicine 

development [25,176,181]. In addition, limited harmonization among regulatory frameworks across agencies 

may increase the complexity of clinical translation [57].  

According to leading companies in the biotechnology sector, as reported by Clogston et al. [147], the main 

barriers limiting advancement include challenges related to manufacturability and scalability (40 %), 

development timelines (24 %) and installed capacity (18 %). Building on this industrial perspective, the 

following sections complement this view by including challenges discussed in the academic literature, 

offering a more comprehensive overview. 

Challenges in industrial-scale manufacturing 

A major challenge in the clinical translation of nanoparticle-based therapeutics concerns large-scale 

production, which is often hindered by difficulties in process standardization. This affects the reproducibility 

and economic feasibility of industrial nanoparticle manufacturing. The inherent complexity of these drug 

delivery systems, typically composed of multiple components, introduces both technical and economic 

barriers that slow the development of marketable products [141,182-184]. 
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Specific issues include inadequate in-process quality control, the absence of industrial-scale equipment, 

difficulties in purification, high production costs, low yield, limited infrastructure and technical expertise, all 

of which are further aggravated by insufficient financial investment [185]. 

While efficient techniques already exist for the large-scale manufacturing of materials such as liposomes, 

the challenges increase significantly as systems become more complex. The incorporation of surface modi-

fications, targeting elements or the encapsulation of multiple therapeutic agents requires several production 

steps. This not only increases costs but also complicates quality control and compromises stability [182,185]. 

Furthermore, investment in custom instrumentation, manufacturing equipment and facilities may be 

prohibitively expensive for some companies or may require staggered investment strategies contingent upon 

achieving incremental clinical development milestones, thereby extending timelines [182]. 

The challenges associated with industrial-scale production are not only critical themselves but also 

influence other obstacles in the clinical translation of nanoparticles. In particular, the ability to scale up 

functionalization processes is essential for innovations that aim to modify nanoparticles for better targeting 

or altered biodistribution [186]. 

In addition, scaling up manufacturing processes in compliance with good manufacturing practices (GMP) 

is critical to ensure both technical robustness and regulatory conformity, thereby guaranteeing the consistent 

quality and safety of the final drug product [187]. This interdependence emphasizes the need for an 

integrated and multifactorial approach to address the complexities of nanomedicine industrialization. 

Challenges related to long-term stability 

Significant challenges are associated with the long-term stability of nanostructured preparations, as they 

may lose activity within relatively short timeframes, ranging from weeks to months. Currently, some of these 

formulations require storage and transport under frozen conditions to maintain their functionality. 

Overcoming these limitations is essential to reduce costs and logistical complications related to cold-chain 

management [188,189]. Research on lyophilization has shown promising results as a potential solution, 

allowing these nanoparticles to be stored at ambient or even elevated temperatures while retaining 

bioactivity [190-192]. 

Challenges related to selective accumulation  

Selective accumulation of nanoparticles remains a major challenge, as a considerable fraction of nanome-

dicines tends to accumulate uncontrollably in non-target organs, thereby reducing therapeutic efficiency. 

Elucidating the mechanisms governing nanoparticle transport may guide the development of formulations 

with improved accumulation efficiency at specific sites and, thereby, enhance clinical translation [193]. 

The surface of nanoparticles can be modified with ligands that recognize and bind to specific receptors 

present in target tissues, thereby facilitating accumulation at the desired site [194,195]. However, the 

potential of functionalization for active targeting may be limited by a lack of selective expression of the 

receptors targeted by nanoparticles. Additionally, the added ligands may be masked by the protein corona 

once in systemic circulation, concealing their targeting effects [193]. 

Factors such as the composition, size and shape of the base nanoparticles also influence their biological 

behaviour, including their blood circulation profile, site-specific accumulation and ability to penetrate tissues 

and specific cells [116,196]. 

Active targeting also depends on overcoming challenges such as nanoparticle stability in circulation, 

evasion of immune responses [197,198] and the ability to traverse biological barriers such as the blood-brain 
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barrier [172,193]. It also involves the development of systems capable of responding to microenvironmental 

changes or external stimuli to achieve controlled drug release [70]. The complexity of addressing these 

challenges is further amplified by interpatient and tissue variability, which can affect therapeutic uniformity 

and efficacy [199]. 

Challenges in preclinical predictive models 

One of the major challenges in the clinical translation of nanomedicine lies in the lack of preclinical models 

that accurately represent the heterogeneity of human diseases and their specific interactions with 

nanoparticle systems. This gap frequently results in a disconnection between preclinical outcomes and 

clinical performance, particularly affecting the early evaluation of safety and therapeutic efficacy [200,201]. 

It has been observed that nanoparticle-based drugs tend to exhibit lower predictability in their clinical 

behaviour during preclinical evaluation than conventional pharmaceuticals. This variability may arise from 

the critical influence of pharmacokinetic parameters, tissue distribution, accumulation and penetration at 

the target site and drug release within the target tissue, or even within target cells [202].  

The chronic toxicity of nanomaterials, both at the cellular and systemic levels, must be carefully monitored 

to ensure the absence of long-term adverse effects. Such toxicity may vary depending on particle size, shape 

and composition, highlighting the need for strategies to evaluate and mitigate these potential risks [185,203]. 

Emerging evaluation strategies, such as organ-on-a-chip platforms, hold promise for reducing the gap 

between current preclinical models and in vivo behaviour [204], thereby contributing to improved clinical 

translation because of better predictive models. 

Regulatory approval challenges 

Within the specific area of regulatory approval, several authors have noted that regulation surrounding 

nanoparticles faces major challenges due to the lack of clear standards and adequate regulatory frameworks. 

Globally, regulatory agencies such as the FDA and the European Medicines Agency (EMA) still operate under 

traditional frameworks that may not be fully sufficient to ensure the quality and safety of nanomaterials. 

However, excessive regulation can also hinder innovation and increase approval costs [57,185]. 

International cooperation is essential to establish global standards for the regulation of nanoparticles in the 

biomedical field, ensuring their production under GMP. In addition, new analytical techniques are needed to 

assess their physical properties, along with standardized procedures to guarantee efficacy and safety [185]. 

The FDA maintains that its current regulatory framework is sufficiently robust and flexible to accom-

modate materials of different nature, including nanomaterials. These are therefore evaluated under existing 

regulatory guidelines [183]. Nonetheless, the agency acknowledges the need to reassess current classi-

fication systems and to develop dedicated tools for this field. Among its recommendations are the establish-

ment of close collaboration between industry, academia and international organizations, the development 

of specific toxicological assessment assays and a deeper understanding of the correlation between physico-

chemical properties and in vivo biological behaviour [183]. 

Intellectual property challenges 

Intellectual property challenges in nanomedicine stem from the fact that these developments often 

involve multiple aspects that may be subject to protection: (i) the encapsulated drug; (ii) the carrier 

technology; and (iii) the combined characteristics of the drug-carrier system, along with any additional 

modifications to the base vehicle. This complexity poses challenges in patent approval, especially when novel 
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components are combined with previously protected elements. Such scenarios often necessitate cross-

licensing agreements and multiple overlapping patents covering the same technology [185,205]. 

This issue can be exacerbated by the indiscriminate accumulation of patent filings, which may delay 

innovation approval, a practice known as patent thickets, and by the issuance of invalid patents. The 

complexity of intellectual property management in nanotechnology can lead to costly litigation that delays 

commercialization. Therefore, the development of international standards and policies specifically 

addressing intellectual property issues in health-related nanotechnologies is urgently needed [185,206]. 

Translational barriers in nanomedicine involve complex, multifactorial aspects that demand a multi-

disciplinary approach [183]. Shan et al. propose a framework to address these challenges by organizing them 

into strategic blocks aligned with the drug life cycle. This framework, shown in Figure 5, emphasizes the need 

to integrate technological innovation with appropriate regulatory frameworks. Together, these elements 

highlight the importance of cross-disciplinary integration to effectively advance nanomedicine from the 

nanoscale to the clinic. 

 
Figure 5. Perspectives for Addressing the Challenges in the Clinical Translation of Nanomedicine. The figure 

summarizes the integrated framework proposed by Shan et al. to address key translational challenges across the 
nanomedicine life cycle, spanning rational and patient-centred design, scalable and reproducible manufacturing, 

improved preclinical model relevance, regulatory alignment, and expansion toward new clinical indications. 
Reproduced from [193] under the Creative Commons Attribution 4.0 International License 
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Discussion 

In previous sections, we have reviewed evidence supporting that nanomedicine is not only an academic 

trend or a future promise. Instead, it is a validated and increasingly diversified drug delivery strategy. 

Evidence shows that it not only impacts therapeutic availability but has also impacted the technological and 

economic landscape of the pharmaceutical industry.  

From a historical perspective, early nanotechnology-based medicines entered the market before widely 

cited milestones; however, certain approvals became emblematic as they consolidated a broader 

translational narrative. Doxil®, for example, was not merely a liposomal formulation but a clinical proof that 

nanocarriers could meaningfully reshape pharmacokinetics, tolerability, and therapeutic utility, helping to 

legitimize nanomedicine as a viable development strategy [166]. This probably explains the predominance of 

Doxil® when citing nanotechnology milestones. More recently, the clinical success of nucleic-acid delivery 

platforms further strengthened this paradigm by demonstrating that nanocarriers can enable therapeutic 

alternatives that are otherwise impractical due to instability, biodistribution constraints, or intracellular 

delivery barriers [207,208].  

The diversity of platforms employed as well as their temporal evolution indicates that no single nanocarrier 

is universally optimal across time, therapeutic applications or technological context. Different types of nano-

carriers adapt to different conditions: payload class, route of administration, target tissue accessibility, dosing 

frequency, and safety margins. These carriers differ in stability, formulation complexity, and susceptibility to 

variations in biological performance. Therefore, this evidence suggests that while translation is reachable for 

different types of platforms, their progression favours fit-for-purpose designs that integrate clinical demands 

with feasibility considerations, rather than the most sophisticated (or simplified), or fashionable vehicles. In 

other words, this suggests that no universal nanocarrier fits all biomedical applications, and the evolution of 

the field depends on several platforms demonstrating their individual potential.  

Despite market growth and increasing regulatory acceptance, the costs associated with most nanotech-

nology-based medicines remain an important barrier to access, potentially limiting both development capacity 

and patient availability. This challenge is particularly evident in advanced therapies, such as gene-silencing and 

gene-editing treatments. However, it is important to analyse whether the high costs associated with some of 

these therapies reflect the intrinsic development or manufacturing expenses, or whether they are primarily 

driven by niche pricing related to rare diseases, small patient populations, and other pharmacoeconomic 

considerations, regardless of whether the therapies are advanced or conventional [209-211].  

Although detailed manufacturing methods fall outside the scope of this review, manufacturability remains 

one of the most decisive filters for clinical advancement. The production method strongly influences the 

nanoparticles attributes that are critical to their biological behaviour, but also the scalability, batch-to-batch 

reproducibility, scalability, and directly the cost of production. Therefore, the reader is encouraged to consult 

the available literature on the technological constraints and advances in nanotechnology manufacturing.  

The analysis of the existing challenges suggests that translation might be facilitated by the synergistic 

convergence of scientific, technological, regulatory, and economic actors. In this context, progress in each 

field must be integrated. Translation depends on rational, disease- and patient-centred designs, and also on 

evaluation and regulation frameworks aligned with the clinical and industrial context. The most meaningful 

advances will arise from cross-disciplinary integration, where advances at the nanoscale will continue 

growing and maturing into more and more clinically translated therapies.  
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Despite these constraints, the number of marketed nanomedicine products serves as both validation and 

inspiration for continued development. Their successful clinical translation demonstrates that during the last 

decades, nanomedicine has driven a paradigm shift in pharmaceutical research and development, trans-

forming early promises into industrially mature and clinically impactful applications. 

Abbreviations 

EMA - European Medicines Agency; GMP - good manufacturing practices; i-LNPs - ionizable lipid nanoparticles; 

LNPs - lipid nanoparticles; mRNA - messenger RNA; NLC - nanostructured lipid carriers; PLA - poly (D,L-lactic 

acid); PLGA - poly(D,L-lactic-co-glycolic acid); PCL - poly(ε-caprolactone); PEG - polyethylene glycol; siRNA - small 

interfering RNA; SLN - solid lipid nanoparticles; FDA - U.S. Food and Drug Administration. 

Funding: This work was funded by the University of Costa Rica through the Office of International Affairs 
(OAICE-64-2019) and the research project 817-C5-247, both to RV. Additional financial support was provided 
by the Departament de Recerca i Universitats, Generalitat de Catalunya (AGAUR 2021 SGR 01068) to EG-M, 
and by a grant from the Spanish Ministry of Science and Innovation (PID2020-118859GB-I00) to CS. 

Conflict of interest: The authors reported no potential conflict of interest. 

References  

[1] A. Santamaria, Historical Overview of Nanotechnology and Nanotoxicology, in Nanotoxicity: Methods 
and Protocols, J. Reineke, Ed., Humana Press, New Jersey, USA, 2012, pp. 1-12. 
https://doi.org/10.1007/978-1-62703-002-1_1. 

[2] S. Bayda, M. Adeel, T. Tuccinardi, M. Cordani, F. Rizzolio. The History of Nanoscience and 
Nanotechnology: From Chemical-Physical Applications to Nanomedicine. Molecules 25 (2019) 112. 
https://doi.org/10.3390/molecules25010112 

[3] N. Baig, I. Kammakakam, W. Falath. Nanomaterials: a review of synthesis methods, properties, recent 
progress, and challenges. Materials Advances 2 (2021) 1821-1871. https://doi.org/10.1039/D0MA00807A 

[4] J. Löndahl, W. Möller, J.H. Pagels, W.G. Kreyling, E. Swietlicki, O. Schmid. Measurement Techniques 
for Respiratory Tract Deposition of Airborne Nanoparticles: A Critical Review. Journal of Aerosol 
Medicine and Pulmonary Drug Delivery 27 (2014) 229-254. https://doi.org/10.1089/jamp.2013.1044 

[5] P. Kumar, A. Robins, S. Vardoulakis, R. Britter. A review of the characteristics of nanoparticles in the 
urban atmosphere and the prospects for developing regulatory controls. Atmospheric Environment 
44 (2010) 5035-5052. https://doi.org/10.1016/j.atmosenv.2010.08.016 

[6] H. Chhipa, Applications of nanotechnology in agriculture, in Methods in microbiology, Elsevier, 
Jhalawar, India, 2019, pp. 115-142. https://doi.org/10.1016/bs.mim.2019.01.002. 

[7] A. Sircar, K. Rayavarapu, N. Bist, K. Yadav, S. Singh. Applications of nanoparticles in enhanced oil 
recovery. Petroleum Research 7 (2022) 77-90. https://doi.org/10.1016/j.ptlrs.2021.08.004 

[8] M.H. Ahmadi, M. Ghazvini, M. Alhuyi Nazari, M.A. Ahmadi, F. Pourfayaz, G. Lorenzini, T. Ming. 
Renewable energy harvesting with the application of nanotechnology: A review. International Journal 
of Energy Research 43 (2019) 1387-1410. https://doi.org/10.1002/er.4282 

[9] A.K. Hussein. Applications of nanotechnology in renewable energies—A comprehensive overview and 
understanding. Renewable and Sustainable Energy Reviews 42 (2015) 460-476. 
https://doi.org/10.1016/j.rser.2014.10.027 

[10] Y.W.H. Wong, C.W.M. Yuen, M.Y.S. Leung, S.K.A. Ku, H.L.I. Lam. Selected applications of nanotech-
nology in textiles. AUTEX Research Journal 6 (2006) 1-8. https://doi.org/10.1515/aut-2006-060101 

[11] X. Qu, P.J. Alvarez, Q. Li. Applications of nanotechnology in water and wastewater treatment. Water 
research 47 (2013) 3931-3946. https://doi.org/10.1016/j.watres.2012.09.058 

[12] G. Ali Mansoori, T.R. Bastami, A. Ahmadpour, Z. Eshaghi, Environmental application of 
nanotechnology, in Annual Review of Nano Research, WORLD SCIENTIFIC, Montréal, Canada, 2008, 
pp. 439-493. https://doi.org/10.1142/9789812790248_0010. 

https://doi.org/10.5599/admet.3495
https://doi.org/10.1007/978-1-62703-002-1_1
https://doi.org/10.3390/molecules25010112
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1089/jamp.2013.1044
https://doi.org/10.1016/j.atmosenv.2010.08.016
https://doi.org/10.1016/bs.mim.2019.01.002
https://doi.org/10.1016/j.ptlrs.2021.08.004
https://doi.org/10.1002/er.4282
https://doi.org/10.1016/j.rser.2014.10.027
https://doi.org/10.1515/aut-2006-060101
https://doi.org/10.1016/j.watres.2012.09.058
https://doi.org/10.1142/9789812790248_0010


R. Vargas et al.   ADMET & DMPK 14 (2026) 3495 

16  

[13] L. Rashidi, K. Khosravi-Darani. The Applications of Nanotechnology in Food Industry. Critical Reviews 
in Food Science and Nutrition 51 (2011) 723-730. https://doi.org/10.1080/10408391003785417 

[14] F. Pacheco-Torgal, S. Jalali. Nanotechnology: Advantages and drawbacks in the field of construction 
and building materials. Construction and building materials 25 (2011) 582-590. 
https://doi.org/10.1016/j.conbuildmat.2010.07.009 

[15] A. Haleem, M. Javaid, R.P. Singh, S. Rab, R. Suman. Applications of nanotechnology in medical field: a 
brief review. Global Health Journal 7 (2023) 70-77. https://doi.org/10.1016/j.glohj.2023.02.008 

[16] J.T. Fourkas, J. Gao, Z. Han, H. Liu, B. Marmiroli, M.J. Naughton, J.S. Petersen, Y. Sun, A. Vagilio Pret, 
Y. Zheng. Grand Challenges in Nanofabrication: There Remains Plenty of Room at the Bottom. 
Frontiers in Nanotechnology 3 (2021) 700849. https://doi.org/10.3389/fnano.2021.700849 

[17] H. Xu, S. Li, Y.-S. Liu. Nanoparticles in the diagnosis and treatment of vascular aging and related 
diseases. Signal Transduction and Targeted Therapy 7 (2022) 231. https://doi.org/10.1038/s41392-
022-01082-z 

[18] Y.C. Barenholz. Doxil®—The first FDA-approved nano-drug: Lessons learned. Journal of controlled 
release 160 (2012) 117-134. https://doi.org/10.1016/j.jconrel.2012.03.020 

[19] E. Andreopoulou, D. Gaiotti, E. Kim, A. Downey, D. Mirchandani, A. Hamilton, A. Jacobs, J. Curtin, F. 
Muggia. Pegylated liposomal doxorubicin HCL (PLD; Caelyx/Doxil®): Experience with long-term 
maintenance in responding patients with recurrent epithelial ovarian cancer. Annals of oncology 18 
(2007) 716-721. https://doi.org/10.1093/annonc/mdl484 

[20] M. Friedrich, A. Aigner. Therapeutic siRNA: State-of-the-Art and Future Perspectives. BioDrugs 36 
(2022) 549-571. https://doi.org/10.1007/s40259-022-00549-3 

[21] M.M. Zhang, R. Bahal, T.P. Rasmussen, J.E. Manautou, X. Zhong. The growth of siRNA-based 
therapeutics: Updated clinical studies. Biochemical pharmacology 189 (2021) 114432. 
https://doi.org/10.1016/j.bcp.2021.114432 

[22] A. Philippidis. CASGEVY Makes History as FDA Approves First CRISPR/Cas9 Genome Edited Therapy. 
Human Gene Therapy 35 (2024) 1-4. https://doi.org/10.1089/hum.2023.29263.bfs 

[23] K. Kingwell. First CRISPR therapy seeks landmark approval. Nature Reviews Drug Discovery 22 (2023) 
339-341. https://doi.org/10.1038/d41573-023-00050-8 

[24] B. Wilson, K.M. Geetha. Lipid nanoparticles in the development of mRNA vaccines for COVID-19. 
Journal of drug delivery science and technology 74 (2022) 103553. 
https://doi.org/10.1016/j.jddst.2022.103553 

[25] J.K. Patra, G. Das, L.F. Fraceto, E.V.R. Campos, M. del P. Rodriguez-Torres, L.S. Acosta-Torres, L.A. 
Diaz-Torres, R. Grillo, M.K. Swamy, S. Sharma, S. Habtemariam, H.-S. Shin. Nano based drug delivery 
systems: recent developments and future prospects. Journal of Nanobiotechnology 16 (2018) 71. 
https://doi.org/10.1186/s12951-018-0392-8 

[26] K. Elumalai, S. Srinivasan, A. Shanmugam. Review of the efficacy of nanoparticle-based drug delivery 
systems for cancer treatment. Biomedical Technology 5 (2024) 109-122. 
https://doi.org/10.1016/j.bmt.2023.09.001  

[27] D. Pradhan, P. Biswasroy, A. Goyal, G. Ghosh, G. Rath. Recent Advancement in Nanotechnology-
Based Drug Delivery System Against Viral Infections. AAPS PharmSciTech 22 (2021) 47. 
https://doi.org/10.1208/s12249-020-01908-5 

[28] A. Sorolla, M.A. Sorolla, E. Wang, V. Ceña. Peptides, proteins and nanotechnology: a promising 
synergy for breast cancer targeting and treatment. Expert Opinion on Drug Delivery 17 (2020) 1597-
1613. https://doi.org/10.1080/17425247.2020.1814733 

[29] L. Taiariol, C. Chaix, C. Farre, E. Moreau. Click and Bioorthogonal Chemistry: The Future of Active 
Targeting of Nanoparticles for Nanomedicines? Chemical Reviews 122 (2022) 340-384. 
https://doi.org/10.1021/acs.chemrev.1c00484 

[30] T. Sahu, Y.K. Ratre, S. Chauhan, L. Bhaskar, M.P. Nair, H.K. Verma. Nanotechnology based drug delivery 
system: Current strategies and emerging therapeutic potential for medical science. Journal of Drug 
Delivery Science and Technology 63 (2021) 102487. https://doi.org/10.1016/j.jddst.2021.102487 

https://doi.org/10.1080/10408391003785417
https://doi.org/10.1016/j.conbuildmat.2010.07.009
https://doi.org/10.1016/j.glohj.2023.02.008
https://doi.org/10.3389/fnano.2021.700849
https://doi.org/10.1038/s41392-022-01082-z
https://doi.org/10.1038/s41392-022-01082-z
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.1093/annonc/mdl484
https://doi.org/10.1007/s40259-022-00549-3
https://doi.org/10.1016/j.bcp.2021.114432
https://doi.org/10.1089/hum.2023.29263.bfs
https://doi.org/10.1038/d41573-023-00050-8
https://doi.org/10.1016/j.jddst.2022.103553
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1016/j.bmt.2023.09.001
https://doi.org/10.1208/s12249-020-01908-5
https://doi.org/10.1080/17425247.2020.1814733
https://doi.org/10.1021/acs.chemrev.1c00484
https://doi.org/10.1016/j.jddst.2021.102487


ADMET & DMPK 14 (2026) 3495 The growing impact of nanotechnology in translational drug delivery 

doi: https://doi.org/10.5599/admet.3495  17 

[31] R. Liu, C. Luo, Z. Pang, J. Zhang, S. Ruan, M. Wu, L. Wang, T. Sun, N. Li, L. Han. Advances of 
nanoparticles as drug delivery systems for disease diagnosis and treatment. Chinese chemical letters 
34 (2023) 107518. https://doi.org/10.1016/j.cclet.2022.05.032 

[32] D. Lee, S. Amirthalingam, C. Lee, A. Kumar Rajendran, Y.-H. Ahn, N. S. Hwang. Strategies for targeted 
gene delivery using lipid nanoparticles and cell-derived nanovesicles. Nanoscale Advances 5 (2023) 
3834-3856. https://doi.org/10.1039/D3NA00198A 

[33] M. Woźniak, A. Płoska, A. Siekierzycka, L.W. Dobrucki, L. Kalinowski, I.T. Dobrucki. Molecular Imaging 
and Nanotechnology—Emerging Tools in Diagnostics and Therapy. International Journal of Molecular 
Sciences 23 (2022) 2658. https://doi.org/10.3390/ijms23052658 

[34] M. Dessale, G. Mengistu, H.M. Mengist. Nanotechnology: A Promising Approach for Cancer 
Diagnosis, Therapeutics and Theragnosis. International Journal of Nanomedicine 17 (2022) 3735-
3749. https://doi.org/10.2147/IJN.S378074 

[35] J.A. Kemp, Y.J. Kwon. Cancer nanotechnology: current status and perspectives. Nano Convergence 8 
(2021) 34. https://doi.org/10.1186/s40580-021-00282-7 

[36] C. Jin, K. Wang, A. Oppong-Gyebi, J. Hu. Application of Nanotechnology in Cancer Diagnosis and 
Therapy - A Mini-Review. International Journal of Medical Sciences 17 (2020) 2964-2973. 
https://doi.org/10.7150/ijms.49801 

[37] A.R. Kirtane, M. Verma, P. Karandikar, J. Furin, R. Langer, G. Traverso. Nanotechnology approaches 
for global infectious diseases. Nature Nanotechnology 16 (2021) 369-384. 
https://doi.org/10.1038/s41565-021-00866-8 

[38] M.U. Munir, A. Ahmed, M. Usman, S. Salman. Recent Advances in Nanotechnology-Aided Materials in 
Combating Microbial Resistance and Functioning as Antibiotics Substitutes. International Journal of 
Nanomedicine 15 (2020) 7329-7358. https://doi.org/10.2147/IJN.S265934 

[39] B. Mubeen, A.N. Ansar, R. Rasool, I. Ullah, S.S. Imam, S. Alshehri, M.M. Ghoneim, S.I. Alzarea, M.S. 
Nadeem, I. Kazmi. Nanotechnology as a Novel Approach in Combating Microbes Providing an 
Alternative to Antibiotics. Antibiotics 10 (2021) 1473. https://doi.org/10.3390/antibiotics10121473 

[40] R. Pala, V.T. Anju, M. Dyavaiah, S. Busi, S.M. Nauli. Nanoparticle-Mediated Drug Delivery for the 
Treatment of Cardiovascular Diseases. International Journal of Nanomedicine 15 (2020) 3741-3769. 
https://doi.org/10.2147/IJN.S250872 

[41] R. Pala, S. Pattnaik, S. Busi, S.M. Nauli. Nanomaterials as Novel Cardiovascular Theranostics. 
Pharmaceutics 13 (2021) 348. https://doi.org/10.3390/pharmaceutics13030348 

[42] K.N. Alagarsamy, S. Mathan, W. Yan, A. Rafieerad, S. Sekaran, H. Manego, S. Dhingra. Carbon 
nanomaterials for cardiovascular theranostics: Promises and challenges. Bioactive Materials 6 (2021) 
2261-2280. https://doi.org/10.1016/j.bioactmat.2020.12.030 

[43] H. Chopra, S. Bibi, A.K. Mishra, V. Tirth, S.V. Yerramsetty, S.V. Murali, S.U. Ahmad, Y.K. Mohanta, M.S. 
Attia, A. Algahtani, F. Islam, A. Hayee, S. Islam, A.A. Baig, T.B. Emran. Nanomaterials: A Promising 
Therapeutic Approach for Cardiovascular Diseases. Journal of Nanomaterials 2022 (2022) 4155729. 
https://doi.org/10.1155/2022/4155729 

[44] M.S. Rodrigues, G.C. de Paula, M.B. Duarte, V.L. de Rezende, J.C. Possato, H.R. Farias, E.B. Medeiros, 
P.E. Feuser, E.L. Streck, R.A.M. de Ávila. Nanotechnology as a therapeutic strategy to prevent 
neuropsychomotor alterations associated with hypercholesterolemia. Colloids and Surfaces B 201 
(2021) 111608. https://doi.org/10.1016/j.colsurfb.2021.111608 

[45] L.M. Trandafir, G. Dodi, O. Frasinariu, A.C. Luca, L.I. Butnariu, E. Tarca, S.M. Moisa. Tackling 
Dyslipidemia in Obesity from a Nanotechnology Perspective. Nutrients 14 (2022) 3774. 
https://doi.org/10.3390/nu14183774 

[46] D.-T. Chu, H.V. Thi, T.T. Nguyen, T.-D. Vu, Y.V.N. Thi, I. Mani, N. Gohil, G. Bhattacharjee, S. 
Ramakrishna, V. Singh. Nanotechnology and nucleic acid nanoparticles for treatment of metabolic 
disorders. OpenNano 13 (2023) 100181. https://doi.org/10.1016/j.onano.2023.100181 

[47] Y. Li, W. Zhang, R. Zhao, X. Zhang. Advances in oral peptide drug nanoparticles for diabetes mellitus 
treatment. Bioactive Materials 15 (2022) 392-408. https://doi.org/10.1016/j.bioactmat.2022.02.025 

https://doi.org/10.5599/admet.3495
https://doi.org/10.1016/j.cclet.2022.05.032
https://doi.org/10.1039/D3NA00198A
https://doi.org/10.3390/ijms23052658
https://doi.org/10.2147/IJN.S378074
https://doi.org/10.1186/s40580-021-00282-7
https://doi.org/10.7150/ijms.49801
https://doi.org/10.1038/s41565-021-00866-8
https://doi.org/10.2147/IJN.S265934
https://doi.org/10.3390/antibiotics10121473
https://doi.org/10.2147/IJN.S250872
https://doi.org/10.3390/pharmaceutics13030348
https://doi.org/10.1016/j.bioactmat.2020.12.030
https://doi.org/10.1155/2022/4155729
https://doi.org/10.1016/j.colsurfb.2021.111608
https://doi.org/10.3390/nu14183774
https://doi.org/10.1016/j.onano.2023.100181
https://doi.org/10.1016/j.bioactmat.2022.02.025


R. Vargas et al.   ADMET & DMPK 14 (2026) 3495 

18  

[48] D.-D. Wu, Y.A. Salah, E.E. Ngowi, Y.-X. Zhang, S. Khattak, N.H. Khan, Y. Wang, T. Li, Z.-H. Guo, Y.-M. 
Wang, X.-Y. Ji. Nanotechnology prospects in brain therapeutics concerning gene-targeting and nose-
to-brain administration. iScience 26 (2023) 107321. https://doi.org/10.1016/j.isci.2023.107321 

[49] E.E. Ngowi, Y.-Z. Wang, L. Qian, Y.A.S.H. Helmy, B. Anyomi, T. Li, M. Zheng, E.-S. Jiang, S.-F. Duan, J.-S. 
Wei, D.-D. Wu, X.-Y. Ji. The Application of Nanotechnology for the Diagnosis and Treatment of Brain 
Diseases and Disorders. Frontiers in Bioengineering and Biotechnology 9 (2021) 629832. 
https://doi.org/10.3389/fbioe.2021.629832 

[50] D. Giakoumettis, S. Sgouros. Nanotechnology in neurosurgery: a systematic review. Child’s Nervous 
System 37 (2021) 1045-1054. https://doi.org/10.1007/s00381-020-05008-4 

[51] K.R. Mittal, N. Pharasi, B. Sarna, M. Singh, Rachana, S. Haider, S.K. Singh, K. Dua, S.K. Jha, A. Dey, S. 
Ojha, S. Mani, N.K. Jha. Nanotechnology-based drug delivery for the treatment of CNS disorders. 
Translational Neuroscience 13 (2022) 527-546. https://doi.org/10.1515/tnsci-2022-0258 

[52] T.T. Nguyen, T.T.D. Nguyen, T.K. Vo, N.-M.-A. Tran, M.K. Nguyen, T. Van Vo, G. Van Vo. 
Nanotechnology-based drug delivery for central nervous system disorders. Biomedicine & 
Pharmacotherapy 143 (2021) 112117. https://doi.org/10.1016/j.biopha.2021.112117 

[53] A. Del Grosso, G. Parlanti, R. Mezzena, M. Cecchini. Current treatment options and novel 
nanotechnology-driven enzyme replacement strategies for lysosomal storage disorders. Advanced 
Drug Delivery Reviews 188 (2022) 114464. https://doi.org/10.1016/j.addr.2022.114464 

[54] A. Faouzi, V.G. Roullin. Think Big, Start Small: How Nanomedicine Could Alleviate the Burden of Rare 
CNS Diseases. Pharmaceuticals 14 (2021) 109. https://doi.org/10.3390/ph14020109 

[55] E. Tambuyzer, B. Vandendriessche, C.P. Austin, P.J. Brooks, K. Larsson, K.I. Miller Needleman, J. 
Valentine, K. Davies, S.C. Groft, R. Preti, T.I. Oprea, M. Prunotto. Therapies for rare diseases: 
therapeutic modalities, progress and challenges ahead. Nature Reviews Drug Discovery 19 (2020) 93-
111. https://doi.org/10.1038/s41573-019-0049-9 

[56] M. Suñé-Pou, M.J. Limeres, C. Moreno-Castro, C. Hernández-Munain, J.M. Suñé-Negre, M.L. Cuestas, C. 
Suñé. Innovative Therapeutic and Delivery Approaches Using Nanotechnology to Correct Splicing Defects 
Underlying Disease. Frontiers in Genetics 11 (2020) 731. https://doi.org/10.3389/fgene.2020.00731 

[57] F. Ali, K. Neha, S. Parveen. Current regulatory landscape of nanomaterials and nanomedicines: A 
global perspective. Journal of Drug Delivery Science and Technology 80 (2023) 104118. 
https://doi.org/10.1016/j.jddst.2022.104118 

[58] A.J. McGoron. Perspectives on the Future of Nanomedicine to Impact Patients: An Analysis of US 
Federal Funding and Interventional Clinical Trials. Bioconjugate Chemistry 31 (2020) 436-447. 
https://doi.org/10.1021/acs.bioconjchem.9b00818 

[59] C.S. Morales, P. Grodzinski. Current landscape of treating different cancers using nanomedicines: 
Trends and perspectives. WIREs Nanomedicine and Nanobiotechnology 16 (2024) e1927. 
https://doi.org/10.1002/wnan.1927 

[60] M. Durán-Lobato, A.M. López-Estévez, A.S. Cordeiro, T.G. Dacoba, J. Crecente-Campo, D. Torres, M.J. 
Alonso. Nanotechnologies for the delivery of biologicals: Historical perspective and current landscape. 
Advanced Drug Delivery Reviews 176 (2021) 113899. https://doi.org/10.1016/j.addr.2021.113899 

[61] D. Bobo, K.J. Robinson, J. Islam, K.J. Thurecht, S.R. Corrie. Nanoparticle-Based Medicines: A Review of 
FDA-Approved Materials and Clinical Trials to Date. Pharmaceutical Research 33 (2016) 2373-2387. 
https://doi.org/10.1007/s11095-016-1958-5 

[62] Search ClinicalTrials.gov for: Other terms: nanoparticle | Card Results | ClinicalTrials.gov, 
https://clinicaltrials.gov/search?term=nanoparticle (accessed December 15, 2025). 

[63] F.A. Khan, Nanocarriers-Based Products in the Market, FDA Approval, Commercialization of Nanocar-
riers, and Global Market, in Nano Drug Delivery for Cancer Therapy: Principles and Practices, F.A. Khan, 
Ed., Springer Nature, Singapore, 2023, pp. 137-148. https://doi.org/10.1007/978-981-99-6940-1_7. 

[64] H.M. Abdel-Mageed, N.Z. AbuelEzz, R.A. Radwan, S.A. Mohamed. Nanoparticles in nanomedicine: a 
comprehensive updated review on current status, challenges and emerging opportunities. Journal of 
Microencapsulation 38 (2021) 414-436. https://doi.org/10.1080/02652048.2021.1942275 

https://doi.org/10.1016/j.isci.2023.107321
https://doi.org/10.3389/fbioe.2021.629832
https://doi.org/10.1007/s00381-020-05008-4
https://doi.org/10.1515/tnsci-2022-0258
https://doi.org/10.1016/j.biopha.2021.112117
https://doi.org/10.1016/j.addr.2022.114464
https://doi.org/10.3390/ph14020109
https://doi.org/10.1038/s41573-019-0049-9
https://doi.org/10.3389/fgene.2020.00731
https://doi.org/10.1016/j.jddst.2022.104118
https://doi.org/10.1021/acs.bioconjchem.9b00818
https://doi.org/10.1002/wnan.1927
https://doi.org/10.1016/j.addr.2021.113899
https://doi.org/10.1007/s11095-016-1958-5
https://clinicaltrials.gov/search?term=nanoparticle
https://doi.org/10.1007/978-981-99-6940-1_7
https://doi.org/10.1080/02652048.2021.1942275


ADMET & DMPK 14 (2026) 3495 The growing impact of nanotechnology in translational drug delivery 

doi: https://doi.org/10.5599/admet.3495  19 

[65] M.A. Beach, U. Nayanathara, Y. Gao, C. Zhang, Y. Xiong, Y. Wang, G.K. Such. Polymeric Nanoparticles for 
Drug Delivery. Chemical Reviews 124 (2024) 5505-5616. https://doi.org/10.1021/acs.chemrev.3c00705 

[66] L. Eltaib. Polymeric Nanoparticles in Targeted Drug Delivery: Unveiling the Impact of Polymer 
Characterization and Fabrication. Polymers 17 (2025) 833. https://doi.org/10.3390/polym17070833 

[67] C.I.C. Crucho, M.T. Barros. Polymeric nanoparticles: A study on the preparation variables and 
characterization methods. Materials Science and Engineering: C 80 (2017) 771-784. 
https://doi.org/10.1016/j.msec.2017.06.004 

[68] A.A.H. Abdellatif, A.F. Alsowinea. Approved and marketed nanoparticles for disease targeting and 
applications in COVID-19. Nanotechnology Reviews 10 (2021) 1941-1977. 
https://doi.org/10.1515/ntrev-2021-0115 

[69] J.M. Chan, P.M. Valencia, L. Zhang, R. Langer, O.C. Farokhzad, Polymeric Nanoparticles for Drug 
Delivery, in Cancer Nanotechnology: Methods and Protocols, S.R. Grobmyer, B.M. Moudgil, Eds., 
Humana Press, New Jersey, USA, 2010, pp. 163-175. https://doi.org/10.1007/978-1-60761-609-2_11. 

[70] N. Kamaly, B. Yameen, J. Wu, O.C. Farokhzad. Degradable Controlled-Release Polymers and Polymeric 
Nanoparticles: Mechanisms of Controlling Drug Release. Chemical Reviews 116 (2016) 2602-2663. 
https://doi.org/10.1021/acs.chemrev.5b00346 

[71] H.O. Alsaab, F.D. Alharbi, A.S. Alhibs, N.B. Alanazi, B.Y. Alshehri, M.A. Saleh, F.S. Alshehri, M.A. 
Algarni, T. Almugaiteeb, M.N. Uddin, R.M. Alzhrani. PLGA-Based Nanomedicine: History of 
Advancement and Development in Clinical Applications of Multiple Diseases. Pharmaceutics 14 
(2022) 2728. https://doi.org/10.3390/pharmaceutics14122728 

[72] M.J. Hawkins, P. Soon-Shiong, N. Desai. Protein nanoparticles as drug carriers in clinical medicine. 
Advanced drug delivery reviews 60 (2008) 876-885. https://doi.org/10.1016/j.addr.2007.08.044 

[73] E. Kianfar. Protein nanoparticles in drug delivery: animal protein, plant proteins and protein cages, 
albumin nanoparticles. Journal of Nanobiotechnology 19 (2021) 159. 
https://doi.org/10.1186/s12951-021-00896-3 

[74] M. Sell, A.R. Lopes, M. Escudeiro, B. Esteves, A.R. Monteiro, T. Trindade, L. Cruz-Lopes. Application of 
Nanoparticles in Cancer Treatment: A Concise Review. Nanomaterials 13 (2023) 2887. 
https://doi.org/10.3390/nano13212887 

[75] S. Wang, K. Cheng, K. Chen, C. Xu, P. Ma, G. Dang, Y. Yang, Q. Lei, H. Huang, Y. Yu. Nanoparticle-based 
medicines in clinical cancer therapy. Nano Today 45 (2022) 101512. 
https://doi.org/10.1016/j.nantod.2022.101512 

[76] B. Begines, T. Ortiz, M. Pérez-Aranda, G. Martínez, M. Merinero, F. Argüelles-Arias, A. Alcudia. 
Polymeric Nanoparticles for Drug Delivery: Recent Developments and Future Prospects. 
Nanomaterials 10 (2020) 1403. https://doi.org/10.3390/nano10071403 

[77] C.K. Singh, R. Bania, S. Deka, M. Dwivedi, A.B. Nair, T. Bal, P. Maity, P.K. Deb. Recent Trends in the 
Development and Clinical Translation of Polymer-based Targeted Therapeutic Nanoparticle. AAPS 
PharmSciTech 27 (2026) 93. https://doi.org/10.1208/s12249-025-03319-w 

[78] P. Thakor, V. Bhavana, R. Sharma, S. Srivastava, S.B. Singh, N.K. Mehra. Polymer-drug conjugates: 
Recent advances and future perspectives. Drug Discovery Today 25 (2020) 1718-1726. 
https://doi.org/10.1016/j.drudis.2020.06.028 

[79] I. Ekladious, Y.L. Colson, M.W. Grinstaff. Polymer-drug conjugate therapeutics: advances, insights and pro-
spects. Nature Reviews Drug Discovery 18 (2019) 273-294. https://doi.org/10.1038/s41573-018-0005-0 

[80] W. Xu, P. Ling, T. Zhang. Polymeric Micelles, a Promising Drug Delivery System to Enhance 
Bioavailability of Poorly Water-Soluble Drugs. Journal of Drug Delivery 2013 (2013) 340315. 
https://doi.org/10.1155/2013/340315 

[81] G.-W. Jin, N.S. Rejinold, J.-H. Choy. Multifunctional Polymeric Micelles for Cancer Therapy. Polymers 
14 (2022) 4839. https://doi.org/10.3390/polym14224839 

[82] A. Jadhav, K. Nagaraj. Surfactant-Enabled Nanocarriers in Breast Cancer Therapy: Targeted Delivery 
and Multidrug Resistance Reversal. Pharmaceutics 17 (2025) 779. 
https://doi.org/10.3390/pharmaceutics17060779 

https://doi.org/10.5599/admet.3495
https://doi.org/10.1021/acs.chemrev.3c00705
https://doi.org/10.3390/polym17070833
https://doi.org/10.1016/j.msec.2017.06.004
https://doi.org/10.1515/ntrev-2021-0115
https://doi.org/10.1007/978-1-60761-609-2_11
https://doi.org/10.1021/acs.chemrev.5b00346
https://doi.org/10.3390/pharmaceutics14122728
https://doi.org/10.1016/j.addr.2007.08.044
https://doi.org/10.1186/s12951-021-00896-3
https://doi.org/10.3390/nano13212887
https://doi.org/10.1016/j.nantod.2022.101512
https://doi.org/10.3390/nano10071403
https://doi.org/10.1208/s12249-025-03319-w
https://doi.org/10.1016/j.drudis.2020.06.028
https://doi.org/10.1038/s41573-018-0005-0
https://doi.org/10.1155/2013/340315
https://doi.org/10.3390/polym14224839
https://doi.org/10.3390/pharmaceutics17060779


R. Vargas et al.   ADMET & DMPK 14 (2026) 3495 

20  

[83] D. Hwang, J.D. Ramsey, A.V. Kabanov. Polymeric micelles for the delivery of poorly soluble drugs: 
From nanoformulation to clinical approval. Advanced Drug Delivery Reviews 156 (2020) 80-118. 
https://doi.org/10.1016/j.addr.2020.09.009 

[84] A. Soni, V. Jaiswal. Polymeric Micelles in Targeted Breast Cancer Therapy: Recent Advances and 
Future Trends. Nano Biomedicine and Engineering 17 (2025) 212-231. 
https://doi.org/10.26599/NBE.2025.9290122 

[85] D.A. Tomalia, J.M.J. Fréchet. Discovery of dendrimers and dendritic polymers: A brief historical 
perspective. Journal of Polymer Science A 40 (2002) 2719-2728. https://doi.org/10.1002/pola.10301 

[86] H.-J. Hsu, J. Bugno, S. Lee, S. Hong. Dendrimer-based nanocarriers: a versatile platform for drug delivery. 
WIREs Nanomedicine and Nanobiotechnology 9 (2017) e1409. https://doi.org/10.1002/wnan.1409 

[87] L.P. Mendes, J. Pan, V.P. Torchilin. Dendrimers as Nanocarriers for Nucleic Acid and Drug Delivery in 
Cancer Therapy. Molecules 22 (2017) 1401. https://doi.org/10.3390/molecules22091401 

[88] L.A. Kisakova, E.K. Apartsin, L.F. Nizolenko, L.I. Karpenko. Dendrimer-Mediated Delivery of DNA and 
RNA Vaccines. Pharmaceutics 15 (2023) 1106. https://doi.org/10.3390/pharmaceutics15041106 

[89] M.R. Fadaei, M.S. Fadaei, A.E. Kheirieh, H. Hatami, P. Rahmanian-Devin, V.T. Khorrami, M.F. 
Fathabadi, V.B. Rahimi, V.R. Askari. Overview of dendrimers as promising drug delivery systems with 
insight into anticancer and anti-microbial applications. International Journal of Pharmaceutics: X 
(2025) 100390. https://doi.org/10.1016/j.ijpx.2025.100390 

[90] M.A. Raza, A. Firdous, U. Gupta, U. Patil, A. Singh, Ajazuddin. Emerging Trends in Designing the 
Dendrimer-Based Drug Delivery for Antineoplastic Therapies. ACS Applied Bio Materials 8 (2025) 
5462-5495. https://doi.org/10.1021/acsabm.5c00498 

[91] I.M. Jackson, M.L. Carlson, C. Beinat, N. Malik, M. Kalita, S. Reyes, E.C. Azevedo, S.C. Nagy, I.S. Alam, 
R. Sharma, S.A. La Rosa, F. Moradi, J. Cleland, B. Shen, M.L. James. Clinical Radiosynthesis and 
Translation of [18F]OP-801: A Novel Radiotracer for Imaging Reactive Microglia and Macrophages. 
ACS Chemical Neuroscience 14 (2023) 2416-2424. https://doi.org/10.1021/acschemneuro.3c00028 

[92] P. Gupta, K. Vermani, S. Garg. Hydrogels: from controlled release to pH-responsive drug delivery. 
Drug Discovery Today 7 (2002) 569-579. https://doi.org/10.1016/S1359-6446(02)02255-9 

[93] E. Caló, V.V. Khutoryanskiy. Biomedical applications of hydrogels: A review of patents and commercial 
products. European Polymer Journal 65 (2015) 252-267. https://doi.org/10.1016/j.eurpolymj.2014.11.024 

[94] A.K. Tewari, S.C. Upadhyay, M. Kumar, K. Pathak, D. Kaushik, R. Verma, S. Bhatt, E.E.S. Massoud, M.H. 
Rahman, S. Cavalu. Insights on Development Aspects of Polymeric Nanocarriers: The Translation from 
Bench to Clinic. Polymers 14 (2022) 3545. https://doi.org/10.3390/polym14173545 

[95] M. Jaiswal, M. Kumar, K. Pathak. Zero order delivery of itraconazole via polymeric micelles 
incorporated in situ ocular gel for the management of fungal keratitis. Colloids and Surfaces B: 
Biointerfaces 130 (2015) 23-30. https://doi.org/10.1016/j.colsurfb.2015.03.059 

[96] S. McMahon, N. Bertollo, E.D.O. Cearbhaill, J. Salber, L. Pierucci, P. Duffy, T. Dürig, V. Bi, W. Wang. 
Bio-resorbable polymer stents: a review of material progress and prospects. Progress in Polymer 
Science 83 (2018) 79-96. https://doi.org/10.1016/j.progpolymsci.2018.05.002 

[97] M. Rajabi, H. Feyzbakhsh. Polymeric nanocarriers in drug delivery, bioimaging, and biosensing: 
advances and perspectives on nanomicelles, nanogels, and dendrimers. RSC Advances 15 (2025) 
40400-40438. https://doi.org/10.1039/D5RA05399D 

[98] V. Chandrakala, V. Aruna, G. Angajala. Review on metal nanoparticles as nanocarriers: current 
challenges and perspectives in drug delivery systems. Emergent Materials 5 (2022) 1593-1615. 
https://doi.org/10.1007/s42247-021-00335-x 

[99] X. Wang, X. Zhong, J. Li, Z. Liu, L. Cheng. Inorganic nanomaterials with rapid clearance for biomedical 
applications. Chemical Society Reviews 50 (2021) 8669-8742. https://doi.org/10.1039/D0CS00461H 

[100] L. Castillo Henríquez, B. Bahloul, K. Alhareth, F. Oyoun, M. Frejková, L. Kostka, T. Etrych, L. Kalshoven, 
A. Guillaume, N. Mignet, Y. Corvis. Step-By-Step Standardization of the Bottom-Up Semi-Automated 
Nanocrystallization of Pharmaceuticals: A Quality By Design and Design of Experiments Joint 
Approach. Small 20 (2024) 2306054. https://doi.org/10.1002/smll.202306054 

https://doi.org/10.1016/j.addr.2020.09.009
https://doi.org/10.26599/NBE.2025.9290122
https://doi.org/10.1002/pola.10301
https://doi.org/10.1002/wnan.1409
https://doi.org/10.3390/molecules22091401
https://doi.org/10.3390/pharmaceutics15041106
https://doi.org/10.1016/j.ijpx.2025.100390
https://doi.org/10.1021/acsabm.5c00498
https://doi.org/10.1021/acschemneuro.3c00028
https://doi.org/10.1016/S1359-6446(02)02255-9
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.3390/polym14173545
https://doi.org/10.1016/j.colsurfb.2015.03.059
https://doi.org/10.1016/j.progpolymsci.2018.05.002
https://doi.org/10.1039/D5RA05399D
https://doi.org/10.1007/s42247-021-00335-x
https://doi.org/10.1039/D0CS00461H
https://doi.org/10.1002/smll.202306054


ADMET & DMPK 14 (2026) 3495 The growing impact of nanotechnology in translational drug delivery 

doi: https://doi.org/10.5599/admet.3495  21 

[101] N. Desai, D. Rana, M. Patel, N. Bajwa, R. Prasad, L.K. Vora. Nanoparticle Therapeutics in Clinical 
Perspective: Classification, Marketed Products, and Regulatory Landscape. Small 21 (2025) 2502315. 
https://doi.org/10.1002/smll.202502315 

[102] L. Baert, G. van ‘t Klooster, W. Dries, M. François, A. Wouters, E. Basstanie, K. Iterbeke, F. Stappers, P. 
Stevens, L. Schueller, P. Van Remoortere, G. Kraus, P. Wigerinck, J. Rosier. Development of a long-acting 
injectable formulation with nanoparticles of rilpivirine (TMC278) for HIV treatment. European Journal of 
Pharmaceutics and Biopharmaceutics 72 (2009) 502-508. https://doi.org/10.1016/j.ejpb.2009.03.006 

[103] C. Trezza, S.L. Ford, W. Spreen, R. Pan, S. Piscitelli. Formulation and pharmacology of long-acting 
cabotegravir. Current Opinion in HIV and AIDS 10 (2015) 239. 
https://doi.org/10.1097/COH.0000000000000168 

[104] R. Sauron, M. Wilkins, V. Jessent, A. Dubois, C. Maillot, A. Weil. Absence of a food effect with a 145 
mg nanoparticle fenofibrate tablet formulation. International Journal of Clinical Pharmacology & 
Therapeutics 44 (2006) 64-70. https://doi.org/10.5414/CPP44064 

[105] E.A. Zannou, P. Li, W.-Q. (Tony) Tong, Product Lifecycle Management (LCM), in Developing Solid Oral Do-
sage Forms, New Jersey, USA, 2009, pp. 911-921. https://doi.org/10.1016/B978-0-444-53242-8.00040-0. 

[106] G. Costabile, I. d’Angelo, G. Rampioni, R. Bondì, B. Pompili, F. Ascenzioni, E. Mitidieri, R. 
d’Emmanuele di Villa Bianca, R. Sorrentino, A. Miro, F. Quaglia, F. Imperi, L. Leoni, F. Ungaro. Toward 
Repositioning Niclosamide for Antivirulence Therapy of Pseudomonas aeruginosa Lung Infections: 
Development of Inhalable Formulations through Nanosuspension Technology. Molecular 
Pharmaceutics 12 (2015) 2604-2617. https://doi.org/10.1021/acs.molpharmaceut.5b00098 

[107] M. Shahalaei, A.K. Azad, W.M.A.W. Sulaiman, A. Derakhshani, E.B. Mofakham, M. Mallandrich, V. 
Kumarasamy, V. Subramaniyan. A review of metallic nanoparticles: present issues and prospects 
focused on the preparation methods, characterization techniques, and their theranostic applications. 
Frontiers in Chemistry 12 (2024) 1398979. http://doi.org/10.3389/fchem.2024.1398979 

[108] E. Perevedentseva, Y.-C. Lin, C.-L. Cheng. A review of recent advances in nanodiamond-mediated 
drug delivery in cancer. Expert Opinion on Drug Delivery 18 (2021) 369-382. 
https://doi.org/10.1080/17425247.2021.1832988 

[109] J. Verma, S. Lal, C.J. Van Noorden. Nanoparticles for hyperthermic therapy: synthesis strategies and 
applications in glioblastoma. International Journal of Nanomedicine 9 (2014) 2863-2877. 
https://doi.org/10.2147/IJN.S57501 

[110] M. Manzano, M. Vallet-Regí. Mesoporous Silica Nanoparticles for Drug Delivery. Advanced Functional 
Materials 30 (2020) 1902634. https://doi.org/10.1002/adfm.201902634 

[111] V. Negri, J. Pacheco-Torres, D. Calle, P. López-Larrubia, Carbon Nanotubes in Biomedicine, in Surface-
modified Nanobiomaterials for Electrochemical and Biomedicine Applications, A.R. Puente-Santiago, 
D. Rodríguez-Padrón, Eds., Springer International Publishing, Cham, Switzerland, 2020, pp. 177-217. 
https://doi.org/10.1007/978-3-030-55502-3_6. 

[112] N. Parvin, V. Kumar, S.W. Joo, T.K. Mandal. Emerging Trends in Nanomedicine: Carbon-Based Nanoma-
terials for Healthcare. Nanomaterials 14 (2024) 1085. https://doi.org/10.3390/nano14131085 

[113] J. Xu, E.K.-H. Chow. Biomedical applications of nanodiamonds: From drug-delivery to diagnostics. 
SLAS Technology 28 (2023) 214-222. https://doi.org/10.1016/j.slast.2023.03.007 

[114] B. Gidwani, V. Sahu, S.S. Shukla, R. Pandey, V. Joshi, V.K. Jain, A. Vyas. Quantum dots: Prospectives, 
toxicity, advances and applications. Journal of Drug Delivery Science and Technology 61 (2021) 
102308. https://doi.org/10.1016/j.jddst.2020.102308 

[115] N. Veiga, Y. Diesendruck, D. Peer. Targeted nanomedicine: Lessons learned and future directions. 
Journal of Controlled Release 355 (2023) 446-457. https://doi.org/10.1016/j.jconrel.2023.02.010 

[116] R. Vargas, C. Lizano-Barrantes, M. Romero, K. Valencia-Clua, D.A. Narváez-Narváez, J.M. Suñé-Negre, 
P. Pérez-Lozano, E. García-Montoya, N. Martinez-Martinez, C. Hernández-Munain, C. Suñé, M. Suñé-
Pou. The piper at the gates of brain: A systematic review of surface modification strategies on lipid 
nanoparticles to overcome the Blood-Brain-Barrier. International Journal of Pharmaceutics 665 
(2024) 124686. https://doi.org/10.1016/j.ijpharm.2024.124686 

https://doi.org/10.5599/admet.3495
https://doi.org/10.1002/smll.202502315
https://doi.org/10.1016/j.ejpb.2009.03.006
https://doi.org/10.1097/COH.0000000000000168
https://doi.org/10.5414/CPP44064
https://doi.org/10.1016/B978-0-444-53242-8.00040-0
https://doi.org/10.1021/acs.molpharmaceut.5b00098
http://doi.org/10.3389/fchem.2024.1398979
https://doi.org/10.1080/17425247.2021.1832988
https://doi.org/10.2147/IJN.S57501
https://doi.org/10.1002/adfm.201902634
https://doi.org/10.1007/978-3-030-55502-3_6
https://doi.org/10.3390/nano14131085
https://doi.org/10.1016/j.slast.2023.03.007
https://doi.org/10.1016/j.jddst.2020.102308
https://doi.org/10.1016/j.jconrel.2023.02.010
https://doi.org/10.1016/j.ijpharm.2024.124686


R. Vargas et al.   ADMET & DMPK 14 (2026) 3495 

22  

[117] I. Menon, M. Zaroudi, Y. Zhang, E. Aisenbrey, L. Hui. Fabrication of active targeting lipid 
nanoparticles: Challenges and perspectives. Materials Today Advances 16 (2022) 100299. 
https://doi.org/10.1016/j.mtadv.2022.100299 

[118] L. Xu, X. Wang, Y. Liu, G. Yang, R.J. Falconer, C.-X. Zhao. Lipid Nanoparticles for Drug Delivery. 
Advanced NanoBiomed Research 2 (2022) 2100109. https://doi.org/10.1002/anbr.202100109 

[119] Y. Seo, H. Lim, H. Park, J. Yu, J. An, H.Y. Yoo, T. Lee. Recent Progress of Lipid Nanoparticles-Based 
Lipophilic Drug Delivery: Focus on Surface Modifications. Pharmaceutics 15 (2023) 772. 
https://doi.org/10.3390/pharmaceutics15030772 

[120] D.N. Moholkar, R. Kandimalla, R.C. Gupta, F. Aqil. Advances in lipid-based carriers for cancer 
therapeutics: Liposomes, exosomes and hybrid exosomes. Cancer Letters 565 (2023) 216220. 
https://doi.org/10.1016/j.canlet.2023.216220 

[121] Y. Jia, Y. Jiang, Y. He, W. Zhang, J. Zou, K.T. Magar, H. Boucetta, C. Teng, W. He. Approved Nanomedi-
cine against Diseases. Pharmaceutics 15 (2023) 774. https://doi.org/10.3390/pharmaceutics15030774 

[122] N.R.H. Stone, T. Bicanic, R. Salim, W. Hope. Liposomal Amphotericin B (AmBisome®): A Review of the 
Pharmacokinetics, Pharmacodynamics, Clinical Experience and Future Directions. Drugs 76 (2016) 
485-500. https://doi.org/10.1007/s40265-016-0538-7 

[123] M.A. Jacoby, D.A. Sallman, B.L. Scott, M. Haney, F. Wan, J.F. DiPersio, R. Abboud, K.E. Stockerl-
Goldstein, R.S. Komrokji, M.A. Schroeder, M.J. Walter, P. Westervelt, G.L. Uy. A Pilot Study of CPX-
351 (Vyxeos ©) for Transplant Eligible, Higher Risk Patients with Myelodysplastic Syndrome. Blood 
138 (2021) 540. https://doi.org/10.1182/blood-2021-151137 

[124] J. Gilbert, F. Sebastiani, M.Y. Arteta, A. Terry, A. Fornell, R. Russell, N. Mahmoudi, T. Nylander. 
Evolution of the structure of lipid nanoparticles for nucleic acid delivery: From in situ studies of 
formulation to colloidal stability. Journal of Colloid and Interface Science 660 (2024) 66-76. 
https://doi.org/10.1016/j.jcis.2023.12.165 

[125] Y. Eygeris, M. Gupta, J. Kim, G. Sahay. Chemistry of Lipid Nanoparticles for RNA Delivery. Accounts of 
Chemical Research 55 (2022) 2-12. https://doi.org/10.1021/acs.accounts.1c00544 

[126] S. Hamimed, M. Jabberi, A. Chatti. Nanotechnology in drug and gene delivery. Naunyn-Schmiede-
berg’s Archives of Pharmacology 395 (2022) 769-787. https://doi.org/10.1007/s00210-022-02245-z 

[127] R. Mashima, S. Takada. Lipid Nanoparticles: A Novel Gene Delivery Technique for Clinical Application. 
Current Issues in Molecular Biology 44 (2022) 5013-5027. https://doi.org/10.3390/cimb44100341 

[128] C. Hald Albertsen, J.A. Kulkarni, D. Witzigmann, M. Lind, K. Petersson, J.B. Simonsen. The role of lipid 
components in lipid nanoparticles for vaccines and gene therapy. Advanced Drug Delivery Reviews 
188 (2022) 114416. https://doi.org/10.1016/j.addr.2022.114416 

[129] M.J.W. Evers, J.A. Kulkarni, R. van der Meel, P.R. Cullis, P. Vader, R.M. Schiffelers. State-of-the-Art 
Design and Rapid-Mixing Production Techniques of Lipid Nanoparticles for Nucleic Acid Delivery. 
Small Methods 2 (2018) 1700375. https://doi.org/10.1002/smtd.201700375 

[130] J.A. Kulkarni, P.R. Cullis, R. van der Meel. Lipid Nanoparticles Enabling Gene Therapies: From 
Concepts to Clinical Utility. Nucleic Acid Therapeutics 28 (2018) 146-157. 
https://doi.org/10.1089/nat.2018.0721 

[131] M. Tsakiri, C. Zivko, C. Demetzos, V. Mahairaki. Lipid-based nanoparticles and RNA as innovative 
neuro-therapeutics. Frontiers in Pharmacology 13 (2022) https://doi.org/10.3389/fphar.2022.900610 

[132] Y.-Q. Zhao, L.-J. Li, E.-F. Zhou, J.-Y. Wang, Y. Wang, L.-M. Guo, X.-X. Zhang. Lipid-Based Nanocarrier 
Systems for Drug Delivery: Advances and Applications. Pharmaceutical Fronts 04 (2022) e43-e60. 
https://doi.org/10.1055/s-0042-1751036 

[133] A.K.K. Leung, Y.Y.C. Tam, P.R. Cullis, Lipid Nanoparticles for Short Interfering RNA Delivery, in 
Advances in Genetics, Elsevier, Vancouver, Canada, 2014, pp. 71-110. https://doi.org/10.1016/B978-
0-12-800148-6.00004-3 

[134] M.L. Brader, S.J. Williams, J.M. Banks, W.H. Hui, Z.H. Zhou, L. Jin. Encapsulation state of messenger 
RNA inside lipid nanoparticles. Biophysical Journal 120 (2021) 2766-2770. 
https://doi.org/10.1016/j.bpj.2021.03.012 

https://doi.org/10.1016/j.mtadv.2022.100299
https://doi.org/10.1002/anbr.202100109
https://doi.org/10.3390/pharmaceutics15030772
https://doi.org/10.1016/j.canlet.2023.216220
https://doi.org/10.3390/pharmaceutics15030774
https://doi.org/10.1007/s40265-016-0538-7
https://doi.org/10.1182/blood-2021-151137
https://doi.org/10.1016/j.jcis.2023.12.165
https://doi.org/10.1021/acs.accounts.1c00544
https://doi.org/10.1007/s00210-022-02245-z
https://doi.org/10.3390/cimb44100341
https://doi.org/10.1016/j.addr.2022.114416
https://doi.org/10.1002/smtd.201700375
https://doi.org/10.1089/nat.2018.0721
https://doi.org/10.3389/fphar.2022.900610
https://doi.org/10.1055/s-0042-1751036
https://doi.org/10.1016/B978-0-12-800148-6.00004-3
https://doi.org/10.1016/B978-0-12-800148-6.00004-3
https://doi.org/10.1016/j.bpj.2021.03.012


ADMET & DMPK 14 (2026) 3495 The growing impact of nanotechnology in translational drug delivery 

doi: https://doi.org/10.5599/admet.3495  23 

[135] J.A. Castro-Alpízar, M.J. Lenderink, E.E.S. Nieuwenhuis, S.A.A. Kooijmans, S.A. Fuchs. Navigating 
molecular therapies: The emerging role of mRNA in treating inherited metabolic diseases. Molecular 
Genetics and Metabolism 147 (2026) 109698. https://doi.org/10.1016/j.ymgme.2025.109698 

[136] J.D. Finn, A.R. Smith, M.C. Patel, L. Shaw, M.R. Youniss, J. van Heteren, T. Dirstine, C. Ciullo, R. 
Lescarbeau, J. Seitzer, R.R. Shah, A. Shah, D. Ling, J. Growe, M. Pink, E. Rohde, K.M. Wood, W.E. 
Salomon, W.F. Harrington, C. Dombrowski, W.R. Strapps, Y. Chang, D.V. Morrissey. A Single 
Administration of CRISPR/Cas9 Lipid Nanoparticles Achieves Robust and Persistent In Vivo Genome 
Editing. Cell Reports 22 (2018) 2227-2235. https://doi.org/10.1016/j.celrep.2018.02.014 

[137] D. Rosenblum, A. Gutkin, R. Kedmi, S. Ramishetti, N. Veiga, A.M. Jacobi, M.S. Schubert, D. Friedmann-
Morvinski, Z.R. Cohen, M.A. Behlke, J. Lieberman, D. Peer. CRISPR-Cas9 genome editing using 
targeted lipid nanoparticles for cancer therapy. Science Advances 6 (2020) eabc9450. 
https://doi.org/10.1126/sciadv.abc9450 

[138] H. Mukai, K. Ogawa, N. Kato, S. Kawakami. Recent advances in lipid nanoparticles for delivery of 
nucleic acid, mRNA, and gene editing-based therapeutics. Drug Metabolism and Pharmacokinetics 44 
(2022) 100450. https://doi.org/10.1016/j.dmpk.2022.100450 

[139] G. Yoon, J.W. Park, I.-S. Yoon. Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs): 
recent advances in drug delivery. Journal of Pharmaceutical Investigation 43 (2013) 353-362. 
https://doi.org/10.1007/s40005-013-0087-y 

[140] A. De, Y.T. Ko. A tale of nucleic acid-ionizable lipid nanoparticles: Design and manufacturing 
technology and advancement. Expert Opinion on Drug Delivery 20 (2023) 75-91. 
https://doi.org/10.1080/17425247.2023.2153832 

[141] S. Puri, M. Mazza, G. Roy, R.M. England, L. Zhou, S. Nourian, J. Anand Subramony. Evolution of 
nanomedicine formulations for targeted delivery and controlled release. Advanced Drug Delivery 
Reviews 200 (2023) 114962. https://doi.org/10.1016/j.addr.2023.114962 

[142] M. Schlich, R. Palomba, G. Costabile, S. Mizrahy, M. Pannuzzo, D. Peer, P. Decuzzi. Cytosolic delivery 
of nucleic acids: The case of ionizable lipid nanoparticles. Bioengineering & Translational Medicine 6 
(2021) e10213. https://doi.org/10.1002/btm2.10213 

[143] J. Gilleron, W. Querbes, A. Zeigerer, A. Borodovsky, G. Marsico, U. Schubert, K. Manygoats, S. Seifert, 
C. Andree, M. Stöter, H. Epstein-Barash, L. Zhang, V. Koteliansky, K. Fitzgerald, E. Fava, M. Bickle, Y. 
Kalaidzidis, A. Akinc, M. Maier, M. Zerial. Image-based analysis of lipid nanoparticle-mediated siRNA 
delivery, intracellular trafficking and endosomal escape. Nature Biotechnology 31 (2013) 638-646. 
https://doi.org/10.1038/nbt.2612 

[144] J. Rüger, S. Ioannou, D. Castanotto, C.A. Stein. Oligonucleotides to the (Gene) Rescue: FDA Approvals 
2017-2019. Trends in Pharmacological Sciences 41 (2020) 27-41. 
https://doi.org/10.1016/j.tips.2019.10.009 

[145] Y. Weng, H. Xiao, J. Zhang, X.-J. Liang, Y. Huang. RNAi therapeutic and its innovative biotechnological 
evolution. Biotechnology Advances 37 (2019) 801-825. 
https://doi.org/10.1016/j.biotechadv.2019.04.012 

[146] D. Hallas, R. Spratling, J. Fletcher. Methodological Analysis: Randomized Controlled Trials for Pfizer 
and Moderna COVID-19 Vaccines. Journal of Pediatric Health Care 35 (2021) 443-448. 
https://doi.org/10.1016/j.pedhc.2021.04.001 

[147] J.D. Clogston, W. Foss, D. Harris, H. Oberoi, J. Pan, E. Pu, E.A.T. Guzmán, K. Walter, S. Brown, P.L. Soo. 
Current state of nanomedicine drug products: An industry perspective. Journal of Pharmaceutical 
Sciences 113 (2024) 3395-3405. https://doi.org/10.1016/j.xphs.2024.09.005 

[148] G. Kumar, T. Virmani, R. Virmani, K. Pathak, Lipid Based Nanocarriers for Drug Delivery, in Nanotech-
nologies for Drug Delivery and Biopharmaceutical Development, V. Khanna, S. Dang, A. Ahuja, Eds., 
Springer Nature, Cham, Switzerland, 2025, pp. 79-109. https://doi.org/10.1007/978-3-032-00796-4_4. 

[149] M. Elmowafy, M.M. Al-Sanea. Nanostructured lipid carriers (NLCs) as drug delivery platform: 
Advances in formulation and delivery strategies. Saudi Pharmaceutical Journal 29 (2021) 999-1012. 
https://doi.org/10.1016/j.jsps.2021.07.015 

https://doi.org/10.5599/admet.3495
https://doi.org/10.1016/j.ymgme.2025.109698
https://doi.org/10.1016/j.celrep.2018.02.014
https://doi.org/10.1126/sciadv.abc9450
https://doi.org/10.1016/j.dmpk.2022.100450
https://doi.org/10.1007/s40005-013-0087-y
https://doi.org/10.1080/17425247.2023.2153832
https://doi.org/10.1016/j.addr.2023.114962
https://doi.org/10.1002/btm2.10213
https://doi.org/10.1038/nbt.2612
https://doi.org/10.1016/j.tips.2019.10.009
https://doi.org/10.1016/j.biotechadv.2019.04.012
https://doi.org/10.1016/j.pedhc.2021.04.001
https://doi.org/10.1016/j.xphs.2024.09.005
https://doi.org/10.1007/978-3-032-00796-4_4
https://doi.org/10.1016/j.jsps.2021.07.015


R. Vargas et al.   ADMET & DMPK 14 (2026) 3495 

24  

[150] O.A. Madkhali. Perspectives and Prospective on Solid Lipid Nanoparticles as Drug Delivery Systems. 
Molecules 27 (2022) 1543. https://doi.org/10.3390/molecules27051543 

[151] N. Dhiman, R. Awasthi, B. Sharma, H. Kharkwal, G.T. Kulkarni. Lipid Nanoparticles as Carriers for Bio-
active Delivery. Frontiers in Chemistry 9 (2021) 580118. http://dx.doi.org/10.3389/fchem.2021.580118 

[152] F. Fathi, T.O.X. Machado, H. de A. C. Kodel, I. Portugal, I.O. Ferreira, A. Zielinska, M.B.P.P. Oliveira, 
E.B. Souto. Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) for the delivery of 
bioactives sourced from plants: part II - applications and preclinical advancements. Expert Opinion on 
Drug Delivery 21 (2024) 1491-1499. https://doi.org/10.1080/17425247.2024.2410949 

[153] N. Naseri, H. Valizadeh, P. Zakeri-Milani. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers: 
Structure, Preparation and Application. Advanced Pharmaceutical Bulletin 5 (2015) 305-313. 
https://doi.org/10.15171/apb.2015.043 

[154] P. Mura, F. Maestrelli, M. D’Ambrosio, C. Luceri, M. Cirri. Evaluation and Comparison of Solid Lipid 
Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs) as Vectors to Develop 
Hydrochlorothiazide Effective and Safe Pediatric Oral Liquid Formulations. Pharmaceutics 13 (2021) 
437. https://doi.org/10.3390/pharmaceutics13040437 

[155] S. Javed, B. Mangla, Y. Almoshari, M.H. Sultan, W. Ahsan. Nanostructured lipid carrier system: A 
compendium of their formulation development approaches, optimization strategies by quality by 
design, and recent applications in drug delivery. Nanotechnology Reviews 11 (2022) 1744-1777. 
https://doi.org/10.1515/ntrev-2022-0109 

[156] P. Ghasemiyeh, S. Mohammadi-Samani. Solid lipid nanoparticles and nanostructured lipid carriers as 
novel drug delivery systems: applications, advantages and disadvantages. Research in Pharmaceutical 
Sciences 13 (2018) 288. https://doi.org/10.4103/1735-5362.235156 

[157] S.V. Khairnar, P. Pagare, A. Thakre, A.R. Nambiar, V. Junnuthula, M.C. Abraham, P. Kolimi, D. 
Nyavanandi, S. Dyawanapelly. Review on the Scale-Up Methods for the Preparation of Solid Lipid 
Nanoparticles. Pharmaceutics 14 (2022) 1886. https://doi.org/10.3390/pharmaceutics14091886 

[158] D. Qi, Z. Cao, U. Ziener. Recent advances in the preparation of hybrid nanoparticles in miniemulsions. 
Advances in Colloid and Interface Science 211 (2014) 47-62. https://doi.org/10.1016/j.cis.2014.06.001 

[159] M. Makowski, Í.C. Silva, C. Pais do Amaral, S. Gonçalves, N.C. Santos. Advances in Lipid and Metal 
Nanoparticles for Antimicrobial Peptide Delivery. Pharmaceutics 11 (2019) 588. 
https://doi.org/10.3390/pharmaceutics11110588 

[160] D. Sivadasan, M.H. Sultan, O. Madkhali, Y. Almoshari, N. Thangavel. Polymeric Lipid Hybrid 
Nanoparticles (PLNs) as Emerging Drug Delivery Platform—A Comprehensive Review of Their 
Properties, Preparation Methods, and Therapeutic Applications. Pharmaceutics 13 (2021) 1291. 
https://doi.org/10.3390/pharmaceutics13081291 

[161] B. Sierra-Martin, A. Fernandez-Barbero. Inorganic/polymer hybrid nanoparticles for sensing applications. 
Advances in Colloid and Interface Science 233 (2016) 25-37. https://doi.org/10.1016/j.cis.2015.12.001 

[162] D.C. Ferreira Soares, S.C. Domingues, D.B. Viana, M.L. Tebaldi. Polymer-hybrid nanoparticles: Current 
advances in biomedical applications. Biomedicine & Pharmacotherapy 131 (2020) 110695. 
https://doi.org/10.1016/j.biopha.2020.110695 

[163] C. Zhang, L. Yan, X. Wang, S. Zhu, C. Chen, Z. Gu, Y. Zhao. Progress, challenges, and future of 
nanomedicine. Nano Today 35 (2020) 101008. https://doi.org/10.1016/j.nantod.2020.101008 

[164] A. Tewabe, A. Abate, M. Tamrie, A. Seyfu, E. Abdela Siraj. Targeted Drug Delivery — From Magic 
Bullet to Nanomedicine: Principles, Challenges, and Future Perspectives. Journal of Multidisciplinary 
Healthcare 14 (2021) 1711-1724. https://doi.org/10.2147/JMDH.S313968 

[165] M. Nikzamir, A. Akbarzadeh, Y. Panahi. An overview on nanoparticles used in biomedicine and their 
cytotoxicity. Journal of Drug Delivery Science and Technology 61 (2021) 102316. 
https://doi.org/10.1016/j.jddst.2020.102316 

[166] E.D. Namiot, A.V. Sokolov, V.N. Chubarev, V.V. Tarasov, H.B. Schiöth. Nanoparticles in Clinical Trials: 
Analysis of Clinical Trials, FDA Approvals and Use for COVID-19 Vaccines. International Journal of 
Molecular Sciences 24 (2023) 787. https://doi.org/10.3390/ijms24010787 

https://doi.org/10.3390/molecules27051543
http://dx.doi.org/10.3389/fchem.2021.580118
https://doi.org/10.1080/17425247.2024.2410949
https://doi.org/10.15171/apb.2015.043
https://doi.org/10.3390/pharmaceutics13040437
https://doi.org/10.1515/ntrev-2022-0109
https://doi.org/10.4103/1735-5362.235156
https://doi.org/10.3390/pharmaceutics14091886
https://doi.org/10.1016/j.cis.2014.06.001
https://doi.org/10.3390/pharmaceutics11110588
https://doi.org/10.3390/pharmaceutics13081291
https://doi.org/10.1016/j.cis.2015.12.001
https://doi.org/10.1016/j.biopha.2020.110695
https://doi.org/10.1016/j.nantod.2020.101008
https://doi.org/10.2147/JMDH.S313968
https://doi.org/10.1016/j.jddst.2020.102316
https://doi.org/10.3390/ijms24010787


ADMET & DMPK 14 (2026) 3495 The growing impact of nanotechnology in translational drug delivery 

doi: https://doi.org/10.5599/admet.3495  25 

[167] M.E.S. Eusébio, R.A. Castro, J. Canotilho, Drug Nanocrystals, in Nanoparticles for Brain Drug Delivery, 
Jenny Stanford Publishing, United Square, Singapore, 2021, pp. 211-255. 
https://doi.org/10.1201/9781003119326-9. 

[168] L. Peltonen, J. Hirvonen, T. Laaksonen, Drug Nanocrystals and Nanosuspensions in Medicine, in 
Handbook of Nanobiomedical Research, World Scientific, Helsinki, Finland, 2013, pp. 169-197. 
https://doi.org/10.1142/9789814520652_0005. 

[169] V.T. Banala, D. Mukherjee, S. Mahajan, P.K. Singh, Current status of FDA-approved marketed nano 
drug products: Regulatory considerations, in Multifunctional Nanocarriers, Elsevier, Amsterdam, 
Netherlands, 2022, pp. 501-521. https://doi.org/10.1016/B978-0-323-85041-4.00004-4. 

[170] A.A. Halwani. Development of Pharmaceutical Nanomedicines: From the Bench to the Market. 
Pharmaceutics 14 (2022) 106. https://doi.org/10.3390/pharmaceutics14010106 

[171] S.R. D’Mello, C.N. Cruz, M.-L. Chen, M. Kapoor, S.L. Lee, K.M. Tyner. The evolving landscape of drug 
products containing nanomaterials in the United States. Nature Nanotechnology 12 (2017) 523-529. 
https://doi.org/10.1038/nnano.2017.67 

[172] R. Vargas, N. Martinez-Martinez, C. Lizano-Barrantes, J.A. Pacheco-Molina, E. García-Montoya, M.P. 
Pérez-Lozano, J.M. Suñe-Negre, C. Suñe, M. Suñe-Pou. Advancing through the blood-brain barrier: 
mechanisms, challenges and drug delivery strategies: Review paper. ADMET and DMPK 13 (2025) 
2988. https://doi.org/10.5599/admet.2988 

[173] R.K. Thapa, J.O. Kim. Nanomedicine-based commercial formulations: current developments and 
future prospects. Journal of Pharmaceutical Investigation 53 (2023) 19-33. 
https://doi.org/10.1007/s40005-022-00607-6 

[174] M. Youssef, C. Hitti, J. Puppin Chaves Fulber, A.A. Kamen. Enabling mRNA Therapeutics: Current 
Landscape and Challenges in Manufacturing. Biomolecules 13 (2023) 1497. 
https://doi.org/10.3390/biom13101497 

[175] V. Malyshev, A. Gab, V. Kovalenko, O. Pryshedko, D. Shakhnin. Estimation of global nanomedicine 
market: status, segment analysis, dynamics, competition and prospects. Technology audit and 
production reserves 1 (2024) 48-59. https://doi.org/10.15587/2706-5448.2024.299271 

[176] C. Domingues, A. Santos, C. Alvarez-Lorenzo, A. Concheiro, I. Jarak, F. Veiga, I. Barbosa, M. Dourado, A. 
Figueiras. Where Is Nano Today and Where Is It Headed? A Review of Nanomedicine and the Dilemma 
of Nanotoxicology. ACS Nano 16 (2022) 9994-10041. https://doi.org/10.1021/acsnano.2c00128 

[177] Nanomedicine Market Size, Share & Trends | Growth [2034], 
https://www.fortunebusinessinsights.com/nanomedicine-market-110983 (accessed May 19, 2026). 

[178] Nanomedicine Market Size, Share & Growth Report, 2030, 
https://www.grandviewresearch.com/industry-analysis/nanomedicine-market (accessed May 19, 2026). 

[179] Segmentación del mercado - Mercado de nanomedicina | Fortune Business Insights, 
https://www.fortunebusinessinsights.com/es/segmentation/nanomedicine-market-110983 
(accessed May 19, 2026). 

[180] Nanomedicine Market Size, Share | Industry Growth, 2030, 
https://www.alliedmarketresearch.com/nanomedicine-market (accessed May 19, 2026). 

[181] G. Martínez, M. Merinero, M. Pérez-Aranda, E.M. Pérez-Soriano, T. Ortiz, E. Villamor, B. Begines, A. 
Alcudia. Environmental Impact of Nanoparticles’ Application as an Emerging Technology: A Review. 
Materials 14 (2021) 166. https://doi.org/10.3390/ma14071710 

[182] C.L. Ventola. Progress in Nanomedicine: Approved and Investigational Nanodrugs. Pharmacy and 
Therapeutics 42 (2017) 742-755. https://pubmed.ncbi.nlm.nih.gov/29234213/ 

[183] S. Tinkle, S.E. McNeil, S. Mühlebach, R. Bawa, G. Borchard, Y. (Chezy) Barenholz, L. Tamarkin, N. 
Desai. Nanomedicines: addressing the scientific and regulatory gap. Annals of the New York Academy 
of Sciences 1313 (2014) 35-56. https://doi.org/10.1111/nyas.12403 

[184] R. Vargas, M. Romero, T. Berasategui, D.A. Narváez-Narváez, P. Ramirez, A. Nardi-Ricart, E. García-
Montoya, P. Pérez-Lozano, J.M. Suñe-Negre, C. Moreno-Castro, C. Hernández-Munain, C. Suñe, M. 
Suñe-Pou. Dialysis is a key factor modulating interactions between critical process parameters during 

https://doi.org/10.5599/admet.3495
https://doi.org/10.1201/9781003119326-9
https://doi.org/10.1142/9789814520652_0005
https://doi.org/10.1016/B978-0-323-85041-4.00004-4
https://doi.org/10.3390/pharmaceutics14010106
https://doi.org/10.1038/nnano.2017.67
https://doi.org/10.5599/admet.2988
https://doi.org/10.1007/s40005-022-00607-6
https://doi.org/10.3390/biom13101497
https://doi.org/10.15587/2706-5448.2024.299271
https://doi.org/10.1021/acsnano.2c00128
https://www.fortunebusinessinsights.com/nanomedicine-market-110983
https://www.grandviewresearch.com/industry-analysis/nanomedicine-market
https://www.fortunebusinessinsights.com/es/segmentation/nanomedicine-market-110983
https://www.alliedmarketresearch.com/nanomedicine-market
https://doi.org/10.3390/ma14071710
https://pubmed.ncbi.nlm.nih.gov/29234213/
https://doi.org/10.1111/nyas.12403


R. Vargas et al.   ADMET & DMPK 14 (2026) 3495 

26  

the microfluidic preparation of lipid nanoparticles. Colloid and Interface Science Communications 54 
(2023) 100709. https://doi.org/10.1016/j.colcom.2023.100709 

[185] T.M. Joseph, D. Kar Mahapatra, A. Esmaeili, Ł. Piszczyk, M.S. Hasanin, M. Kattali, J. Haponiuk, S. 
Thomas. Nanoparticles: Taking a Unique Position in Medicine. Nanomaterials 13 (2023) 574. 
https://doi.org/10.3390/nano13030574 

[186] D.M. Patel, N.N. Patel, J.K. Patel, Nanomedicine Scale-Up Technologies: Feasibilities and Challenges, in 
Emerging Technologies for Nanoparticle Manufacturing, J.K. Patel, Y.V. Pathak, Eds., Springer Internati-
onal Publishing, Cham, Switzerland, 2021, pp. 511-539. https://doi.org/10.1007/978-3-030-50703-9_24. 

[187] N. Naziris, C. Demetzos, GeNeDis 2020, Liposomes: Production Methods and Application in Alzheimer’s 
Disease, Cham, Switzerland, 2021, pp. 385-394. https://doi.org/10.1007/978-3-030-78787-5_48. 

[188] P. Zhao, X. Hou, J. Yan, S. Du, Y. Xue, W. Li, G. Xiang, Y. Dong. Long-term storage of lipid-like 
nanoparticles for mRNA delivery. Bioactive Materials 5 (2020) 358-363. 
https://doi.org/10.1016/j.bioactmat.2020.03.001 

[189] A.-G. Reinhart, A. Osterwald, P. Ringler, Y. Leiser, M.E. Lauer, R.E. Martin, C. Ullmer, F. Schumacher, 
C. Korn, M. Keller. Investigations into mRNA Lipid Nanoparticles Shelf-Life Stability under Nonfrozen 
Conditions. Molecular Pharmaceutics 20 (2023) 6492-6503. 
https://doi.org/10.1021/acs.molpharmaceut.3c00956 

[190] S. Meulewaeter, G. Nuytten, M.H.Y. Cheng, S.C. De Smedt, P.R. Cullis, T. De Beer, I. Lentacker, R. Verbe-
ke. Continuous freeze-drying of messenger RNA lipid nanoparticles enables storage at higher tempera-
tures. Journal of Controlled Release 357 (2023) 149-160. https://doi.org/10.1016/j.jconrel.2023.03.039 

[191] B. Kim, R.R. Hosn, T. Remba, D. Yun, N. Li, W. Abraham, M.B. Melo, M. Cortes, B. Li, Y. Zhang, Y. Dong, 
D.J. Irvine. Optimization of storage conditions for lipid nanoparticle-formulated self-replicating RNA 
vaccines. Journal of Controlled Release 353 (2023) 241-253. 
https://doi.org/10.1016/j.jconrel.2022.11.022 

[192] D.A. Narváez-Narváez, M. Duarte-Ruiz, S. Jiménez-Lozano, C. Moreno-Castro, R. Vargas, A. Nardi-
Ricart, E. García-Montoya, P. Pérez-Lozano, J.M. Suñé-Negre, C. Hernández-Munain, C. Suñé, M. 
Suñé-Pou. Comparative Analysis of the Physicochemical and Biological Characteristics of Freeze-Dried 
PEGylated Cationic Solid Lipid Nanoparticles. Pharmaceuticals 16 (2023) 1583. 
https://doi.org/10.3390/ph16111583 

[193] X. Shan, X. Gong, J. Li, J. Wen, Y. Li, Z. Zhang. Current approaches of nanomedicines in the market and 
various stage of clinical translation. Acta Pharmaceutica Sinica B 12 (2022) 3028-3048. 
https://doi.org/10.1016/j.apsb.2022.02.025 

[194] G. Sanità, B. Carrese, A. Lamberti. Nanoparticle Surface Functionalization: How to Improve 
Biocompatibility and Cellular Internalization. Frontiers in Molecular Biosciences 7 (2020) 587012. 
https://doi.org/10.3389/fmolb.2020.587012 

[195] M.J. Mitchell, M.M. Billingsley, R.M. Haley, M.E. Wechsler, N.A. Peppas, R. Langer. Engineering 
precision nanoparticles for drug delivery. Nature Reviews Drug Discovery 20 (2021) 101-124. 
https://doi.org/10.1038/s41573-020-0090-8 

[196] Y. Xuan, W. Zhang, X. Zhu, S. Zhang. An updated overview of some factors that influence the 
biological effects of nanoparticles. Frontiers in Bioengineering and Biotechnology 11 (2023) 1254861. 
https://doi.org/10.3389/fbioe.2023.1254861 

[197] M. Li, X. Jin, T. Liu, F. Fan, F. Gao, S. Chai, L. Yang. Nanoparticle elasticity affects systemic circulation 
lifetime by modulating adsorption of apolipoprotein A-I in corona formation. Nature Communications 
13 (2022) 4137. https://doi.org/10.1038/s41467-022-31882-4 

[198] B. Romberg, W.E. Hennink, G. Storm. Sheddable Coatings for Long-Circulating Nanoparticles. 
Pharmaceutical Research 25 (2008) 55-71. https://doi.org/10.1007/s11095-007-9348-7 

[199] S.M. Moghimi, A.C. Hunter, T.L. Andresen. Factors Controlling Nanoparticle Pharmacokinetics: An 
Integrated Analysis and Perspective. Annual Review of Pharmacology and Toxicology 52 (2012) 481-
503. https://doi.org/10.1146/annurev-pharmtox-010611-134623 

https://doi.org/10.1016/j.colcom.2023.100709
https://doi.org/10.3390/nano13030574
https://doi.org/10.1007/978-3-030-50703-9_24
https://doi.org/10.1007/978-3-030-78787-5_48
https://doi.org/10.1016/j.bioactmat.2020.03.001
https://doi.org/10.1021/acs.molpharmaceut.3c00956
https://doi.org/10.1016/j.jconrel.2023.03.039
https://doi.org/10.1016/j.jconrel.2022.11.022
https://doi.org/10.3390/ph16111583
https://doi.org/10.1016/j.apsb.2022.02.025
https://doi.org/10.3389/fmolb.2020.587012
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.3389/fbioe.2023.1254861
https://doi.org/10.1038/s41467-022-31882-4
https://doi.org/10.1007/s11095-007-9348-7
https://doi.org/10.1146/annurev-pharmtox-010611-134623


ADMET & DMPK 14 (2026) 3495 The growing impact of nanotechnology in translational drug delivery 

doi: https://doi.org/10.5599/admet.3495  27 

[200] J.P.A. Ioannidis, B.Y.S. Kim, A. Trounson. How to design preclinical studies in nanomedicine and cell 
therapy to maximize the prospects of clinical translation. Nature Biomedical Engineering 2 (2018) 
797-809. https://www.nature.com/articles/s41551-018-0314-y 

[201] M.A. Miller, S. Gadde, C. Pfirschke, C. Engblom, M.M. Sprachman, R.H. Kohler, K.S. Yang, A.M. 
Laughney, G. Wojtkiewicz, N. Kamaly, S. Bhonagiri, M.J. Pittet, O.C. Farokhzad, R. Weissleder. 
Predicting therapeutic nanomedicine efficacy using a companion magnetic resonance imaging 
nanoparticle. Science Translational Medicine 7 (2015) 314ra183. 
https://doi.org/10.1126/scitranslmed.aac6522 

[202] J.M. Metselaar, T. Lammers. Challenges in nanomedicine clinical translation. Drug Delivery and 
Translational Research 10 (2020) 721-725. https://doi.org/10.1007/s13346-020-00740-5 

[203] M. Chehelgerdi, M. Chehelgerdi, O.Q.B. Allela, R.D.C. Pecho, N. Jayasankar, D.P. Rao, T. Thamaraikani, 
M. Vasanthan, P. Viktor, N. Lakshmaiya, M.J. Saadh, A. Amajd, M.A. Abo-Zaid, R.Y. Castillo-Acobo, 
A.H. Ismail, A.H. Amin, R. Akhavan-Sigari. Progressing nanotechnology to improve targeted cancer 
treatment: overcoming hurdles in its clinical implementation. Molecular Cancer 22 (2023) 169. 
https://doi.org/10.1186/s12943-023-01865-0 

[204] R. Vargas, A. Egurbide-Sifre, L. Medina. Organ-on-a-Chip systems for new drugs development. ADMET 
& DMPK 9 (2021) 111-141. https://doi.org/10.5599/admet.942 

[205] Ms.R. Bhattacharjee. The Intricates of Patent in Nanotechnology. Journal of Survey in Fisheries 
Sciences 10 (2023) 6698-6703. https://doi.org/10.53555/sfs.v10i3S.2272 

[206] D.M. Bowman, D.J. Sylvester, A.D. Marino, Returning to the Patent Landscapes for Nanotechnology: 
Assessing the Garden that It Has Grown Into, in Biomedical Nanotechnology: Methods and Protocols, 
S.H. Petrosko, E.S. Day, Eds., Springer, New York, USA, 2017, pp. 315-338. 
https://doi.org/10.1007/978-1-4939-6840-4_22. 

[207] R. Cross. Without these lipid shells, there would be no mRNA vaccines for COVID-19. Chem Eng News 
99 (2021) 144. https://cen.acs.org/articles/99/i8/Without-lipid-shells-mRNA-vaccines.html 

[208] J.A. Kulkarni, D. Witzigmann, S. Chen, P.R. Cullis, R. van der Meel. Lipid Nanoparticle Technology for 
Clinical Translation of siRNA Therapeutics. Accounts of Chemical Research 52 (2019) 2435-2444. 
https://doi.org/10.1021/acs.accounts.9b00368 

[209] T.A. Fox, C. Booth. Improving access to gene therapy for rare diseases. Disease Models & Mechanisms 
17 (2024) dmm050623. https://doi.org/10.1242/dmm.050623 

[210] L. Luzzatto, H.I. Hyry, A. Schieppati, E. Costa, S. Simoens, F. Schaefer, J.C.P. Roos, G. Merlini, H. 
Kääriäinen, S. Garattini, C.E. Hollak, G. Remuzzi, T. Barbui, A. Benigni, E. Costa, E. Daina, S. Garattini, 
D. Gramaglia, C.E.M. Hollak, H. Hyry, H. Kaarinen, C. Licht, L. Luzzatto, G. Merlini, R. Notaro, G. 
Remuzzi, F. Schaefer, A. Schieppati, S. Simoens. Outrageous prices of orphan drugs: a call for 
collaboration. The Lancet 392 (2018) 791-794. https://doi.org/10.1016/S0140-6736(18)31069-9 

[211] T. Dangouloff, C. Botty, C. Beaudart, L. Servais, M. Hiligsmann. Systematic literature review of the 
economic burden of spinal muscular atrophy and economic evaluations of treatments. Orphanet 
Journal of Rare Diseases 16 (2021) 47. https://doi.org/10.1186/s13023-021-01695-7 

 

©2026 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and 
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/)  

https://doi.org/10.5599/admet.3495
https://www.nature.com/articles/s41551-018-0314-y
https://doi.org/10.1126/scitranslmed.aac6522
https://doi.org/10.1007/s13346-020-00740-5
https://doi.org/10.1186/s12943-023-01865-0
https://doi.org/10.5599/admet.942
https://doi.org/10.53555/sfs.v10i3S.2272
https://doi.org/10.1007/978-1-4939-6840-4_22
https://cen.acs.org/articles/99/i8/Without-lipid-shells-mRNA-vaccines.html
https://doi.org/10.1021/acs.accounts.9b00368
https://doi.org/10.1242/dmm.050623
https://doi.org/10.1016/S0140-6736(18)31069-9
https://doi.org/10.1186/s13023-021-01695-7
http://creativecommons.org/licenses/by/3.0/

