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Graphical Abstract 

 

LIST OF ABBREVIATIONS 

Quercetin (QTN), curcumin (CUR), baicalin (BCL), luteolin (LUT), kaempferol (KMF), apigenin (APN), naringenin 

(NRG), hesperidin (HSP), Fisetin (FIS), epigallocatechin gallate (EGCG), phloretin (PHL) polymeric nanoparticles 

(PNPs), inorganic nanoparticles (INPs) nanostructured lipid carriers (NLCs), solid lipid nanoparticles (SLNs), 

nanoemulsion (NE), entrapment efficiency (EE), quality by design (QbD) 

 

Abstract 

Flavonoids are a group of structurally diverse bioactive compounds with high therapeutic potential for diverse 

pathological conditions; however, their clinical translation is often limited by poor aqueous solubility, chemical 

instability, extensive metabolism, rapid elimination, and low systemic bioavailability. As such, nanotechnology has 

emerged as a promising approach to overcome these physicochemical and pharmacokinetic limitations by enabling 

controlled drug loading and release, improved solubility and stability, enhanced absorption, prolonged circulation, 

and targeted or tissue-specific delivery. This review critically surveys recent progress in flavonoid 

nanotherapeutics, covering lipid-based, polymeric, vesicular, biomimetic, inorganic and hybrid nanocarrier systems 

with an emphasis on formulation-property-performance relationships. The available evidence is evaluated in terms of 

physicochemical characterization, in vitro biological activity, animal pharmacokinetics and efficacy, human 

pharmacokinetic studies, and clinical investigations to distinguish between formulation feasibility and meaningful 

therapeutic benefit. In particular, the discussion focuses on changes of important pharmacokinetic parameters like 

systemic exposure, maximum plasma concentration, half-life, and bioavailability, realizing that better 

pharmacokinetic performance does not necessarily mean better clinical efficacy. The review also discusses nano-bio 
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interactions, biodistribution, immunological and organ-specific safety, manufacturing and scale-up challenges, critical 

quality attributes and regulatory considerations that currently prevent clinical translation. Future progress relies on 

standardized characterization, reproducible manufacturing, robust long-term safety assessment, human-relevant 

pharmacokinetic and efficacy studies, and well-designed clinical trials. The translation of flavonoid nanotherapeutics 

from promising experimental systems into clinically viable therapeutic products may be enabled by the integration of 

formulation science and pharmacology, artificial intelligence, quality by design (QbD) principles, and regulatory 

science. 

 

KEYWORDS: Flavonoids: nanoformulations; drug delivery systems; bioavailability; clinical translation; regulatory 

challenges 

 

INTRODUCTION 

Flavonoids constitute a large family of polyphenolic compounds ubiquitously distributed in plants, fruits, vegetables, 

and beverages such as tea and wine. These bioactive molecules have garnered substantial scientific and clinical interest 

due to their diverse pharmacological properties, including potent antioxidant, anti-inflammatory, anticancer, 

neuroprotective, cardioprotective, and antimicrobial activities [1,2]. Flavonoids such as QTN, CUR, EGCG, BCL, 

KMF, LUT, APN, NRG, HSP, FIS, and resveratrol have demonstrated remarkable therapeutic potential in preclinical 

studies and epidemiological investigations [3,4]. Despite their promising biological activities, the clinical translation 

of flavonoid therapeutics has been severely hampered by inherent physicochemical and pharmacokinetic limitations. 

Most flavonoids exhibit poor aqueous solubility (typically<10 μg/mL), resulting in limited dissolution in 

gastrointestinal fluids and, consequently, poor oral bioavailability (often<5%) [5,6]. Additionally, flavonoids undergo 

extensive first-pass metabolism in the liver and intestinal mucosa, rapid systemic clearance, and chemical instability 

under physiological conditions, leading to short plasma half-lives and subtherapeutic concentrations at target sites 

[7,8]. These challenges have necessitated the development of innovative delivery strategies to unlock the full 

therapeutic potential of flavonoids (Fig. 1). 

Nanotechnology-based drug delivery systems have emerged as a transformative approach to overcome the 

bioavailability barriers associated with flavonoid therapeutics [9–11]. Nanocarriers including polymeric NPs, 

liposomes, SLNs, NLCs, NEs, cyclodextrin complexes, and various hybrid systems-offer multiple advantages: 

enhanced solubility through encapsulation in lipophilic or amphiphilic matrices, protection from degradation and 

metabolism, prolonged circulation time, improved cellular uptake, and the potential for targeted delivery to specific 

tissues or cells [12,13]. These platforms can be further functionalized with targeting ligands (e.g., folic acid, 

antibodies, and peptides) to achieve site-specific accumulation, thereby maximizing therapeutic efficacy while 

minimizing systemic toxicity [14,15]. 

 

 
 

Fig. 1. Biopharmaceutical limitations of flavonoids and rationale for nanotechnology-enabled delivery (Created 
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with BioRender.com. Adapted by the authors). 

Recent advances in nanotechnology have enabled the development of sophisticated flavonoid delivery systems with 

controlled release kinetics, stimuli-responsive behaviour (pH, temperature, or enzyme-triggered release), and co-

delivery capabilities for synergistic therapeutic effects [16,17]. The integration of nanotechnology with flavonoid 

therapeutics represents a convergence of natural product pharmacology and advanced materials science, offering 

unprecedented opportunities for treating complex diseases such as cancer, neurodegenerative disorders, inflammatory 

conditions, and metabolic diseases [18–20]. This systematic literature review was designed to comprehensively 

evaluate the current state of nanotechnology-based formulation strategies for flavonoid therapeutics. Specifically, the 

review aims to compare nanotechnology-based formulation strategies, including NPs, liposomes, NEs, solid lipid NPs, 

polymeric NPs, and NLCs, with conventional flavonoid formulations or free flavonoids in terms of enhanced 

bioavailability, improved pharmacokinetics, and therapeutic efficacy for flavonoid compounds such as QTN, BCL, 

CUR, KMF, LUT, APN, NRG, HSP, EGCG, FIS, and resveratrol related bioactive molecules. 

Furthermore, this review critically examines the evidence from including both preclinical and clinical investigations, 

to assess the pharmacological activities of nano formulated flavonoids. In particular emphasis on their anticancer, 

anti-inflammatory, antioxidant, neuroprotective, cardioprotective, and antimicrobial effects in comparison with non-

nano-formulated flavonoids, standard therapeutic agents, placebo, or appropriate control groups. Finally, the review 

discusses the current status of clinical translation and therapeutic application of flavonoid nanoformulations, 

highlighting emerging clinical opportunities while critically evaluating the major translational challenges, safety 

considerations associated with their human application in comparison with existing clinical standards. 

 

METHODOLOGY 

This study is a comprehensive review of the literature that includes recent information collected to get better insights 

on flavonoid therapeutics through nanotechnology and get insights on therapeutic potential, nanoformulations, clinical 

translation, regulatory approvals, safety, and exclusion of AI in flavonoid-based nanoformulations. To gather the data, 

the scientific literature was searched in various databases, including PubMed, ScienceDirect, Taylor & Francis Online, 

WILEY Online Library, Springer Nature Link, and MDPI. In searching the scientific literature published during 2021-

2026, a multi-layered searching approach was adopted using keywords like “flavonoid”, “dietary flavonoid”, 

“polyphenol”, “therapeutic potential”, “pharmacological activity”, “health benefit” for a broader review. Then, for 

searching nano-delivery-related literature, keywords like “flavonoid”, “QTN”, “BCL”, “nanoparticle”, “nanocarrier”, 

“nano-formulation”, “liposome”, “solid lipid nanoparticle”, and “polymeric nanoparticle” were used. Then with 

respect to clinical translation, keywords like “flavonoid”, “nanocarrier”, “preclinical”, “in vitro”, “pharmacokinetic”, 

“biodistribution”, “clinical translation” for searching related safety and regulatory literature. Keywords like 

“flavonoid”, “nano-formulation”, “flavonoid nanoparticle”, “toxicity”, “safety”, “biocompatibility”, “regulatory”, 

“CMC”, and “quality by design” (QbD) were used. For AI-related literatures keywords like “flavonoid”, “nano-

formulation”, were used. The total number of cumulative literatures from all the above six databases was around 

13390, and that collected from other methods was 225; these were summarized and critically discussed to provide a 

consistent overview (Fig. 2). This meta-analysis was performed according to the PRISMA guidelines 2020 [21,22]. 

 

 

Fig. 2. PRISMA 2020 flow diagram for identification and screening of suitable resources. 

 

The coloured cloud depicted in Fig. 3 was obtained by VOS viewer software (version 1.6.21, 
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www.vosviewer.com, accessed on 28 July 2026) using the ScienceDirect online database. During the bibliographic 

search (n=1861 documents), the main keywords used were flavonoids, nanotechnology, nanoformulations, and nano-

carriers. We conducted co-occurrence (map) analysis based on the text data from the title, abstract, and keyword of the 

documents found. Fig. 3a illustrates the co-occurrence network between keywords (indicated by the curved lines), 

which refers to the frequency (indicated by the size of the circles) of their occurrence in a document. In our analysis, 

the minimum occurrence of a keyword was defined as fifteen, and a total of seven clusters were obtained. According 

to density visualization map results, the colour of a keyword can be used to indicate its occurrence, with lighter colours 

indicating increased research activity and faded colours indicating decreased activity (Fig. 3b). 

 

 

Fig. 3. VOS viewer keywords co-occurrence analysis: (a) Network visualization map and (b) Density visualization 

map. 

 

CLASSIFICATION OF FLAVONOIDS 

Flavonoids are phenolic compounds found in plants structurally consisting of two six-carbon aromatic rings (A and 

B), which are interconnected by a three-carbon chain known as the C-ring (Fig. 4). The fundamental structure of nearly 

all flavonoids is a carbon skeleton based on the flavan system (C6-C3-C6). Based on their chemical structure, 

oxidation level, and chain-linked unsaturation, flavonoids can be categorized into seven main 

http://www.vosviewer.com/


Genetics and Molecular Research 25 (22s): 2026     5 

groups: flavone, flavonol, flavanone, flavan-3-ol (flavanol), anthocyanin, isoflavone, and chalcone [23–26]. The basic 

structural features, examples, and main sources of all the flavonoid classes are mentioned in Table 1 [27-33]. 

 

Fig. 4. Basic chemical structure of flavonoid. 

 

Table 1: Classification of flavonoids with structural features, examples and main source. 

 

Flavonoi

d Class 

Structural features Common examples Main source 

Flavone Double bond between C2–C3 and a ketone at 

C4; typical substitution at positions 5, 7 (A 

ring) and 

3′,4′ (B ring) 

APN, LUT, 

Chrysin 

Parsley, celery, 

chamomile, herbs 

and peppers 

Flavonol Hydroxyl group at C3, C2–C3 double bond 

and C4 carbonyl 

QTN, KMF, MYR, 

RUT 

Onions,

 a

pples, 

berries, tea and 

citrus peels 

Flavanon

e 

Saturated C2–C3 bond (no double bond), 

ketone 

at C4 (flavanone nucleus) 

NRG, Hesperetin, 

HSP 

Citrus fruits and 

herbs 

Flavan-

3-ol 

(Flavanol

) 

No C4 carbonyl (no C4=O), saturated C2–

C3 single bond, hydroxyl group at C3 

Catechin,

 Epicat

echin, EGCG 

Green and black 

tea, 

cocoa, apples and 

grapes 

Anthocya

nin 

Flavylium cation core (positively charged 

oxygen  at  position  1),  conjugated  

system 

responsible for red/blue/purple pigments 

Cyanidin, 

Delphinidin, 

Pelargonidin, 

Malvidin 

Berries, red 

grapes and 

cabbage, purple 

corn and black 

rice 

Isoflavon

e 

B ring attached at C3 of the heterocyclic 

ring 

(isomeric position) 

Genistein, Daidzein, 

Glycitein 

Soybean, red 

clover 

and legumes 

Chalcone Open-chain flavonoids without heterocyclic 

C ring; two aromatic rings joined by an 

α, β- 

          unsaturated carbonyl 

PHL, 

Xanthohumol 

Apples, hops, 

spices and 

medicinal plants 
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system

  

 

NANO-DELIVERY PLATFORMS FOR FLAVONOIDS 

Currently research on all types of nanocarrier systems has become a central focus in pharmaceutical sciences because 

nanoscale design can improve solubility, circulation, and site-specific delivery relative to conventional dosage forms 

[27,28]. Early nanomedicine efforts emphasized liposomes and other submicron carriers, but subsequent work 

broadened the landscape to polymeric, lipid-based, inorganic, and biomimetic architectures, enabling controlled and 

responsive release strategies [29,30]. Fig. 5 depicted nanocarrier platforms for flavonoid and selected polyphenols 

delivery. Clinically validated examples and expanding investigational pipelines have reinforced the translational 

relevance of nanocarriers, particularly lipid nanoparticles (LNPs), which have enabled clinically successful mRNA 

delivery and several approved nucleic-acid and vaccine formulations [31,32]. Meanwhile, cross-barrier delivery 

requirements have increased demand for platform-level comparisons across physicochemical properties, targeting 

strategies, and manufacturability. [33,34]. Despite extensive literature on individual nanocarrier classes, comparative 

synthesis across chemically and biologically distinct platforms remains fragmented, particularly when vesicular and 

polymeric nanoparticles are considered alongside metallic, carbon-based, and extracellular-vesicle-derived systems 

[35]. Knowledge gaps also remain around how nanomaterial type, formulation technique, and targeting strategy jointly 

determine bioavailability, 

biodistribution, and therapeutic outcomes. Competing perspectives persist on which platforms best balance efficacy 

with biosafety and regulatory feasibility, with ongoing concerns about toxicity, immune interactions, and scalability, 

while other reviews emphasize their precision potential when design constraints are matched to biological barriers 

[36–38]. These gaps hinder the evidence synthesis needed to guide clinically reliable selection among carrier classes 

rather than individual formulations. Conceptually, nanocarriers can be viewed as material platforms engineered 

through formulation and surface functionalization to tune key physicochemical determinants, including size, surface 

chemistry, morphology, and drug-loading capacity, thereby modulating biodistribution, passive or active targeting, 

and stimuli-responsive drug release [37,39,40]. These determinants govern interactions with biological barriers, 

including immune-mediated clearance and organ- and cell-level uptake, thereby shaping the pharmacokinetic, 

biodistribution, and safety profiles of nanomedicines. [37,41]. 

Liposomes are spherical vesicles composed of one or more phospholipid bilayers enclosing an aqueous core, enabling 

the encapsulation and delivery of both hydrophilic and hydrophobic compounds. Kumar et al. demonstrated the 

potential of QTN-loaded liposomes to mitigate oxidative stress in red blood cells during aging, as evidenced by 

reduced malondialdehyde levels and enhanced glutathione levels, highlighting their potential as antioxidant 

nanocarriers [42]. 

SLNs are colloidal drug delivery systems composed of nano-sized lipid particles, conventionally prepared by 

dispersing a solid lipid matrix in an aqueous phase containing a surfactant as a stabilizing agent [2,43]. Pareek et al. have 

developed a new inhaled swellable microsphere system for the dual delivery of NRG-loaded solid lipid NPs and 

doxofylline for the treatment of asthma [44]. In another study Al-sayadi et al. have enhanced the neuroinflammation 

potential of QTN by developing and optimizing QTN-loaded TPGS (D-α-tocopheryl polyethylene glycol 1000 

succinate, a novel stabilizer) coated SLNs by QbD [45]. 

NLCs are lipid-based nanocarriers composed of a mixture of solid and liquid lipids, generating a less-ordered lipid 

matrix that can accommodate therapeutic molecules. This structure can provide higher drug-loading and entrapment 

efficiencies than conventional SLNs, while potentially improving drug stability, permeation, and bioavailability 

[46,47]. Costa et al. in their recent study have enhanced the skin delivery and bioavailability of QTN, using NLCs 

embedded within sodium alginate/poly(vinyl alcohol) hydrogels [48]. Joshi et al. developed a nanostructured lipid 

carrier (NLC)-based topical gel for the co-delivery of cyclosporine A and QTN, designed to simultaneously target 

immune dysregulation and oxidative stress in psoriasis. In an imiquimod-induced murine model, the optimized 

cyclosporine A–QTN NLC gel enhanced dermal drug deposition and markedly reduced psoriatic severity and 

inflammatory changes, supporting its potential as a localized, synergistic therapeutic strategy [49]. 

Polymeric nanoparticles (NPs) are nanoscale drug-delivery systems composed of natural or synthetic polymers, 

generally ranging from approximately 10 to 1000 nm depending on their formulation and classification, and can be 

engineered to control drug encapsulation, release, stability, and cellular or tissue targeting [50,51]. Keturakis et al. 

encapsulated CUR within biodegradable polymeric NPs to enhance solubility, protect against premature degradation, 

and, critically, enable controlled drug release kinetics of CUR to explore its cardioprotective potential [52]. Abraham 

et al. developed NRG-loaded chitosan nanoparticles (NRG/CS-NPs) incorporated into a topical gel for diabetic wound 

management. The optimized NRG/CS-NPs exhibited nanoscale size, high entrapment efficiency, sustained drug 

release, and favorable biocompatibility, while the NRG/CS-NP gel demonstrated enhanced wound-site retention and 

promoted in-vitro cell migration, supporting its potential for diabetic wound healing [53]. Göl et al. developed QTN-

loaded PLGA nanoparticles using a nanoprecipitation method and functionalized their surfaces with two distinct 

triphenyl phosphonium (TPP)-containing conjugates, TPP–Tween 80 (TT80) and PLGA–PEG–TPP (PPT), to achieve 

mitochondria-targeted delivery. The targeted nanoparticles exhibited high cellular viability and significantly reduced 

ROS production under inflammatory conditions, while JC-1 analysis supported improved mitochondrial membrane 

potential, highlighting their potential for mitigating oxidative stress-associated inflammation [54]. 

Micelles are self-assembled colloidal structures formed by amphiphilic surfactant molecules in aqueous media, 
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typically above their critical micelle concentration. Their hydrophilic segments orient toward the aqueous phase, 

whereas hydrophobic segments associate within the micellar core, creating a hydrophobic domain capable of 

solubilizing poorly water-soluble compounds. These properties make micelles attractive nanocarriers for flavonoids, 

which often exhibit limited aqueous solubility and bioavailability [55,56]. Singla et al. investigated Pluronic 

(poloxamer)-based polymeric nanomicelles for the encapsulation of the hydrophobic phytocompounds NAR and BCL. 

Pluronics are amphiphilic triblock copolymers composed of poly(ethylene oxide)–poly(propylene oxide)–

poly(ethylene oxide) (PEO–PPO–PEO), which can self-assemble into micelles with a hydrophobic PPO core and 

hydrophilic PEO corona. Among the investigated formulations, Pluronic P84 exhibited superior encapsulation of both 

phytocompounds, while the solvent evaporation method provided substantially higher drug solubilization than the 

direct dissolution method. The authors therefore identified solvent evaporation as a more convenient and efficient 

approach for preparing NAR- and BCL-loaded Pluronic micelles [57]. 

Dendrimers are highly branched, three-dimensional synthetic macromolecules characterized by a central core, 

successive generations of regularly branched monomeric units, and a functionalized peripheral surface. Their 

well-defined molecular architecture, nanoscale dimensions, and tunable internal cavities and surface functionalities 

make them attractive nanocarriers for drug encapsulation, controlled release, and targeted delivery [58–60]. Zhang et 

al. developed a hybrid dendrimer-based micellar delivery system for the co-delivery of PARP-1 siRNA and QTN for 

cataract management. The system incorporated poly(amidoamine) (PAMAM) dendrimer units within an amphiphilic 

DSPE–PEG-based architecture, enabling electrostatic complexation of PARP-1 siRNA with the dendrimer moieties 

and encapsulation of hydrophobic QTN within the micellar lipid core. Surface modification with cyclic RGD further 

enhanced corneal retention and transcorneal delivery. In a selenite-induced cataract rat model, the formulation 

improved antioxidant responses, reduced PARP-1 expression and lipid peroxidation, and attenuated cataract-

associated inflammatory responses, highlighting its potential as a multifunctional ocular nanocarrier [61]. 

NEs are kinetically stable colloidal dispersions of two immiscible liquids, typically oil and water, with nanoscale 

droplets commonly ranging from approximately 20 to 200 nm. Depending on the dispersed and continuous phases, 

they may exist as oil-in-water (O/W) or water-in-oil (W/O) systems and are generally stabilized by surfactants and/or 

co-surfactants to minimize droplet coalescence and phase separation [62,63]. Juan Li et al. developed a dihydroMYR 

(DMYR)-loaded stiff–soft hybrid biomimetic NEs (DMYR-hNE) for oral liver-targeted delivery and treatment of early 

nonalcoholic fatty liver disease. The system comprised a DMYR-loaded PLA nanoparticle as a stiff core surrounded 

by a biomimetic lipid-based soft shell. DMYR-hNE enhanced gastrointestinal absorption, hepatic accumulation, and 

systemic exposure of DMYR and improved hepatic lipid accumulation and inflammation in an early NAFLD mouse 

model, demonstrating its potential as a biomimetic nanocarrier for liver-targeted delivery [64]. The findings of Zadeh 

et al. suggested that the nano-emulsion containing EGCG has significant anticancer activity and may be a suitable 

treatment option for the management of squamous cell carcinoma of the head and neck [65]. 

Niosomes are self-assembled, nanoscale or submicron vesicular drug-delivery systems formed primarily from non-

ionic surfactants, often in combination with cholesterol or other membrane-stabilizing lipids. Their amphiphilic bilayer 

structure enables the encapsulation and delivery of both hydrophilic and lipophilic therapeutic agents, making niosomes 

versatile carriers for drug delivery and other biomedical applications [66,67]. Riazi et al. in their study evaluated the 

anti-cancer activities of MYR-loaded PEGylated niosomes [68]. Alsaidan et al. developed the APN-loaded noisome 

gel to improve transdermal delivery and got significantly higher antioxidant activity compared to pure APN [69]. 

Ethosomes are deformable vesicular nanocarriers composed primarily of phospholipids, ethanol, and water. The 

presence of ethanol imparts high membrane flexibility and enhances vesicle deformability, facilitating penetration 

across the stratum corneum and improving the cutaneous and transdermal delivery of active pharmaceutical 

ingredients. Depending on the formulation and drug properties, ethosomes can enhance localized skin deposition or 

facilitate systemic delivery following transdermal administration [70,71]. Zhang et al. developed PHL-loaded 

propylene glycol-based ethosomes to enhance the physicochemical stability, skin permeation, and antioxidant 

performance of PHL. The incorporation of propylene glycol and ethanol into the vesicular system improved the 

deformability and skin-delivery characteristics of the formulation, highlighting its potential as a topical nanocarrier 

for enhancing the dermal delivery and antioxidant activity of poorly water-soluble phytoconstituents. [72] [57]. Raghav 

et al. developed KMF-loaded ethosomes and evaluated their potential for the treatment of diabetic foot ulcers. The 

ethosomal formulation was prepared using the cold method and systematically optimized using a Box–Behnken design 

to identify critical formulation variables and optimize the physicochemical characteristics of the vesicles. The 

optimized KMF-loaded ethosomes demonstrated favorable characteristics for topical delivery, supporting their 

potential as a vesicular nanocarrier for diabetic wound management. [73]. 

Transfersomes are highly deformable phospholipid-based vesicular nanocarriers containing edge activators, typically 

surfactants such as sodium cholate or Tween 80, which impart high membrane flexibility and facilitate passage through 

the skin barrier. Wang et al. evaluated PHL-loaded transfersomes and their gel formulations using in vitro skin 

permeation and preliminary antioxidant studies. The results demonstrated enhanced transdermal penetration and 

antioxidant activity of the PHL-loaded formulations, supporting their potential as flexible vesicular systems for 

transdermal delivery of poorly water-soluble phytoconstituents [74,75]. Hsieh et al. developed and characterized 

catechin-loaded transfersomes to enhance the topical delivery and skin permeability of catechin. The optimized 

transfersomal formulation improved cutaneous penetration and exhibited enhanced photoprotective and antioxidant 

effects against ultraviolet radiation-induced oxidative damage, highlighting its potential as a vesicular nanocarrier for 

topical skin protection [76]. 

Exosomes are small extracellular vesicles of endosomal origin, typically ranging from approximately 30–150 nm in 
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diameter, that are generated within multivesicular endosomes and released into the extracellular environment through 

fusion of multivesicular bodies with the plasma membrane. They contain diverse biomolecular cargo, including 

proteins, lipids, and nucleic acids, and play important roles in intercellular communication and emerging 

nanomedicine applications [77–79]. Zhao et al. developed a QTN-loaded exosome delivery system (Exo-QTN) to 

enhance the aqueous solubility, ocular bioavailability, and corneal permeability of QTN for myopia prevention. The 

Exo-QTN formulation prolonged precorneal retention and exhibited significant efficacy in a form-deprivation myopia 

guinea-pig model, reducing refractive-error progression and axial elongation. Mechanistically, Exo-QTN alleviated 

scleral extracellular-matrix remodelling by suppressing endoplasmic-reticulum stress and ferroptosis-related 

pathways, highlighting its potential as an exosome-based nanocarrier for ocular delivery of QTN [80]. He et al. 

developed a dissolving microneedle-based co-delivery system incorporating human umbilical cord mesenchymal stem 

cell-derived exosomes (hUMSC-Exo) and EGCG for the treatment of UV-induced skin damage. The hUMSC-

Exo/EGCG-loaded microneedles enabled efficient transdermal co-delivery and enhanced local retention of both 

therapeutic agents. In vitro and in vivo studies demonstrated synergistic antioxidant and anti-inflammatory effects, 

with reduced oxidative stress and DNA damage and enhanced tissue regeneration, highlighting the potential of this 

platform for mitigating UV-induced skin injury and photoaging [81]. 

Inorganic nanoparticles (INPs) are nanoscale materials composed predominantly of inorganic elements or compounds, 

including metals, metal oxides, metal sulfides, silica, and semiconductor materials. Their distinctive physicochemical 

properties, such as tunable size, morphology, surface chemistry, optical characteristics, and catalytic activity, make 

them versatile platforms for drug delivery, imaging, biosensing, phototherapy, and other biomedical applications [82–

84]. Milanezi et al. developed and characterized QTN-capped gold nanoparticles (AuNPsQct) and evaluated their 

antioxidant, antimicrobial, and cytotoxic properties. The AuNPsQct exhibited enhanced nitric oxide radical-

scavenging activity compared with free QTN and demonstrated strong antifungal activity against Aspergillus 

fumigatus, while showing no cytotoxicity toward L929 fibroblast cells. These findings highlight the potential of QTN-

functionalized gold nanoparticles as multifunctional inorganic nanocarriers for biomedical applications [85]. 

Phytosomes are phyto-phospholipid molecular complexes in which plant-derived bioactive constituents or 

standardized extracts interact with phospholipids, typically phosphatidylcholine, to form lipid-compatible complexes. 

This molecular association can enhance the solubility, membrane permeability, absorption, and systemic 

bioavailability of poorly absorbed phytoconstituents, thereby improving their pharmacokinetic and therapeutic 

potential [86,87]. Talaat et al. developed FIS-loaded cholephytosomes to enhance its antitumor activity against breast 

cancer. Stearylamine-bearing cationic cholephytosomes (mPHY) were designed to promote interaction with 

negatively charged, externally exposed phosphatidylserine on breast cancer cells, while further surface decoration 

with hyaluronic acid generated CD44-targeted cholephytosomes (HPHY). Both modified systems improved FIS 

complexation, aqueous–lipid partitioning, and sustained drug release, and exhibited enhanced cytotoxicity against 

MDA-MB-231 breast cancer cells compared with free FIS and conventional FIS–phospholipid complexes. These 

findings highlight the potential of surface-engineered cholephytosomes for targeted phytochemical delivery in breast 

cancer [88]. Sabzichi et al. developed LUT-loaded nanophytosomes to improve the bioavailability of LUT and 

facilitate passive delivery to breast cancer cells. In MDA-MB-231 cells, co-treatment with LUT nanophytosomes and 

doxorubicin produced greater cytotoxicity than doxorubicin alone, accompanied by suppression of Nrf2 and its 

downstream genes, including HO-1 and MDR1. These findings suggest that LUT nanophytosomes may enhance the 

chemosensitizing potential of Lut and improve the therapeutic efficacy of doxorubicin against breast cancer [89]. 

A comparative analysis of major nanocarrier systems based on composition, encapsulation efficiency (EE), stability, 

biocompatibility, targeting capability, scalability, cost considerations, toxicity, regulatory considerations, and 

biological applications is presented in Table 2 [90–97]. Various flavonoids have been incorporated into diverse 

nanoformulations to overcome their intrinsic limitations, including poor aqueous solubility, limited permeability, 

chemical instability, and low bioavailability, thereby improving their therapeutic performance. The selection of an 

appropriate nanocarrier depends on the physicochemical properties of the flavonoid, intended route of administration, 

target site, and desired release profile. In Table 3 presented comparative summary of representative flavonoid-based 

nanoformulations with respect to particle size, EE, release characteristics, advantages, limitations, and biological 

applications [98–103]. The pharmacokinetic profiles of selected flavonoids in their free and nano formulated forms 

are summarized in Table 4. 
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Fig. 5. Nanocarrier platforms for flavonoid and selected polyphenols delivery. (Created with BioRender.com. 

Adapted by the authors). 



Genetics and Molecular Research 25 (22s): 2026     10 

Table 2: Comparative characteristics, translational potential, and biomedical applications of major nanocarrier systems. 

 

Nano-

carrier 

system 

Composition Encapsulation 

efficiency 

Stability Biocompatibili 

ty 

Targeting 

ability 

Scale-up 

potential & 

Overall cost 

Toxicity Regulatory 

approval 

Applications 

Liposomes Phospholipid 

bilayer 

vesicles; 

Phospholipids 

, cholesterol, 

and hydration 

medium 

high for 

hydrophilic and 

amphiphilic 

drugs 

Moderate; can 

face leakage, 

oxidation, fusion, 

and storage 

instability 

High, 

especially with 

approved 

phospholipid 

excipients 

Good surface 

functionalizati 

on potential 

Good   to 

moderate; 

manufacturin 

g is relatively 

mature but 

scale-up can 

still  be 

challenging. 

 

Overall cost: 

Moderate to 

high 

Usually low 

to moderate, 

but depends 

on 

composition 

Yes; several 

liposomal 

products are 

approved, 

including 

amikacin 

liposome 

inhalation 

suspension 

Cancer, 

antifungals, 

antibiotics, 

vaccines, 

transdermal 

and parenteral 

delivery 

SLNs Solid lipids 

stabilized by 

surfactants 

and 

cosurfactants 

High for 

lipophilic 

drugs and 

Moderate for 

some 

hydrophilic 

drugs 

Good physical 

stability, but may 

show 

polymorphic 

transitions and 

drug expulsion on 

storage 

High to good Moderate; can 

be surface-

modified 

Good; uses 

scalable 

lipid-

processing 

methods. 

Overall cost: 

Low to 

moderate 

Generally 

low, though 

excipient 

choice 

matters 

Limited 

approved 

products 

compared 

with 

liposomes 

Oral, dermal, 

pulmonary, 

and 

controlled-

release 

delivery 

NLCs Mixture of 

solid and 

liquid lipids 

along with 

surfactants 

and 

cosurfactants 

higher than SLN 

because  the 

imperfect lipid 

matrix 

accommodates 

more drug 

Improved and 

better stability 

compared to other 

lipid systems, but 

still formulation-

sensitive 

High to good Moderate; can 

be ligand-

functionalized 

Good; more 

scalable than 

complex 

biomimetic 

carriers. 

Overall cost: 

Moderate 

Low to 

moderate 

Few 

approved 

products 

relative to 

liposomes 

Oral, dermal, 

ocular, and 

tumor 

delivery 

PNPs Natural or 

synthetic 

polymers such 

as chitosan, 

PLGA, 

Variable; can be 

high, especially 

for hydrophobic 

drugs and 

controlled- 

Good if polymer 

is stable; 

degradation rate 

can be tuned 

High to Good 

when 

biocompatible/ 

biodegradable 

polymers are 

Good, 

especially with 

ligand 

conjugation 

Moderate; 

reproducible 

large-scale 

production 

can be 

Low for 

biodegradab 

le polymers, 

but cationic 

systems can 

Some 

polymeric 

systems and 

excipients 

are clinically 

Gene delivery, 

cancer 

therapy, 

protein/peptid 

e delivery, 
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 Eudragit with 

crosslinking 

agents 

release systems  used  difficult for 

some 

methods. 

Overall cost: 

moderate 

be more 

toxic 

used, but 

fewer  are 

marketed as 

stand-alone 

nano drugs 

than 

liposomes 

sustained 

release 

Micelles Amphiphilic 

surfactant or 

block-

copolymer 

self-

assemblies 

Moderate to high 

for hydrophobic 

drugs, but often 

lower payload 

retention   than 

vesicles under 

dilution 

Sensitive   to 

dilution because 

of critical micelle 

concentration; 

low  CMC 

improves stability 

Good, but 

depends on 

surfactant/ 

polymer 

Moderate to 

good with 

surface 

engineering 

Good;  but 

stability 

during 

storage and 

dilution is a 

challenge. 

Overall cost: 

Low to 

moderate 

Low 

moderate 

to Limited 

approved 

products 

compared 

with 

liposomes 

Solubilization 

of poorly 

soluble drugs, 

cancer 

therapy, 

intravenous 

delivery 

Dendrimers Highly 

branched 

macromolecul 

es with 

internal 

cavities and 

surface 

groups; 

synthetic 

polymers and 

surface 

modifiers 

Very High for 

some drugs due 

to internal voids 

and multivalent 

binding 

Good structural 

control,  but 

surface charge 

can affect 

colloidal stability 

Moderate; 

depends 

strongly on 

generation and 

terminal groups 

Very good due 

to precise 

surface 

functionalizati 

on 

Moderate; 

synthesis is 

complex and 

costly. 

Overall cost: 

High 

Can be 

significant 

for cationic 

dendrimers 

Very limited 

clinical 

approval 

Gene delivery, 

imaging, 

anticancer 

delivery, 

diagnostics 

NEs Oil-in-water 

or water-in-oil 

nano scale 

emulsions 

stabilized by 

surfactants, 

cosurfactants 

Moderate to 

high; Good for 

lipophilic drugs; 

less suitable for 

hydrophilic drug 

without special 

design 

Thermodynamica 

lly unstable, 

though kinetically 

stable if well 

formulated 

Good if 

excipients are 

biocompatible 

Moderate; can 

be surface-

modified 

Good; 

comparativel 

y easy to 

manufacture 

at scale. 

Overall cost: 

Low 

Low 

moderate 

to Some  NE-

based 

products and 

excipients 

are in use, 

but fewer 

than 

liposomes 

Oral, topical, 

ocular, 

vaccine, and 

antimicrobial 

delivery 

Niosomes Non-ionic 

surfactant 

Moderate; Good 

for hydrophilic 

Better 

stability 

chemical 

than 

Good, though 

less established 

Moderate to 

good 

Good; 

cheaper 

Low 

moderate 

to Very limited 

approved 

Transdermal, 

ocular, oral, 
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 vesicles, often 

with 

cholesterol 

and hydration 

medium 

and hydrophobic 

drugs and 

formulation-

dependent 

liposomes than liposomes  materials 

make scaling 

attractive. 

Overall cost: 

Low to 

moderate 

 products and vaccine 

delivery 

Ethosomes Phospholipids 

plus high 

ethanol 

content  and 

water 

High for 

dermal/transder 

mal delivery 

Good short-term 

performance; 

ethanol can affect 

long-term 

stability 

Good for 

topical use, but 

ethanol limits 

some systemic 

uses 

Strong skin-

targeting/ 

permeation 

enhancement 

Moderate; 

composition 

is simple but 

ethanol 

handling 

matters. 

Overall cost: 

Moderate 

Low for 

topical use, 

but irritation 

is possible 

No major 

FDA- 

approved 

systemic 

products 

highlighted 

in the 

sources 

Transdermal 

vaccines, 

peptides, anti-

inflammatory 

and cosmetic 

delivery 

Transfersom 

es 

Flexible 

phospholipid 

vesicles with 

edge 

activators 

(surfactants), 

and water 

High especially 

for skin delivery 

Flexible; less 

stable than 

liposomes; 

stability 

dependent  on 

surfactant load 

Good Strong 

deformability 

helps 

penetration 

through skin 

Moderate; 

formulation 

control is 

important. 

overall cost: 

moderate 

Low to 

moderate 

Very limited 

approval 

history 

Transdermal 

drug delivery 

Exosomes Natural 

extracellular 

vesicles 

secreted by 

cells 

Lower and 

variable with 

complex loading 

methods 

Very stable 

biologically, but 

manufacturing 

consistency  is 

difficult 

Excellent 

natural 

biocompatibilit 

y 

Very good 

intrinsic 

targeting  and 

cell 

communicatio 

n properties 

Poor to 

moderate; 

isolation and 

standardizati 

on are major 

barriers. 

Overall cost: 

Very high 

Low 

intrinsic 

toxicity, but 

source-

dependent 

risks exist 

No routine 

FDA- 

approved 

exosome 

drug 

products in 

the cited 

source 

Gene delivery, 

regenerative 

medicine, 

immunotherap 

y, diagnostics 

Inorganic 

NPs 

Metal and 

Metal oxides, 

Silica, Carbon 

nanotubes, 

Graphene 

oxide, 

Fullerenes, 

Quantum 

dots, etc. 

Variable; 

depends  on 

surface 

chemistry and 

pore design 

High 

physicochemical 

stability 

Lower than 

many 

lipid/polymer 

systems unless 

surface-

engineered 

Excellent  for 

imaging and 

multimodal 

targeting 

Moderate; 

synthesis can 

be 

reproducible, 

but 

regulatory 

barriers are 

high. 

Overall cost: 

Can be 

higher, 

especially if 

non-

biodegradab 

le  or 

cationic 

Few 

approved 

therapeutic 

products; 

more 

common in 

diagnostics 

Imaging, 

theranostics, 

photothermal 

therapy, 

biosensing 
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      Moderate  to 

high 

   

Phytosome Formed by High for Short to medium High, Moderate; can Moderate; Usually low No routine Oral, 

non-covalent lipophilic term stability and especially with be surface- solvent to moderate, FDA- Topical/derma 

interaction phytochemicals oxidation/hydroly approved or modified handling, but depends approved l delivery, 

between  sis of food grade  removal and on Phytosome Parenteral and 

phytochemica  phospholipids and phospholipids  lipid composition drug targeted 

ls and  phytochemical   oxidation  products, but therapy, food 

phospholipids  degradation major   main scale-  some or 

, with  concerns   up issues.  phytochemic nutraceuticals 

cholesterol,     Overall cost:  al  

stabilizer or     Moderate  to  phospholipi  

penetration     high  d complexes  

enhancer       have  

       progressed  

       to marketed  

       nutraceutical  

       s or cosmetic  

       products  
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Table 3: Comparative characteristics, advantages, limitations, and applications of representative flavonoid-based nanoformulations. 

 

Flavonoids based-Nano 

formulation 

Typical size 

(nm) 

EE (%) Release profile Advantages Limitations Applications 

Liposomes; 

(QTN, RUT, LUT, APN) 

50 to 500 Moderate to high; (50 

to 95) 

Fast to sustained 

release 

Biocompatible, versatile 

for hydrophilic and 

lipophilic drugs 

Physical instability, 

leakage, oxidation, 

costlier sterilization and 

scale-up 

Oral, topical, 

transdermal, targeted 

delivery 

SLNs (QTN, NRG, HSP, 

KMF) 

50 to 300 Moderate; (30 to 90) Sustained release; 

matrix diffusion 

controlled 

Good stability, scalable, 

protects labile drugs 

Drug expulsion during 

storage, limited loading 

due to solid matrix 

Oral, topical, parenteral 

 

NLCs (QTN, LUT, APN, 

chrysin) 

 

50 to 300 

 

Higher than SLNs; 

(30 to 95) 

 

Sustained release 

with reduced burst 

effect 

 

Better loading than SLNs, 

improved stability, less 

drug leakage 

 

Formulation complexity; 

lipid selection is critical 

 

Oral, topical, transdermal 

PNPs; (QTN, BCL, 

catechin, FIS) 

10 to 1000 High; (70 to 94) Controlled, 

prolonged, 

sometimes 

stimuli-responsive 

Strong control over 

release, surface 

functionalization possible 

Residual solvent 

concerns, polymer 

toxicity, scale-up issues 

Oral, parenteral, targeted 

delivery 

Micelles; (QTN, 

genistein, LUT, KMF) 

10 to 100 Low to moderate; 

(variable by system) 

Faster release 

unless specially 

stabilized 

Excellent solubilization 

of poorly soluble drugs 

Low dilution stability, 

possible premature 

dissociation 

Oral, intravenous, 

solubilization-based 

delivery 

Dendrimers; (QTN, 

RUT, APN, BCL) 

Less than 100 Moderate to high; 

(Variable) 

Highly tuneable, 

controlled release 

Precise structure, many 

surface groups, high 

targeting potential 

Expensive synthesis, 

possible cytotoxicity with 

cationic surfaces 

Targeted, parenteral, 

diagnostic delivery 

NE; (QTN, hesperetin, 

NRG, daidzein) 

20 to 200 Moderate to high; 

(Variable) 

Rapid release and 

absorption 

Easy to prepare, improve 

solubility and 

bioavailability 

Thermodynamic 

instability, limited 

sustained release 

Oral, topical, transdermal 
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Niosomes; (QTN, 

catechin, RUT, APN) 

100 to 1000 Moderate to high; (40 

to 95) 

Controlled to 

sustained release 

Stable, cost-effective, 

non-ionic surfactants 

improve safety 

Vesicle aggregation, 

leakage, batch variability 

Oral, topical, transdermal 

Ethosomes; QTN, RUT, 

HSP, NRG) 

100 to 400 Moderate; (50 to 70) Sustained 

transdermal 

release 

Excellent skin 

permeation, flexible 

vesicles 

High ethanol content can 

cause irritation and 

instability 

Transdermal, topical 

Transfersomes; (QTN, 

LUT, APN, catechin) 

100 to 400 Moderate; (50 to 70) Sustained and 

enhanced 

permeation 

Very deformable, crosses 

skin barriers well 

Sensitive to composition, 

leakage under stress 

Transdermal, topical 

Exosomes; (QTN, KMF, 

APN, LUT) 

30 to 150 Highly variable; (not 

standardized like 

synthetic systems) 

Biological, 

targeted, cell-

dependent kinetics 

Natural origin, good 

biocompatibility, 

intrinsic targeting 

Isolation and loading are 

complex, expensive, and 

difficult to standardize 

Targeted delivery, 

biologics, gene and drug 

delivery 

INPs; (QTN, KMF, RUT, 

catechin) 

1 to 100 Not usually expressed 

as classical EE%; 

(often surface-loaded) 

Rapid to medium; 

can be engineered 

for controlled 

release 

Strong imaging and 

theranostic utility, robust 

chemistry 

Potential toxicity, limited 

biodegradability for some 

materials 

Targeted delivery, 

imaging, theranostics 

Phytosome; (QTN, 

silymarin, RUT, LUT) 

100 to 500 Variable; (improved 

complexation of 

phytoconstituents) 

Moderately 

sustained release 

Enhances solubility, 

absorption, and oral 

bioavailability of herbal 

drugs 

Limited to suitable 

phytoconstituents; 

formulation optimization 

is needed 

Oral 

phytopharmaceutical 

delivery 
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Table 4: Comparative pharmacokinetic parameters of selected flavonoids following administration as free and nano-

formulated preparations. 

 

Nano-formulation Species/study 

type 

AUC  Cmax  Tmax  t1/2  Bioavailabil 

ity* 

 MRT  

FRF NFF FRF NFF FRF NFF FRF NFF FRF 

 

Micelles 

Human; double-

blind, 

randomized, 

crossover study 

456.9 

(ng·h/m 

L) 

914.8 

(ng·h/ 

mL) 

42.1 

(ng/m 

L) 

87.3 

(ng/m 

L) 

 

4.2 (h) 

4.8 

(h) 

11.0 

(h) 

25.3 

(h) 

2-fold 

increase 

17.2 

(h) 

LipoMicel 

(Micelles) 

Human; open- 

label, crossover 

study 

77.3 

(ng·h/m 

L) 

543.1 

(ng·h/ 

mL) 

6.8 

(ng/m 

L) 

52.5 

(ng/m 

L) 

3.0 

(h) 

5.9 

(h) 

NR NR 7-fold 

increase 

NR 

 

Phytosome 

Human; 

randomized 

crossover studies 

4774.93 

(ng·min 

/mL) 

96,163. 

87 

(ng·mi 

n/mL) 

10.93 

(ng/m 

L) 

223.1 

0 

(ng/m 

L) 

290 

(min) 

202.5 

0 

(min) 

375.63 

(min) 

226.8 

4 

(min) 

20-fold 

increase 

410.4 

1 

(min) 

Micelles Sprague Dawley 

rats 

40.99 

(µg·h/ 

mL) 

123.79 

(µg·h/ 

mL) 

1.38 

(µg/ 

mL) 

6.32 

(µg/m 

L) 

1.34 

(h) 

1.56 

(h) 

3.45 

(h) 

4.89 

(h) 

3-fold 

increase 

5.42 

(h) 

Micelles Male Sprague 

Dawley rats 

350.5 

(ng·h/m 

L) 

934.7 

(ng·h/ 

mL) 

49.6 

(ng/m 

L) 

239.2 

(ng/m 

L) 

3.67 

(h) 

0.67 

(h) 

4.73 

(h) 

4.32 

(h) 

2.6-fold 

increase 

NR 

Lipid based 

nano-formulation 

Male Sprague 

Dawley rats 

NR NR 4.20 

(µg/ 

mL) 

9.48 

(µg/m 

L) 

3 

(h) 

1 

(h) 

NR NR 2.24-fold 

increase 

NR 

Poly (lipoic acid) 

nanoparticles 

Male Sprague 

Dawley rats 

19 

(ng·h/m 

L) 

710 

(ng·h/ 

mL) 

8.2 

(ng/m 

L) 

130 

(ng/m 

L) 

0.083 

(h) 

2.1 

(h) 

0.22 

(h) 

1.7 

(h) 

37-fold 

increase 

0.32 

(h) 

NE against 

suspension 

Male New 

Zealand 

white rabbits 

992 

(ng·h/m 

L) 

4337 

(ng·h/ 

mL) 

122.5 

6 

(ng/m 

L) 

286.5 

1 

(ng/m 

L) 

2 

(h) 

2 

(h) 

11.09 

(h) 

9.05 

(h) 

4-fold 

increase 

8.79 

(h) 

Nano cochleates Male Wistar 

albino rats 

95.96 

(µg·h/ 

mL) 

179.55 

(µg·h/ 

mL) 

22.0 

(µg/ 

mL) 

38.8 

(µg/m 

L) 

6 

(h) 

8 

(h) 

6.12 

(h) 

11.1 

(h) 

2-fold 

increase 

NR 

 

Hybrid-hydrogel 

Human; 

randomized, 

double-blinded 

crossover design 

27.44 

(ng·h/m 

L) 

510.86 

(ng·h/ 

mL) 

14.48 

(ng/m 

L) 

112.4 

1 

(ng/m 

L) 

1.12 

(h) 

3.38 

(h) 

1.91 

(h) 

4.74 

(h) 

18.6-fold 

increase 

 

NR 

Nanocrystals Male Sprague 

Dawley rats 

35.92 

(µg·h 

/mL) 

72.19 

(µg·h 

/mL) 

2.51 

(µg/ 

mL) 

4.43 

(µg/m 

L) 

3.33 (h) 2.92 

(h) 

12.57 

(h) 

15.43 

(h) 

2-fold 

increase 

9.29 

(h) 

 

AUC: Area under the curve, which quantifies total drug exposure over the time by measuring the area under the plasma 

concentration-time curve; Cmax: maximum plasma concentration; Tmax: time taken to reach Cmax; t1/2: elimination half-

life is the time required for the amount or concentration of a drug to decrease by half; MRT: mean residence time; FRF: 

Free or non-nano formulated Flavonoids; NFF: Nano-formulated Flavonoids; *Increase in bioavailability of flavonoid in 

nano formulations (NFF) compared to free or non-nano formulated form of flavonoids (FRF); NR: Not reported. 

Applications of flavonoid-based Nano formulations in therapeutics 

The selection of nanocarriers for flavonoid delivery is largely governed by the physicochemical properties of the 

flavonoid, intended administration route, biological barriers, target site, and desired release profile. Liposomes, SLNs, 

NLCs, micelles, PNPs, and dendrimers are widely investigated to improve flavonoid solubility, physicochemical stability, 

permeability, bioavailability, controlled release, and, where appropriate, targeted delivery, with their therapeutic 

performance generally evaluated against the corresponding free flavonoid. Lipid-based systems such as NEs, niosomes, 

ethosomes, and transfersomes are particularly attractive when enhanced solubilization, membrane interaction, skin or 

mucosal permeation, and controlled topical or systemic delivery are required. Exosomes and inorganic nanoparticles 

provide additional opportunities for biologically mediated targeting, imaging, combined therapeutic–diagnostic 

applications, and multifunctional delivery, although their translational development remains subject to formulation, safety, 

manufacturing, and regulatory challenges. Phytosomes, in contrast, are primarily employed to enhance the absorption and 

systemic exposure of poorly bioavailable flavonoids through formation of phospholipid–phytoconstituent complexes 

[102,115–120]. Table 5 summarizes representative flavonoid-based nanoformulations developed using the nanocarrier 

platforms discussed above, with emphasis on particle size, encapsulation efficiency (EE), release characteristics, and key 

therapeutic outcomes, thereby illustrating the potential of nanocarrier engineering to enhance the delivery and biological 
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performance of flavonoids. Also, in Fig. 6 depicted some therapeutic applications of flavonoid-based nanoformulations. 

 

 

Fig. 6. Some therapeutic applications of flavonoid-based nanoformulations (Created with BioRender.com. Adapted by the 

authors). 

 

Table 5: Comparative overview of representative flavonoid-based nanoformulations: particle size, encapsulation 

efficiency, release characteristics, and key therapeutic findings. 

 

Flavonoid Nano 

formulation 

Size 

(nm) 

EE 

(%) 

Release Major findings Ref. 

Antioxidant activity 

LUT Liposomes 412.8 86.6 90% in 24h 

(Controlled 

release) 

Significant improvement in cognitive 

function and reduces the pathology of 

Alzheimer's disease 

[121] 

MYR NLCs 89.7 80.81 biphasic release 

pattern 

Improved behaviour and neurotransmitter 

levels 

[122] 

KMF and CUR Phytosomes 167.1 

to 

497.3 

94.12 90.52%  (KMF) 

and 94.67% 

(CUR) in 12h 

Increased antioxidant potential from the 

combined impact of flavonoids 

[123] 

QTN Niosomes 195 82.77 87.16% in 24h 

(Sustained 

release) 

Improved bioavailability and 

performance in laboratory and animal 

investigations 

[124] 

QTN SLNs 183.3 97.49 91.65% in 48h 

(Sustained 

release) 

Improved  antioxidant  properties, 

degradation resistance, and overall 

stability 

[125] 

Anti-inflammatory activity 

Rhoifolin PNPs 204 45 Sustained 

release for 96h 

Nanoparticles superior in mitigating the 

histopathological changes 

[126] 

FIS Lipid polymer 

hybrid 

nanoparticles 

125.39 61.76 Sustained 

release over 48h 

Significant reduction in NF-κB activity, 

NLRP3, TNF-α, IL-1β, IL-6, and C- 

reactive protein (CRP) levels in 

pancreatic tissue 

[127] 

NRG Nano-emulsions 220 80 Steady release 

profile 

Reduction  in  the  mRNA  levels  of 

inflammatory mediators 

[128] 

LUT NLCs 202  to 

538 

84.21 

to 

96.53 

Sustained drug 

release up to 24h 

Enhanced skin deposition resulting in 

improved anti-psoriatic efficacy 

[129] 

Xanthorrhizol and 

CUR 

NLCs 130 83 Sustained 

release profile 

Enhanced anti-inflammatory activity 

through modulated prostaglandin and 

mitogen-activated protein kinase 

pathways in a dose-dependent manner 

[130] 
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Anticancer/Cytotoxic activity 

FIS NLCs 135 78.16 74.79% in 96h Substantial  inhibition  of  melanoma- [131] 

    (Sustained associated metastasis both in lungs and  

    release) liver  

QTN SLNs 132.16 97.8 41.12% in 48h Greater cytotoxic action of nanoparticles [132] 

    (Delayed compared to free QTN, with an IC50 of  

    release) approximately 49 µM/mL on Caco-2  

     cells, compared to 128 µM/mL for free  

     QTN  

NRG PNPs 44.14 77.72 78.46% (At pH Higher cytotoxic efficacy in MCF-7 cells, [133] 

    5.8) with an IC50 of 31.51 μg/mL  

QTN Micelles 107.16 77.46 92.78% in 72h Micelles showed 1.7 times higher [134] 

    (Sustained cytotoxicity against C6 and U87MG cells  

    release) compared to pure QTN  

CUR and QTN Liposomes 327 82.30 77.19%  (CUR) Synergistic effect on inhibiting cancer [135] 

   (CUR) and 80.23% cells  

   and (QTN)   

   83.28    

   (QTN)    

Neuroprotective activity 

QTN PNPs 161.4 86.74 98 % over 48h Enhanced intestinal permeability, [136] 

    (Sustained absence of hippocampal toxicity, and  

    release) effective blood-brain barrier (BBB)  

     transport  

QTN Liposome 116– 89.9 Slow Sustained Enhanced brain target ability allowed [137] 

  124  release liposomes  to  deliver  more  QTN  to  

     neuronal cells  

QTN Transferosomes 171.4 78.2 61.3% in 3h Effective brain targeting via the intranasal [138] 

     route was achieved  

LUT Bile-salt-based 153.2 70.4 92.8 to 98.7% in Preservation of intact and well-organized [139] 

 nano-vesicles   24h hippocampal CA3 regions with intact  

 (Bilosomes)    neurons and minimal neuronal  

     degenerative changes were achieved with  

     LUT-bilosomes  

KMF SLNs 451.2 84.92 93.24% Decreased  level  of  ROS  and  some [140] 

    (Controlled mediators like NF-κB and p-STAT3  

    release)   

Antidiabetic activity 

QTN PNPs  130.1 79.72 86.10 % in 24h Fasting blood glucose decreased from [141] 

     (Sustained 292.9 to 107.7 mg/dL, along with  

     release) improved lipid profiles  

CUR Nano CUR 119.9 75 75% in 180 min Substantial reduction in fasting blood [142] 

(micronization 

process) 

(CURF 

) and 

117 

(CURA 

) 

(CURA 

) and 85 

(CURF 

) 

and  82.5%  in 

210 min 

(Controlled 

release) 

sugar levels (from 392 to 187 mg/mL) 

LUT and Diosmin Selenium NPs 47.84 86.1 70% in 40h 

(Initially fast 

then slow) 

Significantly restored blood glucose, lipid 

profile, glycogen, glycosylated 

hemoglobin, and insulin levels 

[143] 

QTN NE 153.1 73.25 91.10 % in 12h Significant bioavailability enhancement 

(5.38-fold) exhibited potential therapeutic 

benefits 

[144] 

NRG PNPs 163.4 93.2 91.60% in 24h 

(Sustained 

release) 

 

Cardioprotective activity 

Pharmacokinetic results suggested high 

absorption profile (AUC0-24) and 

antidiabetic activity for nanoparticles 

compared to pure NRG 

[145] 
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PHL Polymeric NCs 105.8 92.36 Reduction of myocardial infarct size by 

46%, compared to just a 13% reduction 

with free PHL 

[146] 

QTN PNPs 150.7 64.01 biphasic release Significant  decrease  in  indicators  of [147] 

    maximum at 

pH 5.5 

cardiac injury (troponin I and CK-MB). 

Also reduced cardiac histopathological 

damage and inflammation 

 

NRG Lignin NPs 138.24 91.53 88.75% in 24h Significant reduction in cardiac injury 

markers like CK-MB, LDH, AST and 

MDA. Restoration of cardiac tissue 

damage and improved size of the cardiac 

infarction was observed 

[148] 

BCL NPs 102.21 26.43 Slow and 

sustained release 

(pH 5.5) 

Reduced infarct size, ameliorated cardiac 

fibrosis, and improved overall heart 

function 

[149] 

RUT Nanoparticles 179  to 

209 

45 Sustained 

release in 96h 

Proinflammatory cytokines and levels of 

intracellular NLRP3 and MyD-88 were 

significantly lowered in the cells 

[150] 

Antimicrobial activity 

NRG PNPs 85 89.5 90% in 48h 

(Sustained  and 

prolonged 

release) 

Co-delivered ciprofloxacin and NRG 

significantly enhanced antimicrobial 

activity compared to CIP alone against E. 

coli and S. aureus 

[151] 

QTN Nanostructured 

lipid carrier 

(NLCs) 

<200 >99 36.3% in 72h 

(Slow and 

sustained 

release) 

Enhanced antibacterial activity against 

Staphylococcus aureus and NLCs were 

capable  of  transporting  QTN  to  an 

intranuclear location within HaCaT cells 

[152] 

NRG SLNs 50 97.9 55% in 24h Antibacterial activity against S. aureus 

strains which was the result of interaction 

between surfactant-coated SLNs with the 

bacterial surface 

[153] 

QTN Niosome 57.4 

(QCT) 

and 

178.9 

(QCT-

SA) 

75.9 

(QCT) 

and 

59.6 

(QCT-

SA) 

36% (QCT) and 

25% (QCT-SA) 

in 24h 

Niosomal drug delivery system for QTN 

to combat Pseudomonas aeruginosa 

infections, particularly drug-resistant 

strains and biofilms 

[154] 

NRG Hybrid PNPs 246 83.5 89.62% in 24h Enhanced antibacterial activity against 

Escherichia coli and Staphylococcus 

aureus with lower MIC values and larger 

zones of inhibition 

[155] 
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Antioxidant activity 

Flavonoids are important naturally occurring antioxidants that can attenuate oxidative stress through multiple 

complementary mechanisms. Their antioxidant activity involves direct scavenging of reactive oxygen species and reactive 

radicals, chelation of redox-active metal ions such as Fe²⁺ and Cu²⁺, and modulation of endogenous antioxidant defenses, 

including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). These mechanisms contribute 

to the ability of flavonoids to mitigate oxidative damage and may underlie their protective effects against a range of 

oxidative stress-associated disorders [156–161]. Abbas et al. developed LUT-loaded chitosan-decorated nanoparticles 

(LUT-CHS) as a non-invasive intranasal delivery system for the management of cognitive dysfunction associated with 

Alzheimer’s disease (AD). In a sporadic AD mouse model, intranasal administration of LUT-CHS improved short- and 

long-term spatial memory, enhanced neuronal survival, and reduced amyloid plaque burden. The formulation also enhanced 

antioxidant activity and attenuated pro-inflammatory responses, while reducing Aβ aggregation and hyperphosphorylated 

tau levels by approximately 50% compared with the disease-model control. These findings highlight the potential of LUT-

CHS as a brain-targeted nanocarrier for mitigating multiple pathological features of AD [162]. Halder et al. developed and 

optimized MYR-loaded nanostructured lipid carriers (MYR-NLCs) to enhance brain bioavailability and mitigate cognitive 

impairment in an amyloid-β (Aβ₁₋₄₂)-induced rat model of Alzheimer’s disease (AD). The optimized MYR-NLCs exhibited 

a particle size of 89.7 ± 26.0 nm and an entrapment efficiency of 80.81 ± 10.39%. Compared with free MYR, MYR-NLCs 

increased systemic exposure and demonstrated enhanced brain targeting. In Aβ₁₋₄₂-induced AD rats, MY-NLC treatment 

significantly improved cognitive and behavioral performance and modulated brain neurotransmitter levels, supporting its 

potential as a lipid-based nanocarrier for brain delivery of MYR in AD [163]. Kumar et al. successfully developed and 

characterized flavonosomes loaded with KMF and CUR, demonstrating improved bioavailability and stability and enhanced 

antioxidant activity compared to the individual flavonoids. The IC50 values were 228.20 µg/mL for KMF, 175.51 µg/mL 

for CUR, and 158.19 µg/mL for the flavonosome, indicating enhanced antioxidant potential due to the combined effect of 

the flavonoids [164]. The research conducted by Revankar et al. resulted in the successful formulation development of 

QTN-loaded niosomes with favourable properties for Parkinson's disease. The enhanced bioavailability and efficacy 

observed in both laboratory and animal studies position this novel delivery system as a promising therapeutic strategy, 

although further optimization and clinical validation are necessary [124]. Shang et al. focused on developing a novel 

glyceryl monostearate-based solid lipid nanocomplex to overcome the poor solubility and instability of QTN. The oleic 

acid modification significantly improved the antioxidant properties, degradation resistance, and overall stability of the QTN 

nanocomplex [165]. 

Anti-inflammatory activity 

Flavonoids exert anti-inflammatory effects through multiple complementary mechanisms, including suppression of 

cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and lipoxygenase (LOX) expression or activity, 

together with attenuation of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 

and interleukin-6 (IL-6). These effects are mediated, at least in part, through modulation of key inflammatory signaling 

pathways, particularly nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling, thereby limiting 

the production of inflammatory mediators and downstream tissue damage [166–169]. Al-Shalabi et al. investigated the 

antioxidant and anti-inflammatory potential of rhoifolin-loaded PLGA NPs using both in vitro macrophage assays and an 

in vivo formalin-induced rat paw edema model. In the animal model, rhoifolin-loaded PLGA NPs were more effective than 

free rhoifolin in reducing paw edema and mitigating histopathological alterations in inflamed paw tissues. The 

nanoformulation also normalized nitric oxide levels and modulated the expression of pro-inflammatory cytokines, including 

TNF-α and IL-1β. These findings suggest that PLGA-based nanoencapsulation can enhance the anti-inflammatory 

performance of rhoifolin compared with the free flavonoid [170]. Awadeen et al. developed FIS-LPHNPs as a prophylactic 

nanotherapeutic strategy against severe acute pancreatitis and associated multiple-organ injury. In an L-arginine-induced 

SAP rat model, oral pretreatment with FIS-loaded LPHNPs attenuated pancreatic inflammation and tissue injury more 

effectively than free FIS and unloaded LPHNPs. The nanoformulation reduced NF-κB and NLRP3 expression and 

decreased the levels of pro-inflammatory mediators, including TNF-α, IL-1β, IL-6, and C-reactive protein. These findings 

suggest that FIS-loaded LPHNPs may enhance the anti-inflammatory and organ-protective effects of FIS in experimental 

SAP [171]. Fuior et al. investigated NRG-loaded lipid nanoemulsions, including VCAM-1-targeted formulations, as a 

nanocarrier-based approach for modulating acute inflammation. In an LPS-induced murine model of acute inflammation, 

treatment with NRG-loaded NEs reduced the mRNA expression of several inflammatory mediators, including TNF-α, IL-

1β, MCP-1, VCAM-1, and ICAM-1, in selected organs. These findings indicate that NRG-loaded NEs possess anti-

inflammatory potential and may facilitate targeted delivery of naringenin to inflamed tissues [172]. The research conducted 

by Hatem et al. developed NLCs of LUT to enhance its skin deposition and anti-inflammatory potential for treating 

psoriasis. The NLCs significantly enhanced LUT’s skin deposition by 3.4-fold in the stratum corneum, epidermis, and 

dermis compared to a LUT suspension, with minimal transdermal delivery. In vitro studies on an imiquimod-induced 

psoriasis rat model, assessed morphologically, histopathologically, and biochemically, revealed a significant augmentation 

of LUT’s anti-psoriatic efficacy when encapsulated in NLCs compared to free LUT suspension [173]. Lee et al. developed 

nanostructured lipid carriers loaded with standardized Curcuma xanthorrhiza extract (CXE-NLCs) to enhance the oral 

delivery and bioactivity of its major bioactive constituents, xanthorrhizol and CUR. The optimized CXE-NLCs exhibited 

improved gastrointestinal stability, sustained release, and enhanced intestinal permeability compared with free CXE. In a 

carrageenan-induced paw edema model, oral administration of CXE-NLCs produced a dose-dependent reduction in 

inflammation and modulated prostaglandin E1/E2 production and eicosanoid- and MAPK-associated pathways, with greater 

anti-inflammatory activity than free CXE. These findings support the potential of CXE-NLCs as an oral nano-delivery 
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system for overcoming the poor aqueous solubility and limited bioavailability of C. xanthorrhiza constituents and enhancing 

their anti-inflammatory activity [174]. 

Anticancer and cytotoxic activity 

Flavonoids exhibit anticancer and cytotoxic potential through multiple, often interconnected mechanisms. These include 

induction of apoptosis through caspase activation and mitochondrial signaling, modulation of cell-cycle progression with 

arrest at the G1/S or G2/M checkpoints, and suppression of tumor-cell proliferation, migration, invasion, and angiogenesis. 

Flavonoids can also modulate key oncogenic signaling pathways, including PI3K/Akt, MAPK, and Wnt/β-catenin, thereby 

influencing apoptosis, cell survival, epithelial–mesenchymal transition, and metastatic progression. Collectively, these 

pleiotropic effects highlight flavonoids as promising multi-target phytoconstituents for cancer chemoprevention and 

therapeutic development, although their clinical translation remains limited by issues including bioavailability, target 

selectivity, and variability among individual flavonoid [117,166,175,176]. Kumar et al. developed and optimized FIS-NLCs 

to enhance the anticancer efficacy of fisetin against advanced and metastatic melanoma. The optimized FIS-NLCs exhibited 

enhanced cellular uptake and cytotoxicity compared with free fisetin, accompanied by G1/S cell-cycle arrest and activation 

of pro-apoptotic signaling. In vivo, FIS-NLC treatment markedly suppressed melanoma-associated metastasis, with 

approximately 5.9-fold and 10.7-fold greater inhibition of metastatic burden in the lungs and liver, respectively, compared 

with free fisetin. These findings support the potential of FIS-NLCs as a nanocarrier-based strategy for improving the 

therapeutic performance of fisetin against metastatic melanoma [177]. Mohamed et al., focused on optimizing and 

characterizing QTN-SLNs for their potential application in colorectal cancer treatment. QTN-SLNs demonstrated greater 

cytotoxic action than free QTN, with an IC50 of approximately 49 µM/mL on Caco-2 cells, compared to 128 µM/mL for 

free QTN. Apoptosis was identified as the primary mode of cell death induced by QTN-SLNs, with minimal necrosis [132]. 

Pandi et al. formulated NAR-encapsulated PLA/neem gum (NAR-NPs) to enhance their anticancer potency against breast 

cancer cells. The MTT assay showed that NAR-PLA/NNAR NPs had a significantly higher cytotoxic efficacy than free- 

NRG in Michigan Cancer Foundation 7 (MCF-7) cells, with an IC50 of 31.51 μg/mL. The IC50 

concentration of NAR-PLA/NAR NPs significantly elevated the intracellular ROS level and caspase-3 and -9 activity and 

triggered apoptosis in MCF-7 cells. Apoptotic indicators, such as membrane blebbing and nuclear disintegration, have been 

observed in cancer cells treated with NRG-PLA/NEG NPs. These findings suggested that NRG-PLA/NEG NPs, which 

target NRG delivery into MCF-7 cells and promote endocytosis, could have potent anticancer activity against breast cancer 

cells [178]. Paranthaman et al., developed and evaluated QTN -loaded polymeric mixed micelles as an enhanced therapeutic 

strategy against rat C6 and human U87MG glioma cells. QTN-PMMs showed 1.7 times higher cytotoxicity against C6 and 

U87MG cells compared to pure QTN [179]. Tilawat et al., formulated CUR-and QTN-loaded nanocochleates and converted 

them into a gel for localized application to enhance the breast cancer treatment. The in vitro drug release behaviour of gel 

is controlled compared to plain QTN and QTN nanocochleates. The release of QTN and CUR from nanocochleates gel was 

78.19%, and 77.19%, respectively. The MTT assay results showed QTN-and CUR-loaded nanocochleates have maximum 

inhibition compared to the control, pristine QTN, QTN liposomes, and QTN nanocochleates. Resulted in QTN and CUR 

combination nanocochleates gel formulation could be a better option for the localized application in breast cancer treatment 

[180]. 

Neuroprotective activity 

Emerging preclinical evidence indicates that flavonoids may exert neuroprotective effects through multiple complementary 

mechanisms, including attenuation of neuroinflammation and oxidative stress within the central nervous system, inhibition 

of acetylcholinesterase and butyrylcholinesterase, and modulation of amyloid-β (Aβ) aggregation and tau 

hyperphosphorylation. In addition, several flavonoids have been reported to promote neurogenesis, enhance synaptic 

plasticity and neuronal survival, and modulate neurotransmission and related signaling pathways. Collectively, these 

pleiotropic actions suggest potential utility of flavonoids in mitigating cognitive dysfunction and neurodegenerative 

processes; however, limitations related to bioavailability, blood–brain barrier penetration, and limited clinical evidence 

remain important translational challenges [160,167,181–183]. Bhadane et al. developed a modified polymeric nanocarrier 

for targeted brain delivery of QTN, in which polyethyleneimine (PEI) was conjugated with polyethylene glycol (PEG) and 

further functionalized with phenylalanine to reduce PEI-associated toxicity and enhance brain-targeting efficiency. The 

optimized QTN-PEI-PEG-S-S-AA nanoparticles demonstrated sustained QTN release, enhanced intestinal permeability, 

and effective transport across the BBB, while showing no evident hippocampal toxicity. These findings support the potential 

of the modified polymeric nanocarrier for improving quercetin delivery to the brain and its application in neurotherapeutic 

development [184]. Chen et al., developed a novel glucose-modified QTN liposome (QTN-Glu-Lip) to address QTN's poor 

water solubility and bioavailability. The primary goal was to enhance QTN delivery to brain tissue to boost its 

neuroprotective effects against neurodegenerative diseases, which are often induced by oxidative stress. QU-Glu-Lip 

significantly attenuated hydrogen peroxide-induced oxidative damage in PC12 cells. It resulted in higher cell viability 

(88.42%) and lower intracellular ROS levels compared to free QTN. The enhanced brain target ability of QTN-Glu-Lip 

allowed it to deliver more QTN to neuronal cells, thereby effectively exerting its antioxidative neuroprotection effect [185]. 

Elkomy et al. focused on developing and evaluating an intranasal nanotransferosomal gel containing QTN for brain 

targeting, aiming to overcome QTN's low oral bioavailability and improve brain delivery. Computed tomography scan of 

rat brains revealed a build-up of gold NPs in all treatment groups, with a greater level observed in rats given the 

transferosomal gel. This suggests effective brain targeting via the intranasal route [186]. Elsheikh et al., investigated the 

use of intranasally delivered LUT-loaded nanobilosomes as a brain-targeted approach to improve memory disorders in a 

sporadic AD mouse model. Histopathological studies showed that LUT-loaded nanobilosomes preserved almost intact and 

well-organized hippocampal CA3 regions with abundant intact neurons and minimal neuronal degenerative changes, 

significantly better than the streptozotocin (STZ) control and LUT suspension groups. They also significantly reduced Glial 
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fibrillary acidic protein immunohistochemical expression and activated microglial cell counts compared to the alzheimer's 

disease model [187]. Ghosh et al., investigated the development and efficacy of KMF-SLNs as a vehicle for brain delivery 

in a focal cerebral ischemic rat model. After oral administration, fluorescently labelled KMF-SLNs accumulated in the brain 

cortex, confirming their ability to penetrate the brain. KMF-SLNs significantly reduced neurological deficit and infarct 

volume and decreased the level of ROS. It also lowered the levels of pro-inflammatory mediators like NF-κB and p-STAT3. 

Improvements were observed in damaged neurons and overall brain texture [188]. 

Antidiabetic activity 

Flavonoids may contribute to improved glycemic regulation through multiple complementary mechanisms, including 

inhibition of carbohydrate-hydrolyzing enzymes such as α-amylase and α-glucosidase, enhancement of insulin secretion 

and peripheral insulin sensitivity, and protection of pancreatic β-cells against oxidative and inflammatory damage. Several 

flavonoids also modulate glucose uptake by promoting insulin-dependent GLUT4 translocation and influencing 

downstream insulin-signaling pathways. Collectively, these actions may reduce postprandial hyperglycemia, improve 

glucose utilization, and preserve pancreatic β-cell function, supporting the potential of flavonoids as complementary 

candidates for the management of metabolic disorders [166,167,189]. Ahmad et al., developed the QTN-loaded chitosan-

lecithin NPs (QTN/LCHS-NPs) to enhance its therapeutic profile. The bioavailability of QTN/LCHS-NPs (AUC: 

167.22 h⋅µg/mL) exceeded free QTN (AUC: 26.2 h⋅µg/mL). Fasting blood glucose decreased from 292.9 to 107.7 mg/dL, 

along with improved lipid profiles [190]. Ferradj et al. developed nanoCUR-based formulations encapsulated in corn starch 

and fenugreek mucilage to enhance the delivery and bioactivity of CUR for the management of oxidative stress and diabetes. 

The formulations exhibited improved dissolution and antioxidant activity compared with crude CUR. In an in vivo 

antidiabetic evaluation using Wistar rats, the fenugreek-mucilage-based nanoCUR formulation significantly reduced fasting 

blood glucose levels from 392 to 187 mg/dL. These findings support the potential of biopolymer-encapsulated 

nanocurcumin as a nano-enabled approach for improving the antidiabetic and antioxidant effects of curcumin [191]. 

Gutiérrez et al. developed gum Arabic-stabilized selenium nanoparticles conjugated with LUT and diosmin (GA/LU/DIO-

SeNPs) and evaluated their antidiabetic potential in STZ-induced type 2 diabetic C57BL/6 mice. Following six weeks of 

treatment, GA/LU/DIO-SeNPs significantly improved blood glucose and insulin levels and ameliorated diabetes-associated 

alterations in lipid profile, hepatic glycogen, and glycosylated hemoglobin (HbA1c). The formulation also improved insulin 

sensitivity and exhibited antioxidant activity in hepatic and renal tissues. These findings suggest that GA/LU/DIO-SeNPs 

may enhance the antidiabetic effects of luteolin and diosmin through the combined actions of flavonoids and selenium 

[192]. Mahadev et al. developed and optimized an ultrasonically fabricated β-carotene nanoemulsion (βC-NE) and 

evaluated its antidiabetic potential alone and in combination with QTN-NEs in a STZ-induced diabetic rat model. The 

optimized βC-NE exhibited a 5.38-fold higher in vivo bioavailability than standard βC. In diabetic rats, combined βC-NE 

and QU-NE treatment improved body-weight maintenance and reduced blood glucose and lipid levels, while attenuating 

tissue injury and oxidative-stress markers and preserving pancreatic and hepatic tissue architecture. These findings suggest 

that the combined nanoemulsion system may enhance the therapeutic potential of β-carotene and quercetin for managing 

diabetes [193]. Zafar et al., formulated, and optimized the NRG-loaded NPs designed to enhance the therapeutic efficacy 

of NRG. Pharmacokinetic studies indicated a significantly higher absorption profile for NRG-NPs compared to pure NRG 

dispersion, and demonstrated significantly enhanced antidiabetic activity compared to pure NRG dispersion. Furthermore, 

the biochemical profile showed remarkable improvement in altered biochemical parameters [194]. 

Cardioprotective activity 

Flavonoids may exert cardioprotective effects through multiple complementary mechanisms, including preservation of 

endothelial function and nitric oxide (NO) bioavailability, inhibition of low-density lipoprotein (LDL) oxidation, 

attenuation of vascular inflammation and atherosclerotic lesion development, and modulation of platelet activation and 

thrombotic processes. Several flavonoids also influence vascular tone and blood pressure through enhancement of 

endothelium-dependent vasodilation and, for specific flavonoids, inhibition of angiotensin-converting enzyme activity. 

Collectively, these actions may contribute to improved vascular function and reduced cardiovascular risk, although the 

magnitude and clinical relevance of these effects vary among individual flavonoids and remain influenced by their 

bioavailability and metabolism [25,160,195–198].Sharma et al. developed PHL-loaded biodegradable polymeric 

nanocomposites using an ionic-gelation approach to enhance the oral bioavailability and cardioprotective efficacy of PHL. 

The optimized nano-PHL formulation exhibited enhanced antioxidant activity and, in both in vitro and in vivo ischemia 

models, provided greater cardioprotection than free PHL. In the in vivo rat model of myocardial ischemia, nano-PHL 

reduced myocardial infarct size by approximately 46%, compared with approximately 13% for free PHL, accompanied by 

enhanced cardiomyocyte protection and suppression of oxidative stress and ROS generation. These findings support the 

potential of polymeric nanoencapsulation to improve the cardioprotective performance of PHL [199]. Chahardori et al., 

developed QTN loaded PLGA NPs using a microfluidic approach and further functionalized them with the cardiac-targeting 

cyclic peptide. Treatment with QTN-NPs, particularly at doses of 25 mg/kg and 50 mg/kg, markedly attenuated doxorubicin-

induced cardiotoxicity by restoring antioxidant defence systems, preserving mitochondrial membrane potential, and 

reducing oxidative stress. Furthermore, QTN-NPs upregulated the Nrf2/HO-1 antioxidant signalling pathway, while the 

higher-dose formulation significantly lowered serum troponin I and CK-MB levels. Histopathological analyses further 

confirmed reduced myocardial inflammation and structural damage, highlighting the enhanced cardioprotective efficacy of 

targeted QTN nano delivery   [200]. Jaiswal et al. developed NRG-loaded lignin NPs (NRG-LGNPs) to improve the 

therapeutic efficacy of NRG against isoproterenol-induced myocardial infarction. Intravenous administration of NRG-

LGNPs (10 mg/kg) significantly decreased serum levels of cardiac injury biomarkers, including CK-MB, LDH, AST, and 

malondialdehyde. Histopathological examination demonstrated substantial restoration of myocardial architecture and a 

marked reduction in infarct size, confirming the superior cardioprotective potential of the nanoformulation over free NRG 
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in mitigating myocardial injury [201]. Chen et al. developed baicalin (BCL)-loaded polydopamine (PDA)-modified zeolitic 

imidazolate framework-8 (ZIF-8) nanoparticles (PZB-NPs) as a nanocarrier system for cardioprotection against myocardial 

ischemia/reperfusion (I/R) injury. The PZB-NPs exhibited sustained BCL release under acidic conditions and enhanced 

recovery of H/R-injured H9c2 cells, accompanied by reduced apoptosis and ROS generation and activation of the Nrf2/HO-

1 pathway. In a rat model of myocardial I/R injury, PZB-NPs significantly reduced myocardial infarct size and fibrosis and 

improved cardiac function compared with free BCL. These findings suggest that PDA-modified ZIF-8 nanoencapsulation 

can enhance the cardioprotective potential of BCL through improved delivery and modulation of oxidative-stress-related 

pathways [202]. Serri et al., focused on developing and evaluating hyaluronic acid-based NPs loaded with RUT to protect 

endothelial cells from damage induced by anthracyclines, such as epirubicin. Levels of the intracellular NLRP3 and MyD-

88 were significantly lower in cells treated with epirubicin+LicpHA RUT compared to epirubicin-only groups. 

Proinflammatory cytokines were also significantly reduced in the epirubicin+LicpHA+RUT-exposed cells. The study 

concluded that hyaluronic acid-based nanoparticles loaded with RUT exhibit significant vasculo-protective properties 

against anthracycline-induced damage RUT-exposed [203]. 

Antimicrobial activity 

Flavonoids exhibit antimicrobial activity against bacteria, fungi, and viruses by disrupting microbial membranes and 

interfering with nucleic acid, protein, and energy metabolism. They may also inhibit biofilm formation and efflux pumps, 

thereby enhancing the activity of conventional antibiotics and potentially overcoming antimicrobial resistance 

[166,175,204–206]. Almeleebia et al., designed novel composite system, ciprofloxacin (CIP), NRG, carboxymethyl 

chitosan (CM-CS), alginate (AG)-NPs, which co-delivered CIP and NRG encapsulated within an oleic acid lipid core. This 

was achieved using a nonsolvent ionic gelation technique. The NRG displayed good antioxidant capacity, which contributed 

to improving the antimicrobial activity of CIP. The developed CIP+NRG-CM-CS/AG-NPs formulation significantly 

enhanced antimicrobial activity compared to CIP alone against E. coli and S. aureus [207]. de Barros et al., focused on 

developing and evaluating QTN-loaded natural plant-oil-based NLCs (QTN-NPO-NLCs) for topical treatment of bacterial 

skin infections. The research highlighted the synergistic potential of combining QTN's antibacterial properties with the drug 

delivery capabilities of NLCs. The systems containing QTN exhibited enhanced antibacterial activity specifically 

against Staphylococcus aureus. QTN-NPO-NLCs were capable of transporting QTN to an intranuclear location within 

HaCaT cells, and suggested potential for controlled topical drug delivery [208]. De Gaetano et al., prepared NRG-loaded 

SLNs using a solvent emulsification/diffusion and ultrasonication method. NRG10-SLNs showed bacteriostatic activity 

against S. aureus (including methicillin-resistant S. aureus or MRSA) and E. coli strains. Notably, an improvement in 

antibacterial activity was observed for NRG-loaded SLNs compared to free NRG, particularly against S. aureus strains. 

This enhancement was attributed to the interaction of the surfactant-coated SLNs with the bacterial surface. A similar 

positive trend was also noted for biofilm inhibition [209]. Hemmati et al., has investigated a surface-modified niosomal 

drug delivery system for QTN to tackle Pseudomonas aeruginosa infections, specifically drug-resistant strains and biofilms. 

The study emphasizes the efficacy of QTN-niosome and QTN-stearyl amine-niosome as therapeutic agents against P. 

aeruginosa infections. The modified QTN-niosome with cationic lipids displayed strong antibacterial and anti-biofilm 

activity, enhanced stability, and good biocompatibility, indicated that it may efficiently target P. aeruginosa cells with 

minimal toxicity [210]. Imam et al. focused on designing and optimizing NRG hybrid nanoparticles (NRG-HNs) for oral 

delivery, as well as defining and assessing their biological activity. NRG-HNs showed much higher antibacterial activity 

against E. coli and S. aureus than pure NRG, with lower MIC values and broader zones of inhibition. This was attributable 

to the reduced particle size, longer disintegration, and enhanced permeability through the cell wall [211]. 

 

CLINICAL TRANSLATION OF FLAVONOID-BASED NANO FORMULATIONS 

Figure 7 illustrates an integrated bench-to-bedside translational roadmap for flavonoid-based nanotherapeutics, outlining 

the sequential stages required to advance bioactive flavonoids toward clinically relevant nanoformulations. The process 

begins with flavonoid identification and characterization based on bioactivity, physicochemical properties, therapeutic 

relevance, and structure–activity relationships. 

Flavonoids represent a major class of naturally occurring polyphenols with diverse therapeutic potential, including 

antioxidant, anti-inflammatory, anticancer, neuroprotective, and cardioprotective activities [99,212]. Over the past two 

decades, research has progressed from conventional pharmacological characterization toward the development of advanced 

nanocarrier systems designed to overcome the intrinsic limitations of flavonoids, particularly poor aqueous solubility, 

chemical instability, extensive metabolism, limited absorption, and low systemic exposure [115,213–216]. The increasing 

global burden of chronic diseases, including cancer, cardiovascular disorders, and neurodegenerative diseases, has further 

stimulated interest in nanotechnology-enabled delivery strategies [217]. Accumulating preclinical evidence indicates that 

nanoformulation can substantially improve flavonoid solubility, physicochemical stability, cellular uptake, systemic 

exposure, and tissue delivery, thereby enhancing pharmacokinetic and pharmacodynamic performance compared with free 

flavonoids. However, the magnitude of these improvements is highly dependent on the flavonoid, nanocarrier composition, 

formulation characteristics, administration route, and experimental model [214,215,217,218]. 

Despite these advances, the clinical translation of flavonoid-based nanoformulations remains constrained by substantial 

technical, biological, manufacturing, and regulatory challenges, including formulation stability, batch-to-batch 

reproducibility, scalable manufacturing, long-term safety, pharmacokinetic variability, limited clinical evidence, and 

regulatory standardization [7,36,219,220]. A critical knowledge gap exists between successful preclinical outcomes and 

human clinical application, primarily due to challenges in large-scale manufacturing, batch-to-batch consistency, and the 

absence of standardized regulatory guidelines [36,221,222]. While some researchers argue that current regulatory 

frameworks are sufficient for nanomedicines, others contend that the unique physicochemical properties of these systems 
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necessitate tailored evaluation methods [223]. This disconnects between laboratory innovation and commercial viability 

results in a limited number of products reaching the market, leaving the therapeutic potential of many flavonoid-loaded 

systems largely unrealized [36,224,225]. 

Safety of Flavonoid-based Nano formulations 

A central challenge in nanomedicine translation is the persistent gap between laboratory-scale innovation and clinical 

adoption, partly arising from an incomplete understanding of how nanoparticle physicochemical properties govern their 

biological interactions, cellular behavior, biodistribution, and ultimately in vivo performance [36,221,226]. A critical 

knowledge gap exists regarding the standardization of toxicological assessments, as current regulatory frameworks often 

rely on conventional guidelines that fail to address nano-specific risks [227,228]. While regulatory authorities generally 

recognize the need for product-specific, case-by-case safety assessment because nanomedicines can exhibit distinct 

physicochemical and biological properties, there is growing emphasis on harmonizing characterization methods, safety 

assays, and mechanistically informed testing frameworks to improve reproducibility, comparability, and regulatory 

decision-making. This lack of consensus creates significant regulatory uncertainty, potentially delaying the development of 

safe, clinically viable flavonoid-based nanotherapeutics [229–234]. 

Nanotoxicity represents a major safety concern for flavonoid-based nanoformulations because physicochemical 

characteristics such as particle size, surface area, surface charge, and surface coating can substantially influence cellular 

uptake, reactive oxygen species generation, inflammatory responses, biodistribution, and organ accumulation. 

Consequently, the safety profile of a flavonoid nanoformulation cannot be assumed to be equivalent to that of the 

corresponding free flavonoid and requires formulation-specific evaluation. Following systemic administration, 

nanoparticles rapidly interact with plasma proteins and other biomolecules, forming a dynamic protein corona that can 

confer a new biological identity to the nanoparticle. This corona may alter cellular recognition, targeting efficiency, uptake, 

circulation and clearance, pharmacokinetics, and tissue distribution, potentially modifying the biological performance of 

the nanoformulation. [235–240]. Recent studies indicate that nanoparticle surface chemistry and physicochemical 

properties, including particle size, surface charge, hydrophobicity, and surface functionalization, strongly influence the 

composition and dynamics of the adsorbed protein corona. The resulting corona can confer a new biological identity to 

nanoparticles and subsequently modulate cellular recognition, immune interactions, systemic clearance, biodistribution, and 

therapeutic performance [240–243] [167–169]. Conversely, deliberate engineering of nanoparticle surfaces, including the 

use of hydrophilic coatings, functional ligands, or protein pre-coating, can modulate corona formation and composition to 

improve circulation behavior, targeting, safety, and therapeutic outcomes [243–245]. 

Another safety issue with nanoformulations is that nanoparticle surfaces can activate complement, resulting in faster 

clearance or infusion responses. According to certain research studies, complement activation is a key mechanism for fast 

nanoparticle sequestration and clearance [246,247]. Complement activation represents an important but often 

underappreciated safety consideration in nanomedicine and may not be adequately captured by conventional preclinical 

toxicity assessments. Nanoparticle-induced complement activation can promote opsonization, phagocytic clearance, 

inflammatory responses, and altered biodistribution, thereby influencing both safety and therapeutic performance. Surface 

engineering provides an opportunity to modulate these interactions; for example, ginsenoside-modified lipid-coated 

perfluorocarbon nanodroplets have been shown to reduce C3 adsorption and complement activation, decrease phagocytic 

uptake, and prolong blood circulation in vivo [248–250]. Hemocompatibility is an important safety consideration for 

parenterally administered nanoformulations and encompasses assessment of hemolysis, coagulation, platelet activation or 

aggregation, hematological alterations, and complement activation. Although several preclinical studies of flavonoid-loaded 

nanoformulations have monitored hematological parameters and organ histopathology, these endpoints alone may not 

adequately capture nanoparticle–blood interactions. In particular, systematic concentration-dependent assessment of 

hemolysis, platelet responses, coagulation, and complement activation remains insufficiently standardized for many 

nanocarrier systems. Consequently, formulation-specific hemocompatibility testing should be incorporated alongside 

systemic toxicity and histopathological evaluation during preclinical development, particularly for formulations intended 

for parenteral administration [251–253]. A robust preclinical safety package for flavonoid nanocarriers should integrate 

comprehensive physicochemical characterization with in vitro release, cytotoxicity, hemocompatibility, complement 

activation, protein-corona characterization, immune-response assessment, biodistribution, and appropriate repeat-dose 

toxicity studies. The selection of these endpoints should be tailored to the nanocarrier composition, administration route, 

intended target, and anticipated biological interactions. FDA guidance emphasizes the importance of characterizing 

nanomaterial attributes, including particle size and size distribution, surface characteristics, morphology, composition, and 

stability, and establishing their relationships with product quality, safety, and efficacy. Changes in these critical quality 

attributes may influence the biological performance and clinical risk profile of nanomedicines and therefore require 

appropriate control and characterization during product development [229,251,252,254]. 

From a regulatory perspective, no single ICH guideline is dedicated specifically to nanomedicines. Instead, the development 

of nanomaterial-containing drug products generally follows applicable ICH quality, nonclinical, and clinical principles, 

supplemented by product- and nanomaterial-specific considerations to address unique physicochemical properties and 

associated safety, quality, and efficacy risks. FDA guidance similarly indicates that standard nonclinical frameworks, 

including ICH M3 and, where applicable, ICH S9 and S6, should be considered alongside nanomaterial-specific 

characterization and risk assessment [229,254–256]. 

There is an emerging consensus that existing immunotoxicity frameworks may require complementary nanomedicine-

specific endpoints, particularly for phenomena such as complement activation-related pseudo-allergy (CARPA), 

hypersensitivity, and other immune-mediated effects that are not fully addressed by ICH-S8 [227,257]. The International 

Organization for Standardization (ISO) provides additional guidance through ISO/TR 10993-22:2017 for the biological 
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evaluation of nanomaterials in the medical-device context, including nanomaterial characterization, release of nano-objects, 

toxicokinetics, biological evaluation, and risk assessment [258]. For pharmaceutical products, the U.S. Food and Drug 

Administration (FDA) recommends a product-specific, risk-based approach encompassing detailed physicochemical 

characterization, critical quality attribute (CQA) control, appropriate nonclinical evaluation, and assessment of 

biodistribution, pharmacokinetics, immunogenicity, and other nanomaterial-specific biological interactions [229,254]. 

Fig. 7. Integrated bench-to-bedside translational roadmap for flavonoid-based nanotherapeutics. (Created with  

BioRender.com. Adapted by the authors). 

 

LIMITATIONS OF THE REVIEW 

This review is limited by the substantial heterogeneity among flavonoids, nanocarriers, particle characteristics, doses, 

administration routes, experimental models, and reported endpoints, which restricts direct comparison across studies. The 

available evidence is also predominantly preclinical, with relatively limited robust human pharmacokinetic, efficacy, and 

safety data. In addition, differences in reporting of stability, biodistribution, nano–bio interactions, and long-term toxicity 

may limit comprehensive assessment of clinical translation. The literature search was focused on selected databases and 

recent publications; therefore, relevant studies outside the defined scope may not have been captured. 

 

FUTURE PERSPECTIVES 

Future research should move beyond proof-of-concept studies toward clinically relevant formulation property 

pharmacokinetic and pharmacodynamic relationships, and standardized critical quality attributes. QbD-based development 

and scalable manufacturing should be integrated early to improve reproducibility and regulatory readiness. Human-relevant 

models, systematic biodistribution and immunotoxicity assessment, and adequately designed clinical trials comparing 

nanoformulations with conventional formulations are particularly important. AI/ML can help in formulation optimization 

when high quality and standardized datasets are available. Targeted, stimuli-responsive, biomimetic and co-delivery 

systems are promising, but their added complexity should be justified by a demonstrable therapeutic benefit. Ultimately, 

successful translation will be a balance of formulation performance, manufacturability, safety, regulatory feasibility and 

meaningful clinical benefit. 

 

CONCLUSION 

Flavonoid-based nanotherapeutics offer a promising strategy to overcome the poor aqueous solubility, instability, rapid 

metabolism, and limited bioavailability of many flavonoids. Lipid- polymer, vesicular, biomimetic, inorganic, and hybrid 

nanocarriers can improve formulation stability, drug loading, release, pharmacokinetic exposure, and tissue delivery, with 

encouraging preclinical therapeutic outcomes. However, improved pharmacokinetic performance does not necessarily 

translate into superior clinical efficacy. The field remains predominantly supported by preclinical evidence, while 

standardized characterization, reproducible manufacturing, long-term safety data, and well-designed clinical studies remain 

limited. Future translation therefore requires stronger formulation property pharmacokinetic and pharmacodynamic 

relationships, harmonized critical quality attributes, scalable manufacturing, systematic nano–bio interaction and toxicity 

assessment, and rigorous clinical validation. Integration of QbD, artificial intelligence, and regulatory science may further 

accelerate the development of clinically meaningful flavonoid nanomedicines. 
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