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Abstract: 

Plant-derived bioactive compounds have attracted considerable attention 

because of their diverse pharmacological activities and potential 

applications in the prevention and management of chronic diseases. 

However, many phytochemicals exhibit poor aqueous solubility, 

chemical instability, rapid metabolism and low systemic bioavailability, 

which limit their therapeutic application. Nanotechnology-based 

delivery systems have emerged as promising strategies for overcoming 

these limitations by improving solubility, stability, gastrointestinal 

absorption, cellular uptake and controlled release. Different nanocarriers, 

including liposomes, phytosomes, polymeric nanoparticles, solid lipid 

nanoparticles, nanostructured lipid carriers, nanoemulsions, polymeric 

micelles and hybrid systems, have been investigated for the delivery of 

plant-derived compounds. Curcumin, quercetin, resveratrol, 

epigallocatechin gallate, berberine and silymarin are among the most 

extensively studied phytochemicals in nanoformulation research. 

Preclinical studies suggest that nanoformulated phytochemicals may 

have applications in cancer, inflammation, metabolic disorders, 

cardiovascular diseases, neurodegenerative disorders, infections and 

wound healing. Nevertheless, the majority of evidence remains 

preclinical, and challenges involving formulation standardization, long-

term toxicity, manufacturing, pharmacokinetics and regulatory approval 

continue to limit clinical translation. This review summarizes recent 

advances in nano-phytomedicine, with particular emphasis on 

nanocarrier systems, mechanisms of enhanced phytochemical delivery, 

therapeutic applications, safety, regulatory considerations and future 

research directions. 
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1. Introduction 

Medicinal plants have historically represented an 

important source of therapeutic agents, and 

numerous modern drugs have originated directly or 

indirectly from natural products [1,2]. Plant-derived 

compounds such as polyphenols, flavonoids, 

alkaloids and terpenoids exhibit a broad spectrum of 

biological activities, including antioxidant, anti-

inflammatory, antimicrobial, cardioprotective, 

neuroprotective and anticancer effects [3,4]. 

Despite their promising pharmacological properties, 

many phytochemicals have limited pharmaceutical 

applicability because of poor aqueous solubility, low 

permeability, rapid metabolism and extensive 

elimination [5]. Anand et al. reported that curcumin, 

for example, has extremely limited systemic 

bioavailability following conventional oral 
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administration because of poor absorption and 

extensive metabolism [6]. Similar pharmacokinetic 

limitations have been described for quercetin, 

resveratrol, epigallocatechin gallate and other 

polyphenolic compounds [7–10]. 

 

Nanotechnology has emerged as a potential strategy 

for overcoming these pharmaceutical limitations. 

Nanocarriers can protect phytochemicals from 

degradation, increase apparent solubility, modify 

pharmacokinetics and facilitate delivery to specific 

tissues or cells [11–13]. According to recent 

reviews, nano-phytomedicine represents an 

increasingly important intersection between 

pharmacognosy, pharmaceutical nanotechnology 

and modern drug-delivery science [14,15]. 

 

The development of nanotechnology-based herbal 

formulations is particularly relevant because 

conventional herbal preparations can exhibit 

considerable variability in chemical composition 

and bioavailability. Nanocarrier systems may 

provide opportunities for improving the 

reproducibility and delivery of selected plant-

derived compounds [16]. 

 

Therefore, the present review critically evaluates 

recent developments in nano-phytomedicine, 

including phytochemical limitations, nanocarrier 

technologies, mechanisms of enhanced delivery, 

therapeutic applications, pharmacokinetic 

considerations, safety, regulatory challenges and 

future perspectives. 

 

 

2. Phytochemicals as Therapeutic Molecules 

Phytochemicals are secondary metabolites produced 

by plants and include several chemically distinct 

groups. Polyphenols, flavonoids, alkaloids, 

terpenoids and phenolic acids are among the most 

extensively studied classes because of their diverse 

biological activities [17,18]. 

Curcumin, obtained primarily from Curcuma longa, 

has been investigated extensively for its anti-

inflammatory, antioxidant and potential anticancer 

properties [19,20]. Quercetin is a flavonoid found in 

numerous fruits and vegetables and has 

demonstrated antioxidant and anti-inflammatory 

activities in experimental models [21]. Resveratrol, 

a stilbene polyphenol found in grapes and several 

other plants, has similarly attracted attention 

because of its potential cardiovascular, metabolic 

and neuroprotective effects [22]. 

Berberine, an isoquinoline alkaloid present in 

several medicinal plants, has been investigated 

particularly for metabolic and antimicrobial 

applications [23]. Epigallocatechin gallate (EGCG), 

a major catechin in green tea, has also been studied 

for antioxidant, metabolic and anticancer effects 

[24]. 

However, biological activity alone does not ensure 

therapeutic effectiveness. Many phytochemicals 

demonstrate strong activity under experimental 

conditions but produce relatively low concentrations 

in systemic circulation following conventional 

administration [5,7]. This discrepancy has become a 

major motivation for developing nanotechnology-

based delivery systems. 

 

3. Pharmaceutical Limitations of Phytochemicals 

3.1 Poor aqueous solubility 

Poor water solubility is one of the most important 

barriers to oral delivery of many phytochemicals. 

Lipophilic compounds may dissolve poorly in 

gastrointestinal fluids, resulting in limited 

absorption [5,25]. 

Curcumin provides a representative example. 

Although extensive experimental research has 

demonstrated its biological activity, its conventional 

oral administration results in relatively low systemic 

exposure because of poor aqueous solubility and 

rapid metabolism [6,26]. 

3.2 Chemical instability 

Several phytochemicals are sensitive to pH, 

temperature, oxygen and light. These environmental 

factors may result in degradation before the active 

compound reaches its target site [27]. 

Encapsulation within nanocarriers can provide 

physical and chemical protection and may 

consequently increase the stability of sensitive 

phytochemicals [11,28]. 

3.3 Extensive metabolism 

Polyphenols can undergo extensive intestinal and 

hepatic metabolism, including glucuronidation, 

sulfation and methylation [7,29]. Consequently, the 

concentration of the parent compound in systemic 

circulation may be substantially lower than expected 

from the administered dose. 

 

3.4 Low bioavailability 

Bioavailability is determined by absorption, 

distribution, metabolism and elimination. A 
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compound may exhibit significant biological 

activity in vitro while having limited clinical effects 

because sufficient concentrations cannot be 

maintained in target tissues [30]. 

3.5 Nonspecific distribution 

Conventional formulations generally lack 

mechanisms for preferentially delivering 

phytochemicals to specific tissues. Nanocarriers can 

potentially be modified with targeting ligands to 

improve tissue-specific delivery [31]. 

 

4. Nano-Phytomedicine 

Nano-phytomedicine can broadly be defined as the 

application of nanotechnology to the delivery, 

stabilization or controlled release of plant-derived 

bioactive compounds [14,15]. 

Nanocarriers typically range from several 

nanometers to several hundred nanometers and can 

be engineered according to the physicochemical 

characteristics of the phytochemical and the 

intended route of administration [32]. 

Recent reviews have identified liposomes, 

phytosomes, polymeric nanoparticles, lipid 

nanoparticles, nanoemulsions and hybrid 

nanocarriers as important platforms for 

phytochemical delivery [14,33]. 

The principal objectives of nanoformulation 

include: 

o Increasing solubility 

o Improving chemical stability 

o Enhancing bioavailability 

o Protecting compounds from degradation 

o Increasing cellular uptake 

o Modifying pharmacokinetics 

o Providing controlled release 

o Facilitating targeted delivery [11,14,33] 

5. Liposomal Delivery Systems 

Liposomes are vesicular structures composed 

primarily of phospholipid bilayers surrounding an 

aqueous core. Because they contain both hydrophilic 

and hydrophobic regions, liposomes can 

accommodate compounds with different 

physicochemical properties [34]. 

Liposomal encapsulation may protect 

phytochemicals from degradation while increasing 

dispersion in aqueous biological environments [35]. 

Curcumin, quercetin, resveratrol and several other 

polyphenols have been investigated using liposomal 

delivery systems [36–38]. 

The major advantages of liposomes include 

biocompatibility, formulation flexibility and the 

possibility of surface modification. However, 

physical instability, oxidation of phospholipids and 

manufacturing cost can limit their application [34]. 

 

6. Phytosomes 

Phytosomes are phospholipid-based complexes 

designed to improve the absorption and 

bioavailability of plant-derived compounds. Unlike 

conventional liposomes, phytosomes generally 

involve molecular interaction between the 

phytochemical and phospholipid components [39]. 

Phytosome technology has been particularly 

investigated for poorly bioavailable compounds 

such as curcumin and silymarin [40,41]. Barani et al. 

reviewed the development of phytosomes and 

concluded that these systems represent promising 

carriers for improving the pharmaceutical properties 

of several botanical compounds [40]. 

The potential advantages of phytosomes include 

improved membrane interaction, increased 

absorption and enhanced bioavailability. However, 

the clinical significance of these improvements 

depends on the specific formulation and 

phytochemical being studied [40]. 

 

7. Polymeric Nanoparticles 

Polymeric nanoparticles are prepared using 

biodegradable or biocompatible polymers such as 

poly(lactic-co-glycolic acid), polylactic acid, 

chitosan and alginate [42]. 

These systems can encapsulate phytochemicals and 

provide controlled or sustained release. PLGA 

nanoparticles have received particular attention for 

compounds such as curcumin, resveratrol and 

EGCG [43]. 

Recent studies have demonstrated that polymeric 

nanoparticles may improve the stability and cellular 

uptake of phytochemicals in experimental cancer 

models [43,44]. Nevertheless, translation to clinical 

applications requires further investigation of 

manufacturing reproducibility, toxicity and 

pharmacokinetics. 

 

8. Solid Lipid Nanoparticles 

Solid lipid nanoparticles consist of a lipid matrix that 

remains solid at physiological temperature. They 

can improve the solubility and stability of poorly 

water-soluble compounds [45]. 

Phytochemicals incorporated into solid lipid 

nanoparticles may be protected against chemical 
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degradation and released in a controlled manner 

[46]. 

These systems are particularly attractive for 

lipophilic compounds because the lipid matrix can 

facilitate their incorporation and subsequent 

biological delivery. 

 

9. Nanostructured Lipid Carriers 

Nanostructured lipid carriers contain a combination 

of solid and liquid lipids. The less ordered lipid 

matrix can increase the loading capacity of certain 

compounds compared with conventional solid lipid 

nanoparticles [47]. 

These systems have been investigated for curcumin, 

quercetin and other hydrophobic phytochemicals 

[48]. Their potential advantages include improved 

stability, enhanced loading and controlled release. 

 

10. Nanoemulsions 

Nanoemulsions are colloidal systems consisting of 

nanoscale oil and aqueous phases stabilized by 

surfactants. They are particularly useful for 

improving the dispersion of lipophilic compounds 

[49]. 

Nanoemulsions have been investigated for 

curcumin, essential oils and other plant-derived 

bioactives [50,51]. Their relatively simple 

formulation and potential for oral and topical 

administration make them attractive platforms for 

nutraceutical and pharmaceutical applications. 

 

11. Curcumin as a Model Nano-Phytochemical 

Curcumin is perhaps the most extensively 

investigated phytochemical in nanomedicine. It is 

derived primarily from the rhizome of Curcuma 

longa and belongs to the curcuminoid family [19]. 

Curcumin has demonstrated antioxidant and anti-

inflammatory activity through modulation of 

multiple signaling pathways, including NF-κB, 

Nrf2, MAPK and PI3K/Akt [19,52]. 

However, its clinical development has been 

constrained by poor aqueous solubility, rapid 

metabolism and low systemic bioavailability [6,26]. 

Consequently, numerous nanoformulations have 

been developed, including liposomes, micelles, 

polymeric nanoparticles, lipid nanoparticles and 

phytosomes [53–55]. 

A review of pharmacokinetic studies demonstrated 

that bioavailability-enhanced curcumin 

formulations can substantially increase systemic 

exposure compared with conventional preparations 

[26]. Nevertheless, increased plasma exposure 

should not automatically be interpreted as improved 

clinical efficacy. 

 

12. Quercetin Nanoformulations 

Quercetin is a flavonoid widely distributed in fruits, 

vegetables and medicinal plants. Its biological 

activities include antioxidant, anti-inflammatory and 

potential metabolic effects [21]. 

Poor aqueous solubility and extensive metabolism 

limit its systemic availability [56]. Nanotechnology-

based formulations have therefore been investigated 

to improve its absorption and tissue distribution. 

Nanoencapsulation of quercetin may improve 

stability and bioavailability and has been 

investigated in models of inflammation, metabolic 

disease and cancer [57,58]. 

 

13. Resveratrol Nanoformulations 

Resveratrol is a stilbene polyphenol found in grapes, 

berries and several other plants. It has been studied 

for potential antioxidant, anti-inflammatory, 

cardiovascular, metabolic and neuroprotective 

effects [22]. 

Its clinical development is complicated by poor 

water solubility, rapid metabolism and limited 

systemic exposure [59]. 

Liposomes, polymeric nanoparticles, 

nanoemulsions and other nanocarriers have 

therefore been investigated as strategies to improve 

resveratrol delivery [60,61]. 

 

14. Epigallocatechin Gallate 

EGCG is a major catechin found in green tea. 

Experimental studies have reported antioxidant, 

anti-inflammatory and anticancer effects [24]. 

However, EGCG is chemically unstable under 

several physiological conditions and undergoes 

extensive metabolism [62]. 

Nanoencapsulation can potentially protect EGCG 

from degradation and improve its intestinal and 

cellular delivery [63]. Consequently, EGCG 

nanoparticles have become an important area of 

research in cancer and metabolic disease. 

 

15. Berberine Nanoformulations 

Berberine is an alkaloid found in plants such as 

Berberis species. It has attracted significant research 

interest because of its potential effects on glucose 

metabolism, lipid metabolism, inflammation and 

microbial growth [23]. 
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One of the major limitations of conventional 

berberine administration is its low oral 

bioavailability [64]. 

Nanocarrier-based delivery has therefore been 

investigated as a strategy for improving absorption 

and systemic exposure [65]. 

 

16. Therapeutic Applications 

16.1 Anticancer applications 

Cancer is one of the most extensively investigated 

therapeutic areas for nano-phytomedicine. 

Curcumin, resveratrol, quercetin and EGCG have 

demonstrated anticancer effects in cell culture and 

animal models [43,66]. Reported mechanisms 

include modulation of apoptosis, cell-cycle 

progression, angiogenesis, oxidative stress and 

signaling pathways such as NF-κB, PI3K/Akt and 

Wnt/β-catenin [52,66]. 

Nanocarriers may enhance anticancer activity by 

improving cellular uptake and increasing the 

concentration of phytochemicals at tumor sites [67]. 

However, most evidence remains preclinical. 

Therefore, nanoformulated phytochemicals should 

not be regarded as established replacements for 

conventional cancer treatment. 

 

17. Anti-inflammatory Applications 

Chronic inflammation contributes to numerous 

diseases, including metabolic disorders, 

cardiovascular disease, arthritis and 

neurodegenerative conditions [68]. 

Curcumin and quercetin have demonstrated anti-

inflammatory effects in experimental models 

through modulation of inflammatory cytokines and 

transcription factors [19,21]. 

Nanoformulation may improve the biological 

availability of these compounds and potentially 

enhance their anti-inflammatory activity [69]. 

 

18. Antioxidant Applications 

Oxidative stress results from an imbalance between 

reactive oxygen species generation and antioxidant 

defenses. 

Polyphenols such as curcumin, quercetin, 

resveratrol and EGCG have demonstrated 

antioxidant effects in experimental studies 

[19,21,22,24]. 

Nanoencapsulation may protect these compounds 

from degradation and improve their biological 

availability [70]. 

However, the clinical significance of antioxidant 

effects should be assessed using patient-relevant 

outcomes rather than relying solely on laboratory 

antioxidant assays. 

 

19. Metabolic Disorders 

Several phytochemicals have been investigated in 

obesity, diabetes and metabolic syndrome. 

Curcumin supplementation has been associated with 

improvements in selected glycemic and lipid 

parameters in clinical meta-analyses [71,72]. 

Berberine has also been extensively investigated for 

glucose and lipid metabolism [23]. 

Nanocarriers may improve the systemic exposure of 

these compounds and potentially increase their 

pharmacological effects [73]. 

Nevertheless, clinical trials comparing conventional 

and nanoformulated phytochemicals directly are still 

needed. 

 

20. Neuroprotective Applications 

Neurodegenerative diseases involve complex 

interactions between oxidative stress, 

neuroinflammation, mitochondrial dysfunction and 

abnormal protein accumulation [74]. 

Curcumin, resveratrol and quercetin have 

demonstrated neuroprotective activity in 

experimental models [75–77]. 

Nanocarriers may facilitate brain delivery by 

improving stability, modifying pharmacokinetics 

and potentially enhancing transport across 

biological barriers [78]. 

Intranasal nanocarrier systems are particularly 

promising because the nasal route may provide an 

alternative pathway for delivery of certain 

compounds to the central nervous system [79]. 

 

21. Cardiovascular Applications 

Phytochemicals have been investigated for their 

effects on oxidative stress, inflammation, lipid 

metabolism and endothelial function [80]. 

Resveratrol, curcumin and quercetin are among the 

most frequently investigated compounds in this area 

[81–83]. 

Nanoformulation may improve systemic exposure 

and potentially enhance biological activity. 

However, evidence demonstrating that nano-

phytomedicines reduce major cardiovascular events 

remains insufficient. 

 

22. Antimicrobial Applications 
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Plant-derived compounds possess antimicrobial 

properties against various microorganisms [84]. 

Nanoformulation may increase local concentration, 

improve interaction with microbial membranes and 

protect unstable compounds from degradation [85]. 

Nanoparticles containing plant extracts and 

phytochemicals have therefore been investigated 

against bacterial and fungal pathogens [86]. 

However, laboratory antimicrobial activity does not 

establish clinical effectiveness, and appropriate 

animal and human studies remain necessary. 

 

23. Wound Healing 

Nano-phytomedicine has also been investigated for 

wound healing because certain phytochemicals 

possess antimicrobial, antioxidant and anti-

inflammatory properties [87]. 

Curcumin-containing nanoparticles, hydrogels and 

nanofibers have been investigated for improving 

wound repair in experimental models [88]. 

Nanocarriers may provide sustained local delivery 

and protect active compounds from degradation. 

 

24. Pharmacokinetic Advantages 

One of the principal objectives of nanoformulation 

is improvement of pharmacokinetic behavior. 

Nanocarriers can potentially increase: 

o Cmax 

o AUC 

o Half-life 

o Tissue exposure 

while decreasing rapid degradation and clearance 

[26,89]. 

However, an increase in plasma concentration is not 

necessarily equivalent to improved therapeutic 

efficacy. Formulation studies should therefore 

evaluate pharmacokinetic, pharmacodynamic and 

clinical outcomes together. 

 

25. Safety and Toxicity 

Safety is a critical consideration in nano-

phytomedicine. 

Nanoparticles can interact with biological systems 

differently from conventional formulations because 

their size, surface charge, shape and composition 

influence cellular uptake and biodistribution [90]. 

Potential toxicological concerns include oxidative 

stress, inflammatory responses, organ accumulation, 

immunotoxicity and genotoxicity [91]. 

Importantly, safety evaluation should consider both 

the phytochemical and the nanocarrier. A 

phytochemical with a favorable safety profile may 

behave differently when administered repeatedly in 

a nanoparticle formulation. 

Long-term toxicity studies are therefore required 

before widespread clinical application. 

 

26. Standardization 

Standardization represents a major challenge for 

nano-phytomedicine. 

For botanical materials, quality can be affected by: 

o Plant species 

o Cultivar 

o Geographic origin 

o Soil 

o Climate 

o Harvesting 

o Processing 

o Extraction method 

o Storage conditions [92] 

Additional variables are introduced during 

nanocarrier production, including: 

o Particle size 

o Polydispersity 

o Surface charge 

o Encapsulation efficiency 

o Drug loading 

o Morphology 

o Release kinetics [93] 

Consequently, successful development requires 

simultaneous standardization of both the botanical 

material and nanocarrier. 

 

27. Regulatory Challenges 

Regulatory approval represents another major 

barrier to clinical translation. 

Nanomedicines require detailed characterization of 

their physicochemical properties, manufacturing 

processes, stability, pharmacokinetics and toxicity 

[94]. 

Herbal nanoformulations are even more complex 

because plant extracts may contain numerous 

compounds whose concentrations vary between 

batches [95]. 

Regulatory frameworks must therefore address both 

conventional pharmaceutical quality requirements 

and the unique characteristics of nanoscale 

materials. 

 

28. Green Nanotechnology 
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Green nanotechnology uses biological materials or 

environmentally favorable processes for 

nanoparticle synthesis. 

Plant extracts may act as reducing, stabilizing and 

capping agents during nanoparticle synthesis [96]. 

Plant-mediated nanoparticle synthesis has attracted 

interest because it can reduce the need for certain 

synthetic chemicals and may provide a more 

sustainable production approach [97]. 

However, "green synthesis" should not be 

interpreted as proof of biological safety. 

Nanoparticles produced by biological methods still 

require rigorous physicochemical and toxicological 

characterization. 

 

29. Artificial Intelligence in Nano-Phytomedicine 

Artificial intelligence and machine learning are 

emerging tools for formulation optimization. 

Potential applications include prediction of: 

o Particle size 

o Encapsulation efficiency 

o Drug loading 

o Stability 

o Release behavior 

o Toxicity 

o Pharmacokinetics [98] 

AI may reduce experimental trial-and-error and 

accelerate formulation development. However, 

reliable models require large, high-quality datasets. 

 

30. Current Challenges 

Despite substantial progress, several challenges 

remain. 

First, there is considerable heterogeneity among 

nanoformulations, making comparisons between 

studies difficult [14]. Second, many studies focus on 

physicochemical properties rather than clinically 

meaningful outcomes [23]. Third, long-term toxicity 

remains insufficiently characterized for many 

nanocarriers [90]. 

Other challenges include high production costs, 

difficulties in scale-up, formulation instability, 

batch-to-batch variability and regulatory uncertainty 

[94,95]. 

Most importantly, there remains a substantial gap 

between promising laboratory findings and evidence 

from well-designed human clinical trials. 

 

31. Future Perspectives 

Future research should focus on standardized 

formulations, clinically relevant pharmacokinetic 

studies and adequately powered randomized clinical 

trials. 

Stimuli-responsive nanocarriers may provide 

controlled release in response to pH, enzymes, 

temperature or reactive oxygen species [99]. 

Targeted nanocarriers may improve delivery to 

specific tissues and potentially reduce systemic 

exposure [100]. 

Plant-derived nanocarriers and sustainable 

manufacturing may contribute to environmentally 

responsible nano-phytomedicine production [97]. 

AI-assisted formulation design may further 

accelerate development by predicting optimal 

combinations of phytochemicals, carriers and 

excipients [98]. 

Ultimately, successful nano-phytomedicine 

development should follow the progression: 

Phytochemical selection → formulation 

optimization → physicochemical 

characterization → pharmacokinetic evaluation 

→ pharmacodynamic validation → toxicity 

assessment → clinical trials → regulatory 

approval. 

 

32. Conclusion 

Nano-phytomedicine represents a rapidly 

developing research field that combines the 

therapeutic potential of medicinal plants with 

modern nanotechnology. Many phytochemicals 

have promising biological properties but are limited 

by poor solubility, instability, rapid metabolism and 

low bioavailability [5–7]. Nanocarriers such as 

liposomes, phytosomes, polymeric nanoparticles, 

lipid nanoparticles, nanoemulsions and hybrid 

systems provide potential strategies for overcoming 

these limitations [14,33]. 

Curcumin, quercetin, resveratrol, EGCG, berberine 

and silymarin are among the most extensively 

investigated phytochemicals for nanoformulation 

[12–17]. Experimental studies suggest potential 

applications in cancer, inflammation, metabolic 

disorders, cardiovascular disease, 

neurodegeneration, infection and wound healing 

[18–22]. 

Nevertheless, the field remains largely preclinical. 

Improved bioavailability or nanoparticle 

characteristics do not necessarily translate into 

improved clinical outcomes. Standardization, long-

term safety, manufacturing, regulatory requirements 

and clinical validation remain major challenges [23–

26]. 
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Future research should therefore emphasize 

reproducible formulations, rigorous toxicological 

assessment, well-designed pharmacokinetic studies 

and large-scale clinical trials. With appropriate 

validation, nanotechnology may help transform 

selected plant-derived bioactive compounds into 

more effective, reproducible and clinically useful 

therapeutic systems. 
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