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Nano-encapsulation of herbal bioactive: A next-generation approach 
for anti-inflammatory therapy

Dilip K Patel1* | Roohi Kesharwani2 | Pankaj Verma1 | Anubhav Kesharwani1 | 
Rinki Yadav3

Although inflammation is a basic biological reaction to damage or infection, persistent or unchecked inflammation is the root cause 
of many illnesses, including as cancer, diabetes, heart disease, and arthritis. Even though there are many synthetic anti-inflammatory 
medications on the market, prolonged use of these medications is frequently linked to side effects and low therapeutic efficacy. By 
altering molecular pathways like NF-κB, COX-2, and NLRP3 inflammasome signalling, herbal bioactive like curcumin, quercetin, 
resveratrol, and boswellic acids have shown strong anti-inflammatory potential. However, their clinical translation is limited by 
their quick metabolism, low bioavailability, and poor solubility. A next-generation approach to overcoming these obstacles is 
nano-encapsulation, which improves the solubility, stability, and targeted delivery of herbal bioactives. The pharmacokinetic 
profiles and controlled release of chemicals originating from plants can be improved by using nanocarrier systems such liposomes, 
polymeric nanoparticles, solid lipid nanoparticles, and nanoemulsions. Additionally, ligand conjugation and surface modification 
allow for site-specific distribution to inflammatory regions, reducing systemic toxicity and enhancing therapeutic results. Recent 
developments in nano-encapsulation techniques for herbal anti-inflammatory drugs are thoroughly reviewed in this paper, which 
also highlights formulation techniques and mechanisms of action. Current issues with clinical translation, large-scale manufacturing, 
and regulatory approval are highlighted, along with the interaction between nanoparticle design and biological response. The 
combination of nanotechnology with phytotherapy has created a revolutionary platform for the safe, efficient, and long-term 
treatment of inflammatory diseases: nano-encapsulated herbal bioactive.
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Introduction
An essential physiological reaction of the immune system 
to viruses, damaged cells, or irritants is inflammation. 
Acute inflammation is a defence mechanism that works to 
remove the original source of cell damage, remove necrotic 
tissues and cells, and start the healing process. But when 
this reaction persists or becomes dysregulated, it turns into 
chronic inflammation, which is linked to the etiology of a 
number of illnesses, such as cancer, diabetes, heart disease, 

neurological conditions, and arthritis. The persistent 
presence of pro-inflammatory mediators, oxidative stress, 
and immune cell infiltration are characteristics of chronic 
inflammation, which results in tissue damage and the 
disturbance of regular physiological processes1–4. Traditional 
anti-inflammatory medications, like corticosteroids and 
non-steroidal anti-inflammatory medicines (NSAIDs), 
have been widely utilized to treat inflammatory diseases. 
Long-term use is frequently linked to serious side effects, 
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such as cardiovascular problems, immunosuppression, 
renal toxicity, and gastrointestinal bleeding, despite its 
effectiveness. Additionally, these medications usually target 
both healthy and inflammatory tissues with low selectivity, 
which reduces their therapeutic index and increases patient 
non-compliance. Herbal bioactive compounds have gained 
popularity recently due to their strong immunomodulatory, 
antioxidant, and anti-inflammatory effects. Natural 
plant-based compounds with a good safety record 
and the potential for long-term use include boswellic 
acids, resveratrol, curcumin, and quercetin. However, 
inherent physicochemical limitations, such as low oral 
bioavailability, quick metabolism, poor water solubility, 
and chemical instability under physiological conditions, 
impede their practical applicability. Despite compelling 
preclinical evidence, these obstacles significantly limit 
their therapeutic potential5,6. One possible method to 
get beyond these restrictions and improve the clinical 
usability of herbal bioactives is nano-encapsulation. These 
chemicals’ solubility, stability, bioavailability, and targeted 
distribution can all be enhanced by encapsulating them in 
nanoscale carriers as liposomes, polymeric nanoparticles, 
solid lipid nanoparticles, and nanomicelles. Moreover, 
nanoformulations can maximize therapeutic efficacy by 
facilitating controlled and prolonged release, lowering 
systemic toxicity, and promoting the accumulation of 
bioactive in inflammatory or diseased locations7–11.
	 The goal of this review is to present a thorough analysis 
of the nano-encapsulation techniques used for herbal 
bioactive in anti-inflammatory treatment. It focuses on 
the therapeutic potential of chemicals produced from 
plants, the mechanistic insights of inflammation, and 
the latest developments in delivery systems based on 
nanotechnology. This study emphasizes the case for nano-
encapsulation as a next-generation strategy for safer, more 
potent anti-inflammatory treatments by critically assessing 
recent advancements and pointing out current obstacles.

Herbal bioactive with anti-inflammatory potential
The potential of phytochemicals, which are naturally 
occurring bioactive substances derived from plants, to alter 
inflammatory pathways has been extensively researched. 
By inhibiting pro-inflammatory media-tors, controlling 
oxidative stress, and altering important signalling pathways 
involved in immune responses, these substances have anti-
inflammatory actions. They are potential options for the 
treatment of chronic inflammatory diseases because of their 
diverse mechanisms of action9,12,13.

Curcumin
Due to its anti-inflammatory qualities, curcumin, a 
bioactive polyphenolic molecule obtained from Curcuma 
longa (turmeric), is one of the phytochemicals that has been 
investigated the most. The two main ways it works are by 

blocking cyclooxygenase-2 (COX-2), an important enzyme 
that makes prostaglandins, and by modifying nuclear 
factor kappa B (NF-κB), a crucial transcription factor 
that controls the production of many pro-inflammatory 
cytokines. The production of inflammatory mediators, 
including interleukin-1 beta (IL-1β), tumor necrosis 
factor-alpha (TNF-α), and other cytokines involved in the 
start and spread of inflammatory responses, is effectively 
suppressed by curcumin by targeting these pathways. As 
a result, curcumin has strong potential as a treatment for 
a variety of inflammatory diseases by reducing both acute 
and chronic inflammation14–18 (Fig. 1).

Quercetin
A polyphenolic flavonoid that is commonly found in 
fruits and vegetables, quercetin has strong antioxidant 
and anti-inflammatory properties. Enhancement of the 
cellular antioxidant defense system and control of cytokine 
production are the main mechanisms by which it reduces 
inflammation. Quercetin mitigates oxidative stress by 
upregulating antioxidant enzymes including glutathione 
peroxidase, catalase, and superoxide dismutase (SOD) and 
dramatically lowering levels of important pro-inflammatory 
cytokines like IL-6, TNF-α, and IL-1β. Furthermore, 
quercetin prevents the activation of key inflammatory 
signaling pathways that are essential for coordinating 
inflammatory responses, such as NF-κB and mitogen-
activated protein kinases (MAPKs). Quercetin successfully 
reduces inflammatory processes through this multi-targeted 
modulation, demonstrating its potential as a natural 
treatment for long-term inflammatory conditions4,19–21.

Resveratrol
Strong anti-inflammatory and antioxidant qualities are 
demonstrated by resveratrol, a naturally occurring stilbene 
that is mostly found in grapes, berries, and some nuts. 
The main mechanism by which it reduces inflammation 
is by controlling the signalling pathways for MAPK 
(mitogen-activated protein kinase) and SIRT1 (sirtuin 
1). NF-κB (nuclear factor kappa B) signalling, a key 

Figure 1. Mechanisms of curcumin-mediated anti-
inflammatory activity
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transcription factor involved in the development of many 
pro-inflammatory cytokines, chemokines, and adhesion 
molecules, is suppressed when resveratrol activates 
SIRT1. Resveratrol efficiently lowers the synthesis of 
important pro-inflammatory mediators, such as TNF-α, IL-
1β, and IL-6, by blocking NF-κB activation. Resveratrol 
also affects cellular reactions to stress, apoptosis, and 
inflammatory stimuli via modulating MAPK pathways, 
including ERK, JNK, and p38. Beyond these signalling 
pathways, resveratrol exhibits potent antioxidant activity 
by scavenging reactive oxygen species (ROS) and boosting 
endogenous antioxidant defences. These actions together 
lessen inflammation and tissue damage brought on by 
oxidative stress. Resveratrol’s promise as a treatment 
for chronic inflammatory illnesses is highlighted by its 
combined control of oxidative stress and inflammatory 
signals19,22–24.

Boswellic acids
Boswellia serrata resin yields bioactive triterpenoids 
called boswellic acids, which are known to have strong 
anti-inflammatory effects. Inhibiting 5-lipoxygenase (5-
LOX), a crucial enzyme involved in the manufacture of 
leukotrienes—lipid mediators that are essential in fostering 
inflammation—is their main mode of action. Boswellic 
acids are especially helpful in disorders like arthritis, 
asthma, and inflammatory bowel diseases because they 
efficiently inhibit leukotriene-mediated inflammatory 
reactions by reducing 5-LOX activity. The expression of 
pro-inflammatory cytokines and enzymes is reduced by 
boswellic acids, which also target leukotriene pathways and 
modulate other important inflammatory signaling cascades, 
such as the NF-κB pathway. Because of their multi-targeted 
regulation, boswellic acids have a broad-spectrum anti-
inflammatory impact, making them a promising natural 
treatment for chronic inflammatory diseases25–28.

Other notable phytochemicals
Significant anti-inflammatory effects have been shown by 
a number of additional bioactive substances produced from 
plants. The primary mechanism by which gingerols, the 
active ingredients in Zingiber officinale (ginger), work is 
by blocking the cyclooxygenase (COX) and lipoxygenase 
(LOX) pathways, which lowers the production of pro-
inflammatory prostaglandins and leukotrienes. Green tea 
(Camellia sinensis) is rich in catechins, which reduce the 
expression of pro-inflammatory mediators and attenuate 
oxidative stress by modulating important signaling 
pathways like NF-κB and MAPK. Derived from Berberis 
species, berberine is an isoquinoline alkaloid that increases 
endogenous antioxidant defenses while decreasing the 
production of pro-inflammatory cytokines such as TNF-α, 
IL-1β, and IL-6. When combined, these phytochemicals 
offer a multifaceted strategy for reducing inflammation, 

underscoring the promise of natural substances as 
therapeutic agents for the treatment of chronic inflammatory 
diseases29–33.

Nano-encapsulation: concepts and design 
strategies
The technique of adding bioactive substances to nanoscale 
carriers (usually 1–500 nm) in order to prevent degradation, 
enhance their pharmacokinetic characteristics, and boost 
their therapeutic efficiency is known as nano-encapsulation. 
Limitations that are frequently linked to herbal bioactives, 
such as poor solubility, low bioavailability, quick 
metabolism, and chemical instability, can be addressed by 
enclosing the active molecules in a nanosystem. Therefore, 
nano-encapsulation is a next-generation anti-inflammatory 
drug delivery method (Fig. 2). Encasing, dissolving, 
or adsorbing bioactive substances within a nanocarrier 
matrix is the basic idea of nano-encapsulation. These 
carriers may be polymeric (PLGA, chitosan), lipid-based 
(liposomes, solid lipid nanoparticles), or surfactant-based 
(nanomicelles, nanoemulsions). Improved surface area, 
more cellular absorption, and the capacity to alter release 
kinetics in accordance with therapeutic requirements 
are just a few benefits that come with the nanoscale 
dimension29,34–37.
	 Nano-encapsulation offers multiple benefits compared to 
traditional formulations:
Increased stability and solubility: Hydrophobic herbal 
substances, such as resveratrol and curcumin, can dissolve 
in nanocarriers and be shielded against deterioration in 
physiological settings.
Controlled and sustained release: Bioactives can be 
progressively released via nanocarriers, lowering 
the frequency of doses and preserving therapeutic 
concentrations for longer.
Targeted tissue accumulation: By enabling targeted 
distribution to inflammatory tissues or particular cell 
types, surface modification and functionalization improve 
therapeutic efficacy and reduce off-target consequences.
Decreased systemic toxicity: Nano-encapsulation lowers 
the risk of side effects linked to high-dose conventional 
therapy by concentrating bioactives at the site of 
inflammation and minimizing systemic exposure.

Types of nanocarriers for herbal bioactive
To improve the transport, stability, and bioavailability 
of herbal bioactive, a number of nanocarrier systems 
have been created. The content, structure, and functional 
characteristics of these systems vary, allowing for 
customized anti-inflammatory treatment approaches38–40.

Polymeric nanoparticles
A flexible platform for the regulated and prolonged 
administration of bioactive substances is provided by 
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Figure 2. Nano-encapsulated herbal bioactives offer safe and effective next-generation anti-inflammatory therapy

polymeric nanoparticles, which are made of biodegradable 
and biocompatible polymers like chitosan, alginate, and 
PLGA (poly(lactic-co-glycolic acid)). In addition to 
their proven safety and regulatory approval for clinical 
usage, PLGA nanoparticles are highly prized for their 
programmable degradation rates, which provide exact 
control over drug release kinetics. Other benefits of 
chitosan and alginate-based nanoparticles include their 
mucoadhesive qualities, which improve retention at 
mucosal locations and make oral or topical administration 
easier. By encasing herbal bioactives in these polymeric 
carriers, nanoparticles promote cellular absorption, greatly 
increase oral bioavailability, and shield the compounds from 
harsh gastrointestinal conditions and enzyme destruction. 
Moreover, polymeric nanoparticles can be engineered to 
achieve targeted delivery, minimize systemic side effects, 
and maintain therapeutic concentrations over extended 
periods, making them highly promising for the delivery of 
plant-derived anti-inflammatory agents41–43.

Liposomes and phytosomes
A flexible platform for the delivery of herbal bioactives, 
liposomes are vesicular nanocarriers made of phospholipid 
bilayers that can encapsulate both hydrophilic and lipophilic 
substances. Liposomes boost systemic bioavailability, shield 
the payload from enzymatic and chemical degradation, and 
increase solubility by encasing bioactive substances within 
these bilayers. Contrarily, phytosomes are specialized 
complexes in which phospholipids and phytochemicals 
are chemically bonded, greatly improving cellular uptake, 
gastrointestinal absorption, and membrane permeability. 
When compared to their unformulated counterparts, these 
delivery methods have produced better pharmacokinetic 

profiles, higher plasma concentrations, and enhanced 
therapeutic efficacy for substances including curcumin, 
quercetin, and silymarin. The ability of liposomes and 
phytosomes to enhance stability, bioavailability, and 
targeted delivery underscores their potential as effective 
carriers for plant-derived anti-inflammatory and antioxidant 
agents44–47.

Solid lipid nanoparticles (SLNs) and nano-structured 
lipid carriers (NLCs)
Solid lipid nanoparticles (SLNs) are nanoscale carriers 
made of solid lipids stabilized by surfactants. They 
provide enhanced physicochemical stability of the 
encapsulated chemicals, controlled and sustained release, 
and excellent encapsulation efficiency. Second-generation 
lipid nanoparticles known as nanostructured lipid carriers 
(NLCs) combine liquid and solid lipids to improve drug 
loading capacity, stop drug expulsion during storage, 
and preserve stability over time. Hydrophobic herbal 
bioactives are especially well-suited for delivery via both 
SLNs and NLCs, which enhance their bioavailability and 
prevent degradation. These lipid-based nanoparticles are 
attractive candidates for the creation of successful herbal 
nanotherapeutics since preclinical research has shown that 
they not only improve the pharmacokinetic profiles of 
encapsulated phytochemicals but also intensify their anti-
inflammatory action48–53.

Nanoemulsions and self-nanoemulsifying drug delivery 
systems (SNEDDS)
Because of their small droplet size and large surface 
area, nanoemulsions—oil-in-water colloidal dispersions 
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stabilized by surfactants—allow lipophilic bioactive 
chemicals to dissolve and absorb more quickly. When 
gastrointestinal fluids come into contact with self-
nanoemulsifying drug delivery systems (SNEDDS), which 
are isotropic combinations of oils, surfactants, and co-
surfactants, they spontaneously create fine oil-in-water 
nanoemulsions, greatly increasing oral bioavailability. 
SNEDDS and nanoemulsions have both been successfully 
used to transport herbal bioactives, including resveratrol, 
curcumin, and other lipophilic phytochemicals, showing 
enhanced stability, solubility, and therapeutic efficacy. 
A promising approach to overcoming the limited oral 
absorption and poor water solubility that frequently limit 
the clinical potential of plant-derived anti-inflammatory 
drugs is provided by these lipid-based nanosystems54–58.

Dendrimers and metallic nanoparticles
Dendrimers are monodisperse, highly branched, nanoscale 
polymers with variable surface functions and well-defined 
topologies that allow for targeted delivery, controlled 
release, and high loading capacity of medicinal drugs. To 
increase selectivity and efficacy, their multivalent surfaces 
can be conjugated with imaging agents, targeted ligands, 
or herbal bioactives. In addition to their use as delivery 
vehicles, metallic nanoparticles—such as gold and silver 
nanoparticles—have also been used as carriers or conjugates 
for chemicals originating from plants, providing inherent 
anti-inflammatory and antioxidant qualities. The stability, 
bioavailability, and general pharmacological performance 
of encapsulated herbal bioactives are enhanced by the fine 
control that dendrimers and metallic nanoparticles offer 
over particle size, surface chemistry, and release kinetics. 
These nanosystems are cutting-edge platforms that 
optimize the natural anti-inflammatory drugs’ therapeutic 
potential59,60.

Plant-derived nanocarriers
Extracellular vesicles (EVs) and biogenic nanoparticles 
are two examples of plant-derived nanocarriers, which 
are a new class of biocompatible and natural delivery 
systems. Nanosized vesicles called plant-derived EVs are 
naturally released by plants and have the ability to carry 
bioactive substances including proteins, nucleic acids, and 
phytochemicals across biological barriers while exhibiting 
low immunogenicity and excellent biocompatibility. These 
vesicles improve the stability and therapeutic potential 
of encapsulated drugs by providing inherent targeting 
capabilities and shielding them from enzymatic destruction. 
An environmentally benign, scalable, and biocompatible 
substitute for traditional synthetic nanoparticles are 
biogenic nanoparticles, which are made from plant extracts. 
These nanoparticles combine the benefits of nanoscale 
delivery, such as enhanced solubility, cellular absorption, 
and controlled release, with the natural biological activity 

of the plant source61–63. A detailed comparative analysis of 
nanocarrier system are mentioned in Table 1.

Mechanisms of anti-inflammatory action via 
nanoformulations
By altering important inflammatory mechanisms at the 
cellular and molecular levels, nano-encapsulation not only 
improves the pharmacodynamic effects of herbal bioactives 
but also their distribution. Numerous mechanisms that 
together improve anti-inflammatory efficacy are made 
possible by the special characteristics of nanoscale carriers, 
such as their small size, large surface area, and surface 
functionalization6,64.

Enhanced cellular uptake and bioavailability
Using a variety of delivery methods, such as oral, 
topical, and intravenous, nanocarriers greatly improve 
the absorption and therapeutic effectiveness of herbal 
bioactives. Their nanoscale size allows for effective uptake 
and cellular internalization by endocytosis, avoiding 
metabolic breakdown and efflux transporters that normally 
restrict the availability of bioactive substances. Higher 
intracellular concentrations brought about by this enhanced 
bioavailability enable bioactives to more successfully 
influence important inflammatory signaling pathways like 
NF-κB, MAPK, and JAK-STAT. For instance, compared to 
free curcumin, curcumin-loaded PLGA nanoparticles have 
shown significantly greater intracellular accumulation in 
macrophages, which leads to a more noticeable suppression 
of pro-inflammatory cytokines such as TNF-α, IL-1β, and 
IL-6. The potential of nanocarrier systems to optimize the 
anti-inflammatory and therapeutic benefits of chemicals 
generated from plants is highlighted by this targeted and 
effective delivery2,29,65,66.

Controlled release kinetics and sustained therapeutic 
action
Therapeutic concentrations are maintained at the target 
location for extended periods of time thanks to the controlled 
and sustained release of bioactive chemicals provided 
by nanoformulations. The frequency of administration 
is decreased, and variations in plasma drug levels are 
minimized, both of which can jeopardize the effectiveness 
of treatment. For example, in preclinical models, solid 
lipid nanoparticles (SLNs) and polymeric nanoparticles 
have shown prolonged release profiles for phytochemicals 
like resveratrol and curcumin, which results in long-term 
downregulation of important pro-inflammatory mediators 
like TNF-α and COX-2. These nanocarriers improve patient 
compliance, increase anti-inflammatory efficacy, and 
present a promising long-term management approach for 
chronic inflammatory disorders by continuously exposing 
target cells to active chemicals1,29,65.
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Table 1. Comparative analysis of nanocarrier systems for herbal bioactives
S. No. Nanocarrier type Herbal bioactive Advantage Limitation

1 Polymeric 
Nanoparticles

Curcumin, berberine, 
resveratrol

Controlled release, good stability, 
mucoadhesive properties, scalable

Complex fabrication, 
possible polymer 
toxicity

2 Liposome Quercetin, silymarin, 
curcumin

Biocompatible, encapsulate hydrophilic 
& lipophilic compounds, improved 
bioavailability

Physical instability, 
high cost, leakage

3 Phytosome Silymarin, rutin, 
curcumin

Superior absorption, enhanced 
membrane permeability

Limited drug-loading 
flexibility

4 SLN Hydrophobic 
flavonoids, terpenoids

High stability, controlled release, good 
protection

Low drug loading, 
risk of drug 
expulsion

5 NLC Curcuminoids, 
polyphenols

Higher loading capacity, better stability 
than SLNs

Limited long-term 
clinical data

6 Nanoemulsions & 
Snedd

Resveratrol, curcumin, 
essential oils Lipophilic 
polyphenols

Rapid absorption, high solubilization, 
easy oral use

Surfactant irritation, 
physical instability

7 Dendrimers Polyphenols, alkaloids High loading, precise targeting, surface 
modification

Cytotoxicity, high 
cost

8 Plant-Derived EVs Proteins, nucleic acids, 
phytochemicals

Excellent biocompatibility, targeting 
ability, low immunogenicity

Low yield, isolation 
difficulty

Targeted delivery to macrophages and inflamed tissues
Surface modification of nanocarriers allows for 
targeted distribution to important mediators of chronic 
inflammation, such as macrophages and inflamed 
tissues. By functionalizing with particular ligands like 
mannose, folic acid, or antibodies, activated immune cells 
can recognize and absorb the encapsulated bioactives 
selectively, increasing local concentrations while 
reducing systemic exposure and off-target consequences. 
For instance, in preclinical arthritis models, quercetin-
loaded liposomes functionalized with folate have shown 
preferential accumulation in inflammatory joints, leading 
to enhanced anti-inflammatory activity as compared to 
non-targeted formulations. Such focused approaches 
highlight the benefit of ligand-mediated nanocarrier design 
in the treatment of chronic inflammatory diseases by both 
increasing the therapeutic potential of herbal medicines and 
lowering the danger of systemic toxicity67–69.

Synergistic effects from nanocarrier–bioactive 
interactions
Nanocarriers can exert complementary biological effects 
that enhance the therapeutic activity of encapsulated 
herbal bioactive. Lipid-based carriers, such as liposomes, 
SLNs, and NLCs, not only stabilize bioactive compounds 
but also facilitate interactions with cellular membranes, 
promoting efficient uptake and intracellular delivery. 
Polymeric matrices, in addition to providing controlled 
release, can influence cellular redox balance and mitigate 

oxidative stress, thereby supporting the anti-inflammatory 
action of the encapsulated phytochemicals. These intrinsic 
properties of nanocarriers often act synergistically with the 
bioactives they deliver, resulting in more pronounced and 
sustained suppression of inflammatory mediators compared 
to free compounds. Such dual functionality underscores the 
potential of nanocarrier systems to amplify the efficacy of 
plant-derived anti-inflammatory agents while improving 
their pharmacokinetic and pharmacodynamic profiles12,63,70.

Case studies and recent advances
Nano-encapsulation has the potential to improve the 
medicinal effectiveness of herbal anti-inflammatory 
substances, according to recent studies. Preclinical 
research on a range of illness models offers strong support 
for enhanced bioavailability, focused administration, and 
long-lasting anti-inflammatory effects. Table 2 contains the 
detail of case study of nano formulation.

Safety, toxicity, and regulatory considerations
While nano-encapsulation offers numerous advantages 
for herbal bioactives, translating these formulations into 
clinical applications requires careful evaluation of safety, 
toxicity, pharmacokinetics, and regulatory compliance. 
Biocompatibility and safety are critical considerations in the 
design and application of nanocarriers for herbal bioactive 
delivery. While many carriers such as PLGA, chitosan, 
and lipid-based nanoparticles are generally recognized 
as safe, factors including surface chemistry, particle size, 
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Table 2. Case studies and recent advances of nano-formulation
S. No. Nano

formulation
Compound Model Key Observation Reference

1 Liposomes Curcumin Rat model of arthritis Reduced paw edema, decreased TNF-α 
and IL-6, enhanced joint tissue penetration

71, 72

2 Nanoemulsion Quercetin Mouse model of 
topical inflammation

Improved skin absorption, decreased 
cytokine expression, reduced oxidative 
stress

73, 74

3 PLGA 
nanoparticles

Resveratrol Rat model of colitis Higher oral bioavailability, sustained 
release, reduced inflammatory markers 
(COX-2, IL-1β)

75, 76

4 Solid lipid 
nanoparticles 
(SLNs)

Boswellic 
acids

Rat arthritis model Improved joint accumulation, reduced 
leukotriene-mediated inflammation, 
enhanced therapeutic effect

77, 78

5 Hybrid 
nanocarriers

Curcumin & 
Quercetin

In vitro macrophage 
inflammation

Synergistic inhibition of NF-κB and 
MAPK pathways, enhanced cellular uptake

79, 80

shape, and administered dose can significantly influence 
cytotoxicity and immune responses. For example, cationic 
nanoparticles, due to their strong electrostatic interactions 
with cell membranes, may induce membrane disruption 
or trigger inflammatory reactions at high concentrations. 
Therefore, comprehensive preclinical evaluation is 
essential, encompassing in vitro cytotoxicity assays (e.g., 
cell viability, proliferation, and hemolysis) and in vivo 
assessments of immune responses and organ toxicity. Such 
thorough safety profiling ensures that nanocarriers can be 
administered safely and paves the way for successful clinical 
translation of herbal nanotherapeutics75,76,81Although 
nanocarriers substantially improve the bioavailability of 
herbal bioactives, they can also alter pharmacokinetics and 
tissue biodistribution, which may impact both efficacy and 
safety. Critical factors such as particle size, surface charge, 
hydrophobicity, and surface modifications influence 
circulation time, cellular uptake, organ accumulation, 
and clearance pathways. For instance, nanoparticles may 
accumulate unintentionally in the liver, spleen, or kidneys, 
potentially leading to organ-specific toxicity. Therefore, 
careful optimization of formulation parameters, along with 
thorough pharmacokinetic and biodistribution studies, is 
essential to balance enhanced therapeutic efficacy with 
safety. Such evaluations are critical for translating herbal 
nanotherapeutics from preclinical models to clinical 
applications while minimizing off-target effects. Translation 
from laboratory-scale synthesis to large-scale production 
remains a challenge. Maintaining reproducibility in particle 
size, encapsulation efficiency, stability, and release kinetics 
is essential for consistent therapeutic outcomes. Techniques 
such as microfluidics and high-pressure homogenization are 
being explored to address these issues, but cost, scalability, 
and process standardization remain significant hurdles82,83.

Challenges and future perspectives
The development of herbal bioactives encapsulated in 
nanoparticles has advanced significantly, but a number 
of obstacles still stand in the way of their transition from 
preclinical to clinical use. To fully realize the therapeutic 
promise of nano-herbal anti-inflammatory medicines, these 
limitations must be filled. The majority of research on herbal 
bioactives that have been nanoformulated is restricted to 
animal models or in vitro tests. There are still few human 
clinical trials, despite the fact that these investigations 
show improved bioavailability, targeted distribution, and 
superior anti-inflammatory benefits. There are substantial 
translational problems since preclinical models and people 
differ in metabolism, immunological responses, and disease 
pathology. To confirm long-term safety, ideal dosage, and 
efficacy, thorough clinical research is required. Aggregation, 
drug leakage, and chemical degradation during storage are 
some of the stability issues that many nanoformulations 
encounter. Recent developments in machine learning 
(ML) and artificial intelligence (AI) present chances to 
speed up the design and optimization of nanocarriers. By 
predicting ideal polymer-lipid ratios, particle sizes, surface 
functionalization, and release kinetics, AI-driven models 
can expedite formulation development and minimize 
experimental trial-and-error. When creating customized 
anti-inflammatory nanomedicines, such computational 
methods can improve accuracy and efficiency. Personalized 
medicine, where formulations are customized to each 
patient’s unique profile, including genetic background, 
disease severity, and immune condition, holds the key 
to the future of nano-herbal therapy. It is possible to 
design nanocarriers to specifically target particular 
cell populations or tissues, allowing for individualized 
treatment plans and reducing side effects. The development 
of customized nano-herbal treatments can be guided by the 
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integration of biomarkers and inflammatory profiles unique 
to each patient. Combination treatments, which combine 
traditional synthetic medications with natural substances 
encased in nanoparticles, have great potential. These tactics 
can improve treatment results, lower dosage requirements, 
and take advantage of synergistic effects. Co-delivering 
curcumin nanoparticles with low-dose NSAIDs, for 
example, may provide strong anti-inflammatory benefits 
while reducing adverse effects. New possibilities for 
combination therapy are made possible by hybrid and co-
loaded nanocarriers, which allow for accurate co-delivery, 
controlled release, and tissue-specific targeting84–86.

Conclusions
Numerous illnesses, from diabetes and arthritis to 
cancer and neurological diseases, are caused by chronic 
inflammation. Even though traditional anti-inflammatory 
medications are still useful, side effects, poor selectivity, 
and diminished potency sometimes restrict their long-term 
usage. Herbal bioactive substances with multi-targeted 
anti-inflammatory, antioxidant, and immunomodulatory 
qualities, such as curcumin, quercetin, resveratrol, and 
boswellic acids, present intriguing substitutes. However, 
their quick metabolism, low bioavailability, poor solubility, 
and chemical instability have hindered their clinical 
translation. One revolutionary method to get over these 
restrictions is nano-encapsulation. Researchers have 
increased solubility, stability, targeted tissue distribution, 
controlled release, and therapeutic efficiency by 
integrating herbal bioactives into polymeric nanoparticles, 
liposomes, solid lipid nanoparticles, nanoemulsions, 
dendrimers, and plant-derived nanocarriers. Preclinical 
research shows that, in comparison to free bioactives, 
nanoformulated herbal substances had better cellular 
absorption, longer-lasting anti-inflammatory effects, and 
synergistic interactions with nanocarriers. Notwithstanding 
these developments, a number of obstacles still need to 
be overcome, such as guaranteeing biocompatibility, 
enhancing pharmacokinetics, increasing production 
volume, developing standardized assessment techniques, 
and negotiating regulatory frameworks. Future directions 
include the creation of customized nano-herbal treatments, 
the integration of AI and machine learning for optimal 
nanocarrier design, and the investigation of combination 
tactics with synthetic medications to optimize therapeutic 
results. In conclusion, bridging the gap between preclinical 
promise and clinical application, nano-encapsulation 
provides a next-generation method for delivering herbal 
bioactives. Nano-herbal formulations have the potential 
to become safe, precise, and effective anti-inflammatory 
treatments that meet unmet medical needs in chronic 
inflammatory illnesses with more interdisciplinary research 
and strong clinical validation.

Funding
There is no funding associated with this submitted 
manuscript.

References
1.	 Elgazzar, A.H. and Mohammed, A.M. (2022). 

Inflammation. In The Pathophysiologic Basis of Nuclear 
Medicine: Fourth Edition. https://doi.org/10.1007/978-3-
030-96252-4_4

2.	 Chen, L., Deng, H., Cui, H., Fang, J., Zuo, Z., Deng, 
J., Li, Y., Wang, X. and Zhao, L. (2018). Inflammatory 
responses and inflammation-associated diseases in organs. 
In Oncotarget (Vol. 9, Number 6). https://doi.org/10.18632/
oncotarget.23208

3.	 Chauhan, A. and Chauhan, S.B. (2023). Inflammation and 
cancer. In Inflammation and Chronic Disorders: The Secret 
Connection. https://doi.org/10.4240/wjgs.v4.i3.62

4.	 ˙˙Quercetin, inflammation and immunity. In Nutrients 
(Vol. 8, Number 3). https://doi.org/10.3390/nu8030167

5.	 Choudhary, K. and Duggal, S. (2025). A Review of Nano-
Herbal Formulations: A Futuristic Approach in Herbal Drug 
Delivery. International Research Journal of Pharmacy and 
Medical Sciences (IRJPMS), 8(3).

6.	 Zafar, A., Alsaidan, O.A. and Mujtaba, M.A. (2025). 
Nano-carriers based Approaches Loaded with Herbal 
Bioactive Compounds for the Treatment of Cancer: Recent 
Updates and Future Prospects. Recent Patents on Anti-
Cancer Drug Discovery, 20. https://doi.org/10.2174/011574
8928377734250731191700

7.	 Silva, A.M., Luís, A.S., Macedo, C., Ferreira, A.S., 
Costa, P.C., Delerue-Matos, C. and Rodrigues, F. 
(2023). Cosmetic applications of herbal products and 
encapsulated herbal active extracts. In Nanotechnology in 
Herbal Medicine: Applications and Innovations. https://doi.
org/10.1016/B978-0-323-99527-6.00013-6

8.	 Abdul Mudalip, S.K., Khatiman, M.N., Hashim, N.A., 
Che Man, R. and Arshad, Z.I.M. (2019). A short review on 
encapsulation of bioactive compounds using different drying 
techniques. Materials Today: Proceedings, 42. https://doi.
org/10.1016/j.matpr.2021.01.543

9.	 Harwansh, R.K., Deshmukh, R. and Rahman, M.A. 
(2019). Nanoemulsion: Promising nanocarrier system for 
delivery of herbal bioactives. In Journal of Drug Delivery 
Science and Technology (Vol. 51). https://doi.org/10.1016/j.
jddst.2019.03.006

10.	 Jampilek, J. and Kralova, K. (2022). Anticancer 
Applications of Essential Oils Formulated into Lipid-Based 
Delivery Nanosystems. In Pharmaceutics (Vol. 14, Number 
12). https://doi.org/10.3390/pharmaceutics14122681

11.	 Jafar, G., Nazal, N.R.A. and Sutrisno, E. (2024). Review: 
Revieaw article Lipid-based Nanotechnology. Medical 
Sains : Jurnal Ilmiah Kefarmasian, 9(1). https://doi.
org/10.37874/ms.v9i1.1084

12.	 Mahfoozur, R. (2023). Bioactive-loaded nanomedicine for 
the management of health and disease. Apple Academic 
Press ; CRC Press.

13.	 Rawat, M., Singh, D., Saraf, S. and Saraf, S. (2006). 
Nanocarriers: Promising vehicle for bioactive drugs. 
In Biological and Pharmaceutical Bulletin. https://doi.



60Patel et al.

org/10.1248/bpb.29.1790
14.	 Kesharwani, P., Jain, A., Srivastava, A.K. and Keshari, 

M.K. (2020). Systematic development and characterization 
of curcumin-loaded nanogel for topical application. Drug 
Development and Industrial Pharmacy. https://doi.org/10.10
80/03639045.2020.1793998

15.	 Kumar, V., Kesharwani, R., Patel, D.K., Verma, A., 
Mehanna, M.G., Mohammad, A., Bawadood, A.S., Al-
Abbasi, F.A. and Anwar, F. (2025). Epigenetic Impact of 
Curcumin and Thymoquinone on Cancer Therapeutics. 
Current Medicinal Chemistry, 32(11), 2183–2201. https://
doi.org/10.2174/0109298673288542240327112351

16.	 Ban, C., Jo, M., Park, Y. H., Kim, J.H., Han, J.Y., 
Lee, K.W., Kweon, D.H. and Choi, Y.J. (2020). 
Enhancing the oral bioavailability of curcumin using solid 
lipid nanoparticles. Food Chemistry, 302. https://doi.
org/10.1016/j.foodchem.2019.125328

17.	 Kakkar, V., Singh, S., Singla, D. and Kaur, I.P. (2011). 
Exploring solid lipid nanoparticles to enhance the oral 
bioavailability of curcumin. Molecular Nutrition and Food 
Research. https://doi.org/10.1002/mnfr.201000310

18.	 Kakkar, V., Muppu, S.K., Chopra, K. and Kaur, I.P. 
(2013). Curcumin loaded solid lipid nanoparticles: An 
efficient formulation approach for cerebral ischemic 
reperfusion injury in rats. European Journal of Pharmaceutics 
and Biopharmaceutics. https://doi.org/10.1016/j.
ejpb.2013.02.005

19.	 Imran, M., Iqubal, M.K., Imtiyaz, K., Saleem, S., 
Mittal, S., Rizvi, M.M.A., Ali, J. and Baboota, S. (2020). 
Topical nanostructured lipid carrier gel of quercetin and 
resveratrol: Formulation, optimization, in vitro and ex 
vivo study for the treatment of skin cancer. International 
Journal of Pharmaceutics. https://doi.org/10.1016/j.
ijpharm.2020.119705

20.	 Deepika and Maurya, P.K. (2022). Health Benefits of 
Quercetin in Age-Related Diseases. In Molecules (Vol. 27, 
Number 8). https://doi.org/10.3390/molecules27082498

21.	 Lesjak, M., Beara, I., Simin, N., Pintać, D., Majkić, T., 
Bekvalac, K., Orčić, D. and Mimica-Dukić, N. (2018). 
Antioxidant and anti-inflammatory activities of quercetin 
and its derivatives. Journal of Functional Foods, 40. https://
doi.org/10.1016/j.jff.2017.10.047

22.	 Meng, T., Xiao, D., Muhammed, A., Deng, J., Chen, L. and 
He, J. (2021). Anti-Inflammatory Action and Mechanisms of 
Resveratrol. In Molecules (Vol. 26, Number 1). https://doi.
org/10.3390/MOLECULES26010229

23.	 Walle, T. (2011). Bioavailability of resveratrol. Annals of 
the New York Academy of Sciences, 1215(1). https://doi.
org/10.1111/j.1749-6632.2010.05842.x

24.	 Salehi, B., Mishra, A. ., Nigam, M., Sener, B., Kilic, M., 
Sharifi-Rad, M., Fokou, P.V.T., Martins, N. and Sharifi-
Rad, J. (2018). Resveratrol: A double-edged sword in health 
benefits. In Biomedicines (Vol. 6, Number 3). https://doi.
org/10.3390/biomedicines6030091

25.	 Du, Z., Liu, Z., Ning, Z., Liu, Y., Song, Z., Wang, C. and 
Lu, A. (2015). Prospects of boswellic acids as potential 
pharmaceutics. In Planta Medica (Vol. 81, Number 4). 
https://doi.org/10.1055/s-0034-1396313

26.	 Vijayarani, K.R., Govindarajulu, M., Ramesh, S., 
Alturki, M., Majrashi, M., Fujihashi, A., Almaghrabi, M., 
Kirubakaran, N., Ren, J., Babu, R.J., Smith, F., Moore, 

T. and Dhanasekaran, M. (2020). Enhanced Bioavailability 
of Boswellic Acid by Piper longum: A Computational and 
Pharmacokinetic Study. Frontiers in Pharmacology, 11. 
https://doi.org/10.3389/fphar.2020.551911

27.	 Iram, F., Khan, S.A. and Husain, A. (2017). Phytochemistry 
and potential therapeutic actions of Boswellic acids: A mini-
review. In Asian Pacific Journal of Tropical Biomedicine (Vol. 
7, Number 6). https://doi.org/10.1016/j.apjtb.2017.05.001

28.	 Jaroš, P., Timkina, E., Michailidu, J., Maršík, D., 
Kulišová, M., Kolouchová, I. and Demnerová, K. (2022). 
Boswellic Acids as Effective Antibacterial Antibiofilm 
Agents. Molecules, 27(12). https://doi.org/10.3390/
molecules27123795

29.	 Lala, R.R. and Awari, N.G. (2013). Nanoemulsion-based 
gel formulations of COX-2 inhibitors for enhanced efficacy 
in inflammatory conditions. Applied Nanoscience 2013 4:2, 
4(2), 143–151. https://doi.org/10.1007/S13204-012-0177-6

30.	 Musial, C., Kuban-Jankowska, A. and Gorska-
Ponikowska, M. (2020). Beneficial properties of green 
tea catechins. International Journal of Molecular Sciences, 
21(5). https://doi.org/10.3390/ijms21051744

31.	 Zhao, T., Li, C., Wang, S. and Song, X. (2022). Green 
Tea (Camellia sinensis): A Review of Its Phytochemistry, 
Pharmacology, and Toxicology. In Molecules (Vol. 27, 
Number 12). https://doi.org/10.3390/molecules27123909

32.	 Mustafa, I. and Chin, N.L. (2023). Antioxidant Properties 
of Dried Ginger (Zingiber officinale Roscoe) var. Bentong. 
Foods, 12(1). https://doi.org/10.3390/foods12010178

33.	 Ballester, P., Cerdá, B., Arcusa, R., Marhuenda, J., 
Yamedjeu, K. and Zafrilla, P. (2022). Effect of Ginger on 
Inflammatory Diseases. In Molecules (Vol. 27, Number 21). 
https://doi.org/10.3390/molecules27217223

34.	 Zhang, L. and Webster, T.J. (2009). Nanotechnology and 
nanomaterials: Promises for improved tissue regeneration. In 
Nano Today. https://doi.org/10.1016/j.nantod.2008.10.014

35.	 Ümit Gönüllü, Melike Üner, Gülgün Yener, Ecem Fatma 
Karaman,  Zeynep Aydoğmuş (2015). Formulation and 
characterization of solid lipid nanoparticles, nanostructured 
lipid carriers and nanoemulsion of lornoxicam for 
transdermal delivery. Acta Pharmaceutica (Zagreb, Croatia), 
65(1), 1–13. https://doi.org/10.1515/ACPH-2015-0009

36.	 Huang, L., Huang, X.H., Yang, X., Hu, J.Q., Zhu, 
Y.Z., Yan, P.Y. and Xie, Y. (2024). Novel nano-drug 
delivery system for natural products and their application. 
In Pharmacological Research (Vol. 201). https://doi.
org/10.1016/j.phrs.2024.107100

37.	 Kesharwani, S., Kumar, D., Kesharwani, R., Kumar, 
V. (2022). Nanotechnology-Based Drug Delivery System 
Used for Loading of Umbelliferone: A Review. In Bioactive-
Loaded Nanomedicine for the Management of Health and 
Disease. Apple Academic Press.

38.	 Awlqadr, F.H., Majeed, K.R., Altemimi, A.B., Hassan, 
A.M., Qadir, S.A., Saeed, M.N., Faraj, A.M., Salih, T.H., 
Abd Al-Manhel, A.J., Najm, M.A.A., Tsakali, E., Van Impe, 
J.F. M., Abd El-Maksoud, A.A. and Abedelmaksoud, T.G. 
(2025). Nanotechnology-based herbal medicine: Preparation, 
synthesis, and applications in food and medicine. In Journal 
of Agriculture and Food Research (Vol. 19). https://doi.
org/10.1016/j.jafr.2025.101661

39.	 Darbandy, Z.J., Oroojalian, F., Kesharwani, P., 
Karav, S. and Sahebkar, A. (2026). Targeted delivery of 

https://doi.org/10.1016/j.nantod.2008.10.014
https://pubmed.ncbi.nlm.nih.gov/?term=G%C3%B6n%C3%BCll%C3%BC+%C3%9C&cauthor_id=25781700
https://pubmed.ncbi.nlm.nih.gov/?term=%C3%9Cner+M&cauthor_id=25781700
https://pubmed.ncbi.nlm.nih.gov/?term=Yener+G&cauthor_id=25781700
https://pubmed.ncbi.nlm.nih.gov/?term=Karaman+EF&cauthor_id=25781700
https://pubmed.ncbi.nlm.nih.gov/?term=Karaman+EF&cauthor_id=25781700
https://pubmed.ncbi.nlm.nih.gov/?term=Aydo%C4%9Fmu%C5%9F+Z&cauthor_id=25781700


61Patel et al.

phytochemicals via nanocarriers: Emerging strategies for 
psoriasis and acne. In South African Journal of Botany (Vol. 
189). https://doi.org/10.1016/j.sajb.2025.11.027

40.	 Leharwani, M., Singhai, H., Hani, U., Rani, V. I., 
Gupta, G., Goh, K.W., Patil, U.K. and Kesharwani, P. 
(2026). Herbal carbon dots for wound healing: Bridging 
traditional phytomedicine with advanced Nanotherapeutics. 
In Inorganic Chemistry Communications (Vol. 186). https://
doi.org/10.1016/j.inoche.2026.116162

41.	 Jahangir, M.A., Khan, R. and Sarim Imam, S. (2018). 
Formulation of sitagliptin-loaded oral polymeric nano 
scaffold: process parameters evaluation and enhanced anti-
diabetic performance. Artificial Cells, Nanomedicine, and 
Biotechnology, 46(sup1), 66–78. https://doi.org/10.1080/21
691401.2017.1411933

42.	 Amoabediny, G., Haghiralsadat, F., Naderinezhad, 
S., Helder, M.N., Akhoundi Kharanaghi, E., 
Mohammadnejad Arough, J. and Zandieh-Doulabi, B. 
(2018). Overview of preparation methods of polymeric and 
lipid-based (niosome, solid lipid, liposome) nanoparticles: A 
comprehensive review. In International Journal of Polymeric 
Materials and Polymeric Biomaterials (Vol. 67, Number 6). 
https://doi.org/10.1080/00914037.2017.1332623

43.	 Tripathy, S., Kesharwani, R., Patel, D.K. and Das, 
M.K. (2020). Stimuli-Responsive Polymers for Cancer 
Nanomedicines. In Nano Medicine and Nano Safety: Recent 
Trends and Clinical Evidences. https://doi.org/10.1007/978-
981-15-6255-6_12

44.	 Lian, T. and Ho, R.J.Y. (2001). Trends and developments in 
liposome drug delivery systems. In Journal of Pharmaceutical 
Sciences. https://doi.org/10.1002/jps.1023

45.	 Laouini, A., Jaafar-Maalej, C., Limayem-Blouza, I., 
Sfar, S., Charcosset, C. and Fessi, H. (2012). Preparation, 
Characterization and Applications of Liposomes: State of the 
Art. Journal of Colloid Science and Biotechnology. https://
doi.org/10.1166/jcsb.2012.1020

46.	 Allen, T.M. and Cullis, P.R. (2013). Liposomal drug 
delivery systems: From concept to clinical applications. In 
Advanced Drug Delivery Reviews. https://doi.org/10.1016/j.
addr.2012.09.037

47.	 Singh, S.R., Kesharwani, R., Tripathy, S. and Patel, D.K. 
(2016). Transferosme: A novel approach for transdermal drug 
delivery system. In International Journal of Pharmaceutical 
Research.

48.	 Patel, D.K., Kesharwani, R. and Kumar, V. (2019). Lipid 
Nanoparticle Topical and Transdermal Delivery: A Review 
on Production, Penetration Mechanism to Skin. International 
Journal of Pharmaceutical Investigation. https://doi.
org/10.5530/ijpi.2019.4.28

49.	 Patel, D.K., Kesharwani, R. and Kumar, V. (2020). 
Etodolac loaded solid lipid nanoparticle based topical gel 
for enhanced skin delivery. Biocatalysis and Agricultural 
Biotechnology. https://doi.org/10.1016/j.bcab.2020.101810

50.	 Patel, D., Kesharwani, R. and Gupta, Prof. S. (2015). 
Development and Screening Approach for Lipid 
Nanoparticle: A Review. Asian Journal of Pharmaceutical 
Research and Development. 3(6): 1-7. https://ajprd.com/
index.php/journal/article/view/259

51.	 Kesharwani, R., Verma, P. and Patel, D.K. (2025). 
Preparation, characterization, and in-vitro assessment of 
nanogel of celecoxib based on nanostructured lipid carriers 

(NLC) for topical application. Nanochemistry Research, 
e230373. https://doi.org/10.22036/NCR.2025.527832.1487

52.	 Kesharwani, R., Sachan, A., Singh, S. and Patel, D. (2016). 
Formulation and Evaluation of Solid Lipid Nanoparticle 
(SLN) Based Topical Gel of Etoricoxib. Journal of Applied 
Pharmaceutical Science, 124–131. https://doi.org/10.7324/
JAPS.2016.601017

53.	 Patel, D.K., Kumar, V. and Kesharwani, R. (2021). 
Nanostructured Lipid Carrier (NLC) and Solid Lipid 
Nanoparticles (SLN) Based Hydrogel for Delivery 
of Etodolac: A Comparative Investigation on Dermal 
Pharmacokinetic on Rat Skin. International Journal of 
Pharmaceutical Investigation, 11(2), 220–224. https://doi.
org/10.5530/ijpi.2021.2.39

54.	 Kesharwani, R., Jaiswal, P., Patel, D.K. and Yadav, P.K. 
(2023). Lipid-Based Drug Delivery System (LBDDS): An 
Emerging Paradigm to Enhance Oral Bioavailability of 
Poorly Soluble Drugs. In Biomedical Materials and Devices 
(Vol. 1, Number 2). https://doi.org/10.1007/s44174-022-
00041-0

55.	 Kumar, S., Kumar Gupta, S. and Kumar Sharma, P. 
(2012). Self-emulsifying drug delivery systems (SEDDS) for 
oral delivery of lipid based formulations. African Journal of 
Basic & Applied Sciences.

56.	 Zhang, Y., Wang, R., Wu, J. and Shen, Q. (2012). 
Characterization and evaluation of self-microemulsifying 
sustained-release pellet formulation of puerarin for oral 
delivery. International Journal of Pharmaceutics. https://doi.
org/10.1016/j.ijpharm.2012.02.013

57.	 Shah, P., Bhalodia, D. and Shelat, P. (2010). Nanoemulsion: 
A pharmaceutical review. In Systematic Reviews in 
Pharmacy. https://doi.org/10.4103/0975-8453.59509

58.	 Choudhury, S., Dasgupta, S., Patel, D.K., Ramani, Y.R., 
Ghosh, S.K. and Mazumder, B. (2013). Nanoemulsion 
as a carrier for topical delivery of aceclofenac. Springer 
Proceedings in Physics. https://doi.org/10.1007/978-3-642-
34216-5_1

59.	 Kesharwani, S., Jaiswal, P. K., Kesharwani, R., Kumar, 
V. and Patel, D.K. (2016). Dendrimer: A novel approach 
for drug delivery. Journal of Pharmaceutical & Scientific 
Innovation. https://doi.org/10.7897/2277-4572.05212 

60.	 Bao Ha, T. Le, Minh, T., Nguyen, D. and Minh, D. (2013). 
Naturally Derived Biomaterials: Preparation and Application. 
In Regenerative Medicine and Tissue Engineering. https://
doi.org/10.5772/55668

61.	 Huang, S. and Fu, X. (2010). Naturally derived materials-
based cell and drug delivery systems in skin regeneration. 
In Journal of Controlled Release. https://doi.org/10.1016/j.
jconrel.2009.10.018

62.	 Wang, S., Su, R., Nie, S., Sun, M., Zhang, J., Wu, 
D. and Moustaid-Moussa, N. (2014). Application of 
nanotechnology in improving bioavailability and bioactivity 
of diet-derived phytochemicals. In Journal of Nutritional 
Biochemistry (Vol. 25, Number 4, pp. 363–376). Elsevier 
Inc. https://doi.org/10.1016/j.jnutbio.2013.10.002

63.	 Mishra, S., Pandey, R.K., Shukla, S. and Kesharwani, 
D. (2025). Advances in Phytochemical-based Nanocarrier 
Approaches for Rheumatoid Arthritis: Challenges and Scope 
for Future-generation Formulations. In Recent advances in 
inflammation & allergy drug discovery (Vol. 19, Number 2). 
https://doi.org/10.2174/0127722708304673240903184606



62Patel et al.

64.	 Shehata, T.M., Elnahas, H.M. and Elsewedy, H.S. (2022). 
Development, Characterization and Optimization of the 
Anti-Inflammatory Influence of Meloxicam Loaded into a 
Eucalyptus Oil-Based Nanoemulgel. Gels, 8(5). https://doi.
org/10.3390/gels8050262

65.	 Puglia, C., Trombetta, D., Venuti, V., Saija, A. and Bonina, 
F. (2010). Evaluation of in-vivo topical anti-inflammatory 
activity of indometacin from liposomal vesicles. Journal of 
Pharmacy and Pharmacology, 56(10), 1225–1232. https://
doi.org/10.1211/0022357044445

66.	 Rostami, E., Kashanian, S., Azandaryani, A.H., 
Faramarzi, H., Dolatabadi, J.E.N. and Omidfar, K. 
(2014). Drug targeting using solid lipid nanoparticles. In 
Chemistry and Physics of Lipids (Vol. 181). https://doi.
org/10.1016/j.chemphyslip.2014.03.006

67.	 Singh, N., Tiwari, A., Kesharwani, R. and Patel, D.K. 
(2016). Pharmaceutical polymer in drug delivery: A review. 
In Research Journal of Pharmacy and Technology. https://
doi.org/10.5958/0974-360X.2016.00188.8

68.	 Mishra, A., Kesharwani, R., Tiwari, A.K., Tripathy, 
S. and Patel, D.K. (2016). Resealed erythrocytes: An 
engineering approach for drug delivery and drug targeting. 
Journal of Chemical and Pharmaceutical Research. 8(5):376-
384.

69.	 Sanap, G.S. and Mohanta, G.P. (2014). Development of 
miconazole nitrate controlled release formulations based on 
sln and NLC for topical delivery. International Journal of 
Pharmacy and Pharmaceutical Sciences. 6(3): 393.

70.	 Chen, Y., Wu, Q., Zhang, Z., Yuan, L., Liu, X. and 
Zhou, L. (2012). Preparation of curcumin-loaded 
liposomes and evaluation of their skin permeation 
and pharmacodynamics. Molecules, 17(5). https://doi.
org/10.3390/molecules17055972

71.	 Ternullo, S., Werning, L.V.S., Holsæter, A.M. and Škalko-
Basnet, N. (2020). Curcumin-in-deformable liposomes-in-
chitosan-hydrogel as a novel wound dressing. Pharmaceutics, 
12(1). https://doi.org/10.3390/pharmaceutics12010008

72.	 Son, H.Y., Lee, M.S., Chang, E., Kim, S.Y., Kang, B., Ko, 
H., Kim, I.H., Zhong, Q., Jo, Y.H., Kim, C.T. and Kim, 
Y. (2019). Formulation and characterization of quercetin-
loaded oil in water nanoemulsion and evaluation of 
hypocholesterolemic activity in rats. Nutrients, 11(2). https://
doi.org/10.3390/nu11020244

73.	 Gokhale, J.P., Mahajan, H.S. and Surana, S.S. (2019). 
Quercetin loaded nanoemulsion-based gel for rheumatoid 
arthritis: In vivo and in vitro studies. Biomedicine 
and Pharmacotherapy, 112. https://doi.org/10.1016/j.
biopha.2019.108622

74.	 Wan, S., Zhang, L., Quan, Y. and Wei, K. (2018). 
Resveratrol-loaded PLGA nanoparticles: Enhanced stability, 
solubility and bioactivity of resveratrol for non-alcoholic 
fatty liver disease therapy. Royal Society Open Science, 
5(11). https://doi.org/10.1098/rsos.181457

75.	 Bhatt, P., Fnu, G., Bhatia, D., Shahid, A. and Sutariya, 
V. (2020). Nanodelivery of Resveratrol-Loaded PLGA 
Nanoparticles for Age-Related Macular Degeneration. AAPS 
PharmSciTech, 21(8). https://doi.org/10.1208/s12249-020-
01836-4

76.	 Kulkarni, P.D., Damle, N.D., Hingorani, L., Bhaskar, 

V.H., Ghante, M.R., Patil, A., Gurjar, M. and Gota, 
V. (2021). Pharmacokinetics of solid lipid Boswellia 
serrata particles in healthy subjects. Drug Metabolism and 
Personalized Therapy, 36(3). https://doi.org/10.1515/dmdi-
2020-0176

77.	 Mehta, M., Satija, S., Nanda, A. and Garg, M. (2014). 
Nanotechnologies for Boswellic Acids. American Journal 
of Drug Discovery and Development, 4(1). https://doi.
org/10.3923/ajdd.2014.1.11

78.	 Tilawat, M. and Bonde, S. (2023). Curcumin and quercetin 
loaded nanocochleates gel formulation for localized 
application in breast cancer therapy. Heliyon, 9(12). https://
doi.org/10.1016/j.heliyon.2023.e22892

79.	 Ghayour, N., Hosseini, S.M.H., Eskandari, M.H., 
Esteghlal, S., Nekoei, A.R., Hashemi Gahruie, H., Tatar, 
M. and Naghibalhossaini, F. (2019). Nanoencapsulation 
of quercetin and curcumin in casein-based delivery 
systems. Food Hydrocolloids, 87. https://doi.org/10.1016/j.
foodhyd.2018.08.031

80.	 Chen, G., Ushida, T. and Tateishi, T. (2000). Hybrid 
biomaterials for tissue engineering: A preparative 
method for PLA or PLGA-collagen hybrid sponges. 
Advanced Materials. https://doi.org/10.1002/(SICI)1521-
4095(200003)12:6<455::AID-ADMA455>3.0.CO;2-C

81.	 G, H., N, Z., X, B. and M, D. (2008). Solid lipid nanoparticles 
of temozolomide: potential reduction of cardial and nephric 
toxicity. International Journal of Pharmaceutics, 355(1–2), 
314–320. https://doi.org/10.1016/J.IJPHARM.2007.12.013

82.	 Izham, M.N.M., Hussin, Y., Rahim, N.F.C., Aziz, 
M.N.M., Yeap, S.K., Rahman, H.S., Masarudin, M.J., 
Mohamad, N.E., Abdullah, R. and Alitheen, N.B. (2021). 
Physicochemical characterization, cytotoxic effect and 
toxicity evaluation of nanostructured lipid carrier loaded with 
eucalyptol. BMC Complementary Medicine and Therapies, 
21(1). https://doi.org/10.1186/s12906-021-03422-y

83.	 Habeeb, M., You, H.W., Umapathi, M., Ravikumar, K.K., 
Hariyadi and Mishra, S. (2024). Strategies of Artificial 
intelligence tools in the domain of nanomedicine. In Journal 
of Drug Delivery Science and Technology (Vol. 91). https://
doi.org/10.1016/j.jddst.2023.105157

84.	 Singh, A.V., Varma, M., Laux, P., Choudhary, S., 
Datusalia, A.K., Gupta, N., Luch, A., Gandhi, A., 
Kulkarni, P. and Nath, B. (2023). Artificial intelligence 
and machine learning disciplines with the potential to 
improve the nanotoxicology and nanomedicine fields: a 
comprehensive review. In Archives of Toxicology (Vol. 97, 
Number 4). https://doi.org/10.1007/s00204-023-03471-x

85.	 Ibrahim, F., Thio, T.H.G., Faisal, T. and Neuman, 
M. (2015). The application of biomedical engineering 
techniques to the diagnosis and management of tropical 
diseases: A review. In Sensors (Switzerland) (Vol. 15, 
Number 3). https://doi.org/10.3390/s150306947

86.	 Wieczorowski, M., Kucharski, D., Sniatala, P., Pawlus, P., 
Krolczyk, G. and Gapinski, B. (2023). A novel approach to 
using artificial intelligence in coordinate metrology including 
nano scale. Measurement: Journal of the International 
Measurement Confederation, 217. https://doi.org/10.1016/j.
measurement.2023.113051.


