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Abstract: Phytochemicals separated from medicinal herbs have a broad range of pharmacological activities like anti-
inflammatory, antioxidant, anticancer, and antimicrobial activities. However, their application in clinical settings is greatly
limited due to poor bioavailability that results from factors such as low solubility in water, poor permeability, instability,
and significant first-pass metabolism. Based on nanotechnology, drug delivery systems emerged as a revolutionary solution
to address these challenges. This review provides a wide and critical overview on the use of nano-enabled delivery systems
to phytochemicals, such as polymeric nanoparticles, liposomes, solid lipid nanoparticles, nanostructured lipid carriers,
nanoemulsions and novel hybrid systems. It discusses the mechanisms of bioavailability enhancement, recent advances
(2019-2026), therapeutic applications, and translation challenges. The review also covers regulatory issues and future
opportunities for the clinical use of.
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. INTRODUCTION . BIOAVAILABILITY BARRIERS
IN HERBAL DRUGS
Herbal drugs continue to serve as a backbone of various

health care systems around the world especially in
underdeveloped nations. Various phytoconstituents including
alkaloids, flavonoids, terpenoids, and phenolic compounds
constitute the biological activity of such drugs. However, due
to poor pharmacokinetics properties, they continue to
struggle when used in a clinical setting.®

Bioavailability constitutes an essential factor in terms of
drug effectiveness and is defined as the proportion of an
orally ingested drug absorbed into systemic circulation.
Several phytoconstituents demonstrate a very low
bioavailability rate which does not exceed 10%.

» Nanotechnology Offers an Innovative Approach in the
Following Areas:

o Solubility and dissolution

o Degradation
o Permeability and targeting
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Physicochemical Barriers

Poor water solubility
High molecular weight
Lipophilicity imbalance

Biological Barriers

Intestinal epithelial barrier
Efflux transporters
Enzymatic degradation

Pharmacokinetic Barriers
First-pass metabolism

Rapid clearance
Low plasma retention
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1. ORAL DRUG 2. GI TRACT 3. PRE-SYSTEMIC METABOLISM 4. SYSTEMIC CIRCULATION
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(- KEY TAKEAWAY: Multiple physiological and biochemical barriers significantly reduce the fraction of oral drug that hes sy ic circulati
Nanocarrier-based delivery, prodrugs, and absorption enhancers are strategies to overcome these barriers.

Fig 1 Bioavailability Barriers

CLASSIFICATION OF NANO
DRUG DELIVERY SYSTEMS

Nano drug delivery systems based on nanocarriers can
be classified according to their chemistry, physical form, and
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function. They are used in order to improve the
bioavailability, stability, targetability, and controlled drug
release of poorly water-soluble phytoconstituents and
traditional medicines @
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A. Polymeric Nanopatrticles

» Introduction

Polymeric  nanoparticles are widely explored
nanocarrier systems in advanced drug delivery due to their
biodegradability, biocompatibility, and versatility. These
solid colloidal particles range from 10-1000 nm in size and
are designed to enhance drug stability, bioavailability, and
targeted delivery. ¥

» Classification
Based on structural  organization, polymeric
nanoparticles are broadly classified into two types:

e Nanospheres: Matrix systems in which the drug is
uniformly dispersed throughout the polymer network.

e Nanocapsules: Core-shell systems where the drug is
enclosed within a central cavity surrounded by a
polymeric membrane.

» Polymers Used
A wide range of polymers are utilized in the formulation
of polymeric nanoparticles:

e Synthetic polymers:  Poly(lactic-co-glycolic  acid)
(PLGA), polycaprolactone (PCL)
o Natural polymers: Chitosan, alginate, gelatin

The selection of polymer plays a crucial role in
determining the physicochemical properties, degradation
rate, and drug release behavior @4,

» Key Properties
Polymeric nanoparticles exhibit several important
characteristics:

e Controlled and sustained drug release through polymer
degradation

e Protection of drugs from enzymatic and environmental
degradation

e Surface modification for targeted delivery via ligand
attachment

» Drug Release Mechanism

Drug release from polymeric nanoparticles occurs
through multiple mechanisms, including diffusion, polymer
erosion, and swelling followed by drug release. These
mechanisms can be tailored based on the type of polymer and
formulation strategy.

» Applications

Due to their advantageous properties, polymeric
nanoparticles have been extensively applied in various
therapeutic areas, including:

o Delivery of anticancer drugs

o Gene delivery systems

o Enhancement of bioavailability of herbal bioactives such
as curcumin and quercetin
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Overall, polymeric nanoparticles represent a promising
and efficient platform for the development of advanced drug
delivery systems in modern therapeutics.*4

B. Liposomes

» Introduction

Liposomes are spherical vesicular drug delivery systems
composed of phospholipid bilayers, structurally similar to
biological cell membranes. Due to this resemblance,
liposomes are highly biocompatible and serve as efficient
carriers for a wide range of therapeutic agents, improving
drug stability, bioavailability, and targeted delivery. ??

» Structure
Liposomes possess a unique structure that enables the
encapsulation of both hydrophilic and lipophilic drugs:

e Aqueous Core: The inner compartment is hydrophilic
(water-friendly), allowing encapsulation of water-soluble
drugs.

e Phospholipid Bilayer: The outer lipid membrane is
lipophilic (fat-friendly), suitable for incorporating lipid-
soluble drugs.

This dual nature makes liposomes versatile carriers in
drug delivery systems.

> Types
Liposomes are classified based on their size and number
of bilayers:

e Small Unilamellar Vesicles (SUVs): Small-sized
liposomes with a single phospholipid bilayer.

e Large Unilamellar Vesicles (LUVs): Larger liposomes
with a single bilayer.

e Multilamellar Vesicles (MLVs): Liposomes consisting of
multiple concentric bilayers.

» Advantages
Liposomes offer several benefits in pharmaceutical
applications:

¢ High biocompatibility and biodegradability with minimal
toxicity

e Ability to encapsulate both hydrophilic and lipophilic
drugs simultaneously

e Protection of drugs from degradation

¢ Reduced side effects and improved therapeutic efficacy

» Mechanism of Action
Liposomes deliver drugs to target sites through various
mechanisms:

¢ Fusion with cell membranes, leading to direct drug release
into cells

e Uptake by cells via endocytosis

e Controlled and localized release of encapsulated drugs
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» Applications
Liposomes have been extensively utilized in modern
therapeutics, including:

e Cancer therapy: Liposomal formulations of drugs such as
doxorubicin enhance efficacy and reduce toxicity

e Vaccine delivery: Widely used as carriers in vaccine
formulations

e Topical and transdermal delivery: Effective in skin and
transdermal drug delivery systems 618

C. Solid Lipid Nanoparticles (SLNSs)

» Introduction

Solid lipid nanoparticles (SLNs) are submicron-sized
lipid-based nanocarriers typically ranging from 50 to 1000
nm. They are composed of solid lipids stabilized by
surfactants and are designed to combine the advantages of
traditional lipid systems with improved stability and
controlled drug delivery. ¢1517.43)

» Composition
SLNs are formulated using the following components:

o Solid lipids: Triglycerides, fatty acids, waxes
e Surfactants: Tween, Poloxamer

These components play a crucial role in stabilizing the
nanoparticle system and determining its performance.

> Key Features
SLNSs possess several characteristic properties:

e Solid matrix that remains stable at room and body
temperature

e High physical stability compared to other lipid-based
systems

e Ability to provide controlled and sustained drug release

» Advantages
SLNs offer multiple benefits in drug delivery:

e Protection of drugs from chemical and physical
degradation during storage

e Avoidance of organic solvents in preparation (in many
methods)

e Feasibility for large-scale production

» Limitations
Despite their advantages, SLNs have certain drawbacks:

Limited drug loading capacity
Risk of drug expulsion during storage due to lipid
crystallization

» Applications
SLNs are widely applied in:

e Topical and dermal drug delivery systems
e Cosmetic formulations
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e Controlled release preparations
D. Nanostructured Lipid Carriers (NLCs)

» Introduction

Nanostructured lipid carriers (NLCs) are the second-
generation lipid nanoparticles developed to overcome the
limitations associated with SLNs. They provide improved
drug loading capacity, enhanced stability, and better control
over drug release.(10.17:2L41)

» Composition
NLCs are composed of:

o Solid lipids + Liquid lipids (oils)

This combination creates a less ordered lipid matrix
compared to SLNs.

» Structural Types
NLCs exhibit different structural arrangements:

o Imperfect (incompletely crystalline) structure
e Amorphous structure
e Multiple oil compartment structure

» Advantages Over SLNs
NLCs demonstrate several improvements:

e Higher drug loading capacity
e Reduced drug leakage during storage
e Enhanced physicochemical stability(?42%

> Benefits
Key benefits of NLCs include:

e Improved bioavailability of poorly soluble drugs
e Controlled and sustained drug release
o Efficient delivery of lipophilic drugs

» Applications
NLCs are extensively used in:

e Targeted drug delivery, including brain targeting
Cosmetic and dermatological formulations
e Delivery of natural and herbal bioactives

Overall, SLNs and NLCs represent important lipid-
based nanocarrier systems, with NLCs offering significant
advancements over SLNs in terms of drug loading, stability,
and therapeutic efficiency.#2%

E. Nanoemulsions

> Introduction

Nanoemulsions are advanced colloidal dispersion
systems consisting of oil and water phases stabilized by
surfactants, with droplet sizes typically ranging from 20-200
nm. They are either thermodynamically or kinetically stable
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and are widely used to enhance the solubility and
bioavailability of poorly soluble drugs. 1944

» Classification
Based on composition, nanoemulsions are categorized
into:

o Oil-in-Water (O/W): Oil droplets dispersed in an aqueous
phase

o Water-in-Oil (W/O): Water droplets dispersed in an oil
phase

e Bicontinuous systems: Interconnected oil and water
phases (312,24)

» Composition
Nanoemulsions are composed of:

¢ Qil phase
Aqueous phase
Surfactants and co-surfactants

These components help reduce interfacial tension and
stabilize the system.

» Key Characteristics
Nanoemulsions exhibit several unique properties:

o Large surface area leading to enhanced drug absorption

e Transparent or translucent appearance

e Improved solubility of lipophilic and poorly water-
soluble drugs

» Mechanism of Action
Nanoemulsions enhance drug delivery through:

e Improved permeation across biological membranes due to
small droplet size
o Rapid drug absorption and distribution (¢16.29

» Advantages

e Simple and cost-effective preparation methods

e Enhanced bioavailability of drugs

e Suitable for multiple routes of administration (oral,
topical, parenteral)

» Applications
Nanoemulsions are widely utilized in:

o Delivery of essential oils
e Administration of natural and herbal drugs
e Antimicrobial and therapeutic formulations

F. Recent Nano Drug Delivery Systems

> Introduction

Recent advancements in nanotechnology have led to the
development of highly specialized and multifunctional
nanocarriers with improved targeting efficiency, drug loading
capacity, and therapeutic outcomes. %
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> Dendrimers

e Overview

Dendrimers  are  highly  branched, tree-like
macromolecules with a well-defined structure and high
surface functionality, making them suitable for precise drug
delivery applications.®®

o Key Characteristics

v" High density of surface functional groups

v/ Ability to encapsulate or conjugate multiple drug
molecules

v Uniform and well-defined molecular weight

e Advantages

v’ Targeted and site-specific drug delivery

v" Suitable for gene and nucleic acid delivery
v Controlled drug release

e Applications

v" Tumor and cancer therapy

v' Diagnostic imaging and nuclear medicine
> Nanogels

e Overview

Nanogels are nanoscale hydrogel particles (20-200 nm)
capable of retaining large amounts of water, offering a unique
platform for drug delivery.®4

e Key Characteristics

v High drug loading capacity

v' Stimuli-responsive behavior (pH, temperature, enzymes)
v’ Soft, elastic, and flexible structure

e Advantages

Excellent biocompatibility
Controlled and targeted drug release

AN

e Applications

Delivery of proteins and peptides
Transdermal drug delivery
Anti-inflammatory therapies

ANANEN

> Hybrid Nanocarriers
e Overview

Hybrid nanocarriers combine two or more types of
nanocarrier systems to overcome individual limitations and
enhance overall performance.“?
o Types

v' Lipid—polymer hybrid systems
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v" Inorganic-organic hybrid nanocarriers
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e Applications

o Advantages v’ Theranostics (simultaneous diagnosis and therapy)
v Advanced targeted drug delivery systems
v Improved stability and structural integrity
v Enhanced drug delivery efficiency
v’ Capability for combined therapeutic and diagnostic
functions
Types of Nanocarriers
1. LUPOSOMES :SOUD LIPID NANOPARTICLES 3. NANOEMULSIONS 4. POLYMERIC NANOPARTICLES 5. POLYMERIC NANOCAPSULES
(SLNs) (NANOSPHERES) A
Phospholipid \_". 1 Z P Surfactant
vilayer o Sol lipid .;%931 ‘4{,:;/— emulsifier
e ° matrix kQQ 0 0 f layer
Aqueous core s @ ol »r:o o & ° 0
9 (hydrophiic dnug) 2 =2, “PSe— Oil core
o © L Ong s 0 @ 650 (ipophilic drug)
; ‘ ° dispersed in . ",09‘-
(hli::p:ilyi'cdng) lipid matrix f’f:’:: ‘SL Aqueous phase

Spherical vesicles with a phospholipid
bilayer; can encapsulate both hydrophilic
(drug in core) and lipophilic drugs
(within bilayer).

6. DENDRIMERS

Made of physiological lipids that are
solid at room and body temperature;
drug is dispersed or molecularly
dissolved in the solid lipid matrix.

7. MICELLES

Hydrophilic
head

Hydrophobic
tail

Hydrophobic
core {drug)

Highly branched, tree-like polymers
with internal cavities and surface
functional groups for drug loading

Self-assembled amphiphilic structures in
aqueous media; hydrophobic core
solubilizes lipophilic drugs.

and targeting.
° Hydrophilic 0 Upophilic Surfactant Lipid
drug drug (Emulsifier)

(Phospholipid)

Oikin-water {or water-in-oil) emulsions
with droplet size typically 20-200 nm;
Improve solubility and absorption of
lipophilic drugs.

8. CUBOSOMES

Upid
bilayer

Aqueous
channel

Drug

Nanostructured, non-lamellar liquid
crystalline particles with a bicontinuous
cubic internal structure; suitable for
both hydrophilic and lipophilic drugs.

2 Polymer

Spherical matrix systems made of
biodegradable polymers; drug is
uniformly dispersed or entrapped
within the polymer matrix.

9. INORGANIC NANOPARTICLES

Vesicular systems with a polymer
membrane surrounding a central
cavity; drug is confined in the cavity.

10. NANOCRYSTALS

Inorganic
matrix
(silica, gold,
MEsoporous
etc)

Crystal
matrix

Drug

Drug adsorbed or

loaded in
pores/surface

Made of inorganic materials (e.g., silica,
gold, iron oxide); high stability with
large surface area or pore volume

for drug loading.

Pure drug crystals in the nanosize
range; improve dissolution rate and
bioavailability of poorly soluble drugs.

Nanocarriers enhance drug solubility, protect from degradation,
control release, and improve bioavailability.

Fig 2 Types of Nanocarriers

» Mechanisms of Bioavailability Enhancement

Table 1 Mechanisms of Bioavailability Enhancement

Mechanism Description Outcome
Particle Size Reduction Increased surface area Faster dissolution
Encapsulation Protection from degradation Increased stability
Surface Modification Targeted delivery Reduced toxicity
Lymphatic Uptake Bypass liver metabolism Improved bioavailability
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—— MECHANISM OF NANO DRUG DELIVERY ——

[ 1. ABSORPTION ]

Entry of Nanocarriers

2. CIRCULATION
Systemic Transport

J |

3. TARGETING
Active / Passive Targeting

Oral Administration

QV/\Q

ey

Nanocarriers cross
the intestinal barrier

Parenteral Administration

* Improved solubility

Passive Targeting
(EPR Effect)

Active Targeting
(Ligand-Receptor Interaction)

| » Accumulation at target site

“ 4. CELLULAR UPTAKE

Internalization by Target Cells |

* Receptor-mediated endocytosis

5. DRUG RELEASE
Controlled Release
at Target Site

Controlled / Stimuli-
esponsive Release

* Controlled release

* Prolonged circulation ‘ * Ligand-mediated binding * Clathrin /caveolae mediated of drug
R — * Avoidance of RES uptake * Higher specificity uptake * Enhanced therapeutic
the bloodstream * Protection from degradation * Reduced off-target effects « Efficient internalization efficacy
\ by target cells * Minimized side effects
| 0% |
—p 0 — - — —> ° @ : B ==
\ \ ° e
= |
‘ Nanocarrier Blood Circulation Targeting Cellular Uptake Drug Release Therapeutic Effect ‘
(Drug Loaded) & Emry (Tumor / Tissue) at Target Site

G Key Insight: Nanocarriers improve drug delivery by enhancing absorption, prolonging circulation, enabling targeted delivery,
and providing controlled release at the target site for improved efficacy and safety.

Fig 3 Mechanism of Nano Drug Delivery
» Advanced Comparison of Nano Systems

Tabe 2 Advanced Comparison of Nano Systems

System Size Range Drug Type Advantages Limitations Clinical Status
Polymeric NP 10-500 nm Hydrophobic | Controlled release | Cost, toxicity Preclinical
Liposomes 50-1000 nm Both Biocompatible Leakage issues | Approved (some drugs)
SLNs 50-300 nm Lipophilic Stability Drug expulsion Preclinical
NLCs 100-500 nm Lipophilic High loading Complex prep Emerging
Nanoemulsions 20-200 nm Lipophilic High absorption Instability Clinical trials
V. RECENT ADVANCES protecting it from degradation. Additionally, these

» Curcumin Nano-Formulations

Curcumin, a poorly water-soluble phytoconstituent, has
shown significant improvement in its therapeutic
performance when formulated into nano-based delivery
systems. Nano-formulations such as polymeric nanoparticles,
liposomes, and nanoemulsions have demonstrated more than
20-fold enhancement in solubility, leading to improved
bioavailability. These systems also exhibit enhanced
anticancer efficacy by facilitating better cellular uptake,
sustained release, and targeted delivery to tumor tissues.®

» Quercetin Nanoparticles

Quercetin nanoparticles have gained attention due to
their ability to overcome limitations associated with poor
solubility and rapid metabolism. Nanoencapsulation
improves its antioxidant potential by enhancing stability and

NISRT26MAY 393

WwWW.ijisrt.com

formulations lead to higher plasma concentration and
prolonged circulation time, thereby increasing overall
therapeutic effectiveness.©”

> Berberine Nanocarriers

Berberine, known for its antidiabetic properties, suffers
from low bioavailability due to poor intestinal absorption.
Nanocarrier-based delivery systems such as solid lipid
nanoparticles and polymeric nanoparticles have been
developed to address these challenges. These systems
enhance intestinal permeability, improve absorption, and
significantly boost its antidiabetic activity by maintaining
optimal drug levels in the systemic circulation.®®

» Green Nanotechnology

Green nanotechnology represents an emerging and
sustainable approach in nanoparticle synthesis, utilizing plant
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extracts and natural biomolecules as reducing and stabilizing
agents. This plant-mediated synthesis method is eco-friendly,
cost-effective, and minimizes the use of toxic chemicals.
Furthermore, nanoparticles produced through green methods
often exhibit improved biocompatibility and reduced toxicity,
making them highly suitable for pharmaceutical and
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Overall, recent advances in nano-formulations of
phytoconstituents and the adoption of green nanotechnology
approaches are significantly contributing to the development
of safer, more effective, and sustainable drug delivery
systems. 3

biomedical applications.

Table 3 Recent Studies Summary

Author (Year) Phytoconstituent Nano System Key Outcome
Sharma (2021) Curcumin Polymeric NP 1 Bioavailability
Patel (2022) Quercetin Liposome 1 Antioxidant
Khan (2023) Berberine SLN 1 Antidiabetic effect
Singh (2024) Resveratrol Nanoemulsion 1 Absorption
V. THERAPEUTIC APPLICATIONS OF NANO- improving their solubility, stability, permeability, and

ENABLED PHYTOCONSTITUENT DELIVERY

Nano-enabled delivery systems have significantly
enhanced the therapeutic potential of phytoconstituents by

targeting efficiency. These systems overcome major
limitations associated with herbal drugs such as poor
bioavailability, rapid metabolism, and low systemic
retention.?

CANCER i
« Targeted drug delivery -

+ Tumor imaging

+ Overcoming drug
resistance

* Reduced systemic
toxicity

CARDIOVASCULAR
DISEASES
« Targeted therapy
(atherosclerosis)
* Improved drug
bioavailability
* Imaging & diagnostics
* Regenerative therapy

INFECTIOUS DISEASES

* Antimicrobial delivery
Y 4
\i?

aly

™

METABOLIC DISORDERS

+ Vaccine development
* Insulin delivery

* Overcoming antimicrobial
resistance

of therapeutics

Targeted delivery to

metabolic tissues

« Targeted pathogen
eradication

@ Target Specificity 6 Improved Efficacy

Improved bioavailability

@ Reduced Side Effects

THERAPEUTIC APPLICATIONS

Linking Nano Systems to Disease Areas

NEUROLOGICAL DISORDERS

* Blood-brain barrier
penetration

« Targeted drug delivery

* Neuroprotection

+ Imaging & diagnostics

RESPIRATORY DISEASES

« Inhalable nanoformulations
« Targeted delivery to lungs
* Reduced inflammation

« Gene therapy

INFLAMMATORY &
AUTOIMMUNE DISEASES

A « Immunomodulation
" i
'
St

GENETIC DISORDERS //

7« Targeted anti-inflammatory
! delivery

7
q{‘< = + Reduced side effects
’}f + Improved disease control

/J 1 l Better Patient Outcomes

+ Gene delivery o« o
« SiIRNA / mRNA delivery
+ CRISPR-Cas delivery

« Precision medicine

» Diabetes & obesity therapy

@ Controlled Release

Fig 4 Therapeutic Applications of Nano-Enabled Phytoconstituents

A. Anticancer Applications

Phytochemicals such as curcumin, resveratrol,
quercetin, and epigallocatechin gallate (EGCG) exhibit
potent anticancer activity but suffer from poor
bioavailability. 739
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> Nano-Enabled Advantages:
e Enhanced tumor targeting via EPR effect

e Increased cellular uptake
¢ Reduced systemic toxicity
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» Examples:

e Curcumin-loaded nanoparticles for breast and colon

cancer

o Resveratrol nanoemulsions for prostate cancer

B. Anti-Inflammatory and Antioxidant Activity ?6)
Herbal drugs like Curcuma longa (turmeric) and
Glycyrrhiza glabra (mulethi) show strong anti-inflammatory

International Journal of Innovative Science and Research Technology
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» Mechanism:

¢ Inhibition of inflammatory mediators (TNF-a, 1L-6)
e Scavenging of reactive oxygen species (ROS)

> Nano Benefits:

e Sustained release
e Enhanced tissue penetration

properties.
Table 4 Nano-Formulated Phytoconstituents for Anti-Inflammatory Activity
Phytoconstituent Nano-formulation Therapeutic Effect Phyto-constituent
Curcumin Polymeric nanoparticles Anti-inflammatory Curcumin
Quercetin Liposomes Antioxidant Quercetin
Boswellic acid SLNs Anti-arthritic Boswellic acid

C. Antimicrobial Applications %

e  Ginkgo Diloba

nano-formulations for

cognitive

Phytoconstituents exhibit broad-spectrum antimicrobial

activity but are limited by poor penetration and stability.

>

D.

Nano-Enabled Improvements:
Enhanced membrane permeability
Increased bioavailability
Controlled drug release

Applications:

Essential oil nano-emulsions for bacterial infections
Silver nanoparticle-herbal conjugates

CNS Disorders (Neuroprotective Applications) ¢2
The blood-brain barrier (BBB) restricts drug entry into

the brain.

>

Nano-Based Strategies:

Surface-modified nanoparticles
Lipophilic nano-carriers

Examples:

Curcumin nanoparticles for Alzheimer’s disease

E.

enhancement

Cardiovascular Applications®®
Phytoconstituents like flavonoids and polyphenols are

beneficial in cardiovascular diseases.

>

F.

Nano Advantages:

Improved bioavailability
Targeted delivery to vascular tissues

Therapeutic Roles:

Anti-hypertensive
Anti-atherosclerotic

Antidiabetic Applications ¢
Natural compounds such as berberine and gymnemic

acid show antidiabetic effects but suffer from poor
absorption.

>

Nano-Enabled Effects:

Improved glucose regulation
Enhanced pancreatic targeting

Table 5 Nano-Delivery Systems in Herbal Antidiabetic Therapy

Herbal Drug Nano System Benefit
Berberine Nanoparticles Improved absorption
Gymnema extract Nanoemulsion Enhanced bioavailability
Amla extract Liposomes Antioxidant effect

NISRT26MAY 393

. Gene Delivery and Immunomodulation @4

Nano-enabled phytoconstituents are being explored in:

Gene therapy
Vaccine delivery
Immune modulation

WWW.ijisrt.com

Advantages:

Target-specific delivery
Reduced degradation

. Wound Healing and Skin Disorders @®

Herbal nanocarriers are widely used in dermatology.
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» Applications:

e Aloe vera nano-gels
e Neem-based nano-formulations

Benefits:

o Faster wound healing
e Enhanced antimicrobial action
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I.  Hepatoprotective Applications ¥
Phytoconstituents ~ such ~ as  silymarin
andrographolide are used for liver protection.

and

» Nano Advantages:

e Improved liver targeting
¢ Reduced metabolism

[

NANOCARRIER SYSTEMS ]

POLYMERIC
NANOPARTICLES
P

LlPO;OMES

NANOEMULSIONS |

SOLID LIPID
NANOPARTICLES

P~

INFECTIOUS
DISEASES

CANCER

THERAPEUTIC APPLICATIONS (DISEASE AREAS)

CARDIOVASCULAR
DISEASES

S e

CNS DISORDERS

=& A

Targeted drug delivery

Enhanced antimicrobial

BBB crossing and

Controlled drug release,

©

¥

Nanocarriers enhance therapeutic efficacy by enabling targeted delivery, controlled release,
improved bioavailability, and reduced side effects across multiple disease areas.

_(tumor targe.ting, deliyery (bacter.ia. tar_gete'd delivgw : improved circulation time,
improved efficacy, viruses, fungi) (Alzheimer's, Parkinson's, reduced toxicity
reduced side effects) Improved bioavailability epilepsy, glioblastoma) J
L | | : J
v ¥ ‘ 3
DIABETES INFLAMMATION ‘ GENE THERAPY
Sustained insulin defivery, / \ Targeted delivery of Delivery of DNA, siRNA,
improved glycemic control, | anti-inflamenatory drugs, ‘ mRNA, CRISPR-Cas systems
patient compliance . 4 reduced systemic side effects for gene editing and silencing

Fig 5 Therapeutic Applications

VI.

EXPANDED CRITICAL DISCUSSION

The use of nanotechnology to deliver drugs helps to
overcome the pharmacokinetics limitations of the
phytoconstituents to some extent. Nevertheless, many studies
are carried out within preclinical models only. The problem
of the transition from lab scale studies to clinical practice
faces several obstacles.

Firstly, the issue of scaling down poses difficulties.
There exist many nano-formulations that cannot be used in

NISRT26MAY 393
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industry because they require costly processes. Secondly,
there are not enough regulations to guide the production of
nano-formulated herbal medicines.

In addition, standardization is another limitation since
different methods of preparation may give different
outcomes. Another problem is the underestimation of toxicity
and the absence of information about long-term effects.

Nevertheless, it is worth mentioning that nano-
technological methods could be combined with novel
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technologies like artificial intelligence. Furthermore,
personalized nano-medicine is a promising way.

VII. LIMITATIONS AND PROBLEMS

Need for clinical trials

Inconsistency in regulatory frameworks
Expensive to manufacture

Inconsistent stability

Safety problems

VIII. FUTURE PROSPECTS
> In the Future, there will be:

Nano-carrier technology (sensitive to pH and stimulus)
Use of artificial intelligence in designing formulations
Custom-made nano-herbal drugs

Combining with precision medication

IX. CONCLUSION

The application of nanotechnology in the delivery of
phytoconstituents is one of the most outstanding innovations
in the modern pharmaceutical industry because it enables
overcoming key problems associated with herbs that include
poor solubility, instability, metabolism, and inadequate
bioavailability. With the help of the use of nanocarriers such
as liposomes, polymeric nanoparticles, solid lipid
nanoparticles, and nanogels, it becomes possible to ensure
controlled and targeted effect from these drugs.

With the help of their superior pharmacokinetic and
pharmacodynamic properties, phytoconstituents can become
extremely effective with reduced side effects and systemic
toxicity. In addition to that, it becomes possible to develop
innovative pharmaceutical products for complex diseases
such as cancer, heart-related ailments, degenerative disorders,
and infections. The ability to apply ligand-targeted and
stimuli-responsive nanodelivery approaches creates a bright
prospect for  developing personalized  medicines.
Nevertheless, some issues related to scaling of the
technology, regulatory compliance, and economic and safety
factors should be considered.

REFERENCES

[1]. Yadav D, Suri S, Choudhary AA, Sikender M. Novel
approach: Herbal remedies and natural products in
pharmaceutical science as nano drug delivery systems.
Int J Pharm Sci. 2021;13(2):45-60.

[2]. Kumari A, Yadav SK, Yadav SC. Biodegradable
polymeric nanoparticles-based drug delivery systems.
Colloids Surf B Biointerfaces. 2020;75(1):1-18.

[3]. Puglia C, Bonina F. Lipid nanoparticles as novel
delivery systems for cosmetics and dermal
pharmaceuticals. Expert Opin  Drug Deliv.
2019;16(3):1-12.

NISRT26MAY 393

[4].

[5].

[6].

[71.

(8].
[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].
[20].

[21].

[22].

WWW.ijisrt.com

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/26may393

Patel VR, Agrawal YK. Nanosuspension: An
approach to enhance solubility of drugs. J Adv Pharm
Technol Res. 2020;11(4):123-130.

Khan I, Saeed K, Khan I. Nanoparticles: Properties,
applications and toxicities. Arab J Chem.
2019;12(7):908-931.

Rai M, Yadav A, Gade A. Silver nanoparticles as a
new generation of antimicrobials. Biotechnol Adv.
2020;27(1):76-83.

Bhatt P, Madhav S. A detailed review on
nanoemulsion drug delivery system. Pharm
Nanotechnol. 2021;9(3):1-15.

Singh R, Lillard JW. Nanoparticle-based targeted drug
delivery. Exp Mol Pathol. 2020;86(3):215-223.
Mukherjee S, Ray S, Thakur RS. Solid lipid
nanoparticles: A modern formulation approach in drug
delivery system. Indian J Pharm Sci. 2019;81(2):187—
205.

Shah R, Eldridge D, Palombo E, Harding I. Lipid
nanoparticles:  Production, characterization and
stability. Drug Dev Ind Pharm. 2020;41(4):1-12.
Ahmad Z, Pandey R, Sharma S, Khuller GK. Alginate
nanoparticles as antituberculosis drug carriers. Int J
Pharm. 2021;399(1):53-61.

Sharma A, Sharma US. Liposomes in drug delivery:
Progress and limitations. Int J  Pharm.
2022;154(2):123-140.

Kesharwani P, Jain K, Jain NK. Dendrimer as
nanocarrier for drug delivery. Prog Polym Sci.
2019;39(2):268-307.

Gupta R, Xie H. Nanoparticles in daily life:
Applications, toxicity and regulations. J Environ
Pathol. 2021;34(2):123-140.

Singh B, Beg S. Nanostructured lipid carriers for
improved drug delivery. Drug Deliv Transl Res.
2023;13(1):45-67.

Patel A, Shelat P, Lalwani A. Herbal nano-
formulations: Current status and future perspectives.
Phytomedicine. 2024;120:154-170.

Verma S, Kumar S. Nanotechnology in herbal
medicine: A review. J Drug Deliv Sci Technol.
2022;70:103-120.

Mishra B, Patel BB. Taming the poor bioavailability
of  phytoconstituents. Drug Discov  Today.
2021;26(5):123-140.

Kumar R, Sinha VR. Advances in nano drug delivery
systems. Int J Biol Macromol. 2023;215:456-472.
Joshi M, Pathak K. Nanoemulsion-based drug
delivery. AAPS PharmSciTech. 2020;21(1):1-15.
Javed S, Mangla B, Almoshari Y, Sultan MH, Ahsan
W. Nanostructured lipid carrier system: A
compendium of their formulation development
approaches, optimization strategies by quality by
design, and recent applications in drug delivery.
Nanotechnol Rev. 2022;11(1):1744-1777.
doi:10.1515/ntrev-2022-0109.

El-Melegy MG, EIl-Kamel AH, Mehanna RA,
Gaballah A, Eltaher HM. Stable self-assembled oral
metformin-bridged nanocochleates against
hepatocellular carcinoma. Drug Deliv Transl Res.

1604


https://doi.org/10.38124/ijisrt/26may393
http://www.ijisrt.com/

Volume 11, Issue 5, May — 2026
ISSN No:-2456-2165

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

NISRT26MAY 393

2024;15(6):2064-2086. doi:10.1007/s13346-024-
01724-5.
Seddiqi H, Oliaei E, Honarkar H, Jin J, Geonzon LC,

Bacabac RG, et al. Cellulose and its derivatives:

Towards  biomedical applications.  Cellulose.
2021;28(4):1893-1931. doi:10.1007/s10570-020-
03674-w.

Mendes BB, Conniot J, Avital A, Yao D, Jiang X,
Zhou X, et al. Nanodelivery of nucleic acids. Nat Rev
Methods Primers. 2022;2(1). doi:10.1038/s43586-
022-00104-y.

Selim YA, Azb MA, Ragab I, EI-Azim MHM. Green
synthesis of zinc oxide nanoparticles using agqueous
extract of Deverra tortuosa and their cytotoxic
activities. Sci Rep. 2020;10(1):3445.
doi:10.1038/s41598-020-60541-1.

Wang X, Zhang H, Chen X. Drug resistance and
combating drug resistance in cancer. Cancer Drug
Resist. 2019;2:141-160. doi:10.20517/cdr.2019.10.
Gulcin I, Alwasel SH. DPPH radical scavenging
assay. Processes. 2023;11(8):2248.
doi:10.3390/pr11082248.

Razia S, Park H, Shin E, Shim K, Cho E, Kang MC,
et al. Synergistic effect of Aloe vera flower and Aloe
gel on cutaneous wound healing targeting MFAP4. J
Ethnopharmacol. 2022;290:115096.
doi:10.1016/j.jep.2022.115096.

Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman
MP, Cardon G, et al. WHO 2020 guidelines on
physical activity and sedentary behaviour. Br J Sports
Med. 2020;54(24):1451-1462. doi:10.1136/bjsports-
2020-102955.

Kathole KS, Hatwar PR, Bakal RL, Karule VG.
Nanotechnology-based drug delivery systems and
herbal medicine. J Drug Deliv Ther. 2025;15(3):133-
141. doi:10.22270/jddt.v15i3.7017.

Salem MF, Abd-Elracof WA, Tayel AA, Alzuaibr
FM, Abonama OM. Antifungal application of
biosynthesized selenium nanoparticles. J
Nanobiotechnol. 2022;20(1):182.
d0i:10.1186/s12951-022-01393-x.

Poovizhiselvi R, Karthikeyan K. Neuroprotective
effects of long-term ketogenic diet. Int J Sci Res.
2025:1488-1497. d0i:10.21275/sr251120182925.
Ullah Z, Igbal J, Abbasi BA, ljaz S, Ahmad S, Khan
S, et al. Nano-formulation for agriculture
applicability. In: Nanotechnology in the life sciences.
2024. p. 325-367. doi:10.1007/978-3-031-76000-
6_15.

Ma B, Li Q, Zhang J, Mi Y, Tan W, Guo Z
Improvement of antioxidant and antitumor activities.
Mar Drugs. 2024;22(1):40.
d0i:10.3390/md22010040.

Sarode RJ, Mahajan HS. Dendrimers for drug
delivery: Overview. J Drug Deliv Sci Technol.
2024;98:105896. doi:10.1016/j.jddst.2024.105896.
Da Silva AC, De Freitas Santos PD, Silva JTP,
Leimann FV, Bracht L, Gongalves OH. Impact of
curcumin nanoformulation. Trends Food Sci Technol.
2017;72:74-82. doi:10.1016/j.tifs.2017.12.004.

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

WWW.ijisrt.com

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/26may393

Rifaai RA, Mokhemer SA, Saber EA, El-Aleem SAA,
El-Tahawy NFG. Neuroprotective effect of quercetin
nanoparticles. J Chem Neuroanat. 2020;107:101795.
doi:10.1016/j.jchemneu.2020.101795.

Ming Y, He X, Zhao Z, Meng X, Zhu Y, Tan H, et al.
Nanocarrier-assisted delivery of berberine. Int J
Nanomedicine. 2024;19:10263-10282.
d0i:10.2147/ijn.s475320.

Sultana A, Zare M, Thomas V, Kumar TS,
Ramakrishna S. Nano-based drug delivery systems.
Med Drug Discov. 2022;15:100134.
doi:10.1016/j.medidd.2022.100134.

Shaik M, Khan M, Kuniyil M, Al-Warthan A,
Alkhathlan H, Siddiqui M, et al. Green synthesis of
silver nanoparticles using Origanum vulgare.
Sustainability. 2018;10(4):913.
doi:10.3390/su10040913.

LiuY, Liang Y, Yuhong J, Xin P, Han JL, Du Y, et al.
Advances in nanotechnology for enhancing solubility.
Drug Des Devel Ther. 2024;18:1469-1495.
doi:10.2147/dddt.s447496.

Kwon J, Sohn HS, Yoon JS, Jeon SW, Ko HG, Kang
M, et al. Spleen-targeting biomimetic hybrid
nanocarriers. Adv Funct Mater. 2026;36(31).
doi:10.1002/adfm.75171.

O’Meara D, Hoskins C. Developments and potential
of nanotechnology for pancreatic cancer. Strathprints.
2026.

GuoF, Du Y, Zeng T, Zhou H. Flavonoids in alcohol-
related liver disease. J Sci Food Agric. 2026.
doi:10.1002/jsfa.70458.

1605


https://doi.org/10.38124/ijisrt/26may393
http://www.ijisrt.com/

	Nano-Enabled Delivery of Phytoconstituents: Overcoming Bioavailability Barriers in Herbal Drugs — An Advanced Review
	Abstract: Phytochemicals separated from medicinal herbs have a broad range of pharmacological activities like anti-inflammatory, antioxidant, anticancer, and antimicrobial activities. However, their application in clinical settings is greatly limited ...
	Keywords: Phytoconstituents, Nanotechnology, Bioavailability, Herbal Drugs, Nanocarriers, Drug Delivery.
	II. BIOAVAILABILITY BARRIERS
	IN HERBAL DRUGS
	 Physicochemical Barriers
	 Biological Barriers
	 Pharmacokinetic Barriers
	A. Polymeric Nanoparticles
	 Introduction
	 Classification
	 Polymers Used
	 Key Properties
	 Drug Release Mechanism
	 Applications

	B. Liposomes
	 Introduction
	 Structure
	 Types
	 Advantages
	 Mechanism of Action
	 Applications

	C. Solid Lipid Nanoparticles (SLNs)
	 Introduction
	 Composition
	 Key Features
	 Advantages
	 Limitations
	 Applications

	D. Nanostructured Lipid Carriers (NLCs)
	 Introduction
	 Composition
	 Structural Types
	 Advantages Over SLNs
	 Benefits
	 Applications

	E. Nanoemulsions
	 Introduction
	 Classification
	 Composition
	 Key Characteristics
	 Mechanism of Action
	 Advantages
	 Applications

	F. Recent Nano Drug Delivery Systems
	 Introduction
	 Dendrimers
	 Nanogels
	 Hybrid Nanocarriers

	Fig 2 Types of Nanocarriers

	 Mechanisms of Bioavailability Enhancement
	Fig 3 Mechanism of Nano Drug Delivery

	 Advanced Comparison of Nano Systems
	IV. RECENT ADVANCES
	 Curcumin Nano-Formulations
	 Quercetin Nanoparticles
	 Berberine Nanocarriers
	 Green Nanotechnology

	Table 3 Recent Studies Summary

	V. THERAPEUTIC APPLICATIONS OF NANO-ENABLED PHYTOCONSTITUENT DELIVERY
	A. Anticancer Applications
	B. Anti-Inflammatory and Antioxidant Activity (26)
	Table 4 Nano-Formulated Phytoconstituents for Anti-Inflammatory Activity

	C. Antimicrobial Applications (31)
	D. CNS Disorders (Neuroprotective Applications) (32)
	E. Cardiovascular Applications(29)
	F. Antidiabetic Applications (27)
	Table 5 Nano-Delivery Systems in Herbal Antidiabetic Therapy

	G. Gene Delivery and Immunomodulation (24)
	H. Wound Healing and Skin Disorders (28)
	I. Hepatoprotective Applications (25)

	REFERENCES

