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Abstract 
Plant-derived bioactive compounds have gained considerable attention as innovative carriers in targeted drug delivery 
systems due to their unique physicochemical and biological properties. Conventional drug delivery methods often suffer 
from limitations such as poor bioavailability, non-specific distribution, and systemic toxicity, necessitating the 
development of more efficient and targeted approaches. Phytopharmaceutical strategies integrate natural compounds with 
advanced drug delivery technologies, enabling improved therapeutic efficacy and reduced adverse effects. Plant-based 
carriers, including phytosomes, nanoparticles, lipid-based systems, and exosome-like vesicles, demonstrate enhanced drug 
stability, controlled release, and site-specific targeting. These systems leverage mechanisms such as encapsulation, self-
assembly, and ligand-based interactions to optimize drug delivery. Furthermore, nanotechnology-based approaches, 
surface modification techniques, and stimuli-responsive systems significantly enhance bioavailability and therapeutic 
outcomes. Applications of plant-derived carrier systems span across cancer therapy, inflammatory disorders, antimicrobial 
treatments, neurological diseases, and metabolic conditions, highlighting their broad clinical relevance. Despite these 
advantages, challenges such as variability in plant sources, scalability, regulatory constraints, and limited clinical 
validation remain critical barriers to widespread adoption. Future advancements focusing on standardization, safety 
evaluation, and integration with precision medicine are essential for successful clinical translation. Overall, plant-derived 
bioactive carriers represent a promising and sustainable approach in modern drug delivery, bridging natural therapeutics 
with advanced pharmaceutical innovations and offering potential for safer and more effective treatment strategies. 
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1. Introduction 
Conventional drug delivery systems have long been the 
cornerstone of therapeutic interventions; however, they 
are associated with several inherent limitations that 
compromise their clinical effectiveness. One of the most 
critical challenges is poor bioavailability, particularly in 
drugs that exhibit low aqueous solubility or instability 
under physiological conditions, resulting in inadequate 
absorption and suboptimal therapeutic outcomes [1]. In 
addition, non-specific distribution of drugs throughout 
the body leads to reduced drug concentration at the 
intended site of action while exposing healthy tissues to 
pharmacological effects. This lack of selectivity often 
contributes to systemic toxicity, which is especially 

evident in treatments such as chemotherapy, where 
adverse side effects significantly limit therapeutic 
dosing. Furthermore, many drugs undergo rapid 
metabolism and clearance through hepatic and renal 
pathways, reducing their biological half-life and 
necessitating frequent administration. These challenges 
not only decrease treatment efficiency but also affect 
patient compliance, emphasizing the need for advanced 
drug delivery strategies. 
Targeted drug delivery systems have emerged as a 
promising solution to overcome the drawbacks 
associated with conventional methods. The fundamental 
principle of these systems lies in site-specific delivery, 
where therapeutic agents are selectively directed toward 
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diseased tissues or organs, thereby enhancing treatment 
efficacy while minimizing systemic exposure [2]. This 
approach is often integrated with controlled and 
sustained release mechanisms, which maintain a 
consistent drug concentration within the therapeutic 
window over an extended period. Such systems are 
particularly advantageous in managing chronic and 
complex diseases, including cancer, neurological 
disorders, and cardiovascular conditions, where 
precision in drug localization is crucial. By reducing 
dosing frequency and minimizing adverse effects, 
targeted delivery systems significantly improve 
therapeutic outcomes and patient adherence. 
Natural products, especially those derived from plants, 
have played a pivotal role in the evolution of modern 
medicine. Traditional systems such as Ayurveda and 
Traditional Chinese Medicine have long relied on plant-
based remedies, and with the advancement of scientific 
research, these natural compounds have been 
systematically investigated for their pharmacological 
properties. This has led to the development of 
phytopharmaceuticals, where plant-derived bioactive 
compounds are standardized and formulated using 
modern pharmaceutical techniques [3]. Compared to 
synthetic drugs, these compounds often exhibit 
enhanced biocompatibility, lower toxicity, and diverse 
therapeutic activities, making them highly suitable for 
integration into advanced drug delivery systems. Their 
structural diversity and biological compatibility further 
support their potential as versatile components in 
pharmaceutical innovation. 
In recent years, a novel paradigm has emerged in which 
plant-derived bioactive compounds are not only used as 
therapeutic agents but also explored as drug carriers. 
This shift is driven by the unique physicochemical 
properties of phytochemicals, including their ability to 
form complexes, self-assemble into nanostructures, and 
interact efficiently with biological membranes, thereby 
enhancing drug transport and delivery efficiency [4]. 

Moreover, the increasing demand for biocompatible, 
biodegradable, and environmentally sustainable 
delivery systems has accelerated interest in plant-based 
carriers as alternatives to synthetic materials. Advanced 
delivery platforms such as phytosomes, plant-derived 
nanoparticles, and lipid-based systems demonstrate how 
these bioactives can function as dual-purpose agents, 
improving drug stability, bioavailability, and targeting 
capabilities [5]. This emerging approach represents a 
significant advancement in pharmaceutical science, 
offering a promising strategy for the development of 
safer and more effective drug delivery systems. 
This review aims to evaluate the role of plant-derived 
bioactive compounds as novel carriers in targeted drug 
delivery systems, focusing on their properties, 
mechanisms, applications, and advantages over 
conventional approaches, while also highlighting 
current challenges and future prospects in 
phytopharmaceutical drug delivery. 
 
2. Plant-Derived Bioactive Compounds: An 
Overview 
2.1 Classification of Phytochemicals 
Plant-derived bioactive compounds represent a 
chemically diverse group of natural substances with 
significant pharmacological and delivery potential. 
Among these, alkaloids are nitrogen-containing 
compounds known for their potent biological activities, 
while flavonoids exhibit strong antioxidant and anti-
inflammatory effects. Terpenoids, another major class, 
contribute to antimicrobial and anticancer properties due 
to their structural variability. In addition, polyphenols 
play a critical role in modulating oxidative stress, and 
glycosides are involved in targeted therapeutic functions 
through enzymatic activation. As highlighted in recent 
studies on plant-based nanocarriers [6], this structural 
diversity enables phytochemicals to be effectively 
utilized in advanced drug delivery systems. 
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Fig. 1. Classification of major plant-derived bioactive compounds based on their chemical classes and 
representative subclasses 

This figure presents a clear classification of plant-
derived bioactive compounds based on their chemical 
classes. It organizes major groups such as alkaloids, 
flavonoids, terpenoids, polyphenols, and glycosides 
along with their representative subclasses and examples. 
The hierarchical layout helps in understanding the 
structural diversity of phytochemicals. Overall, it 
visually simplifies how different classes of plant 
compounds are categorized and related. 
 
2.2 Physicochemical and Biological Properties 
The application of phytochemicals in drug delivery is 
largely dependent on their intrinsic physicochemical and 
biological characteristics. Solubility and permeability 
are key determinants influencing absorption and 
bioavailability, particularly in biological membranes. 
According to findings on plant-based delivery systems 
[7], the ability of these compounds to interact with 
aqueous and lipid environments enhances their transport 
efficiency. Furthermore, their stability and reactivity 
affect formulation design and drug release behavior. 
Importantly, most plant-derived compounds exhibit 
excellent biocompatibility and biodegradability, 
reducing the risk of toxicity. These properties 
collectively make them highly suitable for developing 
safe and efficient drug delivery platforms. 
 
2.3 Functional Attributes Relevant to Drug Delivery 
Plant-derived bioactive compounds exhibit unique 
functional attributes that support their role in drug 
delivery applications. Their antioxidant activity helps 
protect therapeutic agents from oxidative degradation, 
thereby maintaining drug stability during delivery. 
Additionally, certain phytochemicals possess surface-

active properties, which facilitate the stabilization of 
nanoformulations and improve encapsulation efficiency. 
Notably, research on plant exosome-like nanovesicles 
has demonstrated their ability to form complexes and 
self-assemble into nanostructures, enabling efficient 
drug transport [8]. Studies on ginger-derived 
nanoparticles further confirm their role as natural 
nanocarriers [9], while broader analyses highlight their 
emerging importance in nanomedicine [10]. These 
attributes make phytochemicals promising candidates 
for innovative delivery systems. 
 
3. Phytopharmaceutical Approach in Drug Delivery 
3.1 Concept and Definition 
Phytopharmaceuticals represent a scientifically 
advanced class of plant-based medicinal products that 
differ significantly from traditional herbal medicines. 
Unlike conventional herbal formulations, which often 
rely on crude extracts, phytopharmaceuticals involve 
standardized, purified, and well-characterized bioactive 
compounds with defined pharmacological activity. This 
distinction enhances reproducibility, safety, and 
therapeutic precision. Recent developments in 
phytosome-based delivery systems have further 
strengthened the concept by improving the 
bioavailability and cellular uptake of plant-derived 
compounds [11]. Thus, phytopharmaceuticals bridge the 
gap between traditional medicine and modern drug 
delivery by combining natural origin with 
pharmaceutical standardization and technological 
innovation. 
 
3.2 Regulatory Aspects 
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The development of phytopharmaceutical products 
requires adherence to stringent regulatory frameworks to 
ensure safety, efficacy, and quality. International 
organizations such as the World Health Organization 
(WHO) have established guidelines for the evaluation of 
herbal and plant-based medicines, emphasizing 
standardization and quality control. These guidelines 
include the identification of active constituents, 
validation of manufacturing processes, and assessment 
of pharmacological activity. Recent advancements 
highlight the integration of Quality by Design (QbD) 
approaches in phytopharmaceutical formulation, which 
enable systematic optimization of drug delivery systems 
and ensure consistent product quality [12]. Such 
regulatory measures are essential for global acceptance 
and clinical translation of plant-based drug delivery 
systems. 
 
3.3 Advantages of Plant-Based Systems 
Plant-based drug delivery systems offer several 
advantages that make them highly attractive in modern 
therapeutics. One of the primary benefits is their 
favorable safety profile, as phytochemicals are generally 
well-tolerated and exhibit lower toxicity compared to 
synthetic compounds. Additionally, these systems are 
inherently eco-friendly, as they are derived from 
renewable natural sources and often involve green 

synthesis approaches. From an economic perspective, 
plant-based formulations are cost-effective, particularly 
in regions with abundant medicinal plant resources. 
Advances in phytosome and lipid-based nanocarriers 
have further enhanced their therapeutic efficiency by 
improving solubility and bioavailability of poorly 
absorbed compounds [13], thereby expanding their 
applicability in drug delivery. 
 
3.4 Challenges in Phytopharmaceutical Development 
Despite their advantages, phytopharmaceutical systems 
face several challenges that hinder their widespread 
clinical application. One of the major issues is the 
variability in plant composition, which can arise due to 
differences in geographical location, cultivation 
conditions, and extraction methods. This variability 
affects consistency and reproducibility of therapeutic 
outcomes. Additionally, many phytochemicals suffer 
from poor stability and low bioavailability, limiting their 
effectiveness in conventional formulations. Although 
lipid-based nanocarriers have been explored to 
overcome these issues [14], challenges such as 
scalability and formulation complexity persist. 
Furthermore, the lack of extensive clinical validation 
remains a critical barrier, restricting regulatory approval 
and large-scale adoption [15]. 

 
Table 1: Phytopharmaceutical Approach in Drug Delivery 

Aspect Key Point Description Supporting References 

Concept 
Phytopharmaceuticals 
vs Herbal 

Standardized bioactives with 
defined activity and improved 
delivery 

Priya et al. [11] 

Regulatory WHO, QbD 
Quality control, standardization, 
and formulation optimization 

Singh et al. [12] 

Advantages Safety, Eco-friendly 
Biocompatible, low toxicity, cost-
effective systems 

Kumar et al. [13] 

Challenges Variability, Stability 
Inconsistent composition and poor 
bioavailability 

Priyadarshini et al. [14] 

Clinical Gap Validation Issues 
Limited clinical evidence and 
regulatory barriers 

Ghate et al. [15] 

 
Table 1 summarizes the key aspects of the 
phytopharmaceutical approach, highlighting the 
distinction between phytopharmaceuticals and 
traditional herbal systems, along with regulatory 
considerations, advantages, and major challenges. It 
provides a concise overview of factors influencing the 
development, standardization, and clinical translation of 
plant-based drug delivery systems. 
 
4. Plant-Derived Bioactives as Novel Drug Carriers 
4.1 Mechanisms of Drug Carrier Function 
Plant-derived bioactive compounds exhibit versatile 
mechanisms that enable their function as efficient drug 
carriers. Encapsulation allows therapeutic agents to be 

enclosed within phytochemical matrices, protecting 
them from degradation and enhancing stability. 
Additionally, several phytochemicals possess self-
assembly capabilities, forming nanostructures that 
improve drug transport and controlled release. 
Mechanisms such as adsorption and conjugation 
facilitate the attachment of drug molecules onto 
bioactive surfaces, enhancing solubility and delivery 
efficiency. Furthermore, target-specific ligand 
interactions enable selective binding to receptors on 
diseased cells, improving precision in therapy. Such 
multifunctional carrier properties are increasingly 
explored in green nanotechnology-based drug delivery 
systems [16]. 

 
4.2 Types of Plant-Based Carrier Systems 
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Figure 2. Types of Plant-Derived Bioactive Carrier Systems 

 
Figure 2 illustrates the major plant-based carrier systems 
used in drug delivery, including phytosomes, plant-
derived nanoparticles, exosome-like nanovesicles, 
polymeric carriers, and lipid-based systems. It highlights 
their key features such as improved bioavailability, 
stability, biocompatibility, controlled release, and 
targeted delivery, demonstrating their significance in 
advanced phytopharmaceutical applications. 
 
 
4.2.1 Phytosomes 
Phytosomes represent a significant advancement in 
plant-based drug delivery, where bioactive compounds 
are complexed with phospholipids to enhance their 
bioavailability. Structurally, phytosomes consist of a 
phospholipid–phytochemical complex, which improves 
membrane permeability and facilitates efficient 
absorption. This system overcomes limitations 
associated with poor solubility and instability of many 
plant compounds. The integration of phytochemicals 
into lipid-compatible structures enhances their 
pharmacokinetic profile and therapeutic efficacy. Such 
delivery systems have been widely investigated for 
improving the clinical performance of plant-derived 
drugs, demonstrating their potential as effective carriers 
in targeted delivery applications [17]. 
 
4.2.2 Plant-Derived Nanoparticles 
Plant-derived nanoparticles have emerged as a 
sustainable and efficient platform for drug delivery. 
These nanoparticles are synthesized through green 
synthesis approaches, where plant extracts act as natural 
reducing and stabilizing agents, eliminating the need for 
toxic chemicals. This method enhances biocompatibility 
and environmental safety. Among these, metal 

nanoparticles, particularly gold nanoparticles, have 
shown remarkable potential due to their stability, surface 
functionality, and ability to carry therapeutic agents. 
Their unique physicochemical properties allow 
improved drug loading and targeted delivery, making 
them highly promising in biomedical applications and 
advanced drug delivery systems [18]. 
 
4.2.3 Exosome-like Nanovesicles 
Exosome-like nanovesicles derived from plant sources 
have gained attention as natural nanocarriers for drug 
delivery. These nanoscale vesicles, obtained from plants 
such as ginger and grapes, possess inherent 
biocompatibility and low immunogenicity, making them 
suitable for therapeutic applications. They demonstrate 
efficient cellular uptake and targeting ability, enabling 
delivery of bioactive molecules across biological 
barriers. Additionally, their natural origin reduces 
toxicity concerns associated with synthetic carriers. 
Studies on biogenic nanoparticles highlight their 
capability to transport drugs effectively while 
maintaining stability, positioning them as innovative 
platforms in targeted drug delivery systems [19]. 
 
4.2.4 Polymeric Carriers from Plant Sources 
Plant-derived polymeric carriers, including cellulose, 
pectin, and starch, offer significant advantages in drug 
delivery due to their natural origin and functional 
versatility. These biopolymers exhibit biodegradability, 
biocompatibility, and non-toxic behavior, making them 
ideal for pharmaceutical applications. They can be 
engineered into hydrogels, nanoparticles, and films to 
enable controlled and sustained drug release. Moreover, 
their ability to encapsulate bioactive compounds 
enhances drug stability and therapeutic efficiency. Such 
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polymeric systems are increasingly being explored as 
eco-friendly alternatives to synthetic polymers in 
advanced drug delivery technologies. 
 
4.2.5 Lipid-Based Systems 
Lipid-based systems derived from plant sources, 
including liposomes, solid lipid nanoparticles (SLNs), 
and nanostructured lipid carriers (NLCs), play a crucial 
role in enhancing drug delivery performance. These 
systems improve the solubility and bioavailability of 
hydrophobic drugs by incorporating them into lipid 
matrices. Liposomes provide efficient encapsulation 
through their bilayer structure, while SLNs and NLCs 
enable controlled and sustained release. Additionally, 
lipid-based carriers help overcome limitations such as 
poor absorption and rapid degradation, particularly in 
compounds like curcumin, thereby improving 
therapeutic outcomes and delivery efficiency [20]. 
 
5. Mechanisms of Targeted Drug Delivery 
5.1 Passive Targeting 
Passive targeting is a widely utilized strategy in drug 
delivery systems, primarily based on the enhanced 
permeability and retention (EPR) effect, which allows 
nanoparticles to accumulate preferentially in tumor 
tissues. This phenomenon occurs due to the leaky 
vasculature and poor lymphatic drainage commonly 
observed in tumor microenvironments. As a result, drug-
loaded nanocarriers can selectively localize at diseased 
sites without the need for specific targeting ligands [21]. 
Studies on curcumin-based nanomedicine demonstrate 
that passive targeting significantly improves drug 
accumulation and therapeutic efficacy in cancer 
treatment, highlighting its importance in modern drug 
delivery systems. 
 
5.2 Active Targeting 

Active targeting involves the modification of drug 
carriers with specific ligands that bind selectively to 
receptors expressed on target cells. This ligand–receptor 
interaction enhances the precision and efficiency of drug 
delivery by promoting cellular uptake at the desired site. 
Phytochemicals play a crucial role in this process, as 
many of them possess inherent biological affinity for 
specific cellular receptors. Additionally, surface 
modification using phytochemicals can improve 
targeting efficiency and reduce off-target effects. 
Research on the role of phytochemicals in cancer 
therapy emphasizes their ability to modulate signaling 
pathways and enhance targeted drug delivery outcomes 
[22]. 
 
5.3 Stimuli-Responsive Systems 
Stimuli-responsive drug delivery systems are designed 
to release therapeutic agents in response to specific 
internal or external triggers, improving precision and 
minimizing side effects. These systems include pH-
sensitive, temperature-sensitive, and enzyme-responsive 
mechanisms. For instance, pH-sensitive systems exploit 
the acidic environment of tumor tissues to trigger drug 
release, while temperature-responsive systems release 
drugs under hyperthermic conditions. Enzyme-
responsive systems utilize overexpressed enzymes in 
diseased tissues for controlled drug activation. 
Nanocarrier-based systems incorporating 
phytoconstituents have demonstrated enhanced 
responsiveness and targeted release, significantly 
improving therapeutic outcomes [23]. Furthermore, 
advanced phytochemical-based nanoformulations are 
increasingly being explored for their multifunctional 
targeting capabilities [24], while nanocarriers continue 
to serve as a robust platform for controlled and targeted 
delivery in complex diseases [25]. 

 
Table 2: Mechanisms of Targeted Drug Delivery 

Mechanism Key Feature Description Supporting References 

Passive Targeting EPR Effect 
Nanocarriers accumulate in tumor 
tissue via leaky vasculature 

Yallapu et al. [21] 

Active Targeting 
Ligand–Receptor 
Binding 

Surface-modified carriers enhance 
selective cellular uptake 

Ranjan et al. [22] 

Stimuli-Responsive pH-Sensitive 
Drug release triggered by acidic 
tumor environment 

Bilia et al. [23] 

Stimuli-Responsive 
Multifunctional 
Systems 

Phytochemical-based 
nanoformulations enable targeted 
response 

Nair et al. [24] 

Stimuli-Responsive Controlled Release 
Nanocarriers provide precise and 
sustained drug delivery 

Peer et al. [25] 

 
Table 2 outlines the major mechanisms involved in 
targeted drug delivery, including passive, active, and 
stimuli-responsive approaches. It emphasizes how these 
strategies enhance drug localization, improve 
therapeutic efficacy, and minimize systemic toxicity, 
thereby playing a critical role in the advancement of 
precision medicine and modern drug delivery systems. 
 

6. Applications of Plant-Based Carrier Systems 
6.1 Cancer Therapy 
Plant-based carrier systems have demonstrated 
significant potential in targeted chemotherapy, 
improving drug delivery efficiency while minimizing 
systemic toxicity. These systems enhance drug 
accumulation at tumor sites through mechanisms such as 
the enhanced permeability and retention effect, thereby 
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increasing therapeutic precision. Advances in cancer 
nanomedicine have enabled the development of 
sophisticated delivery platforms capable of overcoming 
biological barriers [26]. Furthermore, optimized 
nanoparticle design improves tumor penetration and 
retention, enhancing treatment outcomes [27]. The 
incorporation of phytochemicals into such systems 
contributes to reduced side effects and improved 
anticancer efficacy, making them promising tools in 
precision oncology. 
 
6.2 Anti-inflammatory Applications 
Plant-based carrier systems are increasingly utilized in 
anti-inflammatory therapy due to their ability to deliver 
bioactive compounds effectively to inflamed tissues. 
Phytochemicals such as flavonoids and polyphenols 
exhibit potent anti-inflammatory properties, and their 
incorporation into delivery systems enhances stability 
and bioavailability. These systems can modulate 
inflammatory pathways and reduce oxidative stress, 
thereby improving therapeutic outcomes. Natural 
product-based drug delivery approaches have gained 
attention for their safety and efficacy in chronic 
inflammatory conditions [28]. By ensuring localized 
drug action and minimizing systemic exposure, plant-
based carriers offer a promising strategy for managing 
inflammatory diseases. 
 
6.3 Antimicrobial and Antiviral Therapy 
Plant-derived carrier systems provide innovative 
solutions in antimicrobial and antiviral therapy by 
enhancing the delivery and efficacy of bioactive 
compounds. Many phytochemicals possess inherent 
antimicrobial activity, and their integration into 
nanocarriers improves their ability to penetrate 
microbial membranes and biofilms. Natural products 
continue to serve as an important source of novel 
therapeutic agents in combating infectious diseases [29]. 
Additionally, plant-based carriers enable controlled drug 

release and improved stability, which are essential for 
effective treatment. These systems offer a promising 
approach to addressing antimicrobial resistance while 
reducing toxicity and improving therapeutic efficiency. 
 
6.4 Neurological Disorders 
The treatment of neurological disorders is complicated 
by the presence of the blood–brain barrier (BBB), which 
restricts drug delivery to the central nervous system. 
Plant-based carrier systems have shown the ability to 
enhance drug transport across the BBB by improving 
permeability and targeting efficiency. These systems 
facilitate the delivery of neuroprotective 
phytochemicals, enabling effective treatment of 
conditions such as Alzheimer’s and Parkinson’s 
diseases. By improving drug localization and reducing 
degradation, plant-based carriers contribute to enhanced 
therapeutic outcomes in neurological disorders. Their 
biocompatibility and ability to cross biological barriers 
make them highly promising in this field. 
 
 
 
6.5 Metabolic Disorders 
Plant-based carrier systems also play an important role 
in the treatment of metabolic disorders, including 
diabetes and cardiovascular diseases. Phytochemicals 
such as polyphenols and flavonoids regulate metabolic 
pathways and reduce oxidative stress, contributing to 
improved disease management. The incorporation of 
these compounds into targeted delivery systems 
enhances their bioavailability and therapeutic 
effectiveness. Precision medicine approaches 
increasingly emphasize the integration of natural 
compounds into advanced drug delivery platforms [30]. 
By enabling controlled release and targeted action, 
plant-based carriers offer a safe and efficient strategy for 
managing complex metabolic conditions. 
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Figure 3. Applications of plant-based carrier systems 

 
Figure 3 illustrates key applications of plant-based 
carrier systems, including cancer therapy, anti-
inflammatory, antimicrobial and antiviral, neurological, 
and metabolic disorders. It highlights their role in 
enhancing drug targeting, improving bioavailability, 
reducing toxicity, enabling controlled release, and 
overcoming biological barriers, thereby supporting 
effective and precise therapeutic outcomes across 
diverse disease conditions. 
 
7. Strategies for Enhancing Bioavailability 
7.1 Nanotechnology-Based Approaches 
Nanotechnology-based approaches have emerged as 
powerful strategies to enhance the bioavailability of 
plant-derived bioactive compounds. These systems 
improve solubility, stability, and absorption by reducing 
particle size and increasing surface area. Various 
nanocarriers, including polymeric nanoparticles, 
liposomes, and nanoemulsions, facilitate efficient drug 
transport across biological membranes. Nano-based 
drug delivery systems have demonstrated the ability to 
overcome physiological barriers and improve 
pharmacokinetic profiles [31]. Additionally, advanced 
nanocarriers such as targeted chitosan nanoparticles 
enable site-specific delivery and enhanced therapeutic 
efficacy, particularly in cancer treatment [32], thereby 
significantly improving the bioavailability of 
phytochemicals. 
 
7.2 Controlled Release Systems 
Controlled release systems play a crucial role in 
improving the bioavailability of plant-based drugs by 

maintaining consistent drug levels over extended 
periods. These systems regulate drug release rates, 
preventing rapid degradation and ensuring sustained 
therapeutic action. Targeted nanocarriers have been 
developed to deliver drugs in a controlled manner, 
enhancing their effectiveness and reducing dosing 
frequency [33]. Recent advancements in herbal 
bioactive delivery highlight the importance of controlled 
release formulations in improving clinical outcomes and 
therapeutic efficiency [34]. Such systems are 
particularly beneficial for compounds with short half-
lives or poor stability, enabling better management of 
chronic diseases. 
 
7.3 Surface Modification Techniques 
Surface modification techniques are essential for 
enhancing the bioavailability and targeting efficiency of 
plant-derived drug carriers. By modifying the surface of 
nanoparticles with ligands, polymers, or bioactive 
molecules, drug delivery systems can achieve improved 
stability, permeability, and cellular uptake. These 
modifications enable better interaction with biological 
membranes and facilitate targeted delivery to specific 
tissues. For instance, lipid-based nanoparticles have 
been shown to significantly enhance the oral 
bioavailability of poorly soluble compounds such as 
resveratrol [35]. Such strategies not only improve drug 
absorption but also reduce systemic side effects, making 
them highly effective in advanced drug delivery 
applications. 
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Table 3: Strategies for Enhancing Bioavailability 

Strategy Key Approach Description Supporting References 

Nanotechnology-Based Nanocarriers 
Improve solubility, stability, and 
membrane transport 

Patra et al. [31] 

Nanotechnology-Based 
Targeted 
Nanoparticles 

Enable site-specific delivery and 
enhanced efficacy 

Vikas et al. [32] 

Controlled Release 
Sustained 
Delivery 

Maintain drug levels and reduce 
dosing frequency 

Zhao et al. [33] 

Controlled Release 
Advanced 
Formulations 

Enhance stability and therapeutic 
performance 

Yadav et al. [34] 

Surface Modification 
Lipid-Based 
Systems 

Improve permeability and oral 
bioavailability 

Pandita et al. [35] 

 
Table 3 presents key strategies for enhancing the 
bioavailability of plant-derived compounds, including 
nanotechnology-based approaches, controlled release 
systems, and surface modification techniques. It 
highlights how these strategies improve solubility, 
stability, and targeted delivery, ultimately contributing to 
improved therapeutic performance and clinical 
effectiveness of phytopharmaceutical systems. 
 
8. Safety, Toxicity, and Biocompatibility 
8.1 In Vitro and In Vivo Toxicity Studies 
Evaluation of safety is a critical aspect in the 
development of plant-based drug delivery systems, 
requiring both in vitro and in vivo toxicity studies. In 
vitro assays, including cytotoxicity and cell viability 
tests, provide preliminary insights into cellular 
compatibility, while in vivo studies assess systemic 
toxicity, biodistribution, and pharmacokinetics. The 
application of quality target product profiles has further 
improved the design and optimization of 
nanoformulations, ensuring safer therapeutic outcomes 
[36]. Additionally, nanocarrier-based systems have 
demonstrated reduced toxicity compared to 
conventional formulations, highlighting their potential 
in improving the safety profile of herbal drug delivery 
systems [37]. 
 
8.2 Immunogenicity Considerations 
Immunogenicity is an important factor influencing the 
clinical success of plant-based carrier systems. These 

systems must avoid triggering undesirable immune 
responses that could compromise therapeutic efficacy. 
The integration of nanotechnology into herbal drug 
delivery has shown promising results in minimizing 
immunogenicity while maintaining therapeutic activity 
[38]. Furthermore, nanoparticle-based carriers can be 
engineered to evade immune detection through surface 
modifications and biomimetic strategies. Such 
approaches enhance compatibility with biological 
systems and improve circulation time. Studies on 
nanoparticle carriers emphasize their ability to reduce 
immune activation while delivering drugs effectively to 
target sites [39]. 
 
8.3 Long-Term Safety Concerns 
Long-term safety remains a significant consideration in 
the clinical application of plant-based drug delivery 
systems. Prolonged exposure to nanocarriers may result 
in accumulation in specific organs, raising concerns 
about chronic toxicity and biocompatibility. Advanced 
biomimetic nanoparticle systems, particularly those 
based on cell membranes, have been developed to 
address these issues by improving compatibility and 
reducing adverse effects [40]. Continuous monitoring 
through long-term in vivo studies is essential to evaluate 
potential risks, including organ toxicity and metabolic 
disturbances. Ensuring long-term safety is crucial for the 
successful translation of plant-derived carrier systems 
into clinical practice. 
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Figure 4. Safety, toxicity, and biocompatibility 

 
Figure 4 summarizes key safety considerations of plant-
based carrier systems, including in vitro and in vivo 
toxicity evaluation, immunogenicity control, and long-
term safety concerns. It highlights the importance of 
biocompatibility, reduced toxicity, immune evasion 
strategies, and the need for continuous monitoring to 
ensure safe and effective clinical translation of 
phytopharmaceutical drug delivery systems. 
 
9. Future Perspectives 
9.1 Clinical Translation Potential 
The clinical translation of plant-based drug delivery 
systems holds significant promise, particularly in 
improving therapeutic efficacy and patient outcomes. 
Despite encouraging preclinical findings, challenges 
such as scalability, reproducibility, and regulatory 
approval must be addressed to facilitate clinical 
adoption. The development of stimuli-responsive 
nanocarriers, which can release drugs in response to 
specific biological triggers, represents a key 
advancement in translating these systems into clinical 
practice [41]. Additionally, improving pharmacokinetic 
profiling and conducting extensive clinical trials are 
essential steps toward ensuring safety and efficacy. 
Continued research and interdisciplinary collaboration 
will play a vital role in advancing phytopharmaceutical 
systems into mainstream therapeutics. 
 
9.2 Integration with Advanced Nanotechnology 
The integration of plant-based bioactives with advanced 
nanotechnology is expected to revolutionize drug 
delivery systems. Modern nanocarriers, including 
polymeric nanoparticles, provide enhanced control over 
drug loading, release, and targeting efficiency [42]. 
Furthermore, the development of self-assembled smart 

nanocarriers enables precise drug delivery through 
controlled structural organization and responsiveness to 
environmental stimuli [43]. These innovations allow for 
improved stability and bioavailability of 
phytochemicals, overcoming traditional limitations. By 
combining natural compounds with cutting-edge 
nanotechnological approaches, more efficient and 
multifunctional drug delivery platforms can be 
developed, paving the way for next-generation 
therapeutic systems. 
 
9.3 Opportunities in Precision Medicine 
Plant-based carrier systems offer substantial 
opportunities in the field of precision medicine, where 
treatments are tailored to individual patient profiles. 
Advanced smart nanocarriers can be engineered to target 
specific cellular markers, enabling highly selective drug 
delivery and reducing off-target effects [44]. This 
approach is particularly beneficial in complex diseases 
such as cancer, where personalized therapies are 
essential for effective treatment. Additionally, the 
incorporation of biomolecular recognition elements into 
delivery systems enhances targeting specificity. The 
combination of phytochemicals with precision medicine 
strategies has the potential to improve therapeutic 
outcomes while minimizing adverse effects, marking a 
significant advancement in personalized healthcare. 
 
9.4 Industrial and Commercial Prospects 
The industrial and commercial potential of plant-based 
drug delivery systems is rapidly expanding due to 
increasing demand for sustainable and biocompatible 
therapeutics. Advances in nanotechnology, particularly 
the development of self-assembled DNA-based 
nanocarriers, have opened new avenues for scalable and 
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efficient drug delivery solutions [45]. These systems 
offer high precision, reproducibility, and adaptability for 
large-scale production. Additionally, growing interest 
from pharmaceutical industries in natural product-based 
formulations is driving innovation and 
commercialization. With continued technological 
advancements and regulatory support, plant-derived 
carrier systems are expected to play a significant role in 
the future pharmaceutical market. 
 
10. Conclusion 
Plant-derived bioactive compounds have emerged as 
highly promising candidates in the advancement of 
targeted drug delivery systems, offering a unique 
combination of therapeutic efficacy and carrier 
functionality. As highlighted throughout this review, 
conventional drug delivery systems face limitations such 
as poor bioavailability, non-specific distribution, and 
systemic toxicity, which can be effectively addressed 
through phytopharmaceutical approaches. The diverse 
structural and functional properties of phytochemicals 
enable their integration into innovative delivery 
platforms, including phytosomes, nanoparticles, lipid-
based systems, and exosome-like vesicles, thereby 
enhancing drug stability, targeting efficiency, and 
controlled release. Moreover, plant-based carrier 
systems provide significant advantages in terms of 
biocompatibility, biodegradability, and eco-friendliness, 
making them suitable for long-term therapeutic 
applications. Their role in improving treatment 
outcomes across various diseases, including cancer, 
inflammatory disorders, neurological conditions, and 
metabolic diseases, underscores their broad clinical 
potential. Advances in nanotechnology, surface 
modification, and stimuli-responsive systems have 
further expanded their applicability, enabling precision 
targeting and enhanced bioavailability. However, 
challenges such as variability in plant sources, 
scalability issues, limited clinical validation, and 
regulatory complexities must be addressed to facilitate 
their successful translation into clinical practice. Future 
research should focus on standardization, large-scale 
production, and comprehensive safety evaluation. 
Overall, plant-derived bioactive carriers represent a 
transformative approach in modern drug delivery, 
bridging the gap between natural therapeutics and 
advanced pharmaceutical technologies, and paving the 
way for safer, more effective, and sustainable healthcare 
solutions. 
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