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INTRODUCTION 

Overview of Drug Delivery Systems 

The evolution of drug delivery systems has 

been a cornerstone in the advancement of 

medical treatments, significantly improving 

the efficacy and safety of therapeutic agents. 

Traditional drug delivery methods have 

focused on achieving optimal drug 

concentration at the target site while 

minimizing side effects. However, these 

conventional systems often face challenges 

such as poor bioavailability, non-specific 

distribution, and systemic toxicity. The 

emergence of nanotechnology and 

biocompatible materials has led to the 

development of more sophisticated drug 

delivery systems, aiming to overcome these 

limitations (Homayoonfal et al., 2024; Atta 

et al., 2015). 

Emergence of Plant Cell-Based Systems 

in Drug Delivery 

In recent years, plant cell-based systems 

have emerged as a novel approach in drug 

delivery, offering unique advantages over 

traditional methods. Plant cells, with their 

inherent biocompatibility and ability to 

produce a wide range of bioactive 

compounds, present a promising platform 

for drug delivery applications. These 

systems can be engineered to produce 

therapeutic agents, enabling controlled 

release and targeted delivery. Studies have 

shown the potential of plant-derived 

exosomes and other plant-based 

nanoparticles in delivering drugs effectively 

to target sites, reducing side effects and 

improving therapeutic outcomes (Man et al., 

2020; Sokullu et al., 2019). 

Moreover, advancements in genetic 

engineering and nanotechnology have 

facilitated the development of plant cell-

based systems that can be tailored for 

specific therapeutic needs. For instance, the 

use of plant viral nanoparticles for targeted 

drug delivery to cancer cells has 

demonstrated promising results, highlighting 

the potential of plant cell-based systems in 

oncology (Shukla et al., 2020). Additionally, 

the exploration of plant-derived hydrogels 

and biomaterials for drug delivery further 

underscores the versatility and potential of 

plant-based systems in various medical 

applications (Antunes et al., 2021; Yalçin 

Çapan & Cakir Hatir, 2021). 

In conclusion, the integration of plant cell-

based systems in drug delivery represents a 

significant advancement in the field of 

pharmaceutical sciences. This approach not 

only offers a sustainable and efficient 
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method for drug delivery but also opens new 

avenues for the development of novel 

therapeutics. 

FUNDAMENTALS OF PLANT CELL-

BASED DRUG DELIVERY 

Unique Properties of Plant Cells for Drug 

Carriers 

Plant cells offer unique properties that make 

them highly suitable for use as drug carriers. 

One of the most significant advantages is 

their natural biocompatibility, which reduces 

the risk of adverse immune responses often 

associated with synthetic drug delivery 

systems. Plant cells can be engineered to 

produce a wide range of therapeutic 

compounds, including proteins, peptides, 

and secondary metabolites, directly within 

their cellular structures (Sarvarian et al., 

2022). This capability allows for the 

biosynthesis of complex molecules that 

might be challenging to synthesize 

chemically. 

Additionally, plant cells possess a robust 

cell wall that can be exploited for 

encapsulating and protecting therapeutic 

agents. This natural barrier provides stability 

and controlled release properties, ensuring 

that the encapsulated drugs are delivered 

effectively to the target site. The cell wall 

can also be chemically modified to enhance 

cell targeting and penetration capabilities 

(Wang et al., 2015). 

Comparison with Conventional Drug 

Delivery Systems 

Compared to conventional drug delivery 

systems, plant cell-based systems offer 

several advantages. Traditional systems, 

such as liposomes and synthetic 

nanoparticles, often face challenges like 

rapid clearance from the body, potential 

toxicity, and limited loading capacity. In 

contrast, plant cell-based systems provide a 

more sustainable and biodegradable 

alternative, with the potential for higher 

loading capacities and prolonged circulation 

times in the body (Aboeepoor et al., 2020). 

Moreover, plant cells can be genetically 

engineered to express specific receptors or 

ligands, enabling targeted delivery to 

specific tissues or cells, thereby reducing 

off-target effects and enhancing therapeutic 

efficacy. This level of specificity is often 

challenging to achieve with conventional 

drug delivery systems (Singh et al., 2011). 

Furthermore, plant cell-based systems can 

be produced in large quantities using 

established agricultural practices, offering a 

cost-effective and scalable solution for drug 
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production and delivery. This contrasts with 

the often expensive and complex 

manufacturing processes required for 

synthetic drug delivery systems (Desai et al., 

2023). 

In conclusion, plant cell-based drug delivery 

systems represent a promising and 

innovative approach in the field of drug 

delivery. Their unique properties, such as 

biocompatibility, natural encapsulation 

abilities, and potential for genetic 

engineering, provide significant advantages 

over conventional drug delivery systems, 

paving the way for more effective and 

targeted therapies. 

TECHNOLOGICAL ADVANCES IN 

PLANT CELL-BASED SYSTEMS 

Genetic Engineering of Plant Cells for 

Drug Delivery 

Genetic engineering of plant cells has 

revolutionized the field of drug delivery, 

enabling the production of therapeutic 

compounds directly within plant cells. This 

technology allows for the manipulation of 

plant genomes to express specific proteins, 

peptides, or secondary metabolites with 

medicinal properties. For example, recent 

advancements have enabled the engineering 

of plant cells to produce complex molecules 

like paclitaxel, a potent anticancer drug, 

offering a sustainable and cost-effective 

alternative to traditional chemical synthesis 

methods (Ahmed Khalil et al., 2022). 

Moreover, genetic engineering techniques 

have been employed to enhance the 

targeting and delivery capabilities of plant 

cells. By modifying surface proteins or other 

cellular components, plant cells can be 

tailored to target specific tissues or cell 

types, thereby improving the efficacy and 

specificity of drug delivery (Eidenberger et 

al., 2023). 

Nanotechnology and Plant Cell 

Encapsulation Techniques 

Nanotechnology has played a crucial role in 

advancing plant cell-based drug delivery 

systems. The development of plant cell 

encapsulation techniques using 

nanomaterials, such as carbon nanotubes 

(CNTs), has enabled the creation of more 

efficient and targeted delivery systems. 

These nanomaterials can be used to 

encapsulate plant cells or their derivatives, 

protecting the therapeutic agents from 

degradation and enhancing their 

bioavailability (Pawar et al., 2023; Demirer 

et al., 2022). 
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Additionally, the use of nanotechnology has 

facilitated the development of plant-derived 

nanoparticles, such as those derived from 

pepper mild mottle virus, for targeted drug 

delivery. These nanoparticles can be 

engineered to respond to specific stimuli in 

the tumor microenvironment, enabling 

controlled release of the encapsulated drugs 

at the target site (Peng et al., 2021). 

Furthermore, novel techniques like the use 

of Trojan peptoids have been explored to 

enhance the penetration of plant cell-based 

systems into target cells, overcoming one of 

the major challenges in drug delivery 

(Eggenberger et al., 2009). 

In conclusion, the integration of genetic 

engineering and nanotechnology in plant 

cell-based systems has significantly 

enhanced the potential of these systems in 

drug delivery. These technological advances 

have opened new avenues for the 

development of more effective, targeted, and 

sustainable drug delivery systems. 

CASE STUDIES  

Case Study 1: Plant Cell-Based 

Production of Biologics 

In a groundbreaking study by Daniell et al. 

(2023), the potential of plant cells in 

producing biologic drugs was explored. This 

study focused on the genetic engineering of 

plant cells to produce therapeutic proteins, 

offering a cost-effective and scalable 

alternative to traditional methods. The 

researchers successfully demonstrated that 

plant cells could be engineered to produce 

high levels of biologically active proteins, 

which are crucial in treating various 

diseases. This approach not only reduces the 

production costs of biologics significantly 

but also makes these vital medications more 

accessible, especially in low-resource 

settings. The study represents a significant 

advancement in the field of drug delivery 

and biopharmaceutical production, 

showcasing the potential of plant cells as 

biofactories for producing complex 

therapeutic proteins. 

Case Study 2: Enhanced Cellular 

Penetration and Stability of Drug 

Delivery Systems 

Devi et al. (2022) conducted a study on the 

development of a multifunctional gold 

nanoparticle-based drug delivery system 

engineered with a lysine-rich cell-

penetrating peptide. This system was 

designed to enhance the cellular penetration 

and stability of the drug delivery process. 

The study demonstrated that the engineered 

nanoparticles significantly improved the 
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delivery of therapeutic agents into cells, 

showcasing the potential of combining plant 

cell-based systems with nanotechnology. 

The use of cell-penetrating peptides in 

conjunction with plant-derived nanoparticles 

represents an innovative approach to 

overcoming one of the major challenges in 

drug delivery – efficient cellular uptake. 

This case study highlights the potential of 

plant cell-based systems in developing more 

effective and targeted drug delivery 

solutions. 

Case Study 3: Tumor Microenvironment 

Responsive Plant-Derived Nanotubes 

Peng et al. (2021) conducted a study 

focusing on the development of tumor 

microenvironment responsive nanotubes 

derived from the pepper mild mottle virus 

(PMMV). These plant-based nanotubes were 

engineered for targeted delivery and 

controlled release of paclitaxel, a 

chemotherapeutic agent. The study 

demonstrated that these nanotubes could 

effectively target tumor cells and respond to 

the acidic microenvironment of tumors to 

release the drug. This approach highlights 

the potential of plant-derived nanomaterials 

in creating smart drug delivery systems that 

can enhance the efficacy and reduce the side 

effects of cancer treatments. The use of plant 

virus nanoparticles in this context represents 

a novel and promising strategy in the field of 

oncological drug delivery. 

Case Study 4: Carbon Nanotubes in 

Transgenic Plant Development for Drug 

Delivery 

In a study by Pawar et al. (2023), the role of 

carbon nanotubes (CNTs) in the 

development of transgenic plants for drug 

delivery was explored. This research 

focused on the use of CNTs to enhance the 

genetic transformation of plants, thereby 

improving their potential as drug delivery 

systems. The study found that CNTs could 

facilitate the delivery of DNA into plant 

cells more efficiently than traditional 

methods, leading to higher rates of 

transgenic plant production. These 

transgenic plants could then be used for the 

production of therapeutic compounds or as 

part of drug delivery systems. The study 

underscores the potential of combining 

nanotechnology with plant biotechnology to 

create more efficient and effective drug 

delivery platforms. 

Case Study 5: Extracellular Vesicle-Based 

Drug Delivery Systems for Head and 

Neck Squamous Cell Carcinoma 
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Dżaman & Czerwaty (2023) conducted a 

systematic review focusing on the use of 

extracellular vesicle-based drug delivery 

systems for treating head and neck 

squamous cell carcinoma. This study 

highlighted the potential of plant-derived 

extracellular vesicles as a novel approach for 

targeted drug delivery in oncology. The 

researchers examined various studies where 

plant cell-derived vesicles were used to 

encapsulate and deliver chemotherapeutic 

agents to cancer cells. The findings 

suggested that these plant-based systems 

could offer a more targeted and less toxic 

alternative to conventional chemotherapy, 

potentially improving treatment outcomes 

for patients with head and neck cancers. 

This case study underscores the growing 

interest in plant cell-based systems for 

developing more effective and patient-

friendly cancer therapies. 

Case Study 6: Oral Bioactive Self-

Nanoemulsifying Drug Delivery Systems 

of Remdesivir and Baricitinib 

Kazi et al. (2023) explored the development 

of oral bioactive self-nanoemulsifying drug 

delivery systems for remdesivir and 

baricitinib, focusing on their application in 

cancer management. This study 

demonstrated the potential of plant-based 

nanoemulsions in enhancing the oral 

bioavailability of these drugs, which are 

typically used in the treatment of COVID-19 

but have shown promise in cancer therapy. 

The research highlighted how plant-derived 

components in the nanoemulsion could 

improve the solubility and absorption of the 

drugs, leading to enhanced therapeutic 

efficacy. This case study is a prime example 

of how plant cell-based technologies can be 

used to reposition existing drugs for new 

therapeutic applications, offering innovative 

solutions in drug delivery and treatment 

strategies. 

Case Study 7: Salecan-Clay Based 

Polymer Nanocomposites for 

Chemotherapeutic Drug Delivery 

Florian et al. (2020) conducted a study on 

the development of Salecan-clay based 

polymer nanocomposites for 

chemotherapeutic drug delivery systems. 

This research focused on utilizing plant-

derived polymers, specifically Salecan, a 

natural polysaccharide, in combination with 

clay to create biocompatible and efficient 

drug delivery vehicles. The study 

demonstrated that these nanocomposites 

could effectively encapsulate and release 

chemotherapeutic agents, offering a 

controlled and targeted approach to cancer 
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treatment. The use of plant-derived materials 

in this context highlights the potential of 

natural polymers in enhancing the efficacy 

and safety of drug delivery systems, 

especially in the field of oncology. 

Case Study 8: Extracellular Vesicle-Based 

Molecular Communication in Drug 

Delivery 

Khoshfekr Rudsari et al. (2023) explored the 

end-to-end molecular communication model 

of extracellular vesicle-based drug delivery. 

This study delved into the mechanisms of 

how plant-derived extracellular vesicles can 

be used as natural nanocarriers for drug 

delivery. The research provided insights into 

the communication pathways these vesicles 

use to interact with target cells, enhancing 

the understanding of their role in delivering 

therapeutic agents. The findings from this 

study are significant in advancing the field 

of plant cell-based drug delivery systems, 

offering a deeper understanding of the 

natural mechanisms plants use for 

intercellular communication and how these 

can be harnessed for targeted drug delivery. 

CHALLENGES AND SOLUTIONS IN 

PLANT CELL-BASED DRUG 

DELIVERY SYSTEMS 

Overcoming Biological Barriers and 

Stability Issues 

One of the primary challenges in plant cell-

based drug delivery is overcoming 

biological barriers such as cellular 

membranes and immune responses. These 

barriers can impede the efficient delivery 

and uptake of therapeutic agents. To address 

this, researchers have been exploring various 

strategies, including the use of cell-

penetrating peptides and nanotechnology-

based approaches. For instance, the 

development of plant-derived extracellular 

vesicles has shown promise in enhancing 

cellular uptake and crossing biological 

barriers effectively (Loch-Neckel et al., 

2022; Meng et al., 2020). 

Stability issues, particularly in the context of 

maintaining the integrity and activity of 

therapeutic agents during storage and 

transport, are also a significant challenge. 

Advances in encapsulation techniques, such 

as using biocompatible polymers and 

nanomaterials, have been explored to protect 

the drugs from degradation and improve 

their stability (Man et al., 2020; Buchke et 

al., 2022). 

Scale-Up and Manufacturing 

Considerations 
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Scaling up plant cell-based drug delivery 

systems for commercial production poses 

another challenge. It requires the 

establishment of efficient, cost-effective, 

and reproducible manufacturing processes. 

Advances in bioreactor technologies and 

genetic engineering have been instrumental 

in addressing these challenges. For example, 

the use of transgenic plants with enhanced 

production capabilities has shown potential 

in scaling up the production of therapeutic 

compounds (Daniell et al., 2023). 

Additionally, ensuring consistent quality and 

purity of the plant-derived therapeutic 

agents is crucial. This involves developing 

standardized extraction, purification, and 

quality control protocols. The integration of 

advanced analytical techniques and process 

optimization strategies plays a vital role in 

achieving this consistency (Li et al., 2021; 

Mozafari et al., 2023). 

In conclusion, while plant cell-based drug 

delivery systems offer promising 

advantages, overcoming biological barriers, 

stability issues, and scale-up challenges are 

critical for their successful application. 

Continued research and technological 

advancements in these areas are essential to 

fully realize the potential of plant cell-based 

systems in drug delivery. 

ETHICAL, REGULATORY, AND 

SAFETY CONSIDERATIONS IN 

PLANT CELL-BASED DRUG 

DELIVERY SYSTEMS 

Biosafety and Environmental Impact 

The development and application of plant 

cell-based drug delivery systems raise 

important biosafety and environmental 

concerns. One of the primary issues is the 

potential for genetically modified plants to 

interact with the environment, including the 

risk of gene transfer to wild plant species. 

This could lead to unintended ecological 

consequences, such as changes in 

biodiversity or the emergence of new plant 

traits that could impact ecosystems (Meng et 

al., 2020). 

Another concern is the safety of plant-

derived therapeutic agents for human use. 

Ensuring that these agents do not elicit 

adverse immune responses or toxicity is 

crucial. Rigorous testing and validation are 

required to ascertain their safety and 

efficacy. Additionally, the production and 

disposal of plant-based drug delivery 

systems must be managed to minimize 

environmental impact, including 

considerations for sustainable farming 

practices and waste management (Loch-

Neckel et al., 2022). 
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Regulatory Landscape for Plant-Based 

Therapeutics 

The regulatory landscape for plant-based 

therapeutics is complex and varies across 

different regions. Regulatory agencies, such 

as the FDA in the United States and the 

EMA in Europe, have established guidelines 

for the development and approval of plant-

derived drugs. These guidelines include 

requirements for clinical trials, quality 

control, and manufacturing processes 

(Daniell et al., 2023). 

Navigating these regulatory frameworks can 

be challenging, especially given the novel 

nature of plant cell-based drug delivery 

systems. Manufacturers must demonstrate 

that their products are produced consistently 

and safely, meeting all regulatory standards 

for pharmaceuticals. This includes proving 

the stability, purity, and potency of the 

therapeutic agents produced by plant cells 

(Chen et al., 2022). 

Ethical considerations also play a significant 

role, particularly in the context of genetic 

modification. Public perception and 

acceptance of genetically modified 

organisms (GMOs) vary, and ethical debates 

often arise regarding their use in medicine. 

Transparent communication and 

engagement with the public and 

stakeholders are essential to address these 

concerns and build trust in plant-based 

therapeutics (Buchke et al., 2022). 

In conclusion, while plant cell-based drug 

delivery systems offer promising therapeutic 

potential, addressing biosafety, 

environmental, regulatory, and ethical 

considerations is crucial for their successful 

development and application. Ongoing 

research, along with collaboration between 

scientists, regulators, and the public, is 

essential to navigate these challenges 

effectively. 

DISCUSSION 

The exploration of plant cell-based drug 

delivery systems represents a significant 

advancement in the field of pharmaceutical 

sciences, offering innovative solutions to 

longstanding challenges in drug delivery. 

However, this approach also brings forth a 

set of unique challenges and considerations 

that must be addressed. 

Advancements and Potential 

The integration of genetic engineering and 

nanotechnology in plant cell-based systems 

has opened new avenues for drug delivery. 

As seen in the case studies, these systems 

have been successfully used for targeted 

cancer therapy, showcasing their potential in 
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enhancing the efficacy and specificity of 

treatments (Daniell et al., 2023; Devi et al., 

2022). The ability of plant cells to produce 

complex therapeutic compounds and the use 

of plant-derived nanoparticles for targeted 

delivery represent significant strides in this 

field. 

Challenges in Overcoming Biological 

Barriers and Stability 

Despite these advancements, plant cell-

based systems face challenges in 

overcoming biological barriers and ensuring 

stability. The development of plant-derived 

extracellular vesicles and the use of 

nanotechnology have shown promise in 

enhancing cellular uptake and crossing 

biological barriers effectively (Loch-Neckel 

et al., 2022; Meng et al., 2020). However, 

ensuring the stability of therapeutic agents 

during storage and transport remains a 

significant challenge. Advances in 

encapsulation techniques and the use of 

biocompatible polymers have been explored 

to address these issues (Man et al., 2020; 

Buchke et al., 2022). 

Scale-Up and Manufacturing 

Considerations 

Scaling up plant cell-based drug delivery 

systems for commercial production poses 

another challenge. It requires efficient, cost-

effective, and reproducible manufacturing 

processes. The use of transgenic plants and 

advances in bioreactor technologies have 

been instrumental in addressing these 

challenges (Daniell et al., 2023). Ensuring 

consistent quality and purity of plant-

derived therapeutic agents is crucial and 

involves developing standardized extraction, 

purification, and quality control protocols 

(Li et al., 2021; Mozafari et al., 2023). 

Ethical, Regulatory, and Safety 

Considerations 

The development of plant cell-based drug 

delivery systems also raises important 

ethical, regulatory, and safety 

considerations. Addressing biosafety and 

environmental concerns, particularly 

regarding the use of genetically modified 

plants, is crucial. Navigating the complex 

regulatory landscape for plant-based 

therapeutics requires adherence to stringent 

guidelines and standards set by regulatory 

agencies (Chen et al., 2022; Buchke et al., 

2022). Ethical considerations, especially in 

the context of genetic modification, require 

transparent communication and public 

engagement to build trust in plant-based 

therapeutics. 
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CONCLUSION 

In conclusion, plant cell-based drug delivery 

systems offer promising advantages, 

including the potential for targeted and 

efficient drug delivery, cost-effectiveness, 

and sustainability. However, overcoming 

biological barriers, stability issues, and 

scale-up challenges, along with addressing 

ethical, regulatory, and safety 

considerations, are critical for their 

successful application. Continued research 

and technological advancements in these 

areas are essential to fully realize the 

potential of plant cell-based systems in drug 

delivery. 
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