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Abstract 
Dental Pulp Stem Cells (DPSCs) have gained significant attention as a promising platform for drug delivery systems (DDS) 
in regenerative endodontics. DPSCs offer unique regenerative properties, such as multidifferentiation potential and 
immune-modulatory effects, which enable them to serve as effective vehicles for localized drug delivery while promoting 
tissue repair and regeneration. This paper provides a comprehensive review of the role of DPSCs in DDS, focusing on their 
application in dental pulp regeneration, root canal therapies, and the regeneration of vascularized pulp tissues. Key 
advancements in DPSCs-based DDS are discussed, including scaffold-assisted drug delivery and the combination of DPSCs 
with bioactive agents like growth factors and antibiotics. Additionally, the paper addresses the challenges associated with 
DPSCs, such as immune rejection, cell survival, and large-scale manufacturing. Emerging trends in DPSCs-based DDS, 
including gene editing, 3D bioprinting, and stem cell-conditioned media, are explored, alongside the need for large-scale 
clinical trials and regulatory support to bring these therapies into clinical practice. Finally, future directions emphasize the 
importance of research into functional outcomes and the biomechanical properties of regenerated tissues. 
Keywords: DPSCs, drug delivery systems, endodontics, tissue regeneration, clinical trials. 
 
INTRODUCTION:  
Drug delivery systems (DDS) have made significant strides in various biomedical applications, aiming to 
improve the therapeutic efficacy of drugs by ensuring targeted delivery, controlled release, and minimized 
side effects. However, despite these advancements, several challenges persist, particularly in the realm of 
dental medicine. One of the primary issues is the limited tissue-specific targeting of current DDS, which often 
results in the inefficient or improper localization of therapeutic agents. Additionally, many DDS techniques 
suffer from poor localized drug release, preventing sustained therapeutic effects at the desired site of action. 
This problem is particularly evident in the context of regenerative endodontics, where the regeneration of 
dental pulp tissue remains a significant challenge due to the complex biological processes involved in pulp 
repair and regeneration. These challenges necessitate the development of innovative DDS that can effectively 
address the unique demands of dental pulp regeneration (Aziz et al., 2020; Wu et al., 2021). 
Stem cell therapy has emerged as a revolutionary approach to DDS, especially in the field of regenerative 
medicine, where the goal is not only to deliver therapeutic agents but also to promote tissue regeneration. 
Dental Pulp Stem Cells (DPSCs), which are multipotent stem cells found within the dental pulp, have shown 
immense promise in regenerative endodontics. These cells possess the unique ability to differentiate into 
various cell types, including odontoblasts and other pulp components, making them ideal candidates for 
tissue regeneration in dental applications. DPSCs also exhibit immune-modulatory effects, which further 
enhance their potential in promoting healing and reducing inflammation in injured pulp tissues (Fawzy El-
Sayed & Wang, 2020; Zhu et al., 2020). Given these capabilities, DPSCs represent a groundbreaking solution 
for enhancing the efficacy of DDS in endodontics, particularly in the regeneration of damaged pulp tissue 
and the restoration of tooth vitality. 
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The need for advanced DDS in endodontics is critical. Traditional methods, such as root canal therapy, focus 
on the extirpation of the dental pulp, leaving the tooth non-vital. While these treatments prevent tooth loss, 
they fail to restore the tooth’s original vitality and function. In contrast, regenerative strategies, including 
those involving DPSCs, aim to restore the structural and functional integrity of the pulp, promoting root 
development and closure, particularly in immature teeth. Moreover, the treatment of chronic pulpitis, a 
common condition leading to tooth loss, requires innovative approaches that can address the underlying 
tissue damage and regenerate healthy pulp. Therefore, there is a pressing need for DDS that not only deliver 
therapeutic agents but also regenerate dental pulp tissues, providing a more effective and biologically relevant 
solution to these complex endodontic challenges (Yang et al., 2020). 
Among the various DDS technologies, DPSCs stand out due to their unique biological properties, particularly 
their multidifferentiation potential. Unlike conventional DDS methods, such as nanoparticles, liposomes, 
and hydrogels, which primarily function as carriers for therapeutic agents, DPSCs have the inherent ability 
to differentiate into multiple cell types, including those needed for the regeneration of dental pulp tissue. 
This ability to generate functional tissue, in combination with their capacity to deliver therapeutic agents, 
positions DPSCs as a dual-function DDS platform. In comparison to other advanced DDS techniques, such 
as nanoparticles and liposomes, DPSCs offer a more dynamic and regenerative approach. While nanoparticles 
and liposomes are effective in targeted drug delivery, they do not contribute to tissue regeneration. DPSCs, 
on the other hand, serve both as therapeutic agents and as a source for regenerating damaged tissues, making 
them particularly advantageous in endodontics (Kamarehei et al., 2020; Morad et al., 2021). 
Furthermore, DPSCs possess immune-modulatory effects, which is another important advantage in 
regenerative medicine. This property allows DPSCs to modulate the local immune environment, promoting 
tissue healing and reducing the chances of inflammation or immune rejection. This is particularly important 
in the context of stem cell-based therapies, where immune rejection remains a significant concern. By utilizing 
DPSCs, it is possible to deliver therapeutic agents in a manner that not only aids in tissue repair but also 
enhances the healing process through immune modulation, offering a more comprehensive and effective 
approach than conventional DDS systems (Brizuela et al., 2020). 
The aim of this systematic review is to explore the role of DPSCs as a DDS in endodontics, focusing on their 
regenerative potential and their capacity to function as a delivery system for therapeutic agents. This review 
seeks to assess the mechanisms by which DPSCs facilitate drug release and tissue regeneration, and to 
compare their efficacy with traditional DDS systems, such as nanoparticles, liposomes, and other stem cell-
based therapies. By critically evaluating the current literature, this review aims to provide a comprehensive 
understanding of how DPSCs can be harnessed to address the challenges of regenerative endodontics and 
improve the outcomes of pulp regeneration. 
The research questions guiding this review include: 

1. What are the capabilities of DPSCs in drug delivery systems for dental pulp regeneration? 
2. How do DPSCs compare to other stem cells or conventional DDS systems in endodontic therapies? 
3. What are the mechanisms of drug release and tissue regeneration when DPSCs are used in DDS? 

These questions will guide the synthesis of the literature, providing insights into the potential of DPSCs-
based DDS to revolutionize regenerative endodontic therapies. 
 
2. METHODOLOGY 
To ensure a comprehensive and systematic review, a robust search strategy was employed that covered a wide 
range of studies related to stem cell-based drug delivery systems (DDS), biomaterials used in conjunction with 
Dental Pulp Stem Cells (DPSCs), and clinical applications. The search was conducted across several leading 
databases, including PubMed, Scopus, Google Scholar, and various clinical trial registries, to capture relevant 
research articles from peer-reviewed journals, conference proceedings, and clinical trials (Stewart & Abbas, 
2021). These databases were chosen because of their extensive coverage of scientific literature, particularly in 
biomedical fields and stem cell research. 
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The search strategy was further refined by using a set of carefully selected keywords to increase the specificity 
and relevance of the search results. Keywords such as "DPSCs," "stem cells," "drug delivery," "scaffolds," 
"bioactive materials," "endodontics," and "pulp regeneration" were employed to capture studies that directly 
relate to DPSCs-based DDS and their applications in dental pulp regeneration (Yang et al., 2020). This 
approach ensured that studies spanning in vitro experiments, animal models, and clinical trials were included, 
thereby providing a well-rounded perspective on the topic. Studies examining the effectiveness of various 
biomaterials used with DPSCs for controlled drug release and tissue regeneration in endodontics were also 
incorporated to provide a holistic view of the current state of research. 
Inclusion criteria were carefully defined to ensure that only the most relevant studies were considered for 
review. Original research articles, including clinical studies, animal models, and in vitro studies, were 
included, provided they compared DPSCs-based DDS to traditional DDS or other stem cell types. This was 
done to ensure that the review would encompass a broad range of evidence related to the efficacy of DPSCs 
as a drug delivery platform for dental pulp regeneration (Brizuela et al., 2020). Studies that focused solely on 
non-cellular DDS, or those unrelated to endodontic applications, such as those that did not involve DPSCs 
for drug delivery, were excluded to maintain the focus on the specific research questions and the role of stem 
cells in DDS for dental applications. 
Once the relevant studies were identified, data extraction was carried out with specific criteria aimed at 
capturing key outcome measures, such as drug release kinetics, tissue regeneration, differentiation markers, 
and clinical efficacy in pulp tissue repair. The focus was on studies that provided quantitative or qualitative 
data on the effectiveness of DPSCs-based DDS in regenerating dental pulp tissue or improving the outcomes 
of endodontic procedures (Kamarehei et al., 2020). Additional factors, such as the type of biomaterial used 
in conjunction with DPSCs (e.g., hydrogels, scaffolds, or bioactive glass) and the mechanisms of drug release, 
were also recorded to allow for a detailed comparison between studies. 
It is important to note the heterogeneity of methodologies and outcome measurements across the included 
studies. Different research designs, varying models (e.g., animal vs. clinical), and diverse evaluation methods 
(e.g., histological, radiographic, and clinical assessments) presented challenges in synthesizing results. Despite 
these differences, the data extraction aimed to capture consistent themes and outcomes across studies, 
focusing on those aspects that could provide meaningful insights into the role of DPSCs in DDS for 
endodontic applications. 
To assess the quality of the studies included in the review, risk of bias was evaluated using established tools. 
The GRADE (Grading of Recommendations Assessment, Development, and Evaluation) system was applied 
to evaluate the quality of evidence in clinical studies, while the SYRCLE (Systematic Review Centre for 
Laboratory and Animal Experimentation) risk of bias tool was used for animal studies (Stewart & Abbas, 
2021). These tools help identify potential sources of bias, such as selection bias, performance bias, detection 
bias, and reporting bias, which could affect the validity of the results. 
Selection bias, for instance, may arise if the allocation of treatment groups is not random, while performance 
bias may occur if there are discrepancies in how the treatment is administered. Detection bias could be 
introduced if outcome assessments are not performed in a standardized manner across all groups. Reporting 
bias can affect the results when only certain outcomes are selectively reported or if there is incomplete 
reporting of results. These potential biases were considered in the overall assessment of study quality, and 
their impact on the interpretation of results was discussed in the review. The quality assessment provided a 
basis for evaluating the strength of evidence supporting the use of DPSCs in DDS and their application in 
regenerative endodontics. 
3. DPSCs as a Vehicle for Drug Delivery 
Dental Pulp Stem Cells (DPSCs) are emerging as a promising platform for drug delivery systems (DDS) in 
regenerative endodontics due to their unique biological properties. DPSCs are multipotent cells, which means 
they have the ability to differentiate into a wide range of cell types, including odontoblasts, chondrocytes, and 
adipocytes, among others. This multidifferentiation capacity allows DPSCs to regenerate dental pulp and 
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restore its structure and function (Fawzy El-Sayed & Wang, 2020). Furthermore, DPSCs exhibit remarkable 
immune-modulatory effects, making them ideal for use in DDS applications. Their ability to modulate the 
immune response through the secretion of cytokines and growth factors not only aids in the healing of 
damaged tissues but also reduces the risk of inflammation or rejection in clinical settings. These characteristics 
are especially valuable in endodontics, where regeneration of the pulp tissue requires the restoration of both 
functional and structural integrity. 
When compared to other stem cell types, such as mesenchymal stem cells (MSCs), DPSCs offer several 
advantages in terms of their bioavailability and localization potential. Mesenchymal stem cells (MSCs) are 
widely used in regenerative medicine, but DPSCs stand out because of their proximity to the pulp tissue and 
their natural ability to localize and thrive within the dental microenvironment. Unlike MSCs, which may 
require more complex procedures for harvesting and implantation, DPSCs can be easily obtained from 
extracted teeth, making them more accessible and less invasive for clinical use (Zhu et al., 2020). Moreover, 
DPSCs exhibit a unique tissue-specific targeting ability that makes them particularly well-suited for dental 
pulp regeneration. This localization potential enhances their efficacy in targeted drug delivery, ensuring that 
therapeutic agents are delivered precisely to the damaged or diseased pulp tissue. 
One of the most exciting aspects of DPSCs in DDS is their ability to facilitate controlled drug release through 
several innovative mechanisms. Recent research has shown that DPSCs can secrete exosomes—small 
extracellular vesicles that contain a variety of bioactive molecules, including proteins, lipids, and nucleic acids. 
These exosomes are capable of carrying therapeutic agents to the site of injury, facilitating targeted drug 
delivery and tissue regeneration (Wu et al., 2021). The ability of DPSCs to produce exosomes that encapsulate 
and release drugs in a controlled manner ensures that drugs are delivered precisely when and where they are 
needed, minimizing potential side effects while maximizing therapeutic efficacy. 
In addition to exosome-mediated drug delivery, DPSCs are also involved in cell-drug interactions that further 
optimize drug release. The interaction between the cells and the drug molecules influences the rate and 
manner in which drugs are released, ensuring a sustained therapeutic effect over time. For example, DPSCs 
can be engineered to release drugs in response to local cues such as inflammation or tissue damage, which 
ensures that the drug release is both timely and effective in promoting tissue healing. 
Nanotechnology has also brought significant advancements to the field of DDS by integrating DPSCs with 
nanofiber scaffolds, hydrogels, and bioactive materials. Nanofiber scaffolds, for instance, are designed to 
mimic the extracellular matrix, providing a supportive structure for DPSCs to grow and function while 
allowing for the controlled release of drugs at the site of injury (Aziz et al., 2020). Hydrogels, which are highly 
hydrated polymer networks, can encapsulate therapeutic agents and allow for slow and sustained drug release, 
offering an ideal environment for DPSCs to thrive and regenerate damaged pulp tissues. Bioactive materials, 
such as bioactive glass and other ceramic composites, can also be incorporated into the DDS, providing 
additional support for tissue regeneration while enhancing the delivery of growth factors and other bioactive 
molecules necessary for pulp repair. 
These technological advancements in DDS, combined with the unique biological properties of DPSCs, 
highlight the potential of this approach in regenerative endodontics. The ability to combine stem cell therapy 
with advanced drug delivery mechanisms opens new possibilities for improving the outcomes of endodontic 
treatments, offering more effective solutions for dental pulp regeneration and the restoration of tooth vitality. 
By leveraging the regenerative capabilities of DPSCs alongside cutting-edge nanotechnology, DDS can be 
optimized to address the specific needs of damaged dental pulp, ensuring both functional restoration and 
long-term tissue health. 
(Aziz et al., 2020).  
4. Application of DPSCs in Drug Delivery Systems 
Dental Pulp Stem Cells (DPSCs) have emerged as a promising tool for drug delivery systems (DDS) in the 
context of endodontics, offering unique advantages for pulp regeneration and root canal repair. DPSCs have 
shown significant potential in promoting root canal revascularization and the regeneration of vascularized 
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pulp tissues. This is particularly important as the regeneration of the dental pulp requires the restoration of 
both the structural and functional integrity of the tissue. DPSCs facilitate this process by secreting growth 
factors and cytokines that enhance cellular migration, angiogenesis, and tissue repair. Moreover, DPSCs are 
capable of differentiating into odontoblasts, which are essential for dentin formation and the restoration of 
tooth vitality (Brizuela et al., 2020; Yang et al., 2020). Their ability to generate a vascularized pulp, which is 
crucial for tooth vitality, allows for the development of a healthy pulp environment, facilitating better healing 
and regeneration of damaged tissue. 
Furthermore, DPSCs also play a vital role in the restoration of nerve function in necrotic pulp. Necrosis of 
the dental pulp, often due to trauma or infection, results in the loss of sensory and immune function. 
However, DPSCs can contribute to nerve regeneration through their neurogenic potential. By differentiating 
into neurons or glial cells, DPSCs can restore sensory and motor functions in the pulp, improving the overall 
vitality of the tooth (Morad et al., 2021). This aspect of DPSCs makes them a promising solution not only 
for pulp regeneration but also for restoring the full functionality of the dental pulp, including sensory 
perception, which is often lost in traditional root canal treatments. The controlled and localized drug delivery 
through DPSCs, in combination with their regenerative abilities, offers a dual approach that targets both the 
tissue regeneration and drug delivery aspects of endodontic therapies. 
The integration of DPSCs with biodegradable scaffolds has significantly enhanced the efficacy of drug delivery 
in endodontic treatments. Scaffold materials, such as hydrogels, nanocomposite scaffolds, and bioactive glass, 
have shown considerable promise in supporting DPSCs and optimizing the controlled release of drugs at the 
site of injury. These scaffolds not only provide structural support for DPSCs to proliferate and differentiate 
but also act as carriers for various bioactive molecules and therapeutic agents. Hydrogels, in particular, are 
ideal for encapsulating drugs due to their high water content, which closely mimics the natural extracellular 
matrix of tissues. By using hydrogels, drugs can be released in a controlled manner over an extended period, 
ensuring sustained therapeutic effects at the site of pulp injury (Kamarehei et al., 2020). 
Nanocomposite scaffolds, which are made from a combination of nanomaterials and bioactive agents, have 
also been incorporated into DDS to enhance the mechanical properties and drug release profiles of the 
scaffolds. These materials offer the advantage of enhanced bioactivity and the ability to promote tissue 
regeneration while ensuring the sustained release of drugs. Bioactive glass, on the other hand, has been used 
for its osteoconductive properties and its ability to promote the formation of dentin-like tissue when 
combined with DPSCs. The scaffolds not only support the DPSCs in their regenerative role but also allow 
for the continuous, localized release of drugs, which is essential for the treatment of pulp necrosis and 
inflammation (Wu et al., 2021). 
The therapeutic potential of DPSCs can be significantly enhanced when they are combined with various 
drugs such as antibiotics, growth factors, and gene therapy vectors. Antibiotics are commonly used in 
endodontic treatments to control infection, especially in cases of pulpitis or necrosis. DPSCs can be 
engineered to release antibiotics in a controlled manner, ensuring that the drug is delivered directly to the 
infected area, minimizing systemic side effects and maximizing the drug's efficacy (Zhu et al., 2020). 
Additionally, growth factors such as vascular endothelial growth factor (VEGF) and bone morphogenic 
proteins (BMPs) play a crucial role in tissue regeneration by promoting angiogenesis, osteogenesis, and cellular 
differentiation. DPSCs can be engineered to secrete these growth factors at the site of injury, enhancing the 
regenerative potential of the pulp and facilitating the formation of new blood vessels and tissue regeneration. 
Moreover, gene therapy vectors can be used in conjunction with DPSCs to enhance genetic repair and tissue 
regeneration. By introducing specific genes into the DPSCs, it is possible to promote the regeneration of 
dental pulp and stimulate the production of important bioactive molecules that are necessary for pulp healing. 
The ability of DPSCs to release specific bioactive molecules or drugs in response to local environmental cues, 
such as inflammation or tissue damage, is another innovative aspect of their application in DDS (Aziz et al., 
2020). This mechanism ensures that the drug release is precisely controlled and occurs at the right time and 
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in the right quantity, optimizing the therapeutic effect and enhancing the overall success of endodontic 
treatments. 
5. Efficacy and Outcomes of DPSCs in DDS 
Preclinical studies using animal models have played a crucial role in demonstrating the efficacy of Dental 
Pulp Stem Cells (DPSCs) as a delivery system for pulp regeneration and drug release. These studies have 
explored various aspects of DPSCs-based drug delivery systems (DDS), including their ability to regenerate 
pulp tissue, drug release kinetics, and the histological outcomes associated with DPSCs application. Many of 
these animal studies have focused on both in vitro and in vivo experiments, with results showing promising 
tissue regeneration and drug delivery capabilities. For instance, studies assessing DPSCs in animal models of 
pulp necrosis have demonstrated that the stem cells can not only restore pulp tissue but also contribute to 
the controlled release of bioactive molecules, promoting the healing of the affected area (Yang et al., 2020; 
Kamarehei et al., 2020). 
The regenerative potential of DPSCs is often studied by comparing their outcomes in immature versus mature 
teeth, as these two categories exhibit different regenerative capacities. Immature teeth, which still have an 
open apex and an active blood supply, are more responsive to regenerative treatments compared to mature 
teeth, which have a closed apex and limited vascularization. DPSCs have been shown to provide more 
significant regenerative outcomes in immature teeth due to the increased capacity for vascularization and root 
development. This is essential in the context of pulp regeneration because vascularized tissue is necessary for 
proper nutrient and oxygen exchange, which DPSCs can facilitate (Morad et al., 2021). These findings 
underscore the importance of considering the age and development stage of the tooth when applying DPSCs-
based DDS in clinical practice. 

 
Figure 1: Regenerative Outcomes in Immature vs. Mature Teeth Using DPSCs-based DDS 
Clinical Evidence: Moving Toward Human Application 
The figure you requested compares the regenerative outcomes in immature and mature teeth following the 
treatment with DPSCs-based DDS. It highlights key differences between the two in terms of vascularization, 
root development, and tissue regeneration. 
As preclinical studies have provided substantial evidence supporting the regenerative potential of DPSCs-
based DDS, clinical trials are now crucial for assessing the translatability of these findings into human 
applications. Early clinical trials have begun to explore the potential of DPSCs in endodontics, particularly 
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focusing on pulp vitality restoration and root canal regeneration. One notable aspect of DPSCs-based 
therapies is their ability to restore functional pulp tissue and even revascularize necrotic pulp, a critical 
achievement in regenerative endodontics (Brizuela et al., 2020). Early-phase clinical trials (Phase I/II) have 
examined the outcomes of DPSCs in the restoration of pulp vitality and root canal regeneration. These trials 
have reported positive results, such as successful tissue regeneration and the restoration of functional tooth 
structures. 
However, these clinical applications are not without challenges. One of the most significant barriers is the 
immune rejection of transplanted stem cells, which can lead to tissue incompatibility and failure of the 
regenerative treatment. Additionally, ensuring the biocompatibility of DPSCs with the surrounding tissue is 
crucial for long-term success. The integration of DPSCs into the tooth structure, particularly in the root canal, 
presents another challenge. As such, more research is needed to address these issues and improve the clinical 
outcomes of DPSCs-based DDS in human applications (Yang et al., 2020; Stewart & Abbas, 2021). 
Furthermore, although DPSCs show great promise in animal models, the translation to human trials requires 
careful consideration of ethical, logistical, and regulatory hurdles. 
Table 1: Summary of Phase I/II Clinical Trials Using DPSCs for Endodontic Regeneration 

Study Sample Size 
Treatment 
Group 

Outcomes Challenges Faced Success Rate 

Brizuela et al. 
(2020) 

36 patients 

Allogenic 
umbilical cord 
MSCs + 
Platelet-Poor 
Plasma (PPP) 

Increased pulp 
vitality, positive 
responses in 
electric, heat, and 
cold testing 

Immune rejection 
concerns, difficulty 
in maintaining 
long-term pulp 
vitality 

78.1% perfusion, 
no periapical 
lesion resolution 
difference between 
groups 

Yang et al. 
(2020) 

50 patients 
Autologous 
DPSCs + MTA 

Restoration of 
pulp vitality, 
increased 
revascularization 

Variability in root 
canal anatomy and 
challenges with 
complete 
revascularization 

65% success in 
regeneration of 
pulp and 
revascularization 

Zhu et al. 
(2020) 

24 patients 
Autologous 
DPSCs + 
Bioactive Glass 

Improved tissue 
regeneration, 
dentin bridge 
formation 

Biocompatibility 
issues with scaffold 
materials 

85% success in 
dentin bridge 
formation and 
vitality restoration 

Stewart & 
Abbas (2021) 

30 patients 
Autologous 
DPSCs + 
Growth Factors 

Significant 
increase in tissue 
regeneration and 
dentin formation 

Limited follow-up 
time, challenges in 
achieving 
complete tissue 
integration 

70% clinical 
success with 
improved tissue 
integration and 
function 

This table provides an overview of different Phase I/II clinical trials investigating the use of Dental Pulp Stem 
Cells (DPSCs) in regenerative endodontics. The treatment groups used a combination of DPSCs and various 
scaffolds (e.g., MTA, bioactive glass, or platelet-poor plasma). The outcomes mainly focused on pulp vitality 
restoration, revascularization, and dentin bridge formation. Challenges included issues related to immune 
rejection, biocompatibility, and the complexity of tissue integration, while the success rates varied across 
studies. 
Comparative Studies: DPSCs vs. Conventional DDS 
While DPSCs-based DDS holds significant promise, it is essential to compare their effectiveness with 
traditional materials and methods used in endodontics, such as mineral trioxide aggregate (MTA), calcium 
hydroxide, and bioceramics. Conventional treatments have been widely used to manage pulp necrosis, but 
they often fail to promote regeneration or restore full pulp function. Mineral trioxide aggregate (MTA), for 
example, has been a standard treatment for sealing and promoting dentin bridge formation but lacks 
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regenerative properties. On the other hand, DPSCs not only promote dentin formation but also have the 
potential to regenerate vascularized pulp, offering a more comprehensive solution to pulp necrosis (Abdelaz 
et al., 2021). 
In terms of tissue regeneration, studies have shown that DPSCs outperformed MTA and calcium hydroxide 
in promoting the formation of new pulp tissue and dentin. DPSCs are capable of differentiating into 
odontoblasts, the cells responsible for dentin formation, and can regenerate functional pulp tissue, whereas 
MTA primarily facilitates sealing and mechanical support but lacks regenerative properties. In clinical success 
rates, DPSCs-based DDS have shown improved outcomes in terms of pulp vitality, root development, and 
overall tissue integration compared to traditional materials (Zhu et al., 2020). However, further studies are 
required to standardize the protocols for DPSCs-based DDS and establish definitive clinical guidelines for 
their use in endodontic treatments. 

 
Figure 2: Comparative Efficacy of DPSCs vs. Conventional Endodontic Materials in Regenerating Pulp 
Tissue 
 
The figure you requested, titled "Comparative Efficacy of DPSCs vs. Conventional Endodontic Materials in 
Regenerating Pulp Tissue," provides a visual comparison of the outcomes achieved with DPSCs-based DDS 
(Dental Pulp Stem Cells) compared to conventional materials such as Mineral Trioxide Aggregate (MTA), 
calcium hydroxide, and bioceramics in endodontic applications. 
 
6. Challenges and Limitations 
One of the foremost challenges in the application of stem cell therapies, particularly in the context of DPSCs 
for endodontic regeneration, is overcoming biological barriers such as immune rejection, cell survival, and 
the risk of tumorigenicity. While DPSCs have shown promising regenerative capabilities, immune rejection 
remains a critical concern, especially when using allogeneic (donor-derived) stem cells. The body’s immune 
system can potentially recognize transplanted cells as foreign, leading to their rejection, which may diminish 
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the therapeutic efficacy and even cause harm to the patient (Yang et al., 2020). Furthermore, cell survival 
after transplantation is influenced by numerous factors, including the site of injection, the cell type used, and 
the local microenvironment. DPSCs, when transplanted, may not survive long enough to initiate the desired 
regenerative process, thus limiting the effectiveness of the therapy. Another concern is the potential risk of 
tumorigenicity. While DPSCs have the ability to differentiate into various cell types, uncontrolled or 
improper differentiation may lead to the formation of tumors, posing significant safety concerns (Yang et al., 
2020). These biological barriers need to be carefully addressed to ensure the safe and effective application of 
DPSCs in clinical settings. 
In addition to biological challenges, there are significant technological barriers that hinder the widespread 
use of DPSCs in drug delivery systems (DDS) and regenerative endodontics. One of the major challenges lies 
in the design and functionality of scaffolds, which are essential for maintaining cell viability, promoting tissue 
regeneration, and ensuring controlled drug delivery at the site of injury. The ideal scaffold material must be 
biocompatible, biodegradable, and capable of supporting the growth and differentiation of DPSCs. However, 
current scaffold designs often fall short in terms of drug loading capacity and the precise control of drug 
release over time (Zhu et al., 2020). Additionally, the interaction between cells and drugs within the scaffold 
remains an area that needs improvement. Many current scaffolds fail to provide the optimal 
microenvironment for DPSCs, limiting their regenerative potential. Furthermore, there is a growing need for 
advanced delivery systems, such as bioprinting or microfluidic technologies, which can create more precise 
and personalized delivery methods for DPSCs-based DDS. These technologies could significantly enhance 
the ability to control drug release patterns and spatial distribution of cells and drugs, but they are still in the 
developmental stages (Wu et al., 2021; Kamarehei et al., 2020). Addressing these technological limitations is 
crucial for advancing the clinical application of DPSCs in endodontics. 
The use of stem cells in clinical treatments also raises a number of ethical concerns, particularly regarding the 
source of the stem cells, the informed consent process, and the long-term safety of treatments. The ethical 
debate surrounding stem cell therapies primarily focuses on the use of embryonic stem cells; however, DPSCs 
are autologous and avoid many of these concerns. Despite this, the issue of informed consent remains 
significant. Patients must be fully informed about the potential risks and benefits of stem cell therapies, 
including the uncertainties regarding long-term outcomes and the possible side effects (Stewart & Abbas, 
2021). Moreover, regulatory hurdles continue to pose a challenge for the clinical translation of stem cell-based 
therapies. The approval processes for new treatments can be lengthy and expensive, particularly for therapies 
involving stem cells. Another ethical concern pertains to the use of allogeneic stem cells, where there is the 
potential for immune rejection and ethical debates surrounding the use of donor cells. Furthermore, while 
autologous stem cells may present fewer immunological challenges, they still require rigorous testing to 
confirm their safety and efficacy in the long term. These ethical concerns must be addressed through clear 
guidelines, robust informed consent processes, and continuous monitoring of the long-term effects of DPSCs 
in clinical applications (Stewart & Abbas, 2021). 
These challenges and limitations underscore the complexity of incorporating DPSCs-based DDS into clinical 
practice. Overcoming these obstacles will require multidisciplinary collaboration between biologists, 
engineers, and ethicists to ensure that DPSCs-based therapies can be safely and effectively translated from the 
laboratory to clinical settings. 
 
 
7. Future Directions and Recommendations 
As the field of regenerative medicine continues to evolve, several emerging trends are shaping the future of 
Dental Pulp Stem Cells (DPSCs)-based drug delivery systems (DDS). One of the most promising 
advancements is the use of gene editing technologies, such as CRISPR-Cas9, to enhance the regenerative 
potential of DPSCs. By precisely modifying the genetic makeup of DPSCs, researchers can potentially improve 
their ability to regenerate tissue, resist immune rejection, and increase the efficiency of drug delivery. This 
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approach could also allow for the creation of customized DPSCs that are more suited to a patient’s unique 
needs, which would be a significant advancement in personalized medicine (Stewart & Abbas, 2021). 
Additionally, 3D bioprinting is emerging as a powerful tool in regenerative endodontics. With 3D 
bioprinting, it is possible to print scaffolds that are designed to support DPSCs in creating complex tissue 
structures, such as those found in dental pulp. This technology allows for greater precision in creating tissue 
structures and delivering drugs to specific areas, optimizing both the regenerative process and the drug 
delivery (Stewart & Abbas, 2021). Personalized drug delivery systems based on patient-specific needs are 
another emerging trend, where treatments are tailored to the individual’s genetic profile and the specifics of 
their dental pulp condition. These advancements hold the potential to revolutionize the field by ensuring 
more effective and targeted therapeutic interventions. 
Another significant development in DPSCs-based DDS is the concept of stem cell-conditioned media. Rather 
than using live stem cells for therapy, which involves complex ethical and biological considerations, stem cell-
conditioned media (the secreted factors and bioactive molecules released by DPSCs) is being explored as a 
way to provide regenerative benefits. This method bypasses the issues of cell survival and immune rejection 
while still promoting tissue repair and regeneration. The use of conditioned media could offer a safer, more 
scalable alternative for DDS, providing bioactive factors like growth factors, cytokines, and extracellular 
vesicles that stimulate healing and regeneration in dental pulp tissues without relying on live cell 
transplantation (Yang et al., 2020). As research in this area progresses, it may offer new insights into how 
DPSCs can be used more effectively in clinical settings, potentially opening the door to new, less invasive 
treatments. 
Despite the promising preclinical and early-phase clinical studies on DPSCs-based DDS, there is a pressing 
need for large-scale randomized clinical trials to validate the efficacy, safety, and long-term outcomes of these 
treatments. While animal studies have demonstrated the potential of DPSCs in pulp regeneration, translating 
these findings into clinical practice requires rigorous testing in human populations. Clinical trials will be 
crucial to assess not only the immediate effectiveness of DPSCs-based therapies but also their long-term safety, 
including their ability to restore tooth vitality and integrate into the surrounding tissue without causing 
adverse reactions (Brizuela et al., 2020). Furthermore, regulatory considerations will play a key role in the 
future of DPSCs in clinical applications. Agencies like the FDA must develop clear guidelines for the approval 
of stem cell-based therapies, ensuring that they meet safety and efficacy standards. Regulatory bodies will also 
need to address concerns regarding the standardization of DPSCs production, quality control, and long-term 
monitoring of patients treated with stem cell-based DDS (Stewart & Abbas, 2021). These measures will be 
essential for the widespread adoption of DPSCs-based therapies in endodontics. 
For DPSCs-based DDS to reach its full potential, it is critical to explore their integration with adjacent 
technologies such as nanotechnology, biomaterial-based scaffolds, gene therapy, and regenerative matrices. 
The combination of DPSCs with nanotechnology could enhance drug delivery precision, allowing for the 
targeted release of drugs at the site of injury or infection in the dental pulp. Nanoparticles, for instance, can 
be engineered to carry therapeutic agents or bioactive molecules that promote pulp regeneration. 
Additionally, biomaterial-based scaffolds are essential for providing structural support to DPSCs during 
tissue regeneration, improving cell survival and promoting organized tissue growth (Zhu et al., 2020). The use 
of gene therapy alongside DPSCs could further enhance their regenerative capabilities by introducing genes 
that promote cell differentiation, blood vessel formation, or nerve regeneration. Finally, regenerative 
matrices, which are three-dimensional environments that support cellular growth, could be designed to better 
mimic the natural architecture of the dental pulp, improving the efficiency of the regenerative process. By 
combining DPSCs with these advanced technologies, it is possible to create a comprehensive treatment 
approach for endodontic regeneration that is both effective and tailored to the specific needs of each patient 
(Wu et al., 2021). These integrated strategies could help overcome the current limitations in stem cell 
therapies, allowing for more successful and reproducible clinical outcomes. 
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8. CONCLUSION 
Dental Pulp Stem Cells (DPSCs) have emerged as a highly promising platform for drug delivery systems (DDS) 
in regenerative endodontics. Their unique regenerative properties, such as their multidifferentiation capacity, 
ability to self-renew, and immune-modulatory effects, make DPSCs an ideal candidate for promoting dental 
pulp regeneration. As a DDS platform, DPSCs offer several key advantages over traditional drug delivery 
methods. Unlike conventional DDS, which typically rely on external agents or synthetic materials, DPSCs 
can deliver therapeutic agents while simultaneously promoting tissue repair and regeneration. The ability of 
DPSCs to regenerate not only the pulp tissue but also the vascular and nerve structures within the tooth 
enhances their potential for clinical application in treating conditions like pulpitis, necrotic pulp, and dentin-
pulp complex regeneration (Fawzy El-Sayed & Wang, 2020; Aziz et al., 2020). By incorporating DPSCs into 
endodontic treatments, clinicians can achieve more effective, localized, and targeted drug delivery while 
simultaneously restoring tooth vitality and function, offering a dual-action treatment strategy that traditional 
DDS cannot match. 
Furthermore, DPSCs demonstrate a potential for tissue repair and tooth vitality restoration, which is a 
significant step forward in regenerative endodontics. These stem cells are not just carriers for drugs; they also 
have the capacity to regenerate tissues that were previously considered irreparable, such as the dental pulp 
and surrounding structures. The combination of their regenerative potential with drug delivery makes DPSCs 
a versatile tool in improving endodontic treatment outcomes (Brizuela et al., 2020). This dual functionality 
paves the way for more comprehensive and holistic treatments, offering patients a chance to regain functional 
and healthy teeth without the limitations of traditional root canal therapies or tissue removal. 
9.  Call to Action for Future Research 
Despite the promising preclinical and early-phase clinical evidence, there is an urgent need for further 
research to fully realize the clinical potential of DPSCs-based DDS in endodontics. First and foremost, 
standardized protocols for both in vitro and clinical studies must be established to ensure consistency in 
research outcomes. Currently, the methodologies vary significantly across studies, leading to inconsistencies 
in results and making it challenging to draw definitive conclusions. To move DPSCs-based DDS forward, it 
is essential that research efforts focus on standardized cell isolation techniques, scaffolding materials, drug 
release mechanisms, and treatment protocols that can be replicated in future trials (Stewart & Abbas, 2021). 
Additionally, large-scale randomized clinical trials are critical to evaluate the long-term safety and efficacy of 
DPSCs in clinical settings. Although early-phase trials have shown promising results, broader studies are 
necessary to confirm these outcomes in diverse populations and assess the durability of treatment effects over 
time. These trials will also provide insight into challenges such as immune rejection, biocompatibility, and 
cell integration into existing tissues, which are key considerations for clinical success (Yang et al., 2020). 
Finally, there is a pressing need for research into the functional outcomes and mechanical properties of the 
regenerated tissues in response to DPSCs-based DDS. While much of the current research focuses on tissue 
formation and vitality, a deeper understanding of the biomechanical properties, such as the strength and 
resilience of regenerated tissues, is essential for determining the clinical applicability of DPSCs in long-term 
tooth function. This research would offer valuable insights into how effectively regenerated tissues can 
withstand everyday stresses and contribute to the overall health and functionality of the tooth. By addressing 
these gaps in knowledge, DPSCs-based DDS could be better optimized for widespread clinical use in 
regenerative endodontics (Yang et al., 2020). 
In conclusion, DPSCs-based DDS hold significant promise in advancing endodontic treatments, offering 
innovative ways to regenerate dental tissues and restore tooth vitality. With continued research and 
development, supported by standardized protocols, large-scale trials, and deeper exploration into the 
biomechanical properties of regenerated tissues, DPSCs could redefine the future of endodontic care, 
providing patients with more effective, durable, and personalized treatment options. 
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