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ABSTRACT 
Background: Regenerative endodontics aims to restore the vitality and function of the pulp–dentin complex in 
immature necrotic teeth. Conventional approaches relying on blood clot scaffolds have shown clinical success but 
often yield limited regenerative outcomes. Recent advances in biomaterials and drug delivery systems have introduced 
bioactive scaffolds, such as simvastatin-loaded chitosan–PLGA nano hydrogels, which may enhance tissue 
regeneration through sustained release and biological modulation. 
Aim: To evaluate and compare the clinical and radiographic outcomes of a simvastatin-loaded chitosan–PLGA nano 
hydrogel scaffold with a conventional blood clot scaffold in regenerative endodontic procedures. 
Materials and Methods: This randomized controlled trial included 40 patients aged 8–16 years with immature 
permanent teeth exhibiting pulp necrosis and open apices. Participants were randomly allocated into two groups: 
Group I (experimental) received a simvastatin-loaded chitosan–PLGA nano hydrogel scaffold, while Group II 
(control) was treated using a conventional blood clot scaffold. Standard regenerative endodontic protocols were 
followed in both groups. Clinical and radiographic evaluations were conducted at baseline, 3, 6, and 12 months. 
Parameters assessed included pain, swelling, sinus tract, root lengthening, apical closure, and dentinal wall thickness. 
Statistical analysis was performed using appropriate tests with a significance level set at p < 0.05. 
Results: Out of 40 patients, 36 completed the study. Both groups demonstrated comparable clinical success with 
resolution of symptoms (p > 0.05). However, the experimental group showed significantly greater radiographic 
improvement in root length (p = 0.01), dentinal wall thickness (p = 0.002), and apical closure (p = 0.001) at 12 months 
compared to the control group. These findings indicate enhanced regenerative potential with the simvastatin-loaded 
scaffold. 
Conclusion: The use of a simvastatin-loaded chitosan–PLGA nano hydrogel scaffold significantly improves 
radiographic outcomes in regenerative endodontics while maintaining comparable clinical success to conventional 
methods. This approach represents a promising advancement in biologically driven endodontic therapy. 
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Introduction Regenerative endodontics has emerged as a paradigm 

shift in the management of immature permanent teeth 
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with necrotic pulps, aiming not merely at disinfection 
and obturation but at the restoration of pulp–dentin 
complex vitality and continued root development [1]. 
Conventional endodontic procedures, although highly 
successful in eliminating infection, fail to re-establish the 
biological functions of the pulp tissue, often resulting in 
structurally compromised teeth with thin dentinal walls 
and increased susceptibility to fracture. In this context, 
regenerative endodontic procedures (REPs) seek to 
harness the principles of tissue engineering—namely 
stem cells, growth factors, and scaffolds—to promote 
true biological regeneration within the root canal system 
[2]. 
A critical component of successful regeneration is the 
scaffold, which provides a three-dimensional 
microenvironment conducive to cell adhesion, 
proliferation, and differentiation. Among the various 
biomaterials explored, chitosan and poly(lactic-co-
glycolic acid) (PLGA) have gained considerable 
attention due to their biocompatibility, biodegradability, 
and favorable physicochemical properties [3]. Chitosan, 
a naturally derived polysaccharide, exhibits intrinsic 
antimicrobial activity and promotes wound healing, 
while PLGA, a synthetic copolymer, allows for 
controlled drug release and structural stability. The 
integration of these materials into a nano hydrogel 
scaffold offers an advanced platform capable of 
mimicking the extracellular matrix and facilitating 
sustained delivery of bioactive molecules [4]. 
Recent research has highlighted the potential of statins, 
particularly simvastatin, as bioactive agents in 
regenerative dentistry. Beyond their well-known lipid-
lowering effects, statins possess pleiotropic properties 
including anti-inflammatory, angiogenic, and osteogenic 
effects. Simvastatin has been shown to enhance the 
expression of bone morphogenetic proteins (BMPs), 
vascular endothelial growth factor (VEGF), and other 
signaling molecules essential for tissue regeneration. Its 
incorporation into a nano hydrogel scaffold enables 
localized, controlled release within the root canal system, 
thereby maximizing its therapeutic efficacy while 
minimizing systemic exposure [5,6]. 
Despite promising in vitro and preclinical findings, there 
remains a paucity of high-quality clinical evidence 
evaluating the efficacy of simvastatin-loaded scaffolds in 
regenerative endodontics. Randomized controlled trials 
are essential to validate their clinical applicability, assess 

treatment outcomes such as root lengthening, apical 
closure, and dentinal wall thickening, and compare their 
performance with conventional regenerative protocols 
[7,8]. Additionally, factors such as scaffold degradation 
rate, drug release kinetics, and host response need to be 
systematically investigated to optimize treatment 
protocols [9,10]. 
Therefore, the present randomized controlled trial aims 
to evaluate the clinical and radiographic outcomes of a 
simvastatin-loaded chitosan-PLGA nano hydrogel 
scaffold in regenerative endodontic procedures. By 
integrating advanced biomaterials with pharmacological 
modulation, this study seeks to contribute to the evolving 
landscape of biologically driven endodontic therapies 
and establish evidence-based strategies for enhancing 
regenerative outcomes. 
Methodology 
 This study was designed as a parallel-group, randomized 
controlled clinical trial to evaluate the efficacy of a 
simvastatin-loaded chitosan–PLGA nano hydrogel 
scaffold in regenerative endodontic procedures. The 
study protocol was approved by the Institutional Ethics 
Committee, and written informed consent was obtained 
from all participants or their guardians prior to 
enrollment. The trial was conducted in accordance with 
the principles of the Declaration of Helsinki. 
A total of patients aged 8–16 years presenting with 
immature permanent teeth diagnosed with pulp necrosis 
and open apices were recruited from the outpatient 
department. Teeth exhibiting periapical radiolucency, 
absence of root development, and clinical signs such as 
discoloration or sinus tract were included. Teeth with 
root fractures, advanced periodontal disease, or systemic 
conditions affecting healing were excluded. The sample 
size was determined based on prior pilot data, ensuring 
adequate statistical power. 
Participants were randomly allocated into two groups 
using a computer-generated randomization sequence. 
Group I (experimental group) received regenerative 
endodontic treatment using a simvastatin-loaded 
chitosan–PLGA nano hydrogel scaffold, while Group II 
(control group) underwent conventional regenerative 
endodontic procedures using a blood clot scaffold. 
Allocation concealment was ensured using sealed 
opaque envelopes. 
All procedures were performed under local anesthesia 
and rubber dam isolation. In the first appointment, access 
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cavity preparation was carried out, followed by minimal 
or no instrumentation of the root canal walls to preserve 
stem cell viability. The canals were gently irrigated using 
1.5% sodium hypochlorite, followed by saline and 17% 
EDTA to remove the smear layer and expose dentinal 
tubules. The canals were then dried with sterile paper 
points, and an intracanal medicament (calcium 
hydroxide) was placed. The access cavity was sealed 
temporarily, and patients were recalled after 2–3 weeks. 
At the second visit, if the tooth was asymptomatic, the 
intracanal medicament was removed using saline 
irrigation. In the control group, bleeding was induced 
into the canal by over-instrumentation beyond the apex 
to create a natural blood clot scaffold. In the 
experimental group, the prepared simvastatin-loaded 
chitosan–PLGA nano hydrogel scaffold was introduced 
into the canal space up to the level of the cementoenamel 
junction. The nano hydrogel was synthesized using an 
emulsion-solvent evaporation technique for PLGA 
nanoparticles, followed by incorporation into a chitosan-
based hydrogel matrix, ensuring controlled drug release 
and structural integrity. 
In both groups, a collagen matrix was placed over the 
scaffold, followed by the application of mineral trioxide 
aggregate (MTA) as a coronal barrier. The access cavity 
was subsequently restored with a permanent restorative 
material. 
Clinical and radiographic evaluations were performed at 
baseline, 3 months, 6 months, and 12 months. Clinical 
parameters included pain, swelling, sinus tract, and tooth 
mobility. Radiographic assessment was carried out using 
standardized periapical radiographs to evaluate root 
lengthening, apical closure, and dentinal wall thickening. 
All radiographic measurements were analyzed using 
digital imaging software by blinded evaluators. 
Data were statistically analyzed using appropriate 
software. Continuous variables were expressed as mean 
± standard deviation, and intergroup comparisons were 
performed using independent t-tests or Mann–Whitney 
U tests as applicable. Intragroup comparisons over time 
were analyzed using repeated measures ANOVA. A p-
value of <0.05 was considered statistically significant. 
This methodological framework was designed to ensure 
reproducibility, minimize bias, and provide robust 
clinical evidence regarding the effectiveness of the 
simvastatin-loaded nano hydrogel scaffold in 
regenerative endodontics. 

Results 
A total of 40 patients were initially enrolled in the study, 
of which 36 patients (n = 18 in each group) completed 
the 12-month follow-up period. Four participants were 
lost to follow-up due to non-compliance. Both groups 
were comparable at baseline with respect to age, gender 
distribution, and preoperative clinical and radiographic 
characteristics, with no statistically significant 
differences (p > 0.05), ensuring homogeneity between 
the study cohorts. 
At the 3-month follow-up, both groups demonstrated 
satisfactory resolution of clinical signs and symptoms, 
including pain, swelling, and sinus tract formation. 
However, the experimental group (simvastatin-loaded 
scaffold) showed a slightly higher rate of early 
symptomatic relief, although the difference was not 
statistically significant (p > 0.05). By 6 and 12 months, 
complete clinical success was observed in the majority 
of cases in both groups, with no significant intergroup 
difference in terms of pain or infection control. 
Radiographic evaluation revealed progressive healing in 
both groups; however, the experimental group exhibited 
significantly greater improvement in parameters 
associated with regeneration. Increased root length, 
enhanced apical closure, and significant dentinal wall 
thickening were more pronounced in the simvastatin 
group at both 6 and 12 months. These findings indicate 
the beneficial role of simvastatin in promoting hard 
tissue formation and continued root development. 
Quantitative analysis demonstrated that the mean 
increase in root length and dentinal wall thickness was 
significantly higher in the experimental group compared 
to the control group at the 12-month interval (p < 0.05). 
Similarly, the reduction in apical diameter, indicative of 
apical closure, was significantly greater in the 
experimental group. These outcomes suggest that the 
nano hydrogel scaffold facilitated sustained drug release 
and enhanced regenerative potential within the root canal 
system. 
Table 1: Baseline Characteristics of Study 
Participants 

Parameter Group I 
(Experiment
al) (n=18) 

Group 
II 
(Contro
l) 
(n=18) 

p-
valu
e 
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Mean Age 
(years) 

12.4 ± 2.1 12.1 ± 
2.3 

0.68 

Male/Female 10/8 9/9 0.73 
Teeth Type 
(Anterior/Posteri
or) 

12/6 11/7 0.71 

Presence of 
Sinus Tract (n, 
%) 

6 (33.3%) 7 
(38.8%) 

0.72 

No statistically significant difference was observed 
between groups at baseline (Table 1). 
 
Table 2: Clinical Outcomes at Follow-Up Intervals 

Time 
Interval 

Group I 
(n=18) – 
Success n 
(%) 

Group II 
(n=18) – 
Success n (%) 

p-
value 

3 Months 16 (88.9%) 15 (83.3%) 0.63 
6 Months 17 (94.4%) 16 (88.9%) 0.54 
12 
Months 

18 (100%) 17 (94.4%) 0.31 

Clinical success was comparable between groups across 
all intervals (Table 2). 
 
Table 3: Radiographic Changes in Root Length (mm) 

Time 
Interval 

Group I 
(Mean ± SD) 

Group II 
(Mean ± SD) 

p-
value 

Baseline 10.2 ± 1.3 10.4 ± 1.2 0.59 
6 Months 11.8 ± 1.4 11.1 ± 1.3 0.04* 
12 Months 13.1 ± 1.5 11.9 ± 1.4 0.01* 

Statistically significant increase in root length in Group 
I at 6 and 12 months (Table 3). 
 
Table 4: Radiographic Evaluation of Dentinal Wall 
Thickness and Apical Closure 

Parameter Group I 
(Mean ± 
SD) 

Group II 
(Mean ± 
SD) 

p-
value 

Dentinal Wall 
Thickness (12 
months) 

1.8 ± 0.3 
mm 

1.3 ± 0.2 
mm 

0.002* 

Apical Diameter 
Reduction (%) 

72.5 ± 8.4 54.2 ± 7.9 0.001* 

Group I showed significantly better dentinal thickening 
and apical closure (Table 4). 

Overall, the findings of this randomized controlled trial 
demonstrate that the incorporation of simvastatin into a 
chitosan–PLGA nano hydrogel scaffold significantly 
enhances radiographic outcomes associated with 
regenerative endodontics, while maintaining comparable 
clinical success rates to conventional approaches.  
Discussion 
The findings of the present randomized controlled trial 
demonstrate that the incorporation of a simvastatin-
loaded chitosan–PLGA nano hydrogel scaffold 
significantly enhances radiographic outcomes in 
regenerative endodontics when compared to the 
conventional blood clot scaffold. Although both groups 
achieved comparable clinical success in terms of 
infection resolution and absence of symptoms, the 
experimental group showed superior outcomes in root 
lengthening, apical closure, and dentinal wall thickening, 
indicating a more favorable regenerative response. 
The improved regenerative outcomes observed in this 
study can be attributed to the synergistic effects of 
simvastatin and the chitosan–PLGA scaffold system. 
Simvastatin is known to exert pleiotropic effects beyond 
its lipid-lowering action, including promotion of 
angiogenesis, osteogenesis, and anti-inflammatory 
activity. Soares et al. [13] demonstrated that simvastatin-
releasing chitosan scaffolds significantly enhance pulp–
dentin regeneration by stimulating odontoblastic 
differentiation and mineralized tissue formation. This is 
consistent with the present findings, where increased 
dentinal wall thickness and apical closure were evident 
in the experimental group. 
The role of chitosan as a scaffold material is also critical 
in achieving these outcomes. Chitosan possesses 
excellent biocompatibility, biodegradability, and 
intrinsic antimicrobial properties, making it highly 
suitable for endodontic applications. Atia et al. [14] 
reported that drug-loaded chitosan scaffolds provide a 
conducive microenvironment for cellular proliferation 
and differentiation, thereby enhancing tissue 
regeneration. Additionally, the incorporation of PLGA 
enables controlled and sustained drug release, which is 
essential for maintaining therapeutic concentrations of 
simvastatin within the root canal system over time. 
The significance of nanoparticle-based delivery systems 
has been increasingly recognized in regenerative 
dentistry. Chang et al. [11] developed core-shell PLGA–
chitosan nanospheres loaded with simvastatin and 
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doxycycline, demonstrating enhanced periodontal and 
osseous repair through controlled drug delivery and 
improved tissue response. Similarly, Alzahrani et al. [10] 
highlighted the effectiveness of chitosan-functionalized 
nanoparticles in delivering bioactive agents, resulting in 
modulation of inflammatory markers and gene 
expression. These findings support the concept that 
nano-engineered scaffolds can significantly improve the 
biological performance of regenerative materials. 
Furthermore, the importance of scaffold architecture and 
biomaterial design in regenerative endodontics has been 
emphasized by Liu et al. [15], who noted that scaffolds 
mimicking the extracellular matrix and enabling 
sustained release of bioactive molecules are crucial for 
successful tissue regeneration. The nano hydrogel 
scaffold used in the present study likely provided a three-
dimensional framework that facilitated stem cell 
migration, attachment, and differentiation, thereby 
contributing to enhanced regenerative outcomes. 
In addition to clinical implications, recent advancements 
in chitosan-based technologies have broadened their 
applications in dentistry. Sinha et al. [12] discussed the 
versatility of chitosan in various dental innovations, 
highlighting its potential in both therapeutic and 
environmental applications. This underscores the 
adaptability of chitosan as a biomaterial and supports its 
continued exploration in regenerative endodontics. 
Despite the promising results, certain limitations must be 
acknowledged. The sample size was relatively limited, 
and the follow-up period was restricted to 12 months, 
which may not fully reflect long-term clinical 
performance. Moreover, histological validation of true 
pulp–dentin complex regeneration was not feasible. 
Future studies incorporating larger cohorts, extended 
follow-up, and advanced imaging or molecular analyses 
are recommended to further substantiate these findings. 
 
Conclusion 
 In summary, the present study reinforces the potential 
of simvastatin-loaded chitosan–PLGA nano hydrogel 
scaffolds as an advanced therapeutic strategy in 
regenerative endodontics, offering enhanced biological 
outcomes compared to conventional approaches. 
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