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Objective: The aim of this study was to evaluate and compare the effect of various disinfection protocols on
bacterial biofilm and subsequent release of growth factors from radicular dentine.

Methods: One hundred and ninety two extracted single rooted premolars were obtained and contaminat-
ed with E. faecalis biofilm for 21 days. The samples were then divided into three main groups - Group I: Irri-
gation (I) only, Group II: Calcium hydroxide (CH) placement followed by final irrigation and Group Ill: Triple
Antibiotic paste (TAP) placement followed by final irrigation. Each group was further then divided into four
sub-groups according to the final irrigating solution used — Sub group A: Saline, Sub group B: 17% EDTA,
Sub group C: 1% phytic acid and Sub group D: 0.2%. chitosan nanoparticles. After treatment, the samples
were subjected to colony-forming unit (CFU) analysis to determine bacterial reduction and the release of
TGF-31 and VEGF from the root canals, which was quantified using Enzyme-Linked Immunosorbent Assay
(ELISA). The data were analyzed using statistical tests.

Results: The maximum reduction in E. faecalis biofilm was observed in Group lll (TAP), followed by Group Il
(CH), and finally Group | (irrigation only). Among the subgroups, the maximum reduction in bacterial biofilm
was seen with chitosan nanoparticles, followed by phytic acid, EDTA, and saline. After 24 hours, the highest
release of both TGF-B1 and VEGF was observed in the chitosan nanoparticles subgroup, followed by phytic
acid, EDTA, and saline. Similar results were seen in the CH and TAP groups.

Conclusion: The study concluded that newer irrigating solutions, particularly 0.2% chitosan nanoparticles,
showed superior antibacterial activity and better smear layer removal, leading to greater growth factor re-
lease from the radicular dentine. The study also highlighted that TAP placement resulted in maximum bac-
terial reduction, regardless of the final irrigant used. Furthermore, the release of TGF-B1 was significantly
higher than VEGF in all groups.
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« 0.2% chitosan nanoparticles demonstrated superior antibacterial activity and better smear
layer removal, promoting greater growth factor release from radicular dentine.

TAP placement led to the maximum bacterial reduction, regardless of the final irrigant
used.

«  TGF-B1 release was significantly higher than VEGF in all groups, highlighting its important
role in the regenerative process.
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INTRODUCTION

Regenerative Endodontic Procedures (REP) emerged from the
pioneering experiments of Nygaard Ostby (1) and Nygaard
Ostby and Hjortdal (2), who established them as an ideal treat-
ment modality for replacing diseased or necrotic pulp tissue
with healthy tissue to revitalize the tooth. REP aims to preserve
and regenerate pulp-like tissue within the root canal system,
particularly in immature teeth with open apices, where the
goal is to stimulate the natural healing process. A critical factor
for successful regenerative treatment is the release of growth
factors such as Transforming Growth Factor Beta 1 (TGF-31),
Vascular Endothelial Growth Factor (VEGF), Bone Morphoge-
netic Protein 2 (BMP-2), Epidermal Growth Factor (EGF), and
basic Fibroblast Growth Factor (bFGF) from the dentinal ma-
trix. Among these, TGF-31 plays a crucial role in promoting
odontoblastic differentiation, while VEGF is essential for an-
giogenesis and blood vessel formation, which are both vital to
the success of regenerative therapies (3, 4).

A primary obstacle to the success of REP is pre-existing infec-
tion in the root canal system. Infections in the form of bacterial
biofilms can hinder the migration and differentiation of stem
cells, impeding the regenerative process (5). Biofilm formation
in the root canal system prevents the release of growth fac-
tors from dentine, which in turn affects the viability of stem
cells required for pulp regeneration. Enterococcus faecalis (E.
faecalis) is one of the most persistent bacteria in the root canal,
capable of forming biofilms that are resistant to conventional
disinfection protocols, making it a major challenge in regen-
erative endodontics. The biofilm can cling to the canal walls
and invade dentinal tubules, thus obstructing the necessary
release of growth factors needed for successful treatment (6).

In cases of immature teeth with open apices, mechanical de-
bridement is not advised, as it can compromise the integrity of
the fragile root structure. In such cases, chemical irrigation be-
comes the primary method for disinfecting the canal system.
The selection of appropriate irrigating solutions is, therefore,
crucial for ensuring effective disinfection, removing biofilm, and
facilitating the release of growth factors (7). While conventional
irrigants like sodium hypochlorite (NaOCl) and Ethylene Diamine
Tetracetic acid (EDTA) have been widely used in endodontics,
they are often limited by factors such as incomplete smear layer
removal, inadequate penetration into the dentinal tubules, and
their inability to fully address bacterial biofilms (8, 9).

Emerging irrigating solutions such as phytic acid and chitosan
nanoparticles are being explored for their superior ability to
remove the smear layer, enhance antibacterial action, and fa-
cilitate the release of growth factors. Phytic acid, a highly acidic
molecule, can effectively chelate calcium ions from dentine,
leading to better dentine conditioning and growth factor re-
lease (10). Chitosan nanoparticles, due to their small size and
polycationic nature, have been shown to interact with bacterial
membranes, offering improved antibacterial properties and
the potential for better penetration into dentinal tubules to
remove biofilms and residual medicaments (11). These newer
agents may offer advantages over traditional irrigants, partic-
ularly in the context of regenerative endodontic procedures.
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In addition to the choice of irrigants, intracanal medicaments
also play a pivotal role in controlling infection and promoting
successful regeneration. Calcium hydroxide has long been
recommended for its antimicrobial properties and ability to
stimulate healing in the root canal system (12). Recently, triple
antibiotic paste (TAP), consisting of a combination of metron-
idazole, ciprofloxacin, and minocycline, has gained popularity
for its broad-spectrum antimicrobial activity and its ability to
promote disinfection in regenerative procedures (13).

While individual studies have evaluated the effect of various
irrigating solutions and medicaments on bacterial biofilm (14,
15), few studies have comprehensively assessed their effects
on both biofilm removal and growth factor release from radic-
ular dentine (16-18). The combination of these factors and
their subsequent influence on regenerative outcomes has not
been thoroughly explored in the literature. Furthermore, while
studies have documented the release of TGF-1 from dentine
after chemical conditioning (19-21), literature on VEGF release
in response to different disinfection protocols remains limited.

This study aimed to fill this gap by evaluating and comparing
the effects of various disinfection protocols on bacterial biofilm
removal and the subsequent release of TGF-$1 and VEGF from
radicular dentine. The goal was to determine the most effec-
tive disinfection protocol that promotes both bacterial eradi-
cation and optimal release of growth factors, thereby enhanc-
ing the success of regenerative endodontic treatments.

The null hypothesis tested in this study was that there would
be no significant difference in the effects of various disinfec-
tion protocols on bacterial reduction and the release of TGF-31
and VEGF from radicular dentine.

MATERIALS AND METHODS

The manuscript of this laboratory study has been written ac-
cording to Preferred Reporting Items for Laboratory studies in
Endodontology (PRILE) 2021 guidelines (Fig. 1).

Ethical clearance was obtained from ITS Institutional Eth-
ics Committee (IIEC) (Reference No.: ITS-CDSR/IIEC/2019-22/
CONS/01). The study was conducted in the Department of
Conservative Dentistry and Endodontics in collaboration with
the Advanced Research Centre at ITS Dental College, Ghazia-
bad. The authors did not use any artificial intelligence (Al) as-
sisted technologies (such as Large Language Models [LLMs],
chatbots or image creators for this study. The study was con-
ducted in accordance with the Declaration of Helsinki.

This study considered the treatment of radicular root den-
tine with REP based irrigation and medicament protocol. For
each disinfection protocol antibacterial efficacy was evaluated
quantitatively by determining the reduction in colony forming
units followed by quantitative evaluation of TGF 31 and VEGF
release using enzyme linked immunosorbent assay (ELISA).

Sample Size Calculation
The sample size was calculated by the following formula.

With the help of literature survey we have found the ex-
pected S.D of group 1, group 2 and group 3 are 5.4 ,4.9 and
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RATIONALE/JUSTIFICATION (to establish a disinfection protocol using irrigating solutions

that will help to disrupt the biofilm and also bring about an increased release of growth
factors from the dentin matrix of radicular dentin.)

B

AIM-To evaluate and compare the effect of various disinfection protocols on
:::;;hlbhﬁhmdnbuqmntnhmulmwﬂ:ﬁmhm radicular

ETHICAL APPROVAL

(Ethical clearance was obtained from ITS Institutional Ethics Committee (IIEC)
(Reference No.: ITSCDSR/IIEC/2019-22/CONS/01)

SAMPLES (One hundred and ninety six freshly extracted, single-rooted, mature
premolars indicated for orthodontic extraction were collected)

1

EXPERIMENTAL AND CONTROL GROUPS, INCLUDE INDEPENDENT
VARIABLES

(GROUP I — only irrigation group, GROUP Il — calcium hydroxide followed by final

irrigation and GROUP Ill — triple antibiotic paste followed by final irrigation. Each
group was further divided into 4 sub groups according to the final irrigating solution
used — Sub group A : saline, Sub group B: 17% EDTA, Sub group C : 1% phytic acid and
Sub group D : 0.2% chitosan nanoparticles.)

OUTCOME(S) ASSESSED, INCLUDE DEPENDENT VARIABLES AND TYPE
(Half of the samples from each group were used for quantification of bacteria before
and after the disinfection protocol using CFU)

1

METHOD USED TO ASSESS THE OUTCOME (5} AND WHO ASSESSED THE
OUTCOME(S) (the other half of the samples were used to quantify the amount of
TGF- B1 and VEGF released from the root canals after the disinfection protocol using

ELISA by the author)

z 4
(reduction in E.faecalis biofilm was seen following the disinfection protocol used in
the study, also release of TGFbeta 1 and VEGF was also observed)

CONCLUSION(irrigating solutions like 0.2% chitosan nanoparticles can be used in the
regenerative disinfection protocol as it significantly showed both antibacterial activity
and the ability to remove smear layer for a better growth factor release.

B
FUNDING DETAILS

B

CONFLICT OF INTEREST

Figure 1. PRILE flow chart

PRILE: Preferred Reporting Items for Laboratory studies in Endodontology, EDTA:
Ethylene diamine tetraacetic acid, CFU: Colony-forming unit, TGF-f31: Transform-
ing growth factor beta 1, VEGF: Vascular endothelial growth factor, ELISA: Enzyme

linked immunosorbent assay

4.8 respectively and mean difference is 4.6 of three groups
for variables. Using the above formula with and software
Open Epi, Version 3, we have found the sample size for each
group is 64 and total is 192. Formula is:

2
(s12 + s22) (Zl_g + Zl_ﬁ)
D2

n=

The notation for the formulae is:
n= sample size of Groups

s1= standard deviation of Group 1
s2= standard deviation of Group 2
D= difference in group means

Z1-0/2 =two-sided Z value (eg. Z=1.96 for 95% confidence
interval).

Z1-B= power=80%

Sample Collection

A total of 192 freshly extracted, single-rooted, mature pre-
molars, each approximately 21 mm in length, were collect-
ed. Teeth with caries, internal or external resorption, highly
curved roots, immature root apices, or previous endodontic
treatments were excluded from the study.

Sample Preparation

The freshly extracted teeth were rinsed with phosphate-buffered
saline before being stored in a 0.1% thymol solution at 4°C. Peri-
odontal tissue was removed using ultrasonic scalers and curettes.
The coronal portions of the teeth were removed, and the root
segments were standardized by cutting them 7 mm from the
apex.To simulate clinical conditions of regenerative endodontics,
all root segments were instrumented with hand files (up to size
100) to create standardized canals with a 1-mm open apex. The
samples were then autoclaved for 30 minutes at 121°C under 15
psi pressure to ensure complete sterilization (9). Nail varnish was
applied to cover the external surface of the roots (17).

Biofilm Formation

The root canals were inoculated with a 20 uL suspension of En-
terococcus faecalis (ATCC 29212) using sterile micropipettes. The
canal opening was sealed with sterile cotton. To maintain humid-
ity, cotton dampened with distilled water was placed in Eppen-
dorf tubes along with the teeth, and the tubes were incubated
for 3 weeks at 37°C. Every two days, 20 pL of Brain Heart Infusion
(BHI) broth was added to provide nutrients for the bacteria (15).

Sample Categorization

After biofilm formation, the root segments were randomly di-

vided into three main groups (n=64 per group) according to

the type of disinfection protocol used:

« Group I: Only irrigation (Fig. 2).

e Group lI: Calcium hydroxide followed by final irrigation
(Fig. 3).

« Group lll: Triple antibiotic paste (TAP) followed by final ir-
rigation (Fig. 4).

Each group was further divided into four subgroups based on

the final irrigating solution:

« Subgroup A: Saline

+  Subgroup B: 17% EDTA

+  Subgroup C: 1% Phytic acid

«  Subgroup D: 0.2% Chitosan nanoparticles

Half of the samples in each group were used to quantify bac-
terial levels before and after disinfection using CFU analy-
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Figure 2. Irrigation only group. (a) Saline-Predisinfection (b) EDTA-Predisinfection (c) Phytic acid-Predisinfection (d) Chitosan Nanoparticles-Pre-
disinfection (e) Saline-Post Disinfection (f) EDTA-Post disinfection (g) Phytic acid-Post disinfection (h) Chitosan nanoparticles-Post disinfection

EDTA: Ethylene diamine tetraacetic acid

Figure 3. Calcium hydroxide medicament group. (a) Saline-Predisinfection (b) EDTA-Predisinfection (c) Phytic acid-Predisinfection (d) Chitosan
Nanoparticles-Predisinfection (e) Saline-Post Disinfection (f) EDTA-Post disinfection (g) Phytic acid-Post disinfection (h) Chitosan nanoparticles

-Post disinfection

sis, while the other half were used to measure the release of irrigant for 5 minutes using passive ultrasonic irrigation with U
TGF-B1 and VEGF from the root canals after the disinfection files (Mani Inc, Tochigi, Japan).

protocols using ELISA.
Medicament Protocol

Irrigation Protocol The root segments were treated first with 1.5% NaOCI (20 mL
The root segments were first irrigated with 20 mL of 1.5% Na-  for 5 minutes) followed by 17% EDTA (20 mL for 5 minutes)
Odl for 5 minutes, followed by 20 mL of the respective final to simulate the American Association of Endodontists (AAE)
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Figure 4. Triple antibiotic paste medicament group. (a) Saline-Predisinfection (b) EDTA-Predisinfection (c) Phytic acid-Predisinfection (d) Chitosan
Nanoparticles-Predisinfection (e) Saline-Post Disinfection (f) EDTA-Post disinfection (g) Phytic acid-Post disinfection (h) Chitosan nanoparticles

-Post disinfection

EDTA: Ethylene diamine tetraacetic acid

Regenerative Endodontic Procedures (REP) protocol. Calcium
hydroxide (RC CAL, Prime Dental, Mumbai) and triple antibi-
otic paste (1 g each of Metronidazole, Ciprofloxacin, and Doxy-
cycline mixed in saline) were placed into the root canals. After
a 7-day incubation period, the root segments were irrigated
with the final irrigants as per the subgroups using passive ul-
trasonic irrigation.

Biofilm Reduction

After the 21-day contamination period, a sterile ISO size 80 ab-
sorbent paper point was placed inside the canal of each spec-
imen for 1 minute and transferred to sterile Eppendorf tubes
containing 1 mL of BHI broth to create a suspension. The sus-
pension was vortexed for 30 seconds, and serial dilutions were
prepared. A 0.1 mL aliquot of the suspension was seeded onto
BHI agar plates, which were incubated at 37°C for 24 hours to
allow colony formation. The CFUs were then counted using
colony counting methods.

To confirm residual biofilm presence after disinfection, den-
tine shavings were collected from the root segments using a
sterile #4 Peeso reamer (Mani Inc, Tochigi, Japan) and trans-
ferred to sterile tubes with 1 mL of BHI broth. After incubation
at 37°Cfor 24 hours in an aerobic environment, the tubes were
vortexed, and serial dilutions were performed. A 1 uL sample
of each dilution was plated on agar plates, and CFUs were
counted to quantify bacterial reduction.

Growth Factor Release

After each disinfection protocol, root segments were placed in 1
mL of HBSS buffer for 24 hours. The medium was then withdrawn
and used to measure the release of TGF-31 and VEGF using spe-
cific human ELISA kits, following the manufacturer's protocol.

Statistical Analysis

Data on CFU/mL and growth factor release were analyzed us-
ing SPSS software (IBM Corp, Version 22.0, New York, USA). The
mean and standard deviation were calculated, and one-way
ANOVA was used to compare bacterial reduction and growth
factor release between groups. Post hoc Tukey’s test was ap-
plied for pairwise comparisons. Statistical significance was set
at p<0.05, with a confidence interval of 95%.

RESULTS

Reduction in E. faecalis Biofilm After Disinfection Protocol
Compared to bacterial levels before disinfection, the greatest
reduction in E. faecalis biofilm was observed in the TAP group
(Group Ill), followed by the calcium hydroxide group (Group Il),
and then the irrigation-only group (Group 1) (p<0.05). Within
the subgroups, significant reductions were seen in the chi-
tosan nanoparticles group, followed by the phytic acid group,
then the EDTA group, and finally the saline group for all three
major groups (p<0.05) (Table 1).

Release of TGF-f1 and VEGF from the Root Canals After
Disinfection Protocol

24 hours after irrigation, the chitosan nanoparticles subgroup
in Group | (irrigation only) released the highest amounts of
both TGF-B1 and VEGF, which was significantly greater than
the phytic acid and EDTA subgroups (p<0.05). The saline sub-
group released the least amount of growth factors, though this
was still statistically significant (p<0.05). For Groups Il (calcium
hydroxide) and Il (TAP), the chitosan nanoparticles subgroup
again released the most growth factors, significantly more
than the phytic acid subgroup (p<0.05). The phytic acid sub-
group released more than the EDTA subgroup, but there was
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TABLE 1. Reduction in E.faecalis count after disinfection (CFU/mL) of Group |, Il and Il for Saline (Subgroup A), 1 EDTA (Subgroup B), 1% phytic acid (Sub group C) and 0.2% CNPs (Sub group D)

Gugliani et al.

Reduction in E.faecalis count after disinfection

Group number

Intra group comparison (p)

Saline vs. Saline vs. EDTA vs. EDTA vs. Phytic
acid vs.

Saline vs.

Sub
group D
(0.2% CNPs)

Sub
group C
(1% phytic

Sub
group B
(17% EDTA)

Sub
group A
(Saline)

Effects of Disinfection Regimens on Biofilm Eradication and Growth Factor Release

phytic CNPs phytic CNPs

EDTA

CNPs

acid

acid

acid)

0.029*%
0.009*
0.010%

0.007* 0.001* 0.001* 0.003* 0.001*
0.001*

0.001*

223.88+6.09 234.77+4.97
244.19+3.81

209.82+5.14

196.61+4.12

Group |

0.001*

0.001*

0001*

217.80+6.20 232.96+5.87

226.04£5.41

204.36 +5.66

Group Il

0.001*

0.015* 0001* 0.001* 0.005*

250.11+£5.03

240.0+4.61

215.69 £7.01

Group llI

Inter group comparison (p)

0.002*
0.001*

0.025* 0.010*

0.001*

0.034*
0.001*

Group | vs. Il

0.001*

Group | vs. I

0.002* 0.048* 0.047*

0.002*

Group Il vs. Il

*: Indicates significant difference at p<0.05. CFU: Colony-forming unit, EDTA: Ethylene diamine tetraacetic acid, CNP: Chitosan nanoparticles

EUR Endod J 2025; 10: 1-10

no statistical difference between the two (p>0.05). The least
amount of growth factors was released by the saline subgroup.
Across all major groups, Group | (irrigation only) exhibited the
highest release of growth factors, followed by Group Il (cal-
cium hydroxide), and then Group Il (TAP) (p<0.05) (Table 2, 3).

DISCUSSION

Despite the high success rates of conventional root canal
treatments, an ideal therapeutic approach for teeth with open
apices involves Regenerative Endodontic Procedures (REP).
REP is a form of tissue engineering that combines disinfec-
tion of infected root canals with apical enlargement to allow
for revascularization. It also utilizes adult stem cells, scaffolds
(matrix), and growth factors (morphogens) (22). The irrigating
solutions used in REP must not only disinfect the root canal
system but also promote the secretion of growth factors to
support stem cell migration and differentiation, making den-
tine conditioning a crucial step in the procedure (23).

The first part of our study assessed the effectiveness of various
disinfection protocols against Enterococcus faecalis biofilm.
Significant bacterial reduction was observed in all groups, re-
gardless of the final irrigant used. The antibacterial efficacy of
chitosan nanoparticles was found to be the highest among the
final irrigants across all three groups, supporting the findings
of Geetapriya et al. (24). The polycationic structure of chitosan
interacts with the negatively charged bacterial surface, alter-
ing cellular permeability, causing leakage of intracellular com-
ponents, and ultimately leading to bacterial cell death (11, 25).

Phytic acid exhibited stronger antibacterial activity against E.
faecalis than EDTA and saline, which has been confirmed in
previous studies (26-28). Phytic acid disrupts bacterial mem-
brane integrity by reacting with divalent cations and increas-
ing cellular permeability. This, in turn, affects cellular mor-
phology and reduces ATP concentration within the bacteria,
making it effective against both gram-positive and gram-neg-
ative bacteria (29). In this study, the antibacterial efficacy of
EDTA was found to be less than that of chitosan nanoparticles
and phytic acid. Previous research by Arias-Moliz et al. (8) and
Zhang et al. (9) also reported that EDTA has weaker antibac-
terial properties against E. faecalis. This is likely due to its cal-
cium-chelating effect, which facilitates bacterial removal but
may limit its penetration into the dentinal tubules due to its
small surface tension and poor permeability (9).

A significant reduction in bacterial load was also observed
with saline as the final irrigating solution, likely due to the pri-
or use of sodium hypochlorite for 5 minutes. This result is con-
sistent with studies by Siqueira et al. (30) and Plutzer et al. (31).
Sodium hypochlorite's antimicrobial effect is primarily due to
its high pH, which disrupts bacterial cell integrity and inter-
feres with enzymatic and metabolic processes (31, 32).

The use of medicaments further enhanced bacterial reduction,
with the TAP group (Group lll) showing the greatest bacterial
reduction, followed by the calcium hydroxide group (Group
1), regardless of the final irrigant used. Our findings align with
those of Adl et al. (33) and Mozayeni et al. (34), who demon-
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strated that TAP exhibited superior antibacterial activity against
E. faecalis. Calcium hydroxide's effectiveness depends on its
ability to diffuse through the dentine into the tubules, where it
can act against E. faecalis. However, dentine buffers the alkaline
environment, limiting its effectiveness in some cases.

We also examined the effect of various disinfection protocols
on the release of TGF-31 and VEGF from radicular dentine. The
presence of a smear layer, residual bacteria, and leftover medica-
ment can prevent growth factor release. As a result, successful
regenerative endodontic treatment depends on using irrigants
that offer superior chelating and antibiofilm actions, in addition
to removing residual medicaments (19). Our findings align with
those of previous studies that reported the maximum release
of growth factors in the irrigation-only group, where medica-
ments could not interfere with the release due to their incom-
plete removal from the canals following irrigation (19, 20, 35).

Chitosan nanoparticles promoted the highest release of
growth factors, significantly higher than other subgroups in
Group | (irrigation only group). This finding supports studies
by del Carpio-Perochena et al. (11) and Ratih et al. (36), which
attribute these results to the nanoparticles' efficient smear lay-
er removal capability. Phytic acid also showed better growth
factor release than EDTA but was less effective than chitosan
nanoparticles in Group I. Phytic acid's high negative charge and
affinity for calcium ions, combined with its acidic nature, help
in removing the smear layer and facilitating growth factor re-
lease (20). Its antibacterial action also contributes to enhanced
growth factor release, as confirmed by Deniz Sungur et al. (10).

However, these results contradict studies by Jagzap et al. (37)
and Afshan et al. (38), who found 17% EDTA to be more effec-
tive than 1% phytic acid in smear layer removal. EDTA, a potent
chelator, binds to calcium ions, breaking down hydroxyapatite
crystals and releasing growth factors. Yet, when used for ex-
tended periods, EDTA can erode dentine, negatively affecting
the dentine matrix integrity (16, 39). Some studies, such as
those by Sadaghiani et al. (40) and Chae et al. (21), reported less
growth factor release with EDTA than with citric acid, suggesting
the effect may vary with the concentration and exposure time.

The chelating action of chitosan nanoparticles was also found
to effectively remove calcium hydroxide from the root canals,
leading to growth factor release comparable to that in Group
I. This aligns with the study by Raghu et al. (41), which found
0.2% chitosan to be more effective in removing calcium hy-
droxide than EDTA or citric acid.

For Group Il (TAP), chitosan nanoparticles again showed a
performance similar to Group I, which can be attributed to the
nanoparticles' small size and large surface area/mass ratio, al-
lowing them to reach and remove TAP from the intricate anat-
omy and dentinal tubules (42). Phytic acid, although less ef-
fective than chitosan nanoparticles, likely contributes to some
degree of medicament removal due to its acidic nature.

Even with EDTA, the removal of TAP was less efficient, but signifi-
cant growth factor release was still observed in the medicament
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groups. This can be explained by the use of passive ultrasonic
irrigation (PUI), which has been shown to enhance medicament
removal when combined with NaOCI/EDTA (43, 44).

Saline, though less effective, also led to detectable quantities
of growth factor release in all groups. This can be attributed
to the use of PUI, which, through its higher irrigant flow ve-
locity and slight mechanical action, enhances penetration and
removal of medicaments (45).

The use of medicaments like calcium hydroxide and TAP can
reduce growth factor release, as they cannot be entirely re-
moved from the root canals. TAP, in particular, binds to den-
tine, making its removal more difficult compared to calcium
hydroxide, which is water-soluble and more easily removed
(46-48). This may explain why calcium hydroxide resulted in
less growth factor release compared to TAP.

In our study, more TGF-B1 was released than VEGF across all
groups, which is consistent with previous research showing
that TGF-31 is more readily released from demineralized den-
tine compared to other growth factors (16, 19, 40). TGF-f31 is
considered a key growth factor in regenerative endodontics
due to its role in tissue repair and stem cell differentiation.

Our study provides quantitative data on VEGF release from the
apical thirds of root segments, as VEGF is involved in angio-
genesis and is more abundant near the vascularization regions
of the root canal. This is one of the first studies to measure
VEGF release quantitatively after disinfection, adding valuable
insights to the field.

Overall, the mobilization of growth factors from the dentinal ma-
trixis a multifactorial process, influenced by the irrigants' ability to
remove the smear layer, their antibacterial effectiveness, and their
capacity to eliminate residual medicaments. A major strength of
our study is that it evaluates the release of growth factors after
biofilm formation using phytic acid and chitosan nanoparticles as
final irrigants. Additionally, we are the first to provide quantitative
data on VEGF release from radicular dentine after disinfection.

There are limitations to our study. Firstly, we did not evaluate
bacterial load before the procedure. The decoronation of teeth
does not fully represent clinical conditions, and the study was
limited to simulating open apices. Furthermore, as with all in
vitro studies, the findings cannot fully replicate clinical scenar-
ios, so further long-term clinical studies are needed. Addition-
ally, the use of a monospecies biofilm is a limitation, as the root
canal system is typically inhabited by a multispecies biofilm.

CONCLUSION

Considering the limitations of this study, we conclude that
growth factor release from the root canal is multifactorial,
with residual biofilm and medicaments negatively impacting
release. Chitosan nanoparticles, as the final irrigant, exhibited
superior smear layer removal, antibiofilm action, and growth
factor release from radicular dentine. TAP treatment resulted
in the greatest bacterial reduction, regardless of the final irrig-
ant used. Furthermore, TGF-f31 release was significantly higher
than VEGF release across all groups and subgroups.
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