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Abstract: Aim: To formulate and characterize a palm-oil-in-water-based α-Mangostin nano-emulsion
(PO-AMNE) endodontic irrigant, in order to evaluate its antibacterial efficacy against Enterococcus
faecalis, Staphylococcus epidermidis, and Candida albicans biofilms, as well as its capacity to remove
smear layer. Methods: The solubility of α-Mangostin in various oils was determined and selected,
surfactants and co-surfactants were used for the nano-emulsion trial. PO-AMNE was prepared
and optimized. The MIC was performed, and the antimicrobial efficacy was estimated against
biofilms. The optimized 0.2% PO-AMNE irrigant antimicrobial efficacy in a tooth model was done
using colony-forming units. The treated teeth were processed by scanning electron microscopic
examination for debris and smear layer removal. An Alamar Blue assay was used to evaluate cell
viability. The optimization of the PO-AMNE irrigant was performed using Box–Behnken statistical
design. Results: The optimized 0.2% PO-AMNE irrigant was found to have a particle size of 340.9 nm
with 0.246 PDI of the dispersed droplets, and a zeta potential (mV) of −27.2 ± 0.7 mV. The MIC
values showed that 0.2% PO-AMNE (1.22 ± 0.02) were comparable to 2% CHX (1.33 ± 0.01), and
3.25% NaOCl (2.2 ± 0.09) had the least inhibition for E. faecalis. NaOCl (3.25%) showed the maximum
inhibition of S. epidermidis (0.26 ± 0.05), whereas 0.2% PO-AMNE (1.25 ± 0.0) was comparable to 2%
CHX (1.86 ± 0.07). For C. albicans, 2% CHX (8.12 ± 0.12) showed the least inhibition as compared
to 0.2% PO-AMNE (1.23 ± 0.02) and 3.25% NaOCl (0.59 ± 0.02). The 0.2% PO-AMNE irrigant was
then evaluated for its antimicrobial efficacy against the three biofilms, using colony-forming units.
The 0.2% PO-AMNE was comparable to both 3.25% NaOCl and 2% CHX in inhibiting the growth
of biofilms. The 0.2% PO-AMNE and 17% EDTA eliminated the smear layer with the lowest mean
scores (p < 0.001). Finally, 0.2% PO-AMNE was shown to be biocompatible when compared to 17%
EDTA, 3.25% NaOCl, and 2% CHX in immortalized oral keratinocyte cells. Conclusion: Overall, the
formulated 0.2% PO-AMNE irrigant was an effective antimicrobial and biocompatible which could
combat endodontic-infection-related polymicrobial biofilms.

Keywords: palm oil; α-Mangostin; nano-emulsion; antimicrobial; endodontic irrigant

1. Introduction

Medicinal plants are an inexhaustible source of novel bioactive compounds which
have a promising future in medicine [1,2]. Mangosteen (Garcinia mangostana Linn) is a
fruit that grows in Asian countries, such as Malaysia, Myanmar, Thailand, the Philippines,
Sri Lanka, and India. α-Mangostin, a natural xanthone produced from the pericarp of
mangosteen, has been documented for its distinct pharmacological activities [3]. This
compound has been shown to possess antibacterial [4], antifungal [5], and antiparasitic
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properties [6]. Multi-species biofilms cause infections of the root canal system in teeth
and periradicular tissues, and microbial persistence appears to have a major role in the
endodontic treatment outcome [7]. In cases of failed endodontic therapy and canals with
persistent infections, Enterococcus faecalis (E. faecalis) and yeast, primarily Candida albicans
(C. albicans), have been repeatedly identified. [8,9]. Murad et al. (2014) reported that
Staphylococcus epidermidis (S. epidermidis) plays an important role in persistent endodontic
infections [10]. Various studies have evaluated the effects of α-Mangostin on E. faecalis,
S. epidermidis, and C. albicans. Flavonoids derived from the mangosteen pericarp were
found to be effective against E. faecalis bacterial biofilm [11].

The instrumentation during the shaping of canals leads to organic and inorganic
remnants on the canal, leading to an uneven and granular layer called the smear layer [12].
This layer obstructs the dentinal tubules by reducing dentinal permeability, delaying the
action of topical medications and irrigants, and preventing close contact of the filling
material with the dentinal walls [13]. As a result, there is an increased risk of bacterial
infection and failure [14]. Removing the smear layer leads to better irrigant interaction
with canal walls, resulting in improved cleaning and closer interfacial proximity between
root canal fillings and dentin. Citric acid has been commonly employed to remove the
smear layer, which has strong chemical stability, is inexpensive [15], and has excellent
results [16,17].

Root canal irrigants have been used as an adjunct to enhance the antibacterial effect of
cleaning and shaping in endodontic treatment for many years. Because of its dissolving
action on pulp tissue and antibacterial activity, sodium hypochlorite (NaOCl) is the most
commonly used irrigant in the treatment of infected root canals. However, when injected
into periapical tissues, it has a cytotoxic effect, leaves a bad odor and taste, has a corrosive
potential, and may cause allergic reactions [18]. Chlorhexidine (CHX) is a cationic bis-
biguanide and has been used as an irrigating solution during root canal treatment due to
its broad antibacterial activity. However, the use of CHX as a root canal irrigant is limited
because it has no tissue solvent activity and some patients may have allergic reactions to
it [19]; additionally, it can discolor teeth [20]. Previous research has shown that both NaOCl
and CHX were highly cytotoxic to human periodontal ligament (PDL) cells, by inhibiting
mitochondrial activity [21]. As a result, there is a growing need for irrigants with effective
antimicrobial properties that are also biocompatible with oral tissues.

Nano-emulsions are colloidal systems that are made up of two immiscible phases,
and are translucent, with droplet sizes ranging from 50 to 500 nm. Surfactants, or a
mixture of surfactants and co-surfactants, are used to kinetically stabilize these systems
and reduce the droplet size of the nano-emulsion [22,23]. Controlling medication release
and providing a wide range of therapeutic agents are two main advantages of nano-
emulsions [24]. Furthermore, they outperform macroemulsions in terms of surface area and
free energy, and coalescence, flocculation, creaming, and sedimentation are also avoided.
Nano-emulsions can be made with lower emulsifying agent concentrations, lowering
surfactant-related toxicity [25].

The antimicrobial efficacy of α-Mangostin nano-emulsion was evaluated against E.
faecalis, S. epidermidis, and C. albicans biofilms, as these species cause the most prevalent
root canal infections. E. faecalis is a microorganism that is detected in persistent and
asymptomatic endodontic infections, which is quite prevalent in such infections ranging
from 24% to 77% [26]. Palm oil is a medium-chain fatty-acid-rich source of lauric acid
(LA). Hess et al., 2015 [27] and Hinton and Ingram (2006) [28] found that LA inhibited
the formation of E. faecalis biofilms, while Krishnapriya et al. (2019) reported that LA
was effective against C. albicans [29]. S. epidermidis is also a Gram-positive facultative
anaerobic bacterium that infects the root canal and stays in a benign relationship with
the host. Moreover, this is an opportunistic pathogen, as it invades the host defenses like
antimicrobial peptides (AMPs) on human skin and penetrates the epithelial barrier [30].
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Our work aims to formulate and characterize an α-Mangostin oil-in-water nano-
emulsion-based endodontic irrigant, targeting antimicrobial efficacy against E. faecalis,
S. epidermidis, and C. albicans biofilms with smear layer removal capability. In addition, it
will be tested for biocompatibility in immortalized oral kerantinocyte OKF-6 cells.

2. Materials and Methods

The α-Mangostin (purity > 95%) was procured from Chengdu Biopurify Phytochemi-
cals (China). The procurement of palm oil, olive oil, and avocado was done from Country
Farms Sdn Bhd (Malaysia). The macadamia oil was procured from Macadamia Nut Oil,
Malaysia, almond oil from IN-SCENT (USA), and primrose oil from iHerb (Malaysia).
The surfactants Tween 80, Tween 20, glycerol, and Span 80 were obtained from Merck,
Sigma-Aldrich, St. Louis, USA. The other surfactants, Lipophille, Labrafac™ PG, Labrafil
CS, and Peceol, were gifted by Gattefosse, Saint Priest, France. The Maisine and Transcu-
tol HP co-surfactants were procured from Gattefosse, Saint Priest, France. The dialysis
membrane (12 kDa cut-off) was purchased from HiMedia Laboratories Mumbai, India.
A low-speed diamond saw was obtained from Buehler (Isomet, Buehler Ltd., Lake Bluff,
IL, USA). A Gates Glidden drill was obtained from Mani®, Utsunoniya, Tochigi, Japan
and the low-speed handpiece was obtained from Kavo, Charlotte, NC, USA). The K-files
and ProTaper Universal rotary system were obtained from Dentsply, Maillefer, Ballaigues,
Switzerland.

2.1. Development of PO-AMNE: Formulation and Characterization

Various oils, surfactants, and co-surfactants were employed to evaluate the solubility
of α-Mangostin during the selection of components for the development of PO-AMNE.

2.1.1. Selection of Suitable Internal Phase (Oil): Screening of Oils for α-Mangostin
Nano-Emulsion Development

α-Mangostin was added to the oils every 6–12 h, until the additive was no longer
visibly soluble. To establish equilibrium, the mixture was maintained for 72 h at 37 ◦C in
a shaking water bath incubator, at 100 rpm. α-Mangostin was added every 24 h, until it
could no longer be visually dissolved. After 72 h, the samples were centrifuged for 15 min
to produce the residue, which was diluted with methanol (Solution A) and filtered through
a 0.22 mm membrane filter [31]. α-Mangostin concentration was determined using the UV
spectrophotometric technique, at a wavelength of 248 nm.

2.1.2. Selection of Surfactants and Co-Surfactants

α-Mangostin was added to the surfactants and co-surfactants every 6–12 h, until the
additive was no longer visibly soluble. The absorbance of the diluted sample was then
measured at 248 nm. Then, to determine the final surfactant and co-surfactant, 1 mL of each,
with a combination of palm oil, was added dropwise, followed by 1 min of vortexing. This
was performed until the mixture turned turbid. Each sample was performed in triplicate.
For the nano-emulsion test, the chosen surfactant and co-surfactant were used [31].

2.1.3. Preparation of PO-AMNE

The PO-AMNE was prepared by high-pressure homogenization for 3 cycles, alongside
an aqueous titration method, based on the different ratios of the components as suggested
by the software. The weighed quantity of the drug was added to the oil and stirred
until complete solubilization was achieved. The mixtures of surfactants, acid, and water
were added into the respective tubes in specific ratios, followed by the dropwise addition
of an aqueous phase with continuous vortex-mixing, to form a clear, transparent, and
homogeneous PO-AMNE. Finally, the clear, transparent, or slightly whitish PO-AMNEs
were evaluated for the droplet size, polydispersity index (PDI), and zeta potential, using
Zetasizer (Nano-ZS90, Malvern Instruments, Worcestershire, UK).
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2.2. Thermodynamic Stability Testing of α-Mangostin Nano-Emulsion
2.2.1. Centrifugation Test

All formulations were centrifuged at 5000 rpm for 30 min and checked for phase
separation, creaming, and/or cracking. The homogenous stable formulations were chosen
for further research after triple testing [31].

2.2.2. Heating–Cooling Cycle

To determine the temperature effect formulation stability, formulations were kept at
40 ◦C and 4 ◦C for 48 h, in three cycles. After this, formulations were observed for any
instability (phase separation, turbidity, etc.) [31].

2.2.3. Freeze–Thaw Cycle

Three freeze–thaw cycles at −20 ◦C and 25 ◦C, for 48 h each, were used to assess ther-
modynamically stable materials. Creaming, cracking, and phase separation was examined
after the freeze–thaw cycles. To identify any drastic change in the droplet size, PDI, and
surface charge, these parameters of all the stable formulations were compared [31].

2.3. Box–Behnken Statistical Design: Optimization of the α-Mangostin Nano-Emulsion (PO-AMNE)

According to the literature, oil and surfactant percentages play a significant influence
in achieving the ideal droplet size and polydispersity index in nano-emulsion formu-
lation [31,32]. In addition, the cosolvent may have affected the physical properties of
nano-emulsions [33]. Therefore, in this optimization process, the percentage of oil (palm
oil), percentage of Smix (Span 80: Tween 80::1:2), and percentage of cosolvent in nano-
emulsion formulation were regarded as independent variables, and their effects on droplet
size and polydispersity index of the nano-emulsion were investigated using a three-factor,
three-level Box–Behnken statistical design (Design Expert®, version 12; State-Ease Inc.,
Minneapolis, MN, USA).

Three levels of the three independent variables were determined and included in
the software [33] based on our preliminary studies and literature data. The droplet size
and polydispersity index of each formulation were analyzed based on the software’s
recommendation of 17 batches, containing a combination of different levels of independent
variables (Table 1). In addition, based on the experimental data of the droplet size and
the PDI of the suggested 17 formulations, the software was used to obtain the software-
recommended optimal formulation. Analysis of variance (ANOVA) was used to analyze
the interaction of three independent variables with their three-level dependent variables.

In addition, the effect of the interaction of the three independent variables on droplet
size and PDI was illustrated using software-generated perturbation plots, experimental
versus predicted plot contour plots, and 3D surface plots.

Y = b0 + b1A + b2B + b3C + b12AB + b13AC + b23BC + b11A2 + b22B2 + b33C2 (1)

where Y represents dependent dent variables, droplet size, and PDI, whereas b0 is the
intercept, and the coefficient for the respective model, where the terms are represented by
b1, b2, b3, b12, b13, b23, b11, b22, and b33 [34].

2.3.1. Measurement of Droplet Size, Polydispersity Index, and Zeta Potential

Using Zetasizer, the mean droplet size and degree of droplet size distribution were
analyzed. Using the same instrument, the surface charge of the formulations was measured.
As stated previously, thermodynamic stability studies were conducted on the developed
PO-AMNE.
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Table 1. Box–Behnken Design: three independent variables and their three levels.

Batch
Level of Independent Variables

A B C

F1 −1 0 −1

F2 1 0 1

F3 0 0 0

F4 1 0 −1

F5 0 0 0

F6 0 1 −1

F7 0 0 0

F8 −1 1 0

F9 1 1 0

F10 −1 −1 0

F11 0 −1 1

F12 0 0 0

F13 1 −1 0

F14 0 0 0

F15 −1 0 1

F16 0 1 1

F17 0 −1 −1

Independent variable
Levels

Low (−1) Medium (0) High (1)

A = Oil (% v/v) 5 7.5 10

B = Smix (% v/v)
Smix :: Span 80:
tween 80 :: 1:2

9 15 21

C = Glycerol (% v/v) 10 15 20

Dependent variables

Y1 = Droplet size (nm)

2.3.2. Preparation of Optimized Palm-Oil-Based α-Mangostin Nano-Emulsion (PO-AMNE)

α-Mangostin-loaded oil-in-water nano-emulsions (NEs) were formulated with the
same proportions of palm oil, Smix, 10% citric acid, and aqueous phases as the optimized
formulation. The low energy emulsification technique was utilized to formulate the drug-
loaded NE formulation, in which 20 mg α-Mangostin was dissolved in the oil phase,
followed by the addition of Smix, acid, and aqueous phase to yield 10 mL of the NE
formulation (0.2% PO-AMNE).

2.3.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopic evaluation was performed to determine the struc-
ture and morphology of the formulated PO-AMNE. A drop of the 100-fold diluted sample
was placed on a 300-mesh carbon-coated copper grid for analysis. Finally, 2% phospho-
tungstic acid was used to negatively stain the droplets, which were then examined using a
100 kV microscope [35].
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2.4. Antimicrobial Studies
2.4.1. Microorganisms

E. faecalis, S. epidermidis, and C. albicans in the biofilms formed in the microtiter dish
were quantified directly by counting the microbial cells adhering to the surface. For the
identification of any metabolic alterations of three test organisms, E. faecalis, S. epidermidis,
and C. albicans, an analytical profile index (API) identification scheme had been used [36,37].

2.4.2. Determination of Minimum Inhibitory Concentration (MIC)

For the present study, MIC was performed for E. faecalis, S. epidermidis, and C. albicans.
The concentration of α-Mangostin nano-emulsion that has been used for the study is 0.2%
of α-Mangostin [38].

2.4.3. Micro Dilution Method

Here, the MIC of PO-AMNE against E. faecalis, S. epidermidis, and C. albicans chloride
(TTC) was used as an indicator [39].

2.4.4. Biofilm Assay (Microtiter Plate)

Bacteria are incubated at the “U”-shaped bottom of 96-well microtiter plates, in order
to observe the adherence of bacteria to an abiotic surface. Cells that are adhered to the
wells get stained for visualization [40].

2.5. Ex Vivo Experiment—Antimicrobial Efficacy—0.2% PO-AMNE Irrigant in aTooth Model
Using Colony-Forming Units (CFU)
2.5.1. Tooth Sample Preparation

One hundred sixty freshly extracted caries-free single-rooted mandibular premolars
extracted for orthodontic treatment were collected from patients with their informed
consent in accordance with a protocol, reviewed and approved by the Institutional Review
Board of International Medical University, Joint Committee on Research and Ethics for
the research project ID: PMHS I-2018 (01). In this research, the experiment model was
a modified version of the Haapasalo and Orstavik tooth model that included bovine
teeth. This model was used because it offered a more accurate simulation of clinical
circumstances for evaluating the antimicrobial efficacy of endodontic irrigants in dentinal
tubules. To evaluate the CFU, one hundred and sixty dentin blocks were prepared. These
teeth specimens of 8 mm width were obtained by removing the crowns (2–3 mm from
the cement–enamel junction), and 3 to 5 mm of the apical portion of the root, using a
low-speed diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL, USA). The inner diameter
of the root canals of each sample was standardized using a Gates Glidden size 3 (Mani®,
Utsunoniya, Tochigi, Japan) drill at 300 rpm with a low-speed handpiece (Kavo, Charlotte,
NC, USA) [41].

2.5.2. Antimicrobial Assessment Using Colony-Forming Units (CFU)

The CFU measurement technique was used to estimate the antimicrobial efficacy of a
nano-formulation irrigant in tooth models. The E. faecalis, S. epidermidis, and C. albicans were
grown overnight in a BHI broth [42]. Each dentin block was submerged in microcentrifuge
tubes containing BHIA (Brain Heart Infusion Agar) broth that had been pre-sterilized. To
contaminate the dentin block, 50 µL of the overnight culture of E. faecalis, S. epidermidis,
and C. albicans cultures were placed in each microcentrifuge tube. On BHIA (Brain Heart
Infusion Agar) plates, 5 µL of the broth from the incubated dentin blocks was subcultured to
determine the purity of the culture. The samples of teeth were irrigated. The dentin blocks
were randomly divided into four groups of 10 specimens for each organism (E. faecalis,
S. epidermidis, and C. albicans): group 1: 0.2% PO-AMNE, group 2: 2% CHX (CHX), group
3: 3.25% NaOCl, and group 4: saline (control). After irrigation, bacterial growth was
evaluated by harvesting dentin chips at 200 µm and 400 µm with Gates Glidden drills No.
4 and No. 5 (Mani®, Utsunoniya, Tochigi, Japan), respectively [43].
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2.6. Smear Layer Removal in Tooth Model

To perform this experiment, 30 extracted human single-rooted premolars were selected
for this study. The samples were randomly divided into 3 groups (n = 10), where treatments
were as follows: group 1: 0.2% PO-AMNE, group 2: 17% EDTA and group 3: saline.

Access cavities were prepared and working lengths were determined by deducting
1 mm from the length at which the file was barely visible to the naked eye at the apical
foramen. Using the ProTaper Universal rotary system (Dentsply, Maillefer, Ballaigues,
Switzerland), canals were prepared. Each canal was finished with a #F3 apical preparation.
Each solution (30 mL) was used to determine the effects of experimental and control
solutions as a final rinse on the surface of root canals after instrumentation, for a total
duration of one minute. A 30-gauge side-vented needle (Dentsply Tulsa Dental, Tulsa,
OK, USA) was passively placed within the middle third of the root canals to deliver the
irrigating solution. The teeth were then divided longitudinally into two halves. The
samples were then scheduled for scanning electron microscopic (SEM) evaluation [44].

2.6.1. Selection of Representative SEM Sections

After the central beam of the SEM had been directed to the center of the object by
the SEM operator at 10× magnification, the magnification was increased to 200× and
subsequently, 1000×, respectively, and the canal wall region appearing on the screen was
photographed [45].

2.6.2. SEM Analysis and Scoring

The smear layer score systems, introduced by Hülsmann et al., [45] were followed to
score the smear layer (Table 2). These scoring systems were applied to the coronal, middle,
and apical thirds of the canal [45].

Table 2. Scoring criteria for smear layer evaluation.

Score Criteria

1 Clean root canal wall and only a few small debris particles

2 A few small agglomerations of debris

3 Many agglomerations of debris covering less than 50% of the root canal wall

4 More than 50% of the root canal walls were covered with debris

5 Complete or nearly complete root canal wall coverage with debris

The results were then dichotomized into “clean canal wall”, which included scores 1
and 2, and “smear layer present”, which included scores 3, 4, and 5.

2.7. Biocompatibility Test Using an Alamar Blue Assay on Immortalized Oral Kerantinocyte
OKF-6 Cells

The Alamar Blue assay was used to determine the viability of immortalized oral
keratinocyte OKF-6 cells. The cells were cultured in keratinocyte serum-free medium (SFM,
Thermo Fischer, Waltham, MA, USA) and seeded at a density of 1.8 × 104 cells per well
in a 96-well black plate. The cells were allowed to attach overnight. The cells were then
treated with group 1: 20 mgs/mL α-Mangostin, group 2: 0.2% PO-AMNE, group 3: 3.25%
NaOCl, group 4: 2% CHX, and group 5: 17% EDTA. The cells were then treated for 1 min,
5 min, 10 min, 30 min, and 1 h. Later, the medium in each well was changed to a standard
culture medium. Then, 10 µL of Alamar Blue (Invitrogen, Carlsbad, CA, USA) was added
to each well, followed by a 4 h incubation at 37 ◦C and 5% carbon dioxide. Furthermore, the
fluorescence of each well was measured using the FLx800 fluorescence microplate reader at
570 nm excitation and 590 nm emission wavelengths (Bio-Tek, Winooski, VT, USA) [46,47].
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2.8. Statistical Analysis

The data obtained were entered manually in Microsoft Excel Data, and the data were
cleaned. IBM SPSS Statistics for Windows software, Version 29.0. (IBM Corp: Armonk, NY,
USA)) was used for data analysis, to represent the data graphically and provide statistical
analysis. The mean and standard deviation was analyzed using descriptive statistics. The
normality of the data was assessed by using the Kolmogorov–Smirnov test. A one-way
analysis of variance (ANOVA), with a Dunnett’s test, was used to investigate significant
differences between the four groups of data that followed (differences between the four
groups). To do the pair-wise comparison, a Tukey’s post-hoc test was used. The significance
level was set at p < 0.05.

3. Results
3.1. Formulation and Characterization of PO-AMNE
Selection of Oils, Surfactants, and Co-Surfactant for PO-AMNE Development

The selection of suitable components for the development of NE was determined in
different components.

The solubility profiles of α-Mangostin in various components are depicted in Table 3,
where the highest solubility of α-Mangostin was obtained in palm oil (29.579 ± 0.101 mg/mL),
Tween 80 (70.804 ± 0.102 mg/mL), Span 80 (69.236 ± 0.032 mg/mL), and glycerol
(212. 412 ± 0.07 mg/mL). As a result, palm oil 90, Tween 80, Span 80, and glycerol were
chosen as the oil, surfactant, and co-surfactant for the next phase of NE development.

Table 3. Solubility profiles of α-Mangostin in different oils surfactants and co-surfactants.

Oils α-Mangostin Solubility * (mg/mL)

Palm oil 29.579 ± 0.101

Olive 27.288 ± 0.006

Avocado 27.38 ± 0.010

Macadamia 27.182 ± 0.011

Almond 27.885 ± 0.045

Primrose 26.807 ± 0.008

Surfactants and Co-surfactants α-MangostinSolubility (mg/mL) *

Tween 80 70.804 ± 0.102

Tween 20 64.31 ± 0.0588

Lipophille 34.71 ± 0.03

Labrafac PG 54.632 ± 0.014

Labra CS 64.104 ± 0.074

Peceol 39.2422 ± 0.25

Maisine 34.51 ± 0.045

Glycerol 212. 412 ± 0.07

Transcutol HP 418.457 ± 0.122

Transcutol HP 417.755 ± 0.076

Span 80 69.236 ± 0.032
* The data are presented in this table as the mean ± SD, n = 3.

3.2. Measurement of Droplet Size, Polydispersity Index, and Zeta Potential
3.2.1. Droplet Size

Among the various physical properties of nano-emulsion, droplet size is one of the
most crucial parameters because it affects the formulation aesthetic appeal and stability [48].
To lessen the experimental burden, we included droplet size as one of the dependent
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variables in the optimization procedure. Table 4 displays the results of a statistical analysis
of the effect of the interaction between the percentage of oil, Smix, and glycerol (cosolvent)
on the droplet size of blank nano-emulsion.

Table 4. Analysis of variance data for droplet size.

Source F-Ratio p-Value

Model 79.96 <0.0001

A 568.47 <0.0001

B 46.82 0.0002

C 0.0808 0.7845

AB 16.76 0.0046

AC 7.79 0.0269

BC 9.46 0.0179

A2 48.02 0.0002

B2 15.36 0.0058

C2 8.53 0.0223

Residual

Lack of Fit 2.68 0.1823

Pure Error

The model F-value of 79.96 and p-value of <0.05 represented the significance of the
best fit quadratic model, and the representative p-values (p < 0.05) for the model terms A, B,
AB, AC, BC, A2, B2, and C2 have the statistical significance influence on droplet size of the
developed nano-emulsion.

The F-value of 2.68 and p > 0.05 for the lack of fit indicated the insignificance of the
lack of fit relative to the pure error. Non-significance of the lack of fit is good as it represents
the model to be fit. An adequate precision (signal-to-noise ratio) value of 28.764 indicated
an adequate signal for the suggested quadratic model. Hence, this model could be used to
navigate the design space. A polynomial equation on the responses of three independent
variables on globule size was generated in the fitted model (Equation (2)), where Y1 repre-
sents the droplet size of the formulation. Coefficient values for the respective model terms
help to identify the relative impact of the independent variables on globule size.

Together with increasing palm oil and glycerol %, the positive coefficient of model
terms A (+230.71) and C (+2.75) represented that the droplet size of the nano-emulsion
was also increased; although, the effect of glycerol content on the droplet size of the
formulation was insignificant, as represented in Table 4 (p > 0.05). As per the literature, a
significant effect of glycerol content was reported when the % of glycerol was more than
20% [49]. In our experiment, the percentage was within 20%, which might the reason for the
insignificant effect of glycerol content on droplet size. Alternatively, a negative coefficient
value of −66.21 for the model term indicated increasing droplet size, with increasing % of
Smix. The effect of oil content and Smix content on droplet size were in agreement with
the literature data. The negative coefficient value (−56.02) of model term AB (Equation (2))
indicated decreasing in droplet size with increasing the combined effect of model terms
A and B. Similarly, model term C was also associated with a negative coefficient, which
represents a decrease in droplet size, with increasing combined interaction of model terms
A and C. Combined effects of model terms AB and AC on droplet size were significant,
which was evident in their respective p-values; whereas, a positive coefficient (+38.20) was
associated with the model term AC, which represents the combined effect of model terms
A and C as inverse with globule size.
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Y1 = +428.76 + 230.71 × A − 66.21 × B + 2.75 × C + 92.43 × A2 − 56.02 × A × B + 38.20 × A × C − 52.27 × B2 −
42.10 × B × C + 38.96 × C2

(2)

Moreover, proportional increases in droplet size with increasing oil % are evident
with a steep positive slope in the perturbation plot (Figure 1A) associated with increasing
model term A, which is in agreement with the positive coefficient value (+230.71) of the
model term A in Equation (2). Alternatively, the negative slope in the perturbation plot
(Figure 1A) associated with increasing model term B indicated decreasing droplet size with
increasing Smix %, which is follows the negative slope (−66.21) of the model term B in
Equation (2). The similar effect of model terms A and B are also evident in the 3D surface
plot (Figure 1B). Increasing the surfactant % might provide a layer for the adsorption of the
oil and water phase and reduce the interfacial tension between the dispersible droplets and
the external aqueous phase, which leads to a decrease in droplet size [50]. Predicted and
experimental globule size data are close together, which can be seen in the predicted vs.
actual plot (Figure 1C).

A
BB

C

Figure 1. Effect of interaction of independent variables on the droplet size of nano-emulsion formula-
tion: (A) Perturbation plot, (B) 3D surface plot, (C) predicted vs. actual graph.

3.2.2. Effect of the Independent Variable on Polydispersity Index

The PDI measures the homogeneity of dispersed oil droplets. Additionally, it ensures
the formulation stability. Low PDI values signify the high kinetic stability of nano-emulsion
formulation, while high PDI values signify low formulation stability [51]. Uniform droplets
with a narrow size distribution are represented by low PDI values, which signify high
kinetic stability.
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The statistical data from the quadratic model, of the interaction of three independent
variables on PDI, is mentioned in Table 5. The model F-value of 15.12 and p-value of
0.0008 (p < 0.05) indicated model significance. Further, model terms A, B, C, A2, and B2 are
found to have a significant effect on the PDI of the droplet size range of the formulation, as
the respective p < 0.05. The F-value of 3.57 for the lack of fit term and respective p-value
(p > 0.05) represented that the lack of fit is not significant relative to the pure error. An
insignificant lack of fit is good, as we want the model to fit. Additionally, an adequate
precision value of 14.113, more than 4, indicated a sufficient signal. Hence, this model could
be used to navigate the design space.

Table 5. Analysis of variance data for PDI.

Source F-Ratio p-Value

Model 15.12 0.0008

A 19.96 0.0029

B 70.92 <0.0001

C 7.34 0.0303
AB 1.72 0.2306
AC 0.3818 0.5562
BC 4.54 0.0705
A2 17.68 0.0040

B2 11.64 0.0113

C2 0.9561 0.3607

Residual

Lack of Fit 3.57 0.1254

Pure Error

The closeness of actual PDI and predicted PDI is evident in the predicted vs. actual
plots (Figure 2C). The quadratic model generated a polynomial equation on the effect of
three independent variables on the PDI of the formulation, presented in (Equation (3)),
where Y2 represents the PDI of the formulation. Coefficient values corresponding to the
respective model terms indicate the relative impact of the independent variables on the
PDI of the nano-emulsion.

Y2 = +0.2396 + 0.0511 × A − 0.0964 × B + 0.0310 × C + 0.0663 × A2 − 0.0212terms − 0.0100 × A × C + 0.0538 ×
B2 − 0.0345 × B × C − 0.0154 × C2

(3)

The positive coefficient of the model terms A and C, along with a significant p-value
(p < 0.05) (Table 5 and Equation (3)), indicated the significant increase in PDI with increas-
ing oil and glycerol % in nano-emulsion; whereas the negative coefficient value associated
with the model term B indicated that there was a decrease in PDI with increasing surfactant
content. The perturbation plot and 3D surface plot on the effect of % of oil, Smix, and glyc-
erol on PDI of the formulation, are shown in Figure 2A,B, respectively, where an increasing
PDI with increasing oil content, and contrarily, the decreasing PDI with increasing Smix, is
evident. The obtained results are in agreement with the respective negative and positive
coefficient values in Equation (3). Additionally, the highest coefficient value associated with
the model term B was also reflected with a sharp negative decline in the perturbation plot
with model term B. The positive coefficient value of A was reflected in the positive slope
associated with model term A in the perturbation plot, whereas the least coefficient value
associated with model term C in Equation (3) was also related to model term C in Table 5
and the smallest slope in the perturbation plot, per the insignificant p-value (Figure 2C).

Increasing the amount of surfactant may result in the successful coating of oil droplets,
which may result in a low PDI value. In addition, as the number of oil droplets increases,
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there may be insufficient surfactant to effectively coat the dispersed droplets in nano-
emulsion formulation, leading to the coalescence of incompletely coated dispersed droplets.
Our findings are consistent with the published literature [51].

A B

C

Figure 2. Effect of independent variables on PDI: (A) Perturbation graph of the droplet size, (B) 3D
surface plot, (C) predicted vs. actual graph.

3.3. Optimization and Characterization of 0.2% PO-AMNE

α-Mangostin was loaded into the optimized NE formulation by dissolving the drug to
obtain a final concentration of 0.2% mg/mL (20 mg/mL) in the oil phase, and formulated
as described above, incorporating desired percentages of Smix and the aqueous phase. The
globule size of the drug-loaded NE was determined as 340.9 nm, whereas the PDI 0.246
and surface charge were recorded as 27.2 ± 0.7 mV (Figure 3). α-Mangostin was loaded
into the optimized NE formulation by dissolving the drug to achieve a final concentration
of 0.2% mg/mL (20 mg/mL) in the oil phase and formulating with the desired proportions
of Smix and the aqueous phase, as described above. The globule size of the drug-loaded
NE was measured to be 340.9 nm, while the PDI 0.246 and surface charge were measured
to be −27.2 ± 0.7 mV, respectively (Figure 3b).

The 0.2% PO-AMNE was formulated using concentrations of 0.2% α-Mangostin solu-
tion, and the formulation was then characterized based on the change in globule size, PDI,
and surface charge. TEM analysis of the 0.2% PO-AMNE formulation revealed the coated
droplets’ spherical morphology (Figure 3A). Figure 3B histogram indicates that the particles
in the PO-AMNE formulation have a smaller range of sizes, which is consistent with Table 6
PDI value (0.246) and the morphological observation in the TEM image (Figure 3B). In
addition, the uniformity of the droplet size (340.9 nm) in the absence of crystalline AM
confirmed that the drug was completely entrapped within the oil phase of the formulation.
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Table 6. Physical characterization of 0.2% PO-AMNE.

Nano-Formulation Average Particle Size
(nm)

Polydispersity Index
(PDI) Zeta Potential (mV)

0.2% PO-AMNE 340.9 nm PDI 0.246 −27.2 ± 0.7 mV

1 

 

 

Figure 3. Representation of morphology of the optimized (0.2%) PO-AMNE (A), particle size distri-
bution (B), and zeta potential (C).

3.4. Ex Vivo Antimicrobial Studies
3.4.1. Enumeration and Identification of Enterococcus Faecalis, Staphylococcus epidermidis,
and Candida albicans

For the identification of any metabolic alterations for three test organisms, E. faecalis,
S. epidermidis, and C. albicans, an analytical profile index (API) identification scheme was
used (Figure 4A–C).
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3.4.2. Determination of Minimum Inhibitory Concentration (MIC)

α-Mangostin is comparable to both 3.25% NaOCl and 2% CHX in inhibiting the growth
of tested microbes. The MIC values showed that 0.2% α-Mangostin (1.22 ± 0.02) was com-
parable to 2% CHX (1.33 ± 0.01) and 3.25% NaOCl (2.2 ± 0.09) and had the least inhibition
of E. faecalis. NaOCl (3.25%) showed the maximum inhibition of S. epidermidis (0.26 ± 0.05),
whereas 0.2% α-Mangostin (1.25 ± 0.0) was comparable to 2% CHX (1.86 ± 0.07). For C. al-
bicans, 2% CHX (8.12 ± 0.12) showed the least inhibition, as compared to 0.2% α-Mangostin
(1.23 ± 0.02) and 3.25% NaOCl (0.59 ± 0.02), as shown in Figure 5.
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3.5. Ex Vivo Experiment: Preparation of Human Teeth Specimens to Check the Antimicrobial
Efficacy of PO-AMNE Irrigant in a Tooth Model Using Colony-Forming Units (CFU)
3.5.1. Antimicrobial Assessment Using CFU

A reduction in the number of CFUs was statistically significant in all groups compared
to the control group (p < 0.05).

Results for E. faecalis at 200 µm

The mean CFU of 0.2% PO-AMNE was 4.63 ± 0.26, 4.68 ± 0.35 for 2% CHX, 4.87 ± 0.15
for 3.25% NaOCl, and 6.05 ± 0.04 for saline, as shown in Table 7. In the presence of nano-
formulation, the CFU formation of E. faecalis was lower compared to either 2% CHX or
3.25% NaOCl at a depth of 200 µm, showing its potent antimicrobial effect.

Table 7. Mean and standard deviation of irrigants against E. faecalis at 200 µm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 4.63972392 0.266228615
2% CHX 10 4.68676222 0.350818870
3.25% NaOCl 10 4.87883986 0.158879880
Saline 10 6.05010073 0.043594317
Total 40 5.06385668 0.625931661

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against E. faecalis. The 95% confidence interval was −0.2455 to 0.3396, with a standard error
of 0.139. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.0331 to 0.4451, with a p-value of <0.0001.
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Results for E. faecalis at 400 µm

The mean CFU of 0.2% PO-AMNE was 5.20 ± 0.09, 5.52 ± 0.07 for 2% CHX, 5.52 ± 0.27
for 3.25% NaOCl and 6.14 ± 0.01 for saline, as shown in Table 8. In the presence of nano-
formulation, the CFU formation of E. faecalis was lower when compared to either CHX or
NaOCl at a depth of 400 µm, showing its potent antimicrobial effect.

Table 8. Mean and standard deviation of irrigants against E. faecalis at 400 µm.

Irrigants N Mean Std. Deviation
0.2% PO-AMNE 10 5.20722816 0.098434833
2% CHX 10 5.52280850 0.074578498
3.25% NaOCl 10 5.52824399 0.027822768
Saline 10 6.14335492 0.016507675
Total 40 5.60040889 0.349093792

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against E. faecalis. The 95% confidence interval was −0.3976 to −0.2335, with a standard
error of 0.039. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant
had statistical significance when compared to 3.25% NaOCL. The 95% confidence interval
was observed to be 0.2531 to 0.3890, with a p-value of <0.0001.

Results for S. epidermidis at 200 µm

The mean CFU of 0.2% PO-AMNE was 3.77 ± 0.37, 4.44 ± 0.34 for 2%, 4.78 ± 0.86
for 3.25% NaOCl and 6.07 ± 0.01 for saline, as shown in Table 9. In the presence of nano-
formulation, the CFU of S. epidermidis was lower when compared to either CHX or NaOCl
at a depth of 200 µm, showing its potent antimicrobial effect.

Table 9. Mean and standard deviation of irrigants against S. epidermidis at 200 µm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 3.77083657 0.379532943
2% CHX 10 4.44137166 0.342868124
3.25% NaOCl 10 4.78653050 0.086264246
Saline 10 6.07355352 0.013985945
Total 40 4.76807306 0.884068563

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against E. faecalis. The 95% Confidence interval was 0.3307 to 1.0103, with a standard error
of 0.162. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.7571 to 1.2743, with a p-value of <0.0001.

Results for S. epidermidis at 400 µm

The mean CFU of 0.2% PO-AMNE was 4.40 ± 0.17, 4.54 ± 0.14 for 2% CHX, 5.00 ± 0.29
for 3.25% NaOCl and 6.13 + 0.01 for saline, as shown in Table 10. In the presence of nano-
formulation, the CFU formation of S. epidermidis was lower when compared to either CHX
or NaOCl at a depth of 400 µm, showing its potent antimicrobial effect.
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Table 10. Mean and standard deviation of irrigants against S. epidermidis at 400 µm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 0.171520772 0.054239631
2% CHX 10 0.469422690 0.148444489
3.25% NaOCl 10 0.094514831 0.029888214
Saline 10 0.016537682 0.005229674
Total 40 0.731541254 0.115666828

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against S. epidermidis. The 95% confidence interval was −0.1951 to 0.4690, with a standard
error of 0.158. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant
had statistical significance when compared to 3.25% NaOCL. The 95% confidence interval
was observed to be 0.4658 to 0.7260, with a p-value of <0.0001.

Results for C. albicans at 200 µm

The mean CFU of 0.2% PO-AMNE was 2.83 + 0.24, 3.14 ± 0.18 for 2%CHX, 3.34 ± 0.24
for 3.25% NaOCl and 5.09 ± 0.02 for saline, as shown in Table 11. In the presence of
nano-formulation, the CFU formation of C. albicans was lower when compared to either
CHX or NaOCl at a depth of 200 µm, showing its potent antimicrobial effect.

Table 11. Mean and standard deviation of irrigants against C. albicans at 200 µm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 2.83659430 0.247612845
2% CHX 10 3.14848172 0.181043992
3.25% NaOCl 10 3.34090591 0.240291718
Saline 10 5.09852677 0.020267240
Total 40 3.60612717 0.910935697

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against C. albicans. The 95% confidence interval was 0.1081 to 0.5157, with a standard error
of 0.097. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.2751 to 0.7335, with a p-value of <0.0001.

Results for C. albicans at 400 µm

The mean CFU of 0.2% PO-AMNE was 2.95 ± 0.15, 3.11 ± 0.14 for 2% CHX, 3.33 ± 0.11
for 3.25% NaOCl and 5.14 ± 0.02 for saline, as shown in Table 12. In the presence of nano-
formulation, the CFU formation of C. albicans was lower when compared to either CHX or
NaOCl at a depth of 400 µm, showing its potent antimicrobial effect.

Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX
against C. albicans. The 95% confidence interval was 0.0143 to 0.2965, with a standard error
of 0.067. The p-value was found to be <0.0001. Similarly, the 0.2% PO-AMNE irrigant had
statistical significance when compared to 3.25% NaOCL. The 95% confidence interval was
observed to be 0.2559 to 0.4978, with a p-value of <0.0001.
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Table 12. Mean and standard deviation of irrigants against C. albicans at 400 µm.

Irrigants N Mean Std. Deviation

0.2% PO-AMNE 10 2.95885666 0.150876977
2% CHX 10 3.11424553 0.149477061
3.25% NaOCl 10 3.33568568 0.101826728
Saline 10 5.14021700 0.025604369
Total 40 3.63725122 0.896448891

3.6. Smear Layer Removal in Tooth Models

The results obtained from this study are summarized in Tables 13–15, and show the
SEM images (Figure 6) of the tested irrigants. Group 1: 0.2% PO-AMNE and group 2: 17%
EDTA exhibited better efficacy in removing the smear layer without altering the normal
dentinal structures with the lowest mean scores (p < 0.001), followed by group 3: saline.
For all the treated groups, there was no statistically significant difference (p < 0.05) between
the scores at each root third (cervical, middle, apical).

Table 13. Group 1: Debris score with 0.2% PO-AMNE.

Coronal Third Middle Third Apical Third
Clean Debris Present Clean Debris Present Clean Debris Present
1 * 2 3 4 5 1 2 3 4 5 1 2 3 4 5

0 8/10
+

2/10
+ 0 0 1/10

+
8/10
+ 0 0 0 0/10

+
8/10
+

1/10
+

1/10
+ 0

8/10 +
(80%) *+

2/10 +
(20%) *+

9/10 +
(30%) *+

0/10 +
(70%) *+

8/10 +
(60%) *+

2/10 +
(100%) *+

* Debris scores (Hülsmann et al., 1997 [45]). + Number of canals presented with a given score. *+ Dichotomized
scores: scores 1 to 2 (clean canal wall) versus 3 to 5 (debris present).

Table 14. Group 2: Debris score with 17% EDTA.

Coronal Third Middle Third APICAL THIRD

Clean Debris Present Clean Debris Present Clean Debris Present

1 * 2 3 4 5 1 2 3 4 5 1 2 3 4 5

0 8/10
+

2/10
+ 0 0 0 4/10

+
6/10
+ 0 0 1/0 + 4/10

+
2/10
+ 1/0 + 0

8/10 +
(100%) *+

2/10 +
(100%) *+

4/10 +
(100%) *+

6/10 +
(100%) *+

5/10 +
(100%) *+

3/10 +
(100%) *+

* Debris scores (Hülsmann et al., 1997 [45]). + Number of canals presented with a given score. *+ Dichotomized
scores: scores 1 to 2 (clean canal wall) versus 3 to 5 (debris present).

Table 15. Group 2: Debris score with saline.

Coronal Third Middle Third Apical Third
Clean Debris Present Clean Debris Present Clean Debris Present
1 * 2 3 4 5 1 2 3 4 5 1 2 3 4 5

0 0 0 0 10/10
+ 0 0 0 0 10/10

+ 0 0 0 0 10/10
+

0/10 +
(100%) *+

10/10 +
(100%) *+

0/10 +
(100%) *+

10/10 +
(100%) *+

0/10 +
(100%) *+

10/10 +
(100%) *+

* Debris scores (Hülsmann et al., 1997 [45]). + Number of canals presented with a given score. *+ Dichotomized
scores: scores 1 to 2 (clean canal wall) versus 3 to 5 (debris present).
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3.6.1. Debris Scores for 0.2% PO-AMNE

In the coronal third, 8 out of 10 (80%) samples were scored as 2, respectively, repre-
senting a clean dentin surface. In the middle third, 9 out of 10 (90%) were scored 1 or 2,
respectively, representing a clean dentin surface, and 0 out of 10 (60%) were scored as 3,
4, and 5. In the apical third, 8 out of 10 (80%) samples were scored as 2, representing a
clean dentin surface, and 2 out of 10 (20%) samples were scored as 3 and 4, respectively,
representing debris present on the dentin surface, as shown in Table 13.

3.6.2. Debris Scores for 17% EDTA

In the coronal third, 8 out of 10 (80%) and 2 out of 10 (20%) samples were scored
as either 1 or 2, respectively, representing a clean dentin surface. In the middle third, 4
out of 10 (40%) were scored as 2, representing a clean dentin surface, and 6 out of 10
(60%) were scored as 3, respectively, representing debris present on the dentin surface.
In the apical third, 5 out of 10 (50%) samples were scored as either 1 or 2, respectively,
representing a clean dentin surface, and 5 out of 10 (50%) samples were scored as either 3,
4 or 5, respectively, representing debris present on the dentin surface, as shown in Table 14.

3.6.3. Debris Score for Saline

In the coronal third, no samples were characterized with scores of 1 or 2, and 10 out
of 10 (100%) samples were scored as 5, representing debris present on the dentin surface.
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In the middle third, no samples were characterized with scores of 1 or 2, and 10 out of 10
(100%) samples were scored as 5, representing debris present. In the apical third, 0 out of
10 (100%) samples were scored as either 1 nor 2, and 10 out of 10 canals (100%) were scored
as 5, representing debris present on the dentin surface as shown in Table 15.

Group 1 (0.2%) PO-AMNE and group 2 (17% EDTA) exhibited better efficacy in
removing the smear layer without altering the normal dentinal structures with the lowest
mean scores (p < 0.001), followed by group 3 (saline). There was no statistically significant
difference (p < 0.05) between the scores at each root third (cervical, middle, apical) for group
1 and group 2, though the apical third scores were less than the other root thirds.

3.7. Biocompatibility Test Using Alamar Blue Assay on Immortalized Oral Kerantinocytes
OKF-6 Cells

The proliferation percentage of the OKF-6 cells in the presence of various irrigants is
presented in Figure 7. The percentage of OKF-6 cells was calculated at 1 min, 5 min,10 min,
30 min, and 60 min. The results show that group 1 (20 mg α-Mangostin) was comparable
to group 2 (0.2% PO-AMNE) after 60 min, with cell viability percentages of 35.48% and
32.51%, whereas there was a decrease in the cell viability percentages for group 3 (3.25%
NaOCl), group 4 (CHX), and group 5 (17% EDTA) proliferation percentages of 6.47%, 4.30%,
and 4.15%, respectively.
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4. Discussion

For many years, root canal irrigants have been utilized as an adjuvant to improve the
antibacterial efficacy of endodontic cleaning and shaping. Because of its pulp-dissolving
and antibacterial properties, NaOCl is the most used irrigant for treating infected root
canals. However, when injected into the periapical tissues, it has a cytotoxic effect, leaves
a bad odor and taste, has a corrosive potential, and may cause allergic reactions. Due
to its extensive antibacterial action, the cationic bis-biguanide CHX has been employed
as an irrigating solution during root canal therapy. However, the use of CHX as a root
canal irrigant is limited, because it has no tissue solvent activity and some patients may
have allergic reactions to it; additionally, it can discolor teeth [52]. A previous study has
shown that both NaOCl and CHX impair the mitochondrial activity of human periodontal
ligament (PDL) cells, making them extremely cytotoxic [53]. As a result, there is a growing
need for irrigants with effective antimicrobial properties, that are also biocompatible with
oral tissues.

The filling of the dentinal walls and organic remnants present in the canal leaves
an uneven and granular smear layer during root canal instrumentation, called the smear
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layer [54]. This layer obstructs the dentinal tubules by reducing dentinal permeability,
delaying the action of topical medications and irrigants, and preventing close contact of
the filling material with the dentinal walls [55]. Consequently, there is a greater chance of
bacterial infection and failure. The choice of commercially available chelating agents used
in the study was EDTA and citric acid for smear layer removal, as there are ample data
in the literature showing the effectiveness of these agents for the elimination of the smear
layer from root canals. Citric acid is a weak acid that removes the smear layer, has strong
chemical stability, is inexpensive, and has excellent results [56].

The selection of E. faecalis, C. albicans, and S. epidermidis biofilms was based on scientific
data demonstrating that these pathogens are the most often isolated bacterial species in
endodontic patients. E. faecalis in dentinal tubules is 1000 times more resistant to phagocy-
tosis, antibodies, and antimicrobials than non-biofilm-producing organisms. Additional
virulence features have been observed in E. faecalis clinical isolates from asymptomatic,
chronic endodontic infections of the root canal and oral cavity [57]. C. albicans has been
regularly identified as the species most often recovered from failing root canals requiring
retreatment. Waltimo et al. proposed fungi as microorganisms resistant to endodontic
therapy in apical periodontitis and proved that C. albicans species need incubation with a
saturated calcium hydroxide solution for 16 h [58]. Peciuliene et al. [59] identified fungi
as resistant microorganisms in the obturated root canals of teeth diagnosed with chronic
apical periodontitis. Egan et al. conducted a study to determine the association between
the presence of fungi in the saliva and the root canals of teeth in patients with apical
periodontitis. They discovered that fungi were 13.8 times more prevalent in the root canals
when they were also present in the patient’s saliva [60].

The Gram-positive bacterium, S. epidermidis, was frequently found to be the cause
of endodontic flare-ups and secondary infections. However, in many instances, the in-
fection has persisted despite multiple attempts to alleviate symptoms (such as intracanal
medication placement and antimicrobials) [61].

Our study aimed to formulate an oil-based nano-emulsion containing a mixture of
α-Mangostin, palm oil, Tween® 80, Span® 80, glycerol, and 10%, citric acid and investigate
its effectiveness at inhibiting E. faecalis, S. epidermis, and C. albicans biofilms, as well as to
assess its biocompatibility using immortalized oral keratinocyte (OKF-6) cells.

In our study, the solubility profiles of α-Mangostin in various oils, such as olive oil,
macadamia oil, almond oil, and primrose oil, were evaluated. The highest solubility of
AM was obtained with palm oil (29.57 mg/mL), Tween® 80 (70.80 mg/mL), Span® 80
(69.23 mg/mL), and glycerol (212.41 mg/mL). As a result, palm oil 90, Tween® 80, Span®

80, and glycerol were the oils, surfactants, and co-surfactants of choice for the next phase of
NE development. Based on the Box–Behnken statistical design, the composition of nano-
emulsion 0.2% PO-AMNE had an average particle size of 340.9 nm. This was in agreement
with studies conducted by Marcel et al., who developed a limonene nano-emulsion formed
by a high-pressure homogenizer. The average particle size in their study varied from
264.50 nm to 434.20 nm [62]. The zeta potential is used for predicting dispersion stability,
and its value depends on the physicochemical property of the drug, polymer, vehicle,
presence of electrolytes, and adsorption. The zeta potential of 0.2% PO-AMNE in this
study was -27.2 + 0.7 mV. It is in accordance with a study done by Ðord̄ević et al., who
concluded that a zeta potential of ±30 mV is sufficient to ensure the physical stability of
NE [63]. Ahmad et al. concluded that all their nano-formulations had a zeta potential of
−28.5 to −40.2 mV. The formulations having a zeta potential charge value greater than
−30 mV indicate that nano-emulsion formulations are stable [64]. The PDI represents the
consistency of nano-emulsion droplet size. The greater the value, the less uniform the
nano-emulsion droplet size will be. It is the ratio of the standard deviation to the mean
droplet size. A PDI of 0.08 or less indicates a monodispersed sample, while 0.08 to 0.70
represents the middle range of PDI [65]. Our research revealed a PDI of 0.246, which
showed the consistency of nano-emulsion droplet sizes.
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The MIC values in our study showed that 0.2% α-Mangostin (1.22 ± 0.02) was compa-
rable to 2% CHX (1.33 ± 0.01) and 3.25% NaOCl (2.2 ± 0.09) for E. faecalis. These results
were consistent with the study by Kaomongkolgit et al., which showed that α-Mangostin is
effective against E. faecalis [66]. In our study, 3.25% NaOCl showed maximum inhibition
of S. epidermidis (0.26 ± 0.05), whereas 0.2% α-Mangostin (1.25 ± 0.00) was comparable to
2% CHX (1.86 ± 0.07), in accordance with Sivaranjani et al. [67]. For C. albicans, 2% CHX
(8.12 ± 0.12) showed the least inhibition as compared to 0.2% α-Mangostin (1.23 ± 0.02)
and 3.25%NaOCl (0.59 ± 0.02), as per the results reported by Kaomongkolgit et al., who
determined that α-Mangostin’s potent antifungal activity and low toxicity made it a vi-
able drug for the treatment of oral candidiasis [68]. The irrigant 0.2% PO-AMNE was
bactericidal and fungicidal against E. faecalis, S. epidermidis, and C. albicans biofilms. Ac-
cording to a study by Leelapornpisid et al., the planktonic inhibitory concentrations of
α-Mangostin were bactericidal on E. faecalis at 2–4 mg/L, and candidal on C. albicans at
1000 mg/L [69]. We discovered that 0.2% PO-AMNE was both bactericidal and fungicidal
against E. faecalis, S. epidermidis, and C. albicans biofilms at 0.625 mg/L, which is lower
than previously published literature [69]. Our results are in agreement with the study by
Nourzadeh et al., where the mean CFU of 0.2% PO-AMNE (4.63 ± 0.26) was lower than
for 2% CHX (4.68 ± 0.35), 3.25% NaOCl (4.87 ± 0.15) and saline (6.05 ± 0.04) at a depth
of 200 µm for E. faecalis. The same findings were observed at a depth of 400 µm, where
the mean CFU of 0.2% PO-AMNE (5.20 ± 0.09) was lower than 2% CHX (5.52 ± 0.07),
3.25% NaOCl (5.52 ± 0.27) and saline (6.14 ± 0.01) [70]. Overall, 0.2% PO-AMNE had a
statistically significant difference when compared to 2% CHX and 3.25% NaOCl against
E. faecalis at 200 µm and 400 µm.

The mean CFU in our study for S. epidermidis, at a depth of 200 µm, was 3.77 ± 0.37
for 0.2% PO-AMNE, 4.44 ± 0.34 for 2% CHX, 4.78 ± 0.86 for 3.25% NaOCl and 6.07 ± 0.01
for saline. At a depth of 400 µm, the mean CFU of S. epidermidis was 4.40 ± 0.17 for 0.2%
PO-AMNE, 4.54 ± 0.14 for 2% CHX, 5.00 ± 0.29 for 3.25% NaOCl and 6.13 ± 0.01 for saline.
Overall, 0.2% PO-AMNE had statistical significance when compared to 2% CHX and 3.25%
NaOCl against S. epidermidis at 200 µm and 400 µm. The CFU formation at a depth of
200 µm and 400 µm for S. epidermidis in the presence of 0.2% PO-AMNE was lower when
compared to either 2% CHX or 3.25% NaOCl, showing its potent antimicrobial effect. The
overall results for S. epidermidis at 200 and 400 were in agreement with the study done by
Schmidt et al., who studied the effects of CHX, povidone–iodine, and triple antibacterial
solution against S. epidermidis biofilms [71].

In our study, the mean CFU of 0.2% PO-AMNE (2.83 ± 0.24) was lower than 2%
CHX (3.14 ± 0.18), 3.25% NaOCl (3.34 ± 0.24) and saline (5.09 ± 0.02), at a depth of
200 µm for C. albicans. The same results were observed at a depth of 400 µm, where the
mean CFU of 0.2% PO-AMNE (2.95 ± 0.15) was lower than 2% CHX (3.11 ± 0.14), 3.25%
NaOCl (3.33 ± 0.11) and saline (5.14 ± 0.02). This shows that 0.2% PO-AMNE has a potent
anti-fungal effect. This is in accordance with the study conducted by Vianna et al., 2004,
who evaluated the in vitro antifungal activity of CHX and NaOCl. They concluded that
CHX eliminated C. albicans within 15 s [72]. Radcliffe et al. tested the effects of various
concentrations of NaOCl on C. albicans and found that all concentrations of NaOCl reduced
CFU below the limit of detection within 10 s [73].

In our study, the SEM analysis showed that none of the tested root canal irrigants
could completely remove the smear layer. According to our study, 0.2% PO-AMNE and 17%
EDTA exhibited better efficacy in removing the smear layer without altering the normal
dentinal structures with the lowest mean scores (p < 0.001), followed by saline. There was
no statistically significant difference (p < 0.05) between the scores at each root third (cervical,
middle, apical) for all groups. This is per the findings by Sakinah et al., who concluded
that the results of SEM photomicrograph assessment showed a little debris on the surface
of the root canal walls and plenty of opened dentin tubules on the canal walls irrigated
with extract of mangosteen peel [74]. Charlie et al. reported similar results, where they
concluded that EDTA might not penetrate the narrow apical region of teeth [75].
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The oral keratinocyte cells were used for the study, as they act as the major barrier
to physical, microbial, and chemical agents that may cause local cell injury [76]. They
participate in the proinflammatory process by producing cytokines constitutively, or in
response to a number of stimuli. Therefore, oral keratinocytes may contribute to the man-
agement of oral infections through an inflammatory process involving several interleukins,
including IL-13 and IL-18 [77]. Oral mucosa keratinocytes are the primary source of IL-13,
an inflammatory cytokine that regulates the production of IL-6 and IL-8 [78]. In our inves-
tigation, the proportion of OKF-6 cells proliferating in the presence of different irrigants
was determined at 1 min, 5 min, 10 min, 30 min, and 60 min. According to our findings,
0.2% PO-AMNE had a better cell viability percentage of 32.51% after 60 min compared to
3.25% NaOCl, CHX, and 17% EDTA proliferation percentages, which decreased to 6.47%,
4.30%, and 4.15%, respectively. This is consistent with the studies done by Abate et al. and
Ngawhirunpat et al., who found that G. mangostana extracts are not cytotoxic to human
keratinocytes [79,80].

5. Conclusions

α-Mangostin from Garcinia mangostana Linn has been explored by many researchers
and it has been observed that it is not just effective against bacteria, but also other microbes,
such as fungi and mycobacteria. The optimization of the palm-oil-based α-Mangostin nano-
emulsion (PO-AMNE) irrigant was performed using a Box–Behnken statistical design. The
formulated 0.2% PO-AMNE endodontic irrigant had an overall significant antimicrobial
effectiveness against E. faecalis, S. epidermidis, and C. albicans biofilms. 0.2%PO-AMNE
endodontic irrigant was further evaluated for the smear layer removal and was found to
be comparable with 17% EDTA. Finally, 0.2% PO-AMNE was found to be biocompatible
with immortalized oral keratinocyte OKF-6 cells. Overall, the antimicrobial efficacy and
safety of the formulated 0.2% PO-AMNE endodontic irrigant has the potential to combat
polymicrobial biofilms related to endodontic infections.
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