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This study investigates the potential of castor oil nanoemulsions (CONEs) in inhibiting biofilms of Streptococcus
mutans and Candida albicans, key pathogens in periodontitis. The nanoemulsion was characterized by
dynamic light scattering (DLS), revealing an average droplet size of 75.3 nm, a polydispersity index (PDI) of
0.671, and a zeta potential of -24.69 mV, indicating moderate stability. The minimum inhibitory concentration
(MIC) assay showed that CONEs effectively inhibited S. mutans at 50 µg/ml, C. albicans at 75 µg/ml, and their
mixed culture at 100 µg/ml. Further, CONEs demonstrated significant antibiofilm activity, reducing biofilm
biomass by 73% for S. mutans, 61% for C. albicans, and 48% for the mixed culture. The disc diffusion assay
confirmed this antimicrobial efficacy, showing inhibition zones of 22 mm for S. mutans, 19 mm for C. albicans,
and 11 mm for the mixed culture. The study also found that CONEs significantly reduced the number of sessile
cells and extracellular polymeric substances (EPS) production, key components of biofilm integrity. Additionally,
an in silico docking study suggested that ricinoleic acid, a component of CONEs, strongly binds to biofilm-
related proteins, further supporting its potential as a therapeutic agent against periodontitis. These findings
highlight CONEs as a promising strategy for managing biofilm-associated infections in periodontitis.
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INTRODUCTION

Periodontitis is a chronic inflammatory disease
that affects the supporting structures of the teeth,
including the gingiva, periodontal ligament, and
alveolar bone (Ray, 2023). It is a major cause of
tooth loss in adults and has been linked to
systemic conditions such as cardiovascular
disease, diabetes, and respiratory infections
(Könönen et al. 2019). The pathogenesis of
periodontitis is complex and multifactorial,
involving a combination of microbial, host, and
environmental factors (Martínez-García and
Hernández-Lemus, 2021). A key feature of
periodontitis is the formation of biofilms on the
surfaces of teeth and gums. Biof ilms are
structured communities of microorganisms
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encased in a self-produced extracellular matrix,
which provides protection from the host immune
response and antimicrobial agents (Könönen et
al. 2019). In the oral cavity, biofilms play a central
role in the development and progression of
periodontal disease (Singh et al. 2017). The
subgingival biofilm is particularly important, as it
harbors pathogenic bacteria that drive the
inflammatory process (Mendhe et al. 2023).

Among the numerous microbial species
implicated in periodontitis, Streptococcus mutans
and Candida albicans are notable for their ability
to form robust biofilms (Bachtiar and Bachtiar,
2018). S. mutans is a Gram-positive bacterium
commonly associated with dental caries, but it
also contributes to the pathogenesis of
periodontitis through its acidogenic and aciduric
properties, which disrupt the local environment
and promote the growth of other pathogenic
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species (Forssten et al. 2010). C. albicans is a
fungal pathogen that can co-infect with bacteria
in multispecies biofilms, enhancing the virulence
and resilience of the microbial community
(Morales and Hogan, 2010).

Natural products have gained attention as
potential alternatives or adjuncts to conventional
antimicrobial therapies (Hobson et al. 2021).
Castor oil, derived from the seeds of Ricinus
communis, has been used traditionally for its
medicinal properties, including antimicrobial, anti-
inflammatory, and analgesic effects (Mittal and
Jaitak, 2019). The antimicrobial activity of castor
oil is attributed to its high content of ricinoleic acid,
a fatty acid with potent antimicrobial properties
(Van Vuuren and Viljoen, 2011).

Nanoemulsions are fine oil-in-water emulsions
with droplet sizes typically in the range of 20-200
nm (Pathania et al. 2018). They offer several
advantages over conventional emulsions,
including improved stabili ty, enhanced
bioavailability, and greater surface area for
interaction with microbial. Nanoemulsions can
effectively deliver lipophilic compounds, such as
ricinoleic acid, to the site of infection, potentially
enhancing their antimicrobial efficacy(Pathania et
al. 2018)

The objective of this study is to evaluate the
efficacy of castor oil nanoemulsion in inhibiting
individual and multispecies biof ilms of
Streptococcus mutans and Candida albicans, two
organisms responsible for the disease
periodontitis (Okonogi et al. 2021). By
investigating the antimicrobial properties of castor
oil nanoemulsion, we aim to explore its potential
as a novel therapeutic agent for the management
of periodontitis (Haq et al. 2023).

MATERIALS AND METHODS

Preparation of Castor Oil Nanoemulsion

Castor oil nanoemulsion was prepared using a
combination of Castor oil (Sigma-Aldrich), Double
Distilled Water (DDW), Tween 80 (Sigma-
Aldrich), and an ultrasonic technique for
emulsification (Katzer et al. 2014). Initially, Castor
oil (10% v/v) and Tween 80 (2% v/v) were mixed

thoroughly using a magnetic stirrer at room
temperature to form the oil phase. Separately,
DDW was heated to approximately 70°C and then
slowly added to the oil phase under continuous
stirring to form a pre-emulsion mixture (Poorani
et al., 2016). The pre-emulsion was then
subjected to ultrasonication (Sonics Vibra Cell
VCX 130, 20 kHz, 150 W) for 10 mins at an
amplitude of 50% to achieve nano-sized droplets
(El-Naby et al., 2024). The resulting nanoemulsion
was cooled to room temperature and stored in
amber glass vials to protect it from light-induced
degradation until further use (Poorani et al. 2016).

Characterization of Castor Oil Nanoemulsion
Using Dynamic Light Scattering (DLS)

The castor oil nanoemulsion prepared as
described previously was characterized using
Dynamic Light Scattering (DLS) to determine the
particle size distribution and zeta potential
(Oliveira et al. 2017). Measurements were
performed using a Zetasizer Nano ZS instrument
(Malvern Panalytical) equipped with a 633 nm
laser at a scattering angle of 173°. Prior to
analysis, the nanoemulsion samples were diluted
appropriately with DDW to ensure optimal
measurement conditions (Loureiro Contente et
al. 2020). For particle size analysis,
measurements were conducted at 25°C, and
each sample was measured in triplicate to ensure
reproducibility (El-Naby et al. 2024). Zeta potential
measurements were performed to assess the
surface charge of the nanoemulsion particles,
providing insights into their stability and potential
interactions with microbial cells. Data analysis
was performed using the instrument’s software
to obtain mean particle size and polydispersity
index (PDI) values, as well as zeta potential
measurements.

Determination of Minimum Inhibitory
Concentration (MIC) of Castor Oil
Nanoemulsion (CONEs)

The MIC values of Castor oil nanoemulsion
(CONEs) against Streptococcus mutans and
Candida albicans were determined using a broth
microdilution assay in a 96-well microtiter plate
(Rudrapal, 2023). First, CONEs were serially
diluted in sterile Mueller-Hinton Broth (MHB) to



11163(1) March, 2025] Atrayee Das Gupta and others

concentrations of 10, 25, 50, 75, and 100 µg/mL.
Each well of the microtiter plate was inoculated
with 100 µL of standardized bacterial or fungal
cell suspension (~10^6 CFU/mL). The
microplates were then incubated aerobically at
37°C for 24 hours (Guidotti-Takeuchi et al., 2022).
After incubation, the optical density (OD) of each
well was measured at 600 nm using a
spectrophotometer (Thermo Scientific Multiskan
GO). The MIC was defined as the lowest
concentration of CONEs at which no visible
bacterial or fungal growth was observed,
indicated by an OD reading comparable to the
negative control (MHB without CONEs) (Guidotti-
Takeuchi et al. 2022). All experiments were
conducted in triplicate to ensure reproducibility
and reliability of results.

Disc Diffusion Assay

Following the determination of MIC values using
a broth microdilution assay, a disc diffusion assay
was performed to assess the antimicrobial activity
of Castor oil nanoemulsion (CONEs) against
Streptococcus mutans and Candida albicans.
Sterile Mueller-Hinton Agar (MHA) plates were
prepared, and bacterial or fungal suspensions
(~10^6 CFU/mL) were evenly spread across the
surface of the agar using a sterile swab (Espinel-
Ingroff et al. 1991). Using sterile forceps, paper
discs were impregnated with CONEs at
concentrations equivalent to MIC and half MIC
values, as determined previously. The discs were
then placed on the inoculated agar plates and
gently pressed down to ensure contact with the
agar surface (Kavanagh et al., 2019). Plates were
incubated aerobically at 37°C for 24 hours to allow
for microbial growth. After incubation, the diameter
of the inhibition zones around each disc was
measured using a calibrated ruler (Tullio et al.
2007). The presence and size of inhibition zones
indicated the antimicrobial activity of CONEs
against S. mutans and C. albicans. Each assay
was performed in triplicate to ensure reliability and
reproducibility of results.

Antibiofilm Assay

The antibiofilm activity of Castor oil nanoemulsion
(CONEs) against Streptococcus mutans and
Candida albicans was evaluated using a modified

version of previously published procedures (Das
et al. 2020). Biof ilms were developed by
inoculating LB medium supplemented with MIC
and half MIC concentrations of CONEs in a 24-
well microtiter plate. Each well was seeded with
standardized bacterial or fungal suspensions and
incubated for 48 hours at 37°C to allow biofilm
formation.

Following incubation, the planktonic LB medium
was carefully removed from each well, and the
wells were washed twice with sterile distilled
water to remove non-adherent cells. The
remaining biofilms were stained with 1% crystal
violet solution and incubated for 30 mins at 37°C.
After staining, excess crystal violet was removed,
and the plates were washed again with sterile
distilled water before air-drying for 1 hr at 37°C.
To quantify biofilm biomass, the stained biofilms
were dissolved in 200 ìL of 95% ethanol, and the
optical density (OD) was measured at 595 nm
using a spectrophotometer (Thermo Scientific
Multiskan GO). The percentage of biomass
formation was calculated using the formula:

Percentage of Biofilm Formation = [{Test sample
OD595 nm / Control sample OD595 nm} × 100]
(Rajamani et al. 2019).

To determine the number of sessile cells,
adherent bacteria in each well were resuspended
by vigorous pipetting and vortexing, followed by
30-second sonication. The resulting suspensions
were serially diluted (10^-6 to 10^-8) and plated
on Luria Agar (LA) plates. After incubation at 37°C
for 24 hours, bacterial colonies were counted to
assess the viability and density of biofilm-
associated cells (Das et al. 2023).

Visualization of Biofilms Assay

To visualize the antibiofilm activity of Castor oil
nanoemulsion (CONEs), small glass slides (1 ×
1 cm) were placed in the wells of a 12-well
polystyrene microtiter plate. LB medium
supplemented with MIC and half  MIC
concentrations of CONEs was inoculated with
standardized bacterial and fungal suspensions
for individual and mixed culture conditions. The
microtiter plate was then incubated at 37°C for
48 hrs to allow biofilm formation on the glass
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slides. After incubation, planktonic cells were
carefully removed by washing with sterile distilled
water, and the biofilms on the glass slides were
stained with 1% crystal violet dye for 5 mins.
Excess dye was gently rinsed off with deionized
water, and the slides were air-dried for 5 mins at
room temperature. Biofilms were visualized using
a light microscope (Magnus MLXi-TR) equipped
with Magvision software at 40× magnification.
Photographs of the biofilms were taken using a
digital camera attached to the microscope. The
images were analyzed to assess the morphology,
thickness, and coverage of biofilms treated with
CONEs compared to untreated controls.
EPS Production Assay
To evaluate the effect of Castor oil nanoemulsion
(CONEs) on extracellular polymeric substance
(EPS) production by Streptococcus mutans and
Candida albicans, bacterial cultures were grown
in LB medium in 24-well plates at 28 ± 2°C for 24
hrs with and without nanoemulsion treatment at
MIC and half MIC concentrations . After incubation,
non-adherent cells were carefully aspirated and
removed from the wells. Biofilm-associated cells
were then collected by aspirating and suspending
them in 0.5% NaCl solution. The suspended cells
were transferred to new sterile test tubes, and
an equal volume of phenol (5%) was added to
each tube to stabilize EPS. Subsequently, 5
volumes of concentrated sulfuric acid containing
0.2% hydrazine sulfate were added to the
solution, and the mixture was incubated for 1 hr
in the dark to develop color. The absorbance of
each sample was measured at 490 nm using a
spectrophotometer (Thermo Scientific Multiskan
GO). The absorbance readings at 490 nm
provided quantitative data on the amount of EPS
produced by biofilm-associated cells treated with
CONEs compared to untreated controls.
In Silico Study
In our study, the Als3 adhesin protein of Candida
albicans and Sortase A protein of Streptococcus
mutans were selected as the receptor molecules.
The PDB files for these proteins were retrieved
from the Protein Data Bank and prepared using
the AutoDock Vina program. Ricinoleic acid, the
active component of castor oil, was chosen as
the ligand. The 2-D structure of ricinoleic acid was
downloaded from PubChem and prepared using
the AutoDock Vina program. The docking

simulations were performed to predict the ligand-
binding affinities, which were expressed as
negative Gibbs free energy scores. These scores
were calculated based on the AutoDock Vina
scoring function, indicating the strength and
stability of the binding interaction between the
ligand and the receptor proteins. Post-docking
analyses were conducted using PyMOL and
LigPlot+ to visualize the docking results and
determine the interaction details. These
visualizations included the identification of binding
sites, hydrogen-bond interactions, hydrophobic
interactions, and bonding distances. The
interaction ratios were measured as less than 5
Å from the position of the docked ligand, providing
insights into the specific molecular interactions
between ricinoleic acid and the receptor proteins.
The molecular dynamics simulation study was
conducted for the ligand, ricinoleic acid, which
was identified as the best ligand among the
selected molecules from our docking analysis.
The molecular dynamics simulation study of the
ricinoleic acid-Als3 adhesin and ricinoleic acid-
Sortase A docked complexes was performed
using the iMODS server. iMODS is a fast, user-
friendly, and effective molecular dynamics
simulation tool used to investigate the structural
dynamics of protein complexes. iMODS provides
detailed insights into several structural dynamics
parameters including deformability, B-factor
(mobility prof iles), eigenvalues, variance,
covariance map, and elastic network. In this
study, the deformability was assessed by
examining the ability of each amino acid residue
to deform within the complex. The B-factor
profiles were analyzed to understand the mobility
of the protein residues. The eigenvalue, which is
inversely related to the ease of deformability, was
determined to evaluate the energy required to
deform the given protein-ligand complex
structure. A lower eigenvalue indicates easier
deformability and higher flexibility of the complex.
Additionally, the eigenvalue represents the motion
stiffness of the protein complex.

RESULTS AND DISCUSSION

Characterization of Castor Oil Nanoemulsion
(CONEs)

The castor oil nanoemulsion (CONEs) prepared
using ultrasonic emulsification was characterized
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by dynamic light scattering (DLS) to determine
its hydrodynamic size, polydispersity index (PDI),
and zeta potential. The DLS analysis revealed that
the CONEs had an average droplet size of 75.3
± 2.7 nm, indicating that the nanoemulsion
droplets were in the nanometric range (Fig 1).
The high-energy shear forces induced by
ultrasonic treatment were primarily responsible
for achieving this nano-sized distribution, as they
efficiently broke down the oil droplets into smaller
sizes (Wallock-Richards et al. 2015).

Further analysis showed that the PDI value of
CONEs was 0.671, suggesting a moderate
degree of uniformity in droplet size distribution.

Fig. 1: Particle size (nm) distribution by intensity (%)
of castor oil nano-emulsion.

Fig.2: Crystal violet assay indicating significant reduction in biofilm
biomass of Streptococcus mutans, Candida albicans and the
mixed culture upon treatment with CONEs (Fig.2A).

The MIC of CONEs resulting reduction of sessile cells for
Streptococcus mutans, Candida albicans, and the mixed culture
(Fig.2A.).

Disc diffusion of CONE with Streptococcus mutans, Candida
albicans, and the mixed culture (Fig. 2B)

Fig.3: Reduction of EPS production in the biofilms (Fig. 3C)
increases the inhibition of  biof ilm formation (Fig.3A) and
decreases the sessile cell count (CFU/ml)  (Fig.3B) of
Streptococcus mutans and Candida albicans, and the mixed
culture upon treating with MIC of Castor oil nano-emulsions
(CONEs), compared to the untreated control cultures (Fig. 3A).

Fig.4 : Structures of Als3 adhesin of Candida albicans (Figure
4A) and Sortase A of Streptococcus  mutans (Fig. 4B). Ricinoleic
acid forming multiple hydrogen bonds with Thr168 (B), Asp169
(B), Ser170 (B), and Tyr23 (B) in Als3 adhesin, along with
hydrophobic interactions with Arg299 (B), Ala19 (B), Trp295 (B),
Tyr298 (B), Tyr21 (B), Gly297 (B), Asn160 (B), and Tyr226 (B)
(Fig. 4C).

Binding of Ricinoleic acid to Sortase A via hydrogen bonds with
Ile180 (B) and Leu223 (B), and through hydrophobic interactions
with Glu222 (A), Gly164 (B), Lys181 (A and B), Asn163 (A and
B), Ile179 (A and B), and Glu222 (B) (Fig.4D).

Although the PDI value indicates some
polydispersity, it remains within an acceptable
range for nanoemulsions, ensuring that the
droplets were relatively well-dispersed within the
system as suggested by  Sharma et al. (2020).
The zeta potential measurement provided insights
into the stability of the nanoemulsion. The CONEs
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Fig.5: Structural dynamics of the Ricinoleic acid-Als3 adhesin
(Fig.5A) and Ricinoleic acid-Sortase A complexes (Fig.5B).

The B-factor graphs facilitate visualization and comparison
between the NMA and the PDB field of the complex, showing the
relative mobility of different regions (Fig. 5C & 5D).

The deformability graphs illustrate peaks corresponding to regions
in the protein with high deformability, indicating areas of flexibility
within the complex (Fig. 5E & 5F).

Fig.6: The eigenvalue for the ricinoleic acid-Als3 adhesin complex
showing high deformity, indicating a less rigid structure (Fig.
6A).

The eigenvalue for the ricinoleic acid-Sortase A complex indicating
considerable deformability (Fig. 6B).

The variance graphs show individual variance by red bars and
cumulative variance by green bars, with a high degree of
cumulative variance indicating overall flexibility of the complexes
(Fig. 6C & 6D).

Fig.7:The co-variance maps display the correlated motions
between residue pairs (Fig.7A & 7B), red indicating correlated
motion, white indicating uncorrelated motion, and blue indicating
anti-correlated motion.

The elastic network map showing the connections between
atoms (Fig.7C & 7D), the darker grey regions represent stiffer
areas of the complex.

exhibited a negative zeta potential value of -24.69
± 1.8 mV. Zeta potential values more negative than
-30 mV or more positive than +30 mV are generally
considered indicative of good colloidal stability due
to significant electrostatic repulsion between
droplets, which inhibits f locculat ion and
coalescence. Although the zeta potential of
CONEs was slightly less negative than -30 mV, it
still suggests a reasonably stable nanoemulsion
system.
The surfactant used in the preparation of CONEs,
Tween 80, played a crucial role in stabilizing the
nanoemulsion. Due to its hydrophilic-lipophilic
balance (HLB = 15), Tween 80 effectively reduced

the interfacial tension between the castor oil and
water phases, facilitating the formation of smaller
droplets. Additionally, Tween 80, being a small-
molecule surfactant, has a higher efficiency in
adsorbing onto the droplet surfaces compared
to polymer-based surfactants, further enhanced
by the ultrasonication process. This rapid
absorption decreases the droplet size and
prevents recoalescence, contributing to the
stability of the nanoemulsion.

Minimum Inhibitory Concentration (MIC)
Assay

The minimum inhibitory concentration (MIC)
assay was performed to evaluate the antibacterial
and antifungal activit ies of Castor oil
nanoemulsion (CONEs) against Streptococcus
mutans, Candida albicans, and their mixed
cultures. The MIC values were determined by
treating the microorganisms with various
concentrations of CONEs (10, 25, 50, 75, and
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100 µg/ml) and measuring optical density at 600
nm (Guidotti-Takeuchi et al. 2022).

The results indicated that the MIC of CONEs for
Streptococcus mutans was 50 µg/ml,
demonstrating substantial antibacterial effects.
For Candida albicans, the MIC was higher, at 75
µg/ml, indicating a relatively higher resistance of
this fungus to the nanoemulsion treatment
compared to S. mutans. In the mixed culture
condition, where both microorganisms were
present, the MIC value increased to 100 µg/ml.
This suggests that the presence of both
organisms together in a mixed culture increases
the overall resistance to the nanoemulsion
treatment (Rivera-Quiroga et al., 2020).

These findings highlight the potent antimicrobial
activity of CONEs, with significant inhibitory effects
on both S. mutans and C. albicans. The higher
MIC value observed in mixed cultures could be
attributed to the synergistic protection
mechanisms employed by the biofilm matrix,
which is known to enhance microbial resistance
to antimicrobial agents.

Our results are consistent with prior studies
demonstrating the efficacy of nanoemulsions in
inhibiting microbial growth. For instance, previous
research has shown that essential oils, when
formulated into nanoemulsions, exhibit lower MIC
values and enhanced antibacterial properties
compared to their bulk counterparts. The
enhanced antibacterial activity of CONEs can be
attributed to the reduced droplet size and
increased surface area, which facilitate better
interaction with microbial cells.

Disc Diffusion Assay

To further evaluate the antimicrobial efficacy of
Castor oil nanoemulsion (CONEs) against
Streptococcus mutans, Candida albicans, and
their mixed cultures, a disc diffusion assay was
conducted (Haq et al. 2023). The assay
measured the diameter of the inhibition zones
(ZOI) around discs loaded with CONEs at the
minimum inhibitory concentration (MIC) and half
MIC.

The results demonstrated clear zones of
inhibition, indicating the antimicrobial action of
CONEs. The diameter of the inhibition zone for
Streptococcus mutans was found to be 22±1.8
mm, while for Candida albicans it was 19±2.2
mm. The mixed culture condition exhibited a larger
inhibition zone of 11±1.3 mm. The appearance of
these zones around the CONEs-loaded discs
confirmed the significant antimicrobial activity
against both bacteria and fungi (Higa et al. 2022).
These findings are consistent with previous
reports that nanoemulsions enhance the delivery
and efficacy of antimicrobial agents due to their
smaller droplet size and increased surface area,
which facilitate better interaction with microbial
cell membranes. The larger zone of inhibition
observed in the mixed culture could be attributed
to the synergistic effect of CONEs on the
combined biofilm matrix, which is known to
enhance microbial resistance when treated
individually.

In comparison to other studies, our results show
a stronger antimicrobial effect of CONEs. For
instance, earlier research using essential oil-
based nanoemulsions reported inhibition zones
for various pathogens in the range of 11-14 mm.
The larger inhibition zones observed in our study
suggest that CONEs might have a more potent
antimicrobial action, possibly due to the effective
formulation and stabilization provided by the
nanoemulsion process.

Biofilm Biomass Reduction

To determine the impact of Castor oil
nanoemulsions (CONEs) on the biofilm biomass
of Streptococcus mutans and Candida albicans,
both individual and mixed cultures were allowed
to form biofilms in the presence of CONEs at half
of the MIC and MIC concentrations. After 48 hours
of incubation, the biofilm biomass was evaluated
using crystal violet staining.

The crystal violet assay results indicated a
significant reduction in biofilm biomass upon
treatment with CONEs. Specifically, the biofilm
biomass of Streptococcus mutans was reduced
by 73%, Candida albicans by 61%, and the mixed
culture by 48%, as compared to the untreated
control by MIC of CONEs (Fig. 2A). This reduction
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demonstrates the potent antibiofilm activity of
CONEs against these periodontal pathogens
(Srivastava et al. 2020).

The reduction in biofilm biomass can be attributed
to two primary mechanisms. First, the CONEs
likely reduce the number of sessile cells within
the biofilm, effectively decreasing the overall cell
density (Cattò and Cappitelli, 2019). Second, the
nanoemulsion may inhibit the production of
extracellular polymeric substances (EPS), which
serve as the binding matrix for biofilm formation
and maintenance. By disrupting EPS production,
CONEs weaken the structural integrity of the
biofilm, making it more susceptible to removal and
antimicrobial treatment (Samrot et al. 2021).

These findings align with previous studies that
have shown the efficacy of nanoemulsions in
disrupting biofilms (Li et al. 2021). The ability of
CONEs to significantly reduce biofilm biomass
highlights their potential as an effective treatment
strategy for periodontitis. The reduction of biofilm
biomass not only helps in managing the existing
infection but also prevents the recurrence and
persistence of biofilm-associated pathogens.

Reduction in Sessile Cell Counts

After treating biofilms with the MIC of Castor oil
nanoemulsions (CONEs) and incubating for 48
hours, we assessed the number of sessile cells
using the spread plate technique. The results
showed a substantial reduction in the number of
sessile cells within the biofilms of both individual
and mixed cultures (Guidotti-Takeuchi et al. 2022).
The MIC of CONEs resulted in a reduction of
sessile cells by 2.7 log (CFU/ml) for
Streptococcus mutans, 2.3 log (CFU/ml) for
Candida albicans, and 1.9 log (CFU/ml) for the
mixed culture (Fig. 2B). This significant decrease
in sessile cell numbers indicates the
effectiveness of CONEs in disrupting the biofilm
and reducing the viability of biofilm-associated
cells  (Barbosa et al. 2016).The sessile cell
counting study corroborates the findings from the
biofilm biomass reduction assay, suggesting that
one of the primary mechanisms by which CONEs
reduce biofilm biomass is by decreasing the
number of viable sessile cells. By effectively
reducing the population of sessile cells, CONEs

help in weakening the biofilm structure and
making it more susceptible to antimicrobial
treatment and mechanical removal (Cattò and
Cappitelli, 2019). These findings are consistent
with previous research that highlights the efficacy
of nanoemulsions in targeting biofilm-associated
cells. The ability of CONEs to significantly reduce
sessile cell counts underscores their potential as
a therapeutic agent for managing periodontitis,
as it helps in controlling the persistent and
resistant nature of biofilm-associated infections.

Reduction in EPS Production

Another contributing factor to the reduction in
biofilm biomass is the decreased production of
extracellular polymeric substances (EPS). EPS
acts as a binding matrix, embedding sessile cells
within the biofilm and providing structural integrity
and protection to the microbial community (More
et al. 2014).

Our results demonstrated that treatment with the
MIC of Castor oil nanoemulsions (CONEs)
significantly reduced EPS production in the
biofilms formed by Streptococcus mutans and
Candida albicans. Specif ically, the EPS
production was reduced by 2.3 times for S.
mutans, 2.1 times for C. albicans, and 1.65 times
for the mixed culture, compared to the untreated
control  (Lemoine et al. 2020) (Fig. 3C).

The observed reduction in EPS production is
crucial for the disruption of biofilms (Fig. 3A), as
the EPS matrix is integral to the biofilm’s stability
and resistance to antimicrobial agents. By
diminishing the EPS production, CONEs
effectively weaken the biofilm structure, making
the embedded sessile cells more vulnerable to
antimicrobial treatments and mechanical
disruption.These findings align with previous
studies that have highlighted the importance of
targeting EPS production as a strategy for biofilm
control. The signif icant decrease in EPS
production further supports the potential of
CONEs in managing biof ilm-associated
infections, particularly in the context of periodontal
disease, where robust biofilm formation is a key
challenge.

In silico study
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The in silico docking study revealed that ricinoleic
acid exhibits strong binding affinities with both Als3
adhesin of Candida albicans (Fig.4A) and Sortase
A of Streptococcus mutans (Fig. 4B), with binding
energies of -5.8 kcal/mol and -5.7 kcal/mol,
respectively. These values suggest a high binding
affinity, indicating the potential of ricinoleic acid
as an effective inhibitor for these proteins, which
are critical for biofilm formation and pathogenicity.
Detailed interaction analysis showed that
ricinoleic acid forms multiple hydrogen bonds with
Thr168 (B), Asp169 (B), Ser170 (B), and Tyr23
(B) in Als3 adhesin, along with hydrophobic
interactions with residues such as Arg299 (B),
Ala19 (B), Trp295 (B), Tyr298 (B), Tyr21 (B),
Gly297 (B), Asn160 (B), and Tyr226 (B) (Figure
4C). This robust interaction profile suggests that
ricinoleic acid can significantly hinder the function
of Als3 adhesin, thereby reducing the adhesion
and biofilm formation capability of Candida
albicans. Similarly, ricinoleic acid binds to Sortase
A via hydrogen bonds with Ile180 (B) and Leu223
(B), and through hydrophobic interactions with
Glu222 (A), Gly164 (B), Lys181 (A and B), Asn163
(A and B), Ile179 (A and B), and Glu222 (B) (Fig.
4D). These extensive interactions imply a strong
binding to Sortase A, potentially inhibiting its role
in biof ilm formation and pathogenicity of
Streptococcus mutans. Comparative analysis
with other known inhibitors demonstrates that the
binding affinities of ricinoleic acid are significantly
high, positioning it as a potent inhibitor.
Visualization of these interactions using PyMOL
and LigPlot confirmed the binding sites and
detailed interactions, highlighting how ricinoleic
acid can effectively inhibit these proteins. The
comprehensive interaction profile, including
multiple hydrogen bonds and hydrophobic
contacts, suggests that ricinoleic acid could
disrupt the biofilm formation and maintenance
mechanisms, reducing the virulence and
persistence of these pathogens. These findings
underline the therapeutic potential of ricinoleic
acid, warranting further experimental validation to
explore its efficacy in treating biofilm-associated
infections (Martorano-Fernandes et al. 2023).
The molecular dynamics simulation study
provided valuable insights into the structural
dynamics of the ricinoleic acid-Als3 adhesin (Fig.
5A) and ricinoleic acid-Sortase A complexes

(Fig.5B). The normal mode analysis (NMA) results
for the ricinoleic acid-Als3 adhesin complex are
depicted in Figure 5C. The deformability graph
(Fig. 5E & 5F) illustrates peaks corresponding to
regions in the protein with high deformability,
indicating areas of flexibility within the complex.
The B-factor graph (Fig.5C & 5D) facilitates easy
visualization and comparison between the NMA
and the PDB field of the complex, showing the
relative mobility of different regions.

The eigenvalue for the ricinoleic acid-Als3 adhesin
complex was found to be 3.391967e-05 (Fig. 6A).
This low eigenvalue signifies that the complex is
highly deformable, indicating a less rigid structure
that can adapt to conformational changes more
easily. Similarly, the ricinoleic acid-Sortase A
complex exhibited an eigenvalue of 5.916919e-
05, also indicative of considerable deformability
(Fig.6B). The variance graph (Fig.6C & 6D) shows
individual variance by red bars and cumulative
variance by green bars, with a high degree of
cumulative variance indicating overall flexibility of
the complexes.

The co-variance map (Fig.7A & 7B) displays the
correlated motions between residue pairs, with
red indicating correlated motion, white indicating
uncorrelated motion, and blue indicating anti-
correlated motion. The elastic network map
(Fig.7C & 7D) highlights the connections between
atoms, where darker gray regions represent
stiffer areas of the complex.

These results suggest that both ricinoleic acid-
Als3 adhesin and ricinoleic acid-Sortase A
complexes possess significant flexibility and low
rigidity, as indicated by their low eigenvalues. This
flexibility might enhance their binding interactions
and stability, making ricinoleic acid an effective
inhibitor against these targets. The observed high
deformability and satisfactory results from the
variance, co-variance, and elastic network maps
further support the potential of ricinoleic acid as
a promising candidate for disrupting biofilm
formation and reducing the virulence of Candida
albicans and Streptococcus mutans. These
findings highlight the importance of considering
molecular dynamics in the development of novel
antimicrobial agents.
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CONCLUSION

The comprehensive characterization and
antimicrobial efficacy evaluation of CONEs
highlight their potential as effective agents against
biofilm-associated infections. The nano-sized
droplets, facilitated by ultrasonic emulsification,
along with the stabilizing effect of Tween 80,
ensure the stability and uniformity of the
nanoemulsion. The significant reductions in
biofilm biomass, sessile cell counts, and EPS
production, along with strong binding affinities
observed in in silico studies, underscore the
therapeutic potential of CONEs, particularly in the
context of periodontal disease.
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