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Abstract

This study aimed to prepare and apply nanocapsules containing glycerol monolaurate for eradicating
Streptococcus mutans biofilms. The interfacial deposition method of the preformed polymer synthesized
the nanocapsules characterized for mean diameter, polydispersity index, zeta potential, pH, and
morphology by transmission electron microscopy. The microdilution method investigated antimicrobial
activity. Crystal violet staining determined biomass quantification and the ability to inhibit biofilm
formation. The study also measured exopolysaccharide production and the number of viable colonies. The
characterization outcomes indicated acceptable values for the mean diameter 198.1 + 2, a polydispersity
index of 0.087 + 0.018, a zeta potential of -21.30 + 2.00 mV, a pH of 6.19 + 0.12, and typical nanostructure
morphology. The evaluations of minimum inhibitory and bactericidal concentrations of glycerol
monolaurate (free and nanoencapsulated) revealed their ineffectiveness in inhibiting microorganisms. Only
free glycerol monolaurate inhibits S. mutans growth with 125 pg/mL. Biomass, exopolysaccharide content,
and viable colonies in the biofilm were analyzed to assess the compounds' ability to inhibit biofilm
formation. The tested compounds did not significantly reduce the formed biofilm. Despite unfavorable
outcomes of the formulated preparation, further experimentation with a new formulation is encouraged
to explore alternative strategies and potential improvements.
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1. Introduction

Biofilm-associated infections are a significant global health concern, contributing to approximately
80% of all human infections (Dutta et al. 2021). Biofilms consist of microbial communities that irreversibly
adhere to biological and synthetic surfaces, including medical devices, implants, and tissues such as teeth
and bones (Costerton et al. 1999). Treating these structures is particularly challenging due to their
resistance to antimicrobial agents and the host immune system.

The oral cavity harbors a diverse microbiota, essential for maintaining oral health. However, shifting
from a balanced microbiome to a pathogenic state may cause dental caries, gingivitis, and periodontitis,
among other diseases (Lamont et al. 2018). Streptococcus mutans is a vital contributor to dental caries and
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forms biofilms on tooth surfaces, metabolizing dietary sugars to produce acids that demineralize enamel,
ultimately causing tooth decay (Bowen et al. 2018). Extracellular polysaccharides synthesized from sucrose
facilitate biofilm formation by S. mutans, creating a matrix that enhances bacterial adherence and
resilience (Koo et al. 2013).

Recent studies estimate that the human oral cavity hosts over 700 distinct microbial species, with
mutans streptococci, particularly S. mutans, playing a central role in dental caries pathogenesis (Baker et
al. 2024). The critical significance of controlling dental biofilms has driven research into novel antimicrobial
agents that effectively target these communities without disrupting the overall balance of the oral
microbiome (Kuang, Chen, and Xu 2018).

Glycerol monolaurate (GML), or monolaurin, is a glycerol monoester of lauric acid with known
antimicrobial properties against various Gram-positive and Gram-negative bacteria and fungi (Schlievert et
al. 2019). While GML is widely used as an emulsifier in the food and cosmetic industries, its potential as a
systemic antimicrobial agent remains underexplored, primarily due to its limited water solubility and high
melting point (Lopes et al. 2016).

Nanotechnology offers promising solutions to these limitations by enabling the development of
nanostructured delivery systems that enhance the solubility, stability, and bioavailability of antimicrobial
agents such as GML (Beyth et al. 2015). Nanocapsules, in particular, have a significant potential to deliver
antimicrobial agents directly to biofilms, thereby improving their efficacy and minimizing adverse effects
(Marzuoli et al. 2021). This study evaluated the effectiveness of nanocapsules containing glycerol
monolaurate against oral pathogens such as S. mutans, considering their potential application in dental
practice.

2. Material and Methods
Free and nanoencapsulated glycerol monolaurate

The development of the formulation containing glycerol monolaurate nanocapsules followed the
interfacial deposition method of the preformed polymer (Fessi et al. 1989) with modifications. Polysorbate
80 (0.194 g) and ultrapure Milli-Q water (134 mL) were dissolved in the agueous phase under moderate
stirring at 40°C. In the organic phase, sorbitan monooleate (0.194 g), capric/caprylic acid triglycerides (0.8
g), a polymer blend of polymethyl methacrylate and polyethylene glycol (0.25g), and glycerol monolaurate
(0.025 g) were dissolved in acetone (100%) under moderate agitation at 40°C. The aqueous phase then
received the poured organic phase, and the mixture remained under moderate stirring for ten minutes. A
rotary evaporator evaporated the solvent and water to adjust the concentration to 1 mg/ml. A blank
formulation was prepared in the same way but without the glycerol monolaurate, and the free glycerol
monolaurate was prepared by weighing 10 mg of the compound and solubilizing it in 10 mL of absolute
ethanol.

Nanocapsule characterization

The produced formulations were characterized by their average diameter and polydispersity index
using dynamic light scattering. Electrophoresis aided by a Zetasizer Nano-ZS (Malvern Instruments, United
Kingdom) determined the zeta potential. A potentiometer (Digimed®) assessed the pH of the formulations.
All parameter analyses occurred in three replicates.

The morphological analysis of glycerol monolaurate and blank nanocapsules used a transmission
electron microscope operating at 80 kV (Transmission Electron Microscopy; Jeol, JEM 1200 Exll, Japan). The
formulation was diluted (1:10 v/v in distilled water), and 1 mL was deposited on a grid (Formvar-Carbon
support films), negatively stained with uranyl acetate solution (2% w/v), and observed at a magnification of
200.000 x.
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Microorganism

The strain of Streptococcus mutans was purchased from the American Type Culture Collection
(ATCC 25175) for microbiological testing. The microorganism remained in a culture medium (Brain Heart
Infusion - BHI) with glycerol and cooled to -80°C. The strain was thawed, inoculated on BHI broth, and
incubated at 37°C for 24 hours to perform the tests.

Determination of minimum inhibitory and bactericidal concentrations

The broth microdilution method determined the minimum inhibitory concentration (MIC) in a 96-
well plate (CLSI, 2015). All wells received the BHI broth (100 pL), and the first row received 100 uL of free
or nanoencapsulated glycerol monolaurate, followed by serial dilution. Next, the inoculum (0.5 on the
McFarland scale) containing S. mutans (15 plL) was added. The plate was incubated at 37°C for 24 hours.
The well containing only the inoculum and broth was the positive control, and the negative control
contained only the broth with saline. The test occurred in five replicates. After incubation, an addition of
25 pL of resazurin (0.015%) revealed the experiment. The MIC represented the lowest concentration
inhibiting visible microbial growth. Regarding the minimum bactericidal concentration (MBC), 1 uL was
collected from each well, seeded onto an agar plate with BHI, and incubated at 37°C for 24 hours. Colonies
were identified, and the MBC represented the lowest concentration with undetected microbial growth
(Russel and Furr 1977).

Biofilm formation

Biofilm production followed previous conditions (O’Toole et al. 1999) with modifications. Biofilm
formation occurred by adding 15 pL of inoculum (0.5 on the McFarland scale) to flat-bottomed 96-well
plates (Nunclon™ D surface, Nunc, Roskilde, Denmark) containing 100 uL of BHI broth, and the plate was
incubated at 37°C for 24 hours. Subsequently, 100 uL of glycerol monolaurate or a glycerol monolaurate
nanocapsule solution (500 ug/mL) was added, and the plate was incubated at 37°C for 24 hours. The S.
mutans strain in BHI broth was the positive control, and BHI broth alone was the negative control.

Crystal violet assay

The described crystal violet technique quantified the biomass (Kouidhi et al. 2010). The supernatant
was removed, and the well plate was washed three times with distilled water. The plate was incubated at
60°C for 60 minutes to fix the biofilm and stained with 150 uL of crystal violet (1%) for 15 minutes. The well
plate was washed with distilled water to remove excess crystal violet. 150 uL of ethanol (95%) was added
to dissolve the stain for ten minutes. Then, 100 uL were transferred to another plate to measure
absorbance at 570 nm in a microplate reader (TP -Reader; ThermoPlate, Goias, Brazil). The difference
between the optical density of the positive control (BHI broth + S. mutans) and the compounds (glycerol
monolaurate and glycerol monolaurate nanocapsules) determined anti-biofilm activity.

Inhibition of cell attachment

A microplate biofilm assay tested the anti-adhesion properties of glycerol monolaurate and glycerol
monolaurate nanocapsules (Merritt et al. 2011). The well-plate containing BHI broth and glycerol
monolaurate or glycerol monolaurate nanocapsules (500 pg/mL) received the inoculum (15 pL) containing
S. mutans. The plate was incubated at 37°C for 24 hours. The assay occurred as described. BHI broth
containing S. mutans was the positive control, and the inhibition percentage was calculated by

Optical Density Test
( L sld )x 100.
Optical Density Control
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Quantification of biofilm cultivable cells

Colony-forming unit (CFU) counts determined the number of viable cells in the biofilm (Lopes et al.
2019). After adding the compounds, the wells were washed three times with phosphate buffer saline to
remove non-adherent cells. The phosphate buffer saline (100 uL) was added, and the biofilm was scrapped
with a tip. The cell suspension was shaken, diluted in phosphate buffer saline, plated on BHI agar, and
incubated at 37°C for 24 hours. After incubation, the total CFU was counted, and the log CFU per milliliter
(logi0 CFU/mL) was determined.

Exopolysaccharide assay

The described method (Shetlar et al. 1948), adapted by Dall & Herndon (1989) with some
modifications, determined the number of exopolysaccharides. The wells were washed three times with
0.9% NaCl. The phosphate buffer saline (100 pL) was added, and the plate was sonicated (two minutes, 60
W power). Samples were centrifuged (950 g for 15 minutes), and the supernatant was added to absolute
ethanol (1 ml) and centrifuged again (2400 g for 20 minutes). The pellet was resuspended in distilled water
(1 ml), mixed with sulfuric acid (77%, 7 ml), and placed in an ice bath for ten minutes. Tryptophan (1%, 1
ml) was added and mixed. The mixture was heated in a boiling water bath for 20 minutes, and absorbance
was measured at 500 nm (TP -Reader; ThermoPlate, Goids, Brazil). The control comprised only
microorganisms and the medium.

Statistical analysis

Results of microbiological tests were subjected to one-way analysis of variance (ANOVA) followed
by Tukey's test with 95-99% significance (p < 0.05). All data were expressed as mean * standard deviation.
Experiments were performed in five replicates and three independent experiments.
3. Results
Nanocapsule characterization

After preparation, the glycerol monolaurate and blank nanocapsules underwent physicochemical
characterization (Table 1). Morphological analysis by transmission electron microscopy revealed a

characteristic nanometer size and spherical shape of nanocapsules. Figure 1 presents the image.

Table 1. Physicochemical characterization of nanoemulsions, evaluating size, polydispersity index (PDI) and
zeta potential.

Mean diameter (nm) Polydispersity index Zeta potential (mV) pH
Glycerol Monolaurate Nanocapsules 198.1+2 0.087 £ 0.018 -21.30 £ 2.00 6.19+0.12
Blank Nanocapsules 186.5+ 4.0 0.053 £ 0.015 -14.8+6.1 6.28+0.11

Minimum inhibitory and bactericidal concentrations

After adding the indicator reagent, the free glycerol monolaurate inhibited S. mutans growth with
125 pg/mL. The formulation containing glycerol monolaurate nanocapsules did not inhibit S. mutans
growth. Both compounds did not eliminate S. mutans when determining the minimum bactericidal
concentration. The nanocapsules were tested with sensitive microorganisms as a positive control. Our
research group has published these tested microorganisms (Lopes et al. 2016; Lopes et al. 2016; Lopes et
al. 2019).
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Figure 1. Transmission electron microscopy image of the PMMA/PEG glycerol monolaurate nanocapsule
(A) and blank nanocapsule (B).

Anti-biofilm activity
Both compounds had no anti-biofilm effect. Free glycerol monolaurate and nanocapsules did not

significantly reduce biomass, exopolysaccharides, and the number of viable cells in the biofilm. Also, the
tested compounds did not inhibit S. mutans biofilm formation (Figure 2).
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Figure 2. A - Biomass quantification by crystal violet staining; B - Biofilm inhibition efficiency of glycerol
monolaurate and glycerol monolaurate nanocapsules; C - Effect of glycerol monolaurate and glycerol
monolaurate nanocapsules on viable cells; D - Exopolysaccharide quantification on the biofilm treated with
glycerol monolaurate and glycerol monolaurate nanocapsules. The control included only the medium with
the microorganism. The data were expressed as mean + standard deviation. The study applied a one-way
analysis of variance (ANOVA) followed by Tukey's test at 95-99% significance (p < 0.05).

4, Discussion

Nanocapsule characterization outcomes agree with previous studies employing polymeric blends as
drug carriers for nanoparticle development. Khalil et al. (2013) successfully developed curcumin
nanoparticles using a PLGA-PEG blend, reaching a particle diameter of approximately 152.37 nm and a
polydispersity index (PDI) of 0.077. Similarly, Seremeta et al. (2013) reported nanoparticle development
with a PCL-Eudragit® RS 100 blend, achieving a diameter of approximately 173 nm and a PDI of 0.077.

Dental biofilm remains the primary etiologic factor in dental caries and periodontal disease onset
(Kuboniwa and Lamont 2010; Pitts et al. 2017). When improperly managed, biofilms may undergo
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increased physiological heterogeneity and engage in complex interactions that accelerate tooth
demineralization and systemic inflammation (Pitts et al. 2017). Among critical bacterial species implicated
in oral diseases is S. mutans, a Gram-positive bacterium known for its acidogenic and aciduric properties
(Fejerskov et al. 2015; Bedoya-Correa et al. 2021).

Our study found that glycerol monolaurate (monolaurin) exhibited limited antimicrobial activity
against S. mutans. Although we hypothesized that nanocapsule formulation would enhance monolaurin
penetration into deeper biofilm layers, it did not perform as effectively as free monolaurin (Wu et al.
2021). This observation aligns with findings in the literature, in which monolaurin showed variable efficacy
against different bacterial species. Schlievert and Peterson (2012) reported that monolaurin’s effectiveness
against Gram-negative bacteria, such as Escherichia coli, is highly pH-dependent and had significantly
enhanced activity at lower pH levels.

Studies have explored the potential of monolaurin to combat S. mutans specifically. One study
showed that monolaurin significantly inhibited S. mutans biofilm formation at concentrations as low as 24
mg/L, indicating its potential to disrupt biofilm development, a critical factor in dental caries progression
(Ham and Kim 2016). Furthermore, research has highlighted the synergistic effects of monolaurin
combined with traditional antibiotics, suggesting that this approach might enhance the overall
antimicrobial efficacy against Gram positive bacteria within biofilms (Ghany et al. 2024).

While glycerol monolaurate nanocapsules alone may not sufficiently combat S. mutans, there is
potential for optimizing the formulation or combining it with other antimicrobial agents to improve
efficacy. The observed pH-dependent activity also emphasizes the need for further investigation into
environmental conditions under which monolaurin is most effective, particularly in the dynamic and
variable environment of the oral cavity. Future studies should explore these variables to develop more
targeted and effective strategies for preventing and managing oral diseases related to S. mutans.

5. Conclusions

The study successfully prepared the nanocapsule containing glycerol monolaurate with good
characterization values. However, the free and encapsulated compounds showed no potential against S.
mutans in free and sessile forms. Hence, the compounds may be applied as therapy to combat the biofilm
formed by this microorganism. Further studies with different nanostructures should search for viable and
safe alternatives of nanotechnology applications to oral biofilms.
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