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ABSTRACT
The diversity and delicate balance of the oral microbiome contribute to oral health, with its 
disruption leading to oral and systemic diseases. Toothpaste includes elements like traditional 
additives such as sodium lauryl sulfate (SLS) as well as novel postbiotics derived from 
probiotics, which are commonly employed for maintaining oral hygiene and a healthy oral 
cavity. However, the response of the oral microbiota to these treatments remains poorly 
understood. In this study, we systematically investigated the impact of SLS, and toothpaste 
containing postbiotics (hereafter, postbiotic toothpaste) across three systems: biofilms, animal 
models, and clinical populations. SLS was found to kill bacteria in both preformed biofilms 
(mature biofilms) and developing biofilms (immature biofilms), and disturbed the microbial 
community structure by increasing the number of pathogenic bacteria. SLS also destroyed 
periodontal tissue, promoted alveolar bone resorption, and enhanced the extent of inflam-
matory response level. The postbiotic toothpaste favored bacterial homeostasis and the 
normal development of the two types of biofilms in vitro, and attenuated periodontitis and 
gingivitis in vivo via modulation of oral microecology. Importantly, the postbiotic toothpaste 
mitigated the adverse effects of SLS when used in combination, both in vitro and in vivo. 
Overall, the findings of this study describe the impact of toothpaste components on oral 
microflora and stress the necessity for obtaining a comprehensive understanding of oral 
microbial ecology by considering multiple aspects.
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Introduction

The oral microbiome represents the second-most 
diverse bacterial community in the human body [1]. 
Oral bacteria are not planktonic; rather, they exist as 
biofilms in the oral cavity. The biofilms formed in 
different niches of the oral cavity are diverse in com-
position and include approximately 1000 species 
across individuals [2]. The synergy and interactions 
between of various oral microorganisms protect the 
human body from invasion by undesirable internal 
and external perturbations [2]. However, a disruption 
of the delicate equilibrium within the microbial eco-
system contributes to various oral and systemic dis-
eases. In particular, the highly prevalent periodontal 
diseases such as gingivitis and periodontitis affect up 
to 90% of the world population [3]. Therefore, pro-
moting a balanced microbiome is important for the 
effective maintenance or restoration of oral health.

Regular oral hygiene is effective in controlling the 
microbial load in the dentition and oral cavity to 
prevent oral problems [4]. Brushing with toothpaste 
is the most highly advocated and primary approach 
to oral hygiene in industrialized countries [5]. 
A typical toothpaste formulation contains 
a combination of various antimicrobials, surfactants, 
polymers, and other components to achieve bacter-
icidal effects and plaque removal [3]. However, the 
complete elimination of oral microorganisms is not 
an ideal solution [4]. The traditional approach invol-
ving the indiscriminate eradication of the commensal 
bacteria along with the pathogenic bacteria disturb 
the oral microecology, with adverse impacts on oral 
health. The preferred strategies for the prevention of 
oral diseases emphasize the preservation of bacterial 
ecology while decreasing its pathogenic properties 
and ensuring the reconstruction of the bacterial com-
munity homeostasis.
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Sodium lauryl sulfate (SLS) is a surfactant that has 
been commonly used as an ingredient of toothpaste 
for more than 50 years owing to its cleaning and 
foaming actions. The concentration of SLS in com-
mercially available dentifrices ranges from 1%–3%. 
SLS can inhibit the growth of many microorganisms 
[1980]. This antimicrobial activity of SLS is mainly 
owing to its ability to interact with and penetrate the 
bacterial cell wall, and to further interact with com-
ponents of the cell membrane, such as lipids and 
proteins. The penetration of SLS into the cell mem-
brane leads to enhanced permeability of the bacterial 
cell wall, which may contribute to the leakage of 
intracellular components and cytolysis [6,7]. Thus, 
SLS can act as a non-specific antibacterial agent, 
capable of killing beneficial bacteria as well. 
However, SLS continues to be used by leading tooth-
paste manufacturers to date due to its perfect foam-
ing ability, acceptable taste, and lower cost compared 
to other surfactants. Therefore, a detailed profiling 
of the microbial community is warranted to charac-
terize the SLS-induced shift in microbial 
homeostasis.

The use of probiotics and postbiotics is a novel 
approach for overcoming the limitations of traditional 
interventions. An increasing number of studies have 
shown that probiotics aid in relieving gingivitis, plaque, 
and alveolar bone loss, besides regulating pro- 
inflammatory effects [8]. Different Lactobacilli strains, 
including Lactobacillus paracasei, L. plantarum, 
Lactobacillus rhamnosus, and Lactobacillus salivarius, 
have been shown to inhibit disparate microbial species 
and balance the microflora [9]. However, certain wor-
rying limitations are associated with the use of probio-
tics, including the negative effects of consuming live 
bacteria on immunocompromised patients, possibility 
of horizontal transfer of antibiotic resistance genes to 
pathogenic microorganisms, appearance of antibiotic 
resistance, and the high cost associated with the main-
tenance of bacterial viability during manufacture, sto-
rage, and distribution of the probiotics. Therefore, 
postbiotics, a new category of antibiotics with no 
need for viable cells and beneficial therapeutic effects, 
may be safe and cost-effective alternatives to probiotics. 
The components of postbiotics include short-chain 
fatty acids, exopolysaccharides, vitamins, teichoic 
acids, bacteriocins, enzymes and peptides in a non- 
purified inactivated cell preparation. Previous studies 
have suggested that postbiotic preparations of 
Lactococcus lactis that include the bacteriocin Nisin 
can be potentially employed for therapeutic applica-
tions in humans to support a healthy oral microbiome 
[10–12]. Accordingly, the use of postbiotics is 
a potential strategy for the prevention and treatment 
of bacterial diseases, allowing the recovery of oral bio-
diversity and restoration of the ecological balance of 
the oral microbiome.

In the present study, the effects of the traditional 
additive SLS as well as promising postbiotics incor-
porated in toothpaste were evaluated using biofilm 
model, rat model of periodontitis and individuals 
with gingivitis. To the best of our knowledge, this is 
the first study to explore oral microecology by simul-
taneously employing three different systems: biofilms, 
animal models, and humans.

Materials and methods

In vitro biofilm model study

A postbiotic toothpaste containing 20% Lactobacilli 
fermentation extract derived from Lactobacilli sp. BZ 
was utilized in this study. The other ingredients of the 
toothpaste include calcium dihydrogen phosphate, gly-
cerin, water, cellulose, pectin, xanthan gum, gellan 
gum, curdlan gum, and agar. As shown in Figure 1, 
the Amsterdam Active Attachment Model (AAA- 
model) was employed to establish an in vitro biofilm 
model. Saliva samples were collected from five healthy 
individuals (two males and three females) aged 21–26  
years, with the approval of the Ethics Committee of 
Tianjin Stomatological Hospital (approval number 
2021-006-01). The collected saliva samples were pooled 
together and centrifuged at 2,600 × g for 10 minutes at 
4°C to remove large fragments and eukaryotic cells. 
Next, the inoculation medium was prepared in a 1/50 
ratio of saliva to SHI medium. Then, 1.5 mL inocula-
tion medium was added to each well of a 24-well plate, 
and the previously sterilized cover of the AAA model 
was transferred to the 24-well plate. The models were 
incubated for 8 h at 37°C under anaerobic conditions 
in an automated anaerobic incubator for allowing 
initial attachment to the holding hydroxyapatite 
(HAP) discs. The biofilms were cultured for 48 h or 
12 h after the initial attachment period to serve as 
preformed biofilms (mature biofilms) and developing 
biofilms (immature biofilms), respectively. The bio-
films were then treated with ultrapure water (CTL), 
0.12% chlorhexidine (CHX), 2% SLS (SLS), a 25% post-
biotic toothpaste (PT), and 25% mixture of postbiotic 
toothpaste with 1.8% SLS (PT+SLS). The treatments 
were performed every 12 h within 72 h for preformed 
biofilms and of 36 h for developing biofilms, and lasted 
for 2 min each time to simulate the daily brushing 
process. The biofilms were characterized using crystal 
violet staining, colony forming unit (CFU) assay, 
quantitative polymerase chain reaction (qPCR), lactic 
acid content analysis, scanning electron microscopy 
(SEM), and 16S rRNA sequencing. According to 
previous studies [13–15], the universal primers 515F 
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806 R (5′- 
GGACTACVSGGGTATCTAAT-3′) were used for 
qPCR in this study.
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Rat periodontitis model study

Sprague Dawley (SD) rats were used to construct 
a periodontitis model after one week of adaptation. 
The rats were anesthetized and the first maxillary 
molars were ligated with a wire (diameter, 0.2 mm). 
After ligation, 0.2 mL of LPS (1 mg/mL) was injected 
into the gingival sulci between the first and second 
maxillary teeth of rats every day for three consecutive 
days, and a periodontal probe depth greater than 1  
mm was confirmed as successful establishment of the 
model. SD rats in the non-periodontitis model served 
as the control group (CTL), and those in the period-
ontitis model treated with normal saline served as the 
model group (MD). All treatments were performed 
every 12 h for 14 days. The gingival index (GI), sulcus 
bleeding index (SBI), and probing depth (PD) were 
measured on days 0 and 14 to evaluate the changes 
after different treatments. Alveolar bone resorption 
was tested using methylene blue staining, and 
cemento-enamel junction (CEJ)-alveolar bone crest 
(ABC) distances were recorded to analyze alveolar 
bone resorption. Histological changes were assessed 
by hematoxylin-eosin (H&E) staining, and the con-
tent of interleukin 1β (IL-1β), interleukin 6 (IL-6), 
and tumor necrosis factor (TNF-α) in serums and 
tissues were evaluated using enzyme-linked immuno-
sorbent assay (ELISA).

Clinical trial study

This randomized-control, double-blind, parallel- 
design clinical trial was conducted with an observa-
tion period of one month. This study was approved 

by the Ethics Committee of Tianjin Stomatological 
Hospital (reference number 2021-006-01). The trial 
was registered in the Chinese Clinical Trial Registry 
(Identifier: ChiCTR2400081617). Written informed 
consent was obtained from all participants. This 
study was conducted in accordance with the Good 
Clinical Practice (GCP) guidelines and the principles 
of the Declaration of Helsinki. In total, 144 partici-
pants were recruited, all of whom had been diagnosed 
with gingivitis. The subjects were randomly assigned 
to either the PT group (72 subjects) or PT+SLS group 
(72 subjects). Throughout the experiment, the sub-
jects were instructed to brush their teeth with the test 
toothpaste twice a day, once each in the morning and 
evening, using the horizontal vibrating brush method, 
for 2 minutes each time. The plaque index (PLI) and 
gingival index (GI) were recorded at the following 
time points: baseline (day 0), day 7, day 14, day 21, 
and day 28. Saliva samples from each subject were 
collected after oral examination on days 0 and 28 and 
analyzed for microbial communities using 16S rRNA 
sequencing.

For the extended methods, please refer to the 
Supplementary Materials and Methods.

Results

Effects of postbiotic toothpaste and SLS on 
biofilm quantification

To clarify the effects of postbiotic toothpaste and SLS, 
biofilms at different stages were successfully estab-
lished based on the AAA model, including preformed 
and developing biofilms. In this study, multiple 

Figure 1. Scheme of the in vitro biofilm model.
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methods including crystal violet staining, CFU assays, 
qPCR analysis, lactic acid determination, and SEM 
observation, were used to comprehensively evaluate 
biofilm growth. Each method reflects different 
aspects of biofilm growth. Crystal violet staining is 
a non-specific staining method that can quantify all 
types of biomass, including exopolysaccharides, dead 
bacteria, and live bacteria [16]. The CFU assay is an 
effective method for determining the number of 
viable bacteria. With the assistance of universal pri-
mer, qPCR was used to determine the total bacterial 
load [14]. Further, as lactic acid production is a key 

indicator of the metabolic activity, the concentration 
of lactic acid was detected to investigate the metabolic 
activity. SEM was used to examine the biofilm 
morphology.

The preformed biofilms were cultured for 48 h 
until maturity and then subjected to various treat-
ments for further 72 h. As shown in Figure 2a, the 
biofilm biomass of the SLS group was significantly 
decreased, whereas that of the PT group was similar 
to that of control group. Interestingly, the biomass of 
the PT+SLS group was intermediate between that of 
the SLS and PT groups, with no significant difference 

Figure 2. The effect of postbiotic toothpaste and SLS on the preformed biofilms. (a) The biomass of preformed biofilms after 
different treatments as measured by crystal violet staining. (b) Colony forming unit (CFU) counts of preformed biofilms (statistics 
are log-transformed). (c) Quantitative analysis of the preformed biofilms using qPCR after different treatments. (d) The 
concentration of Lactic acid concentration of the preformed biofilms. (e) Microstructure of the biofilms as observed by scanning 
electron microscopy (SEM) at 3000× magnification. Scale bar, 5 μm. (f) Representative SEM images of the biofilms at 10,000× 
magnification. Scale bar, 1 μm.
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from that of the control group, indicating that post-
biotic toothpaste can alleviate the inhibitory effect of 
SLS on biofilm biomass. Compared with that in the 
control group, the number of live bacteria was lower 
in the SLS and positive control CHX groups, but 
there were many live bacteria in both the PT and 
PT+SLS groups (Figure 2b). qPCR analysis showed 
the highest copy number of 3.12 × 107 copies/μL in 
the PT group, suggesting that postbiotic toothpaste 
enhanced the number of bacteria in the biofilm 
(Figure 2c). Crystal violet staining enables quantita-
tive biomass assessment, including live and dead bac-
teria, as well as extracellular polymer substances [17]. 
Based on the illustrations in Figure 2a-c, we propose 
that SLS demonstrates bactericidal properties and 
contributes to extracellular polymer substance 
removal. As shown in Figure 2d, the lactic acid con-
tents of the CHX, SLS, PT and PT+SLS groups were 
all lower than those of the control group, while those 
of the SLS group were the lowest (Figure 2d). As 
shown in the SEM images, the biofilm structures of 
the control, PT, and PT+SLS groups were tight, and 
the pores between the different bacterial clumps were 
small. The bacteria were tightly packed within the 
extracellular matrix and formed a three-dimensional 
network structure (Figure 2e,f). However, the biofilm 
structure of the SLS group was the same as that of the 
CHX group, which was sparse and loose, with large 
gullies. The closeness and thickness of the biofilms 
were lower than those in the control group, and the 
number of bacteria in the biofilms was also signifi-
cantly reduced. These results were consistent with 
those of the crystal violet staining and CFU counts. 
In conclusion, these results revealed that the SLS 
could inhibit the bacteria growth, reduce the biofilm 
biomass and destroy the three-dimensional network 
structure of extracellular polymer substances, whereas 
postbiotic toothpaste contributed to the bacterial 
homeostasis and normal growth of biofilms.

As for developing biofilms, they were only cul-
tured for 12 h to keep them in an immature state, 
and then subjected to different treatments for further 
12 h. As depicted in Figure 3a, crystal violet staining 
revealed that similar to preformed biofilms, develop-
ing biofilms revealed reduced biomass in the SLS 
group, increased biomass in the PT group, and inter-
mediate biomass in the PT+SLS group. SLS and CHX 
were also found to inhibit the viable bacteria 
(Figure 3b), total bacteria (Figure 3c) and lactic acid 
content (Figure 3d) of the developing biofilms, 
whereas the PT group exhibited levels comparable 
hose in to the control group. Additionally, the post-
biotic toothpaste mitigated the negative effects of SLS 
on total bacterial and lactic acid levels, as demon-
strated in the PT+SLS group. The SEM observations 
revealed that compared with the control group, all 
other treatments loosened the dense network 

structure of the developing biofilms, among which 
the degree of looseness in the PT and PT+SLS groups 
was relatively low (Figure 3e,f). In contrast, the bio-
films after CHX treatment showed that the extracel-
lular matrix around streptococcus was largely 
decreased. After SLS treatment, the sticky extracellu-
lar matrix covering the bacteria almost disappeared; 
the bacterial morphology was clearly observed, and 
most bacteria were found to be spherical. 
Furthermore, SEM images at higher magnification 
showed that the bacterial morphology had changed, 
and many bulged vesicles appeared on the cell mem-
brane (Figure 3f). These results showed that PT and 
PT+SLS had little effect on the three-dimensional 
structure of the biofilm during development, whereas 
SLS significantly damaged the developing biofilms, 
resulting in complete disappearance of the extracel-
lular matrix and changes in bacterial morphology.

Effects of postbiotic toothpaste and SLS on the 
microbiome of biofilms

In this study, 16S rRNA sequencing was performed to 
identify shifts in the microbiota. Alpha diversity was 
analyzed at the operational taxonomic unit (OTU) level, 
in which the Shannon and Simpson indices were used 
to reflect community diversity and the ACE and Chao 
indices were used to represent community richness 
(Figure 4a-d). In terms of preformed biofilms, the 
Shannon, ACE, and Chao indices in the PT and PT 
+SLS groups were as high as those in the control group, 
and the Simpson index was similar to that of the control 
group, indicating that treatment with postbiotic tooth-
paste could maintain the microflora diversity. It is 
obvious that SLS decreased the alpha diversity, as 
shown by the profoundly lowered Shannon, Ace, 
Chao indices, and the elevated Simpson index. Beta 
diversity analysis was performed using principal coor-
dinate analysis (PCoA), which indicated that the SLS 
and CHX groups were clearly separated from the other 
groups (Figure 4g). Figure 4e-f present the differences 
in microbial composition at the phylum and genus 
levels. Notably, the biofilms of the SLS group were 
almost completely composed of Streptococcus and 
Veillonella, whereas those of the PT and PT+SLS groups 
contained more diverse bacterial genera. Furthermore, 
the control, PT and PT+SLS groups were clustered close 
and farther from the SLS and CHX groups (Figure 4h). 
These findings suggest that the biofilms after PT and PT 
+SLS treatments maintained ecological diversity and 
possessed a microbial community structure similar to 
that of the control group. Based on the specific bacterial 
abundance at the genus level, the abundances of 
Streptococcus, Veillonella and Prevotella in the PT and 
PT+SLS groups were comparable to those in the control 
group (Figure S1). However, SLS increased the abun-
dance of Streptococcus to almost twice that in the 
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control, PT and PT+SLS groups, and reduced the abun-
dance of Veillonella to less than one-sixth that in the 
control, PT, and PT+SLS groups. Notably, a high abun-
dance of Staphylococcus was observed in the SLS group. 
Moreover, CHX markedly increased the abundance of 
Lactobacillus and Pseudomonas.

In terms of biofilm development, there were no appar-
ent differences among the control, PT, and PT+SLS 
groups in the Shannon, Simpson, Ace and Chao indices 
(Figure 5a-d). Surprisingly, SLS promoted alpha diversity, 
as the Shannon index in the SLS group was significantly 
higher than that in the other groups; and the ACE and 

Chao indices in the SLS group were also relatively high. 
Further, PCoA showed a clear separation between the 
SLS group and the other groups, suggesting significant 
changes in the microbiota composition of the SLS group 
(Figure 5g). The percentage of community abundance 
revealed that Firmicutes and Proteobacteria were domi-
nant at the phylum level in all groups (Figure 5e). The 
percentage of community abundance at the genus level 
also indicated high diversity in the SLS group (Figure 5f). 
As shown in (Figure 5h), the PT+SLS, CHX, control, and 
PT groups were clustered close and farther from the SLS 
group. Analysis of significantly changed bacteria shown 

Figure 3. The effect of postbiotic toothpaste and SLS on the developing biofilms. (a) The biomass of developing biofilms after 
different treatments as measured by crystal violet staining. (b) Colony forming unit (CFU) counts of the developing biofilms 
(statistics are log-transformed). (c) The quantitative analysis of developing biofilms by qPCR in different treatments. (d) Lactic 
acid concentrations of the developing biofilms. (e) Microstructure of the biofilms as observed by scanning electron microscopy 
(SEM) at 3,000× magnification. Scale bar, 5 μm. (f) Representative SEM images of the biofilms at 10,000× magnification. Scale 
bar, 1 μm.
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that SLS decreased the level of Streptococcus and 
Neisseria, and increased the level of Staphylococcus, 
Thermus, Pseudomonas, Campylobacter, Bacillus, and 
Escherichia-Shigella, which explained the enhanced 
diversity of the SLS group as mentioned previously 
(Figure S2).

Effects of the postbiotic toothpaste and SLS on 
the rat periodontitis model

Considering that rat models could contribute detailed 
information on histopathological and blood biochem-
ical analyses, the rat periodontitis model was success-
fully established, and clinical indicators were 

Figure 4. The effect of postbiotic toothpaste and SLS on the preformed biofilms. (a-d) the Shannon, Simpson, ACE and Chao 
indices of the preformed biofilms after different treatments, respectively. (e-f) Distribution of bacterial groups at the phylum and 
genus levels. (g) Principal coordinate analysis at the genus level for the preformed biofilms. (h) Community heatmap analysis at 
the genus level.
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examined and recorded before and after 14 days of 
intervention. As depicted in Table 1, the gingival 
index (GI) and sulcus bleeding index (SBI) of all 
groups showed a significantly decreasing trend 
on day 14, with the highest decrease in the PT 
group, followed by that in the PT+SLS group. In 
the MD group, the periodontal pockets continued 
to deepen on day 14 as reflected by the increase in 

probing depth (PD), which further confirmed the 
successful model construction. The PD of the SLS 
group increased after the intervention, whereas that 
of the PT+SLS group showed no change, however, 
the PD of the PT group decreased significantly on 
the 14th day. Overall, the symptoms of periodonti-
tis in the PT group improved, and those in the PT 
+SLS group were also alleviated to some extent, 

Figure 5. The effect of postbiotic toothpaste and SLS on the developing biofilms. (a-d) the Shannon, Simpson, ACE and Chao indices of 
the developing biofilms after different treatments, respectively. (e-f) Distribution of bacterial groups at the phylum and genus levels. 
(g) Principal coordinate analysis at genus level for the developing biofilms. (h) Community heatmap analysis at the genus level.
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whereas those in MD and SLS groups were 
aggravated.

The stained alveolar bone is shown in Figure 6a; 
it clearly shows that alveolar bone resorption 
occurred in all groups except for the control 
group. In particular, alveolar bone loss was heavier 
in the MD and SLS groups, with tooth roots begin-
ning to become exposed. Quantitative data on 
alveolar bone resorption also showed no significant 
difference between the PT and control groups, 
whereas the other groups showed a significant 
increase in alveolar bone resorption (Figure 6c). 
Morphological changes in the periodontium were 
evaluated by H&E staining (Figure 6b). The control 
group exhibited the normal tissue structure. 
Obvious destruction of periodontal tissue, infiltra-
tion of inflammatory cells, and increased osteo-
clasts were detected in the MD and SLS groups, 
but were alleviated in the PT and PT+SLS groups. 
We further assessed the concentrations of the pro- 
inflammatory cytokines, IL-6, IL-8, and TNF-α in 

the serum and tissues. No significant difference 
was found in the serum levels of IL-6, IL-8, and 
TNF-α, suggesting little effect of the various treat-
ments on the serum (Figure S3). As for the inflam-
matory cytokine levels in tissues, SLS treatment 
resulted in the highest levels of IL-6, IL-8, and 
TNF-α, whereas those in the PT group were sup-
pressed to be as low as those in the unmodeled 
normal control group (Figure 6d-f). The inflamma-
tory cytokines levels in the PT+SLS group were 
slightly but not significantly higher than those in 
the PT group, but were significantly lower than 
those in the SLS group, indicating the pro- 
inflammatory effect of SLS and the relieving effect 
of postbiotic toothpaste.

Effects of postbiotic toothpaste and SLS on the 
clinical population with gingivitis

In total, 144 subjects were recruited and randomly 
assigned to the two groups. During the clinical trial, 

Table 1. The gingival index, sulcus bleeding index and probing depth of the rats in each group.

Groups

Gingival index (GI) Sulcus bleeding index (SBI) Probing depth (PD)

Day 0 Day 14 Day 0 Day 14 Day 0 Day 14

CTL 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
MD 1.97 ± 0.18 1.50 ± 0.51* 2.23 ± 0.47 1.92 ± 0.40* 0.84 ± 0.23 0.94 ± 0.17
SLS 1.97 ± 0.18 1.47 ± 0.18* 2.38 ± 0.39 1.63 ± 0.53* 0.84 ± 0.23 0.93 ± 0.18
PT 1.97 ± 0.18 1.25 ± 0.44* 2.06 ± 0.32 1.27 ± 0.45* 0.83 ± 0.24 0.68 ± 0.24
PT+SLS 1.97 ± 0.18 1.28 ± 0.18* 2.15 ± 0.41 1.31 ± 0.47* 0.84 ± 0.23 0.83 ± 0.24

*represents a significant difference between day 0 and day 14. 

Figure 6. The effect of postbiotic toothpaste and SLS on periodontitis rats. (a) Methylene blue staining images for evaluating 
alveolar bone resorption in different groups. (b) Hematoxylin and eosin (h&e) staining images of the periodontium from 
different groups. (c) Quantitative analysis of alveolar bone resorption from different groups. (d-e) Pro-inflammatory cytokine 
levels in the periodontium of IL-6, IL-8, and TNF-α, respectively.
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six subjects (three in the control group and three in 
the experimental group) dropped out, while 138 sub-
jects completed the trial (69 each in the experimental 
and control group). PLI and GI were investigated by 
three examiners for five visits over 30 days. The con-
sistency of the examination standards for PLI and GI 
among the three examiners was excellent with an 
intraclass correlation coefficient (ICC) of 0.983, 
which was much higher than 0.75 (Table S1). 
Examiner repeatability was also excellent, with 
weighted kappa values of 0.869, 0.852, and 0.818 for 
three examiners, which were all greater than 0.8 
(Table S2). Table 2 provides the summary of the 
PLI and GI of the participants at different times. 
PLI showed a decreasing trend with prolongation of 
the PT intervention time and it was significantly 
different from the baseline on day 21, indicating 
that PT treatment reduced the plaque. Nevertheless, 
the PLI of the PT+SLS group increased with exten-
sion of the treatment time, showing a significant dif-
ference between day 28 and the baseline, indicating 
that dental plaque increased in the PT+SLS group. 
Additionally, from day 7 onwards, the GI was signif-
icantly lower than that at the baseline in both the PT 
and PT+SLS groups, with no apparent difference 
between the two groups. During the trial, 37 subjects 
were infected with the novel coronavirus; however, 
the results showed that this had no significant effect 
on the PLI and GI (Table S3). Further, changes in the 
PLI and GI between females and males were 
explored, which demonstrated that males had higher 
PLI and GI values (Table S4).

Furthermore, alterations in the bacterial commu-
nity were evaluated to understand the effects of the 
postbiotic toothpaste and SLS on the clinical popula-
tion. Specifically, the Shannon, Simpson, ACE, and 
Chao indices displayed no remarkable variation 
between the PT and PT+SLS groups at the baseline 
and on day 28 (Figure 7a-d). The beta diversity 
explored by PCA showed that the microbial structure 
among the groups was largely overlapped, confirming 
that PT and PT+SLS did not significantly disturb the 
microbiota structure (Figure 7g). The bar plots of 
average relative abundances revealed that 
Firmicutes, Proteobacteria, Bacteroidota, 
Actinobacteriota, Fusobacteriota, Patescibacteria, 
and Campylobacterota were dominant at the phylum 
level in all groups (Figure 7e). At the genus level, the 

species were similar among groups, although the 
abundance of each species varied slightly 
(Figure 7f). The PT_baseline and PT+SLS_baseline 
groups clustered together, which verified that the 
inclusion criteria for the subjects were consistent 
(Figure 7h).

These results proved that the postbiotic toothpaste 
had a significant impact on reducing both the PLI 
and GI, thereby playing a crucial role in mitigating 
gingival inflammation. The addition of SLS weakened 
the effect of plaque removal, but did not weaken the 
effect of improving gingival inflammation. In agree-
ment with the findings of prior researches [18], our 
study demonstrated that the salivary microbiota was 
sufficiently robust to withstand the PT and PT+SLS 
interventions.

Discussion

The oral microbiome is, a complex and diverse oral 
microbial community that plays a crucial role in 
maintaining oral and systemic health [19]. In this 
study, we systematically examined the influence of 
SLS and postbiotic toothpaste on the oral microbial 
community at three levels: biofilms, animals and clin-
ical populations. Human saliva-derived biofilm mod-
els were established to represent the diversity and 
overall metabolic functionality of oral microbiota, 
providing a less cumbersome, more controllable and 
ethically sound platform for assessing the potential 
effects of oral product components [20]. The rat 
periodontitis model could contribute detailed infor-
mation on histopathological and blood biochemical 
analyses [21]. In addition, population trials could 
provide more realistic and reliable research results, 
allowing us to gain a deeper understanding of the 
responses in the human body [22]. One of the novel 
aspects of this research lies in the systematic evalua-
tion of oral microecology modulation by SLS and 
postbiotic toothpaste in vitro and in vivo by the 
combined application of the above-mentioned 
approaches to provide insights into the optimization 
and use of toothpaste ingredients to maintain oral 
homeostasis and prevent oral problems.

To simulate the brushing process, short daily 
exposure to SLS and PT was conducted twice in the 
preformed and developing biofilm models, using 
a mature biofilm after preformed culture and an 

Table 2. The plaque index and gingival index of subjects in the PT and PT+SLS groups.

Time points

Plaque index (PLI) Gingival index (GI)

PT PT+SLS PT PT+SLS

Baseline (day 0) 4.111 ± 0.423 4.105 ± 0.411 1.492 ± 0.223 1.516 ± 0.200
Day 7 4.096 ± 0.399 4.143 ± 0.364 1.396 ± 0.247* 1.425 ± 0.235*
Day 14 4.072 ± 0.388 4.159 ± 0.341 1.394 ± 0.258* 1.387 ± 0.235*
Day 21 4.033 ± 0.376* 4.138 ± 0.329 1.395 ± 0.247* 1.396 ± 0.223*
Day 28 4.063 ± 0.364 4.164 ± 0.329* 1.409 ± 0.258* 1.389 ± 0.235*
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immature biofilm with only a short duration of adhe-
sion culture, respectively. Chlorhexidine, as a positive 
control, significantly increased the biomass of the 
biofilm but significantly reduced the number of viable 
bacteria and the total bacteria in preformed biofilms, 

indicating that it inhibited bacterial growth. However, 
the bacteria that could secrete exopolysaccharides 
accounted for an important proportion of the rem-
nant surviving bacteria. Exopolysaccharides are 
known to account for approximately 33–85% of 

Figure 7. The effect of postbiotic toothpaste and SLS on the oral microecology of clinical populations. (a-d) the Shannon, 
Simpson, ACE, and Chao indices of the oral microflora of subjects, respectively. (e-f) Distribution of bacterial groups at the 
phylum and genus levels. (g) Principal coordinate analysis at the genus level for the oral microflora of subjects. (h) Community 
heatmap analysis at the genus level.
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mature biofilms [23,24]. SLS significantly decreased 
the biomass and viable bacterial count in preformed 
biofilms and reduced the biomass, viable bacterial 
count, and total bacteria in developing biofilms. It 
also destroyed the scaffold structure of both biofilms, 
indicating that SLS intervention exerted a bactericidal 
effect and demonstrated the ability to reduce exopo-
lysaccharides. This result was consistent with that of 
SLS, which as a surfactant, has been reported to 
inhibit bacterial plaque and exert antimicrobial activ-
ity [25–27]. However, the postbiotic toothpaste 
increased the biomass and total bacteria and main-
tained the normal reticulate structure in both the 
preformed and developing biofilms, confirming the 
beneficial impact of postbiotics. Researchers have 
previously stressed the role of postbiotics in main-
taining ecological equilibrium and their effectiveness 
in improving the health of the oral cavity [28]. The 
combination of postbiotic toothpaste and SLS was 
found to attenuate the inhibitory effect of SLS in 
both biofilm models. The combined use of postbiotic 
toothpaste and SLS resulted in higher levels of bio-
mass, viable bacteria, and total bacteria than those 
obtained with the SLS treatment, but lower levels 
than those with the postbiotic toothpaste treatment, 
which revealed the pattern of interaction between the 
postbiotic toothpaste and SLS.

Over-intervention with external factors usually 
shifts healthy oral microbiota toward microbial dys-
biosis, and an increasing number of studies have 
underlined the significance of preserving the diversity 
and stability of the oral ecosystem [29–31]. In this 
study, preformed biofilms were dominated by 
Streptococcus and Veillonella, in agreement with pre-
vious studies [32,33] and, confirmed successful estab-
lishment of dental plaque-derived biofilms in healthy 
subjects [21,34]. Remarkably, SLS was found to dis-
turb the oral flora with opposite patterns in the two 
biofilm models, where SLS decreased the flora diver-
sity in preformed biofilms and increased the commu-
nity diversity in developing biofilms. From an 
ecological standpoint, an increase in diversity has 
positive implications; however, the composition of 
the microbiome must be observed carefully to avoid 
making hasty conclusions. Streptococcus and 
Veillonella accounted for 99.31% of the preformed 
biofilms after SLS treatment, among which the abun-
dance of Streptococcus increased to 94.92%, and that 
of Veillonella decreased to 4.39%. Streptococcus is 
reported to be the most common bacteria in the 
oral cavity and plays an important role in maintain-
ing the oral microecological balance and pathogenesis 
[35]. Streptococcus can ferment carbohydrates into 
lactic acid, thereby reducing the pH of the medium 
and creating a cariogenic environment. Veillonella is 
a key member of the oral microbiota with an abun-
dance lower than Streptococcus in the healthy oral 

cavity. It cannot metabolize carbohydrates and 
instead uses the organic acids produced by strepto-
coccus, especially lactic acid, as energy for fermenta-
tion; thus, it can reduce the incidence of dental caries 
by reducing the pH [36]. Therefore, the greatly 
increased Streptococcus and largely reduced 
Veillonella may lead to an increased risk of caries in 
preformed biofilms. SLS substantially increased the 
abundance of numerous pathogenic bacteria. 
Staphylococcus, a gram-positive pathogen, can cause 
many acute and chronic infections and is responsible 
for various instances of abscesses, septicemia, arthri-
tis, and endocarditis [37,38]. The abundance of 
Staphylococcus was increased in both biofilm models, 
suggesting a negative effect of SLS. Other pathogenic 
bacteria, such as Neisseria, Thermus, Pseudomonas, 
Campylobacter, Bacillus, and Escherichia-Shigella, 
also appeared in developing biofilms, which could 
explain the higher diversity upon SLS treatment. 
The bacterial profiles of the PT and PT+SLS treat-
ment groups were similar to those of the control 
group, implying that the postbiotic toothpaste had 
little influence on oral homeostasis, indicating its 
high suitability. Furthermore, PT appeared to coun-
teract the disruptive effects of SLS on oral biofilms.

Periodontitis, a disease closely associated with oral 
flora, can be fueled by the altered relationship 
between the host and resident microbiota, from sym-
biosis to dysbiosis, owing to structural and functional 
variations in the oral microflora [39,40]. The use of 
a rat periodontitis model facilitated exploration of the 
effects of SLS and postbiotic toothpaste on oral clin-
ical indicators and histopathological morphology. 
Periodontitis is considered a chronic, irreversible 
inflammatory disease in which the chronic infiltra-
tion of immune cells mediates the destruction of 
connective tissue and alveolar bone [3]. These signs 
of periodontitis were clearly observed in the rats used 
in our study. Obviously, SLS treatment deepened the 
periodontal pockets, destroyed the periodontal tissue, 
promoted inflammatory cell infiltration, osteoclasto-
genesis and alveolar bone resorption, along with high 
tissue levels of inflammatory cytokines IL-6, IL-8, and 
TNF-α. SLS has been demonstrated to affect the oral 
epithelial structure and aggravate more pronounced 
inflammatory reactions at concentrations exceeding 
1% [41,42]. Ahlfors et al. revealed mononuclear cell 
infiltration in the oral mucosa after application of 2% 
SLS, with local parts of the superficial epithelium 
occasionally exhibiting necrosis [43]. These previous 
results support our findings regarding the SLS- 
induced inflammation and tissue destruction. 
Postbiotic toothpaste intervention alleviated gingival 
bleeding, reduced the depth of the periodontal 
pocket, decreased alveolar bone absorption, and 
effectively relieved periodontitis-related inflamma-
tion; these effects were also detected in the PT+SLS 
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treatment to a slightly lower degree than that with 
postbiotic toothpaste intervention.

Furthermore, the impact of postbiotic toothpaste 
with or without SLS on the clinical manifestations 
and oral microbiota of patients with gingivitis were 
examined. Gingivitis is the most common and pre-
valent form of periodontal disease among adults, 
and is a reversible inflammatory disease resulting 
from a resident bacterial plaque generated at the 
gingival margin [31]. The clinical symptoms of gin-
givitis include swollen and inflamed gums, as well as 
spontaneous or probing-induced bleeding. If uncon-
trolled, gingivitis can progress to periodontitis. The 
mechanisms of action of postbiotics in oral diseases 
are derived from parallels with studies on probiotics, 
including antimicrobial activities (such as organic 
acids, bacteriocins, free fatty acids, H2O2) 
[12,44,45] and prevention of biofilm formation 
[10], as well as immunoregulatory properties [46]. 
As expected, our results suggest that the postbiotic 
toothpaste significantly attenuated gingivitis after 28  
days, with reduced plaque load, gingival swelling, 
and bleeding. Thus, regular brushing with an effec-
tive toothpaste could maintain dental plaque in an 
immature state at relatively low levels, which is in 
agreement with the findings of other researchers 
[47]. Further, combined use of postbiotic toothpaste 
and SLS elevated the plaque levels but suppressed 
gingival swelling and bleeding. Exploration of plaque 
microbiota responses to external interventions in the 
human population are needed to understand the 
underlying mechanism more clearly. Teng et al. 
found a significant increase in microbial diversity 
from the baseline to day 21 in subjects from the 
control group who did not use mouth rinses [48], 
which corresponded with previous findings from 
other gingivitis cohorts [14,49,50]. However, subjects 
with gingivitis who used the tested mouth rinses 
showed no apparent changes [48]. Considering that 
health-related plaque is usually immature [32], while 
gingivitis is related to a more developed and com-
plex microbial community [51,52], Teng et al. con-
sidered that the oral microbial diversity in subjects 
using mouth rinses remained stable and prevented 
the acquisition of new taxa, providing a significant 
benefit in balancing the diversity and composition of 
oral microbiota. This observation consistently 
showed that diversity in the postbiotic toothpaste 
treatment group remained stable, indicating that 
treatment with postbiotic toothpaste restrained the 
appearance of new microorganisms and maintained 
the initial biodiversity of the oral microflora. 
Moreover, there was no obvious difference between 
the postbiotic toothpaste group and the SLS- 
containing postbiotic toothpaste group on day 28, 
indicating a similar balancing effect on the oral 
microbiome in gingivitis.

Although SLS incorporated into toothpaste may 
have potential for cleaning, it cannot guarantee trans-
formation of the oral cavity to a healthy state. In con-
trast, our research showed that SLS could perturb the 
commensal microbiome, leading to a higher relative 
abundance of pathogenic taxa. Nielsen et al. revealed 
that surfactants can increase the permeability of mem-
branes and bind metal ions that participate in many 
cellular processes, causing growth inhibition and bac-
terial death [38]. Therefore, indiscriminate targeting of 
the oral microbiome with SLS may be detrimental. 
Nevertheless, postbiotics in toothpaste play a vital role 
in maintaining bacterial homeostasis and oral health, 
suggesting that postbiotic toothpaste may be a novel 
approach for the prevention and control of plaque- 
related diseases, such as gingivitis and periodontitis.

Conclusions

In conclusion, this study characterized the association 
of SLS and postbiotic toothpaste with oral microecol-
ogy using in vitro biofilms, periodontitis in rats, and 
patients with gingivitis. SLS has been demonstrated to 
inhibit of biofilm growth, disturb community struc-
ture, and increase the number of pathogenic bacteria 
in biofilms in vitro, as well as cause changes in 
clinical indicators, destruction of periodontal tissue, 
alveolar bone resorption, and elevated levels of 
inflammation in vivo. Post-biotic toothpaste exhib-
ited a significant benefit in balancing the oral micro-
biota, which maintained the development of biofilms 
in vitro and attenuated periodontitis and gingivitis 
in vivo. Moreover, the combined use of a postbiotic 
toothpaste and SLS alleviated the adverse effects of 
SLS. Overall, our study highlights the need for recon-
sidering postbiotics and SLS formulations in tooth-
paste from a microecological perspective and 
provides a thoughtful understanding of oral micro-
ecology versus oral health.
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