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Abstract

Background: Due to their prevalence, dental caries ranks first among all diseases endangering human health.
Therefore, the prevention of caries is of great significance, as caries have become a serious public health problem
worldwide. Currently, using nanoscale drug delivery systems to prevent caries has received increased attention.
However, the preventive efficacy of these systems is substantially limited due to the unique physiological structure of
cariogenic biofilms. Thus, novel strategies aimed at combating cariogenic biofilms to improve preventive efficiency
against caries are meaningful and very necessary. Herein, inspired by cell membrane coating technology and Lactoba-
cillus strains, we coated triclosan (TCS)-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles (TCS@PLGA-NPs) with
an envelope of Lactobacillus (LA/TCS@PLGA-NPs) and investigated their potential as a nanoparticle delivery system
against cariogenic biofilms and dental caries.

Results: LA/TCS@PLGA-NPs were successfully prepared with favorable properties, including a coated envelope,
controllable size, negative charge, sustained drug-release kinetics and so on. The LA/TCS@PLGA-NPs inherited native
properties from the source cell surface, thus the LA/TCS@PLGA-NPs adhered to S. mutans, integrated into the S.
mutans biofilm, and interfered with the biofilm formation of S. mutans. The nanoparticles significantly inhibited the
activity, biomass and virulence gene expression of S. mutans biofilms in vitro. Additionally, LA/TCS@PLGA-NPs exhib-
ited a long-lasting inhibitory effect on the progression of caries in vivo. The safety performance of the nanoparticles is
also favorable.

Conclusions: Our findings reveal that the antibiofilm effect of LA/TCS@PLGA-NPs relies not only on the inheritance
of native properties from the Lactobacillus cell surface but also on the inhibitory effect on the activity, biomass and
virulence of S. mutans biofilms. Thus, these nanoparticles could be considered feasible candidates for a new class of
effective drug delivery systems for the prevention of caries. Furthermore, this work provides new insights into cell
membrane coating technology and presents a novel strategy to combat bacterial biofilms and associated infections.
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Background

Dental caries is a chronic, progressive, and destructive
disease that is mainly caused by bacterial infection. Car-
ies are characterized by a high incidence and prevalence,
low treatment rate, wide distribution and irreversible
damage. If untreated, caries may lead to the spread of
infection to the periapical area of the tooth and beyond
[1]. A report from the Global Burden of Diseases, Injury
and Risk Factors Study (GBD) 2016 showed that the
prevalence of dental caries in permanent teeth was 2.44
billion; thus, caries rank first in all diseases endangering
human health [2]. Caries have become a serious public
health problem worldwide. The prevention of caries is of
great significance.

Dental caries are mainly caused by cariogenic biofilms.
Despite significant advances in the prevention of den-
tal caries, cariogenic biofilms are challenging to treat
because bacterial pathogens in a mature biofilm, such as
Streptococcus mutans (S. mutans), live in a self-produced
matrix of extracellular polymeric substances (EPS), mak-
ing them difficult to reach by topical antimicrobial agents
[3]. Furthermore, it is difficult to retain antimicrobial
agents in the biofilm matrix due to the dynamic environ-
ment in the mouth and the agents can be deactivated
once inside a biofilm by binding to matrix components
or through enzymatic modification [4]. Therefore, the
penetration and retention of antimicrobial agents into
biofilms are key considerations in designing strategies
against cariogenic biofilms.

To overcome these hurdles, nanoscale drug deliv-
ery systems can be used to control biofilms and pre-
vent caries; thus, these systems have received increased
attention in recent years [5, 6]. These delivery systems
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provide several advantages, including enhanced penetra-
tion into the biofilm due to their small size, controlled
release behavior and increased stability. For example,
mesoporous silica nanoparticles encapsulated with pure
chlorhexidine (CHX) with an average particle diameter of
approximately 140 nm were demonstrated to have prom-
ising antimicrobial effects against planktonic S. mutans,
monospecies and multispecies bacterial biofilms [7]. Car-
boxyl-terminated poly(amido amine) (PAMAM-COOH)
dendrimers were synthesized and loaded with triclosan,
which could bind with the tooth surface to induce in situ
remineralization and simultaneously release antibac-
terial agents for local treatment [8]. Triclosan-loaded
tooth-binding micelles prepared by alendronate-mod-
ified pluronics (ALN-P) exhibit a high affinity for the
hydroxyapatite surface, which could prevent S. mutans
biofilm accumulation on the exposed tooth surface and
reduce the viability of preformed S. mutans biofilms [9].
Liposomes prepared by cationic lipids with a mean par-
ticle size of approximately 180 nm had high affinity for
planktonic S. mutans and were able to penetrate the deep
layers of S. mutans biofilms [10]. Although many deliv-
ery systems have been developed, the synthetic strategies
involved in preparing those delivery systems are relatively
complex and costly, especially for large-scale manufac-
turing, which limits their wide applications. Moreover, as
more antibacterial functionalities are needed, the appli-
cation of synthetic strategies becomes increasingly diffi-
cult and impractical.

More recently, a novel nanoparticle delivery system,
cell membrane-coated nanoparticles (CMCNPs), has
gained much interest [11]. CMCNPs are generally fab-
ricated by coating the outer membrane of a source cell
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directly onto the surface of a synthetic nanoparticle. As
a result, the complexity of the cell membrane can be
almost completely preserved on the surface of the CMC-
NPs, which endows the CMCNPs with cell-mimicking
properties. Although the mechanism remains unclear, it
was proposed that the surface molecules on cell mem-
branes and the physicochemical properties of nanoparti-
cles could play major roles in the formation of CMCNPs
[12, 13]. Various cell membranes have been employed for
coatings thus far, such as erythrocytes, white blood cells,
platelets, mesenchymal stem cells, cancer cells and bacte-
rial cells [14]. Using this top-down strategy, CMCNPs not
only exhibit advantages as nanocarriers but also preserve
the complex functions of source cell membranes, includ-
ing the ability to interact with other cells. For example,
PLGA nanoparticles coated with plasma membranes of
H. pylori bacteria bear the same surface antigens as the
source cells and thus possess inherent abilities of adher-
ing to gastric epithelial cells [15]. PLGA nanoparticles
coated with a human platelet membrane have several
inherent platelet properties, including an ability to bind
Staphylococcus aureus, which expresses a serine-rich
adhesin for platelets [16]. PLGA nanoparticles coated
with human MDA-MB-435 cancer cells preserved the
homologous targeting ability of the source cell and thus
had a much higher affinity toward MDA-MB-435 cells
than bare PLGA nanoparticles [17]. Therefore, cell mem-
brane coating nanotechnology breaks through the limita-
tions of traditional surface modification of nanocarriers
and has promising potential to exploit the natural prop-
erties of source cells for effective drug delivery.

Lactobacillus strains are among the most studied and
consumed probiotic bacteria, are generally regarded as
safe (GRAS) and have been used for a long time in foods
and dietary supplements. Recent studies have confirmed
that Lactobacillus strains, even if heat-killed, can inhibit
the colonization and biofilm formation of S. mutans in
the oral cavity [18-20]. It was suggested that the inhibi-
tory effect is associated with the coaggregation between
Lactobacillus strains and S. mutans. Although the coag-
gregation mechanism remains largely unknown, the cell
surface components of Lactobacillus strains, such as pep-
tidoglycan, teichoic acids, polysaccharides, and proteins,
are suggested to play a major role in the adhesion of Lac-
tobacillus strains to S. mutans [21-23].

Therefore, inspired by cell membrane coating technol-
ogy and Lactobacillus strains, we aimed to utilize the cell
envelope of Lactobacillus strains to coat synthetic poly-
meric nanoparticles loaded with antimicrobial agents
and investigate their potential as a nanoparticle delivery
system against cariogenic biofilms. We hypothesized that
by inheriting the native properties of the cell surface of
Lactobacillus strains, this nanoparticle delivery system
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can (1) adhere to S. mutans; (2) interfere with the biofilm
formation of S. mutans; and (3) integrate in the biofilm
as a depot for sustained drug release to inhibit S. mutans
biofilms.

To test this hypothesis, triclosan (TCS) was chosen as
the drug to be incorporated into the nanoparticles. TCS
is a synthetic, chlorinated phenolic broad-spectrum anti-
biotic that is particularly effective against gram-positive
microorganisms [24]. It is weakly soluble in water but
dissolves well in most organic solvents. TCS has been
widely used in oral care products such as toothpastes
and mouthwashes, since it was approved by the FDA in
1997. Studies have demonstrated that TCS has a signifi-
cant inhibitory effect on S. mutans [25-28]. Although the
mechanism remains unclear, it was proposed that TCS
could inhibit the membrane-bond F-ATPases, the phos-
phoenolpyruvate phosphotransferase system (PTS) and
other glycolytic enzymes in S. mutans to decrease the
cariogenicity of S. mutans in suspensions and biofilms
[28]. In addition, S. mutans was chosen for the present
study because it is considered a major etiological agent
of human dental caries [29]. S. mutans is a Gram-positive
facultative anaerobic bacterium with a thick cell wall that
consists of many layers of peptidoglycan, which surround
the cytoplasmic membrane. Other glycopolymers, such
as teichoic acids or polysaccharides, and surface proteins,
such as glucosyltransferase (GTF), are embedded within
the peptidoglycan layers [30]. It is well established that
S. mutans has a biofilm-dependent lifestyle. The forma-
tion of biofilms helps S. mutans resist external adverse
factors, promotes synergy between bacteria and forms a
quorum sensing system so that the bacteria could expe-
rience stronger environmental adaptability in biofilms.
Studies have shown that S. mutans was 100 to 1000 times
more resistant to antibiotics in the biofilm state than in
the planktonic state. Therefore, both in vivo and in vitro
S. mutans biofilm models have been widely used to eval-
uate the effect of substances on cariogenic biofilms and
dental caries [31, 32]. Finally, poly(lactic-co-glycolic acid)
(PLGA) was selected as the drug carrier. PLGA is a syn-
thetic biodegradable polymer in the medical field and
was approved by the US Food and Drugs Administration
and European Medicine Agency. Biocompatibility, bio-
degradability, flexibility, and minimal side effects are the
main advantages when using this polymer for biomedical
applications. In the field of stomatology, PLGA is mainly
used as the delivery carrier of antibacterial drugs and
bioactive molecules and has received continuous atten-
tion from scholars [33].

In this study, we loaded poly(lactic-co-glycolic acid)
nanoparticles with triclosan (TCS@PLGA-NPs). These
TCS@PLGA-NPs are further coated with the cell enve-
lope of Lactobacillus acidophilus (L. acidophilus). L.
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acidophilus is one of the most widely used probiotics
and has the capacity to adhere to S. mutans [34]. We
demonstrate that the resulting nanoparticles (LA/TCS@
PLGA-NPs) inherit surface proteins from the source L.
acidophilus. The nanoparticles can bind with S. mutans,
interfere with S. mutans biofilms and integrate into the
biofilm as a depot for sustained drug release. Treatment
with LA/TCS@PLGA-NPs can effectively prevent and
inhibit the biofilm formation of S. mutans and reduce the
caries-associated virulence factors of S. mutans biofilms.
In addition, LA/TCS@PLGA-NPs exhibit a long-lasting
inhibitory effect on the progression of caries in vivo.
Overall, this strategy presents a novel strategy to combat
bacterial biofilms and associated infections (Scheme 1).

Results and discussion

Fabrication and characterization of LA/TCS@PLGA-NPs

The L. acidophilus envelope fragments and TCS@
PLGA-NPs were fused to prepare LA/TCS@PLGA
nanoparticles (LA/TCS@PLGA-NPs) by an extrusion
method [35]. The measurement of LA/TCS@PLGA-
NPs with dynamic light scattering showed a hydro-
dynamic diameter of 132.84+9.1 nm. The diameter
increased by approximately 30 nm compared to that
of the bare TCS@PLGA-NPs (107.60 & 2.04 nm), con-
sistent with the addition of a cell envelope onto the
nanoparticle surface [36, 37]. Despite the fact that the
diameter of envelope fragments was 269.35+28.61 nm,
the diameter of LA/TCS@PLGA was close to that of
TCS@PLGA-NPs, suggesting that the envelope was
wrapped around the TCS@PLGA-NPs (Fig. 1A). In
addition, the surface zeta potential of the nanopar-
ticles increased from—21.3+0.46 mV for TCS@

PLGA-NPs to—12.40+0.75 mV for LA/TCS@PLGA-
NPs, which was similar to that of envelope fragments
(—10.68£1.65 mV) (Fig. 1B). The increase in the zeta
potential indicated the charge screening effect con-
ferred by the coated envelope [38]. We further ana-
lyzed the morphologies of LA/TCS@PLGA-NPs and
TCS@PLGA-NPs using TEM. Both LA/TCS@PLGA-
NPs (Fig. 1C) and TCS@PLGA-NPs (Fig. 1D) showed
a uniform spherical morphology. LA/TCS@PLGA-NPs
displayed a clear envelope surrounding the sphere of
TCS@PLGA-NPs. Overall, these results demonstrated
that the L. acidophilus envelope was successfully coated
onto TCS@PLGA-NPs.

Moreover, LA/TCS@PLGA-NPs showed a relatively
constant hydrodynamic diameter after 48 h of stor-
age at 4 °C, indicating their favorable stability proper-
ties (Fig. 1E, F). This result is consistent with a previous
study on bacterial membrane-coated nanoparticles [39].
However, compared with PLGA-NPs, the stability of LA/
TCS@PLGA-NPs decreased after coating. Although the
mechanism for this phenomenon is unknown, we specu-
lated that it is related to the surface properties of the LA
envelope, which was inherited from L. acidophilus. It has
been reported in the literature that L. acidophilus exhib-
its autoaggregation, which is the bacterium-bacterium
adhesion of identical strains [40, 41]. Autoaggregation is
generally mediated by self-recognizing surface structures
of bacteria, such as proteins and exopolysaccharides [42].
Therefore, we proposed that by inheriting the surface
properties of L. acidophilus, LA/ TCS@PLGA-NPs may
have an autoaggregating ability, which make the stability
of the nanoparticles less than that of PLGA-NPs in this
experiment.
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Characterization of proteins

Accumulating evidence in the literature suggests that cell
surface proteins are critical for the adhesion ability of
L. acidophilus[22, 23]. Thus, we examined whether LA/
TCS@PLGA-NPs maintained the cell surface proteins of
L. acidophilus. The surface protein content on LA/TCS@
PLGA-NPs was quantified with a protein bicinchoninic

acid (BCA) assay. While no protein content was detected
from bare TCS@PLGA-NPs, LA/TCS@PLGA-NPs
showed a clear presence of protein, as indicated by
absorption at 562 nm. Further quantification indicated a
protein loading yield, defined as the weight ratio between
the immobilized proteins and LA/TCS@PLGA-NPs, of
approximately 0.33 £ 0.04 wt% (Fig. 2A).
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Fig. 2 Characterization of proteins. A Quantification of the protein content on LA/TCS@PLGA-NPs. Error bars represent standard deviations (n=3).
B SDS—PAGE protein characterization of LA envelope fragments, LA/TCS@PLGA-NPs and L. acidophilus. C Comparison of the S-layer protein content
recovered from equivalent amounts of LA envelope fragments, LA/TCS@PLGA-NPs and TCS@PLGA-NPs after LiCl solution treatment (n=3)

Furthermore, the surface protein of LA/TCS@PLGA-
NPs was characterized by sodium dodecyl sulfonate-
polyacrylamide gel electrophoresis (SDS—PAGE). The
results suggested that L. acidophilus envelope fragments
and LA/TCS@PLGA-NPs were highly consistent in pro-
tein bands, revealing that almost all envelope proteins
were retained throughout the LA/TCS@PLGA fabrica-
tion (Fig. 2B).

Identification of the envelope orientation of LA/TCS@
PLGA-NPs

Surface layer (S-layer) proteins are an array of single
proteins that are noncovalently bound to the outermost
cell envelope of L. acidophilus and can be extracted by
lithium chloride (LiCl) [43]. Owing to the asymmetric
distribution of the S-layer protein on the extracellular
side of the envelope, the protein can be used as an indi-
cator to quantitatively analyze the envelope sidedness
on LA/TCS@PLGA-NPs. Moreover, since the L. acido-
philus envelope is impermeable to LiCl, LiCl extraction
was applied to examine the S-layer protein content on
the outer surface of LA/TCS@PLGA [37]. As shown in
Fig. 2B, C, S-layer protein (=~ 46 kDa) on the surface of
LA/TCS@PLGA-NPs was clearly visible (Fig. 2B), and the
average content of S-layer protein on LA/TCS@PLGA-
NPs was approximately 93.82% of the equivalent amount
in free envelope fragments (Fig. 2C). This quantification
suggests that the S-layer protein is strongly retained on
the outside surface of the LA/TCS@PLGA-NPs, confirm-
ing the “right-side-out” orientation of the L. acidophilus
envelope on the nanoparticles.

Drug loading and in vitro drug release of LA/TCS@
PLGA-NPs

TCS has been widely used in oral hygiene products. Nev-
ertheless, the extremely low water solubility (10 pg/mL)
has significantly restricted its application in the treat-
ment of bacterial infections [44]. Here, we improved its
solubility (approximately 5 times) by successfully load-
ing 49.7 pg of TCS into 1 mL of PLGA aqueous solution
(1 mg/mL). As shown in Additional file 1: Fig. S1A, the
loading efficiency (LE) and encapsulation efficiency (EE)
of TCS@PLGA-NPs were 19.1% and 49.7%, respectively.
In addition, envelope cloaking TCS@PLGA-NPs did not
lead to a sharp drop in the LE and EE of LA/TCS@PLGA-
NPs, which were 14.8% and 47.2%, respectively.

The release kinetics of TCS from TCS@PLGA-NPs
and LA/TCS@PLGA-NPs were investigated in PBS (pH
7.4) solution to simulate the physiological environment.
In the first 6 h, 30.25% and 25.36% of TCS was released
quickly from TCS@PLGA-NPs and LA/TCS@PLGA-
NPs, respectively. The early sudden release phenom-
enon may be due to the free TCS that was not wrapped
in nanoparticles or attached to the surface of nanoparti-
cles. Then, the speed of release gradually slowed down.
After 77 h of incubation in PBS, 80.82% of TCS was
released from TCS@PLGA-NPs, and 64.97% was released
from LA/TCS@PLGA-NPs (Additional file 1: Fig. S1B).
Except at 0 h and 4 h, the cumulative TCS release of
LA/TCS@PLGA-NPs was significantly lower than that
of TCS@PLGA-NPs at other time points (P<0.05).
This result is consistent with previous studies reporting
that the PLGA-NPs coated by cell membrane showed a



Weng et al. Journal of Nanobiotechnology ~ (2022) 20:356

slower drug release profile than uncoated PLGA-NPs
[35, 45]. This result indicated that LA/TCS@PLGA-NPs
had better sustained release ability than that of TCS@
PLGA-NPs, which may be ascribed to the additional cell
envelope bilayer acting as a diffusion barrier.

Cytotoxicity assay

The cytotoxicity of TCS, PLGA-NPs, TCS@PLGA-NPs
and LA/TCS@PLGA-NPs at a series of concentrations
was evaluated by CCK-8 assay using HOK cells. As Addi-
tional file 1: Fig. S2 shows that TCS exhibited low cyto-
toxicity at concentrations lower than or equal to 7 pg/
mL but high cytotoxicity at concentrations higher than
15 pg/mL. This result is consistent with a previous study
on the cytotoxicity of TCS [46]. In addition, PLGA-
NPs, TCS@ PLGA-NPs and LA/TCS@ PLGA-NPs had
high safety performances. The highest concentrations of
PLGA, TCS@PLGA and LA/TCS@PLGA in the experi-
ment were all 120 pg/mL. The cell viability of HOK cells
treated with PLGA, TCS@PLGA and LA/TCS@PLGA at
the highest concentration for 72 h was more than 75%,
which were all in the safe range.

Adhesion of LA/PLGA-NPs to planktonic S. mutans

The coaggregation between planktonic L. acidophilus and
S. mutans is shown in Additional file 1: Fig. S3. Based on
this information, we hypothesized that the inheritance of
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native properties of the L. acidophilus cell surface confers
adhesion ability to LA/PLGA-NPs. To test this hypoth-
esis, we labeled LA/PLGA-NPs with fluorescence dye and
mixed them with planktonic S. mutans. Following incu-
bation and washing, CLSM showed that the LA/PLGA-
NPs were retained (green, representing the PLGA-NPs;
red, representing the LA envelope) by S. mutans (blue),
which indicated nanoparticle-cell adhesion (Fig. 3A).
In the control group, the fluorescence of PLGA-NPs
(green) nearly disappeared after washing (Fig. 3B). The
results demonstrated that the L. acidophilus envelope
could indeed endow PLGA-NPs with the ability adhere
to S. mutans. Next, we utilized fluorescence spectropho-
tometry to quantitatively analyze the adhesion ability of
LA/PLGA-NPs to S. mutans according to the aggrega-
tion assay with slight modifications. As shown in Addi-
tional file 1: Fig. S4, the adhesion rate of LA/PLGA-NPs
was 66.241+4.27%, which was much higher than that of
PLGA-NPs (9.83 & 2.23%) (P<0.05).

To test the potential adhesin that mediates the adhe-
sion of LA/TCS@PLGA-NPs to S. mutans, we employed
sodium periodate, bovine serum albumin, LiCl and pep-
sin to block the adhesion mediated by polysaccharides,
teichoic acids and S-layer proteins, respectively [37, 47,
48]. The fluorescence of LA/PLGA-NPs after LiCl and
pepsin treatment almost disappeared around S. mutans,
but the nanoparticles were still retained by S. mutans

A DAPI@SM

DiO@PLGA

DiD@LA Merged

No treatment

Sodium periodate
treatment

Bovine albumin
treatment

Pepsin treatment

LiCl treatment

Fig. 3 Microscopic assay for the adhesion ability of LA/PLGA-NPs to S. mutans. CLSM images for the adhesion of S. mutans (blue) with A LA/
PLGA-NPs (red/green) and B PLGA-NPs (green), which were treated with sodium periodate, bovine albumin, pepsin and LiCl. Scale bar=25 um
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o ...
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after treatment by sodium periodate and bovine serum
albumin (Fig. 3A). The results indicated that the adhesion
ability of LA/TCS@PLGA-NPs was polysaccharide- and
teichoic acid-independent, and the S-layer protein was
probably the major adhesin mediating the adhesion of
LA/TCS@PLGA-NPs to S. mutans. This result is consist-
ent with previous studies reporting that the S-layer pro-
tein plays a key role in the adhesion of lactobacilli [22,
49].

Integration of LA/PLGA-NPs into the S. mutans biofilm
structure

According to a report by Nobbs [50], the formation
period of S. mutans biofilms includes the following key
stages: 0 h, initial bacterial adherence; 6 h, initial bacte-
rial colonization; 12 h: initial early biofilm formation;
24 h: maturation of early-stage biofilm and 48 h: matu-
ration of the later-stage biofilm. In this study, we added
fluorescence-labeled LA/PLGA-NPs at these five stages
to interfere with the formation of S. mutans biofilms and
observed their spatial distribution in S. mutans biofilms
by CLSM.

Based on 3D CLSM images, we calculated the bio-
film thickness using a Leica Application Suite X (Leica
Microsystems, Wetzlar, Germany). As shown in Fig. 4A—
E, for the biofilms mediated at O h, 6 h, and 12 h, the bio-
film thicknesses were all approximately 17 um, while for
the biofilms mediated at 24 h and 48 h, the biofilm thick-
nesses were approximately 20 pym and 30 pm, respec-
tively. Then, the biofilms were evenly divided into three
layers based on these calculated results, representing the
inner, medium and outer layers.

We discovered that regardless of which biofilm stage
the LA/PLGA-NPs and PLGA-NPs were added at, they
mostly existed in the medium layer of biofilms (5-15 um)
without being washed out easily. Such a spatial distribu-
tion may be related to the unique structure of biofilms,
in which the inner and outer layers were loose and dis-
persed but the medium layer was dense and cross-linked.
Additionally, as shown in Fig. 4F and G, the quantity
of LA/PLGA-NPs increased with the progress of bio-
film formation, while the change trend of PLGA-NPs
remained relatively consistent during biofilm formation.
Thus, we speculated that the quantity of LA/PLGA-
NPs existing in biofilms was closely related to that of S.
mutans. One possible reason is that LA/PLGA-NPs pos-
sessed an ability to adhere with S. mutans. Therefore, we
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proposed that the integration of LA/PLGA-NPs into S.
mutans biofilms relies not only on their particle size but
also on their adhesion to S. mutans.

Interfering Effect of LA/PLGA-NPs on S. mutans biofilm
formation

To explore whether by inheriting the surface properties
of L. acidophilus, LA@PLGA-NPs without TCS could
interfere with the biofilm formation of S. mutans, we
further quantitatively analyzed biofilm inhibition by the
crystal violet method. Because it was previously reported
in literatures that inactivated probiotic strains, such as
inactivated L. acidophilus, have no antibacterial activity,
but can bind with planktonic pathogens through surface
properties, and thus block planktonic pathogens from
colonization and biofilm formation.

The results showed that at different time points, the
biofilm inhibition rates were 64.1%, 40.3%, 21.9%, 6.7%
and 2.6%, respectively (Fig. 4H), suggesting that LA/
PLGA-NPs mainly inhibited the early stage of biofilm
formation. In addition, PLGA-NPs had no significant
inhibitory effect on the biofilm of S. mutans. Similar
results were observed in previous studies on the inhibi-
tory effect of live or heat-killed Lactobacillus strains
against S. mutans biofilms [18, 51-53]. Although the
specific mechanism is not clear, we proposed that this
effect could be attributed to the surface properties of LA/
PLGA-NPs, which were able to coaggregate with plank-
tonic S. mutans in the medium solution and thus inhibit
biofilm formation at the early stage. However, once
the biofilm matures, it is difficult for LA/PLGA-NPs to
exclude and displace S. mutans in the biofilm.

Effect of LA/TCS@PLGA-NPs on S. mutans biofilm activity

In this experiment, the effect of LA/TCS@PLGA-NPs
on the biofilm activity was evaluated by a live and dead
bacterial staining kit and was observed using CLSM. As
shown in Fig. 5, live bacteria appeared as fluorescent
green, while dead bacteria appeared as fluorescent red.
The biofilms treated with TCS and TCS@PLGA-NPs
showed few live bacteria. In contrast, the biofilms treated
with LA/TCS@PLGA-NPs had many live bacteria. The
intensities of red fluorescence (dead bacteria) and green
fluorescence (live bacteria) were quantitatively measured
by Image] software. Then, the biofilm activity was calcu-
lated as the percentage of live bacteria over both live and
dead bacteria. The results revealed that compared with

(See figure on next page.)

Fig. 4 Integration of PLAG-NPs and LA/PLGA-NPs into the S. mutans biofilm structure. A—E CLSM images of the penetration depth of PLAG-NPs
(blue) and LA/PLGA-NPs (red/blue) in the biofilms. F 3D CLSM images of the spatial distribution of LA/PLGA-NPs (red/blue) and PLGA-NPs (blue) in S.
mutans (green) biofilms. Scale bar= 100 um. G Quantitative data of the fluorescence volume of PLGA-NPs and LA/PLGA-NPs in S. mutans biofilms. H
Inhibitory effect of LA/PLGA-NPs on S. mutans biofilms. All assays were performed three times, and the data are expressed as the mean =+ standard

error of the mean
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Fig. 5 3D CLSM images of S. mutans biofilms on the glass coverslips mediated at 0 h, 6 h, 12 h, 24 h, and 48 h and treated with TCS, TCS@PLGA-NPs
and LA/TCS@PLGA-NPs (green represents live bacteria; red represents dead bacteria). Scale bar= 100 um
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Fig. 6 Quantitative data of the S. mutans biofilm activity mediated
at0h,6h,12h, 24 h,and 48 h and treated with TCS, TCS@PLGA-NPs
and LA/TCS@PLGA-NPs. The assay was performed three times, and
the data are expressed as the mean = standard error of the mean.
*P<0.05

the control groups, in which the biofilm activity remained
constant at approximately 89%, the activity of biofilms
treated with TCS, TCS@PLGA-NPs and LA/TCS@
PLGA-NPs was significantly decreased (P<0.05). How-
ever, as shown in Fig. 6, the activity of biofilms treated
with LA/TCS@PLGA-NPs was significantly higher than
that treated with TCS and TCS@PLGA-NPs when nano-
particles were added at any stage of biofilm development
(P<0.05). These results indicated that during the short
period of time (24 h), LA/TCS@PLGA exhibited less of
an inhibitory effect on the biofilm activity of S. mutans
biofilms than that of TCS and TCS@PLGA-NPs. We
proposed that this phenomenon was probably due to
the dual barrier effect of LA/TCS@PLGA-NPs. In the

biofilms, the cumulative release of TCS from LA/TCS@
PLGA-NPs in the short term was less than that of TCS@
PLGA-NPs.

Moreover, when TCS and TCS@PLGA-NPs were
added at the maturation stage, the biofilm activity was
higher than that when they were added at the early stage
(P<0.05). This was probably because at the maturation
stage, S. mutans was embedded in an extracellular matrix
of polymeric substances, which had a negative impact on
the antibacterial effects of both TCS and TCS@PLGA.
However, for LA/TCS@PLGA-NPs, the biofilm activity
remained constant at approximately 75% regardless of
when the nanoparticles were added (P> 0.05). This result
indicated that the TCS delivered by LA/TCS@PLGA-NPs
was less affected by the biofilm matrix at the maturation
stage. We proposed that on the one hand, the presence of
a cell envelope and polymeric nanoparticles could protect
TCS from being deactivated by matrix components or
enzymatic modifications. On the other hand, due to the
ability to adhere to with S. mutans, LA/TCS@PLGA-NPs
could reach and release TCS more closely to S. mutans
in the biofilm, while TCS released from TCS@PLGA-NPs
may be blocked and inactivated by the matrix on the way
to S. mutans. Thus, even when added at the mature stage,
LA/TCS@PLGA-NPs could maintain a consistent inhibi-
tory effect.

Effect of LA/TCS@PLGA-NPs on the biomass of S. mutans
biofilms

The biomass growth of the S. mutans biofilm was meas-
ured from the dry weight and the total soluble pro-
tein. As shown in Fig. 7, 8 days after the treatment,
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Fig. 7 Dry weight and total soluble protein of S. mutans biofilm
8 days after the treatment. The data are presented as the mean =+ SD,
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the dry weight and total soluble protein of biofilms in
the LA/TCS@PLGA-NPs group were 0.93+0.06 mg
and 0.46+0.03 mg, respectively, which were the low-
est among the different groups, although there was no
statistically significant difference in the dry weight of
biofilms between the LA/TCS@PLGA-NPs group and
TCS@PLGA-NPs group. This result indicated that LA/
TCS@PLGA-NPs could effectively inhibit the growth of
S. mutans biofilms and had a longer-lasting antibiofilm
effect than that of TCS and TCS@PLGA-NPs. We specu-
lated that this may be related to the integration of LA/
TCS@PLGA-NPs in S. mutans biofilms and the cumula-
tive release of TCS from LA/TCS@PLGA-NPs.

Effect of LA/TCS@PLGA-NPs on virulence gene expression
in S. mutans biofilms

Bacterial cells in biofilms tend to exhibit biological and
phenotypic traits that are extraordinarily distinct from
those of their planktonic counterparts, and these traits
are accompanied by significant changes in the bacterial
gene expression profile [54]. Studies have shown that the
cariogenic characteristics of S. mutans biofilms are regu-
lated by a variety of genes. In this study, real-time fluores-
cence quantitative PCR was used to detect and analyze
the gene expression regulating the caries-associated viru-
lence factors of S. mutans biofilms.

As revealed in Fig. 8, we found that after a period of
8 days, the expression of caries-associated virulence fac-
tors, including gtfB, gtfC, fif, spaP, gbpB, ldh, atpF, comD
and vicR, was significantly downregulated in the biofilms
treated with LA/TCS@PLGA-NPs compared with that in
the control group (P<0.05). In addition, the downregu-
lation of gtfB, gtfC, and comD in response to LA/TCS@
PLGA-NPs was significantly greater than that in response
to TCS and TCS@PLGA-NPs (P<0.05). Among these
genes, gifB, gtfC, and fif are related to polysaccharide
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synthesis and sucrose-dependent adhesion; gbpB is
related to sucrose-dependent adhesion and biofilm for-
mation; spaP is related to sucrose-independent adhe-
sion; ldh and atpF are related to acid production and acid
resistance; and comD and vicR are related to the stress
regulation system [55]. All of these genes are important
factors leading to the formation of cariogenic S. mutans
biofilms. Therefore, these results indicated that the anti-
biofilm effect of LA/TCS@PLGA-NPs relied not only on
the inheritance of native properties of the L. acidophilus
cell surface but also on the sustained release of antimi-
crobial agents that inhibit the expression of virulence
genes in S. mutans biofilms. Based on these results, we
proposed that, in terms of virulence gene expression, LA/
TCS@PLGA-NPs also exhibited a long-lasting antibio-
film effect, which was better than that of TCS and TCS@
PLGA-NPs.

LA/TCS@PLGA-NPs for dental caries in vivo

To further verify the effectiveness of LA/TCS@PLGA-
NPs in vivo, we established a rat model of caries that was
induced by the combination of S. mutans infection and
a cariogenic diet. LA/TCS@PLGA-NPs and other treat-
ments were performed twice daily for 7 consecutive days.
After 45 days, the rats were sacrificed. Carious lesions
on the smooth surface (Smo) and the sulcal surface (Sul)
were quantitatively assessed via Keyes' scoring [56].
According to Keyes’ scoring, the depth of carious lesions
was divided into the following levels: enamel only (E),
slightly dentinal (Ds,<1/4 of the dentin region), mod-
erate dentinal (Dm, 1/4-3/4 of the dentin region), and
extensive dentinal (Dx, > 3/4 of the dentin region).

For the smooth surface, the carious lesions were evalu-
ated based on the scoring of E. As shown in Fig. 9A, com-
pared with the control group, the carious lesions were
significantly decreased in the LA/TCS@PLGA-NPs group
(P<0.05), while there were no significant differences
between the control group and other treatment groups
(P>0.05). For the sulcal surface, the carious lesions were
evaluated based on the following levels [56]: total lesions
(E4+Ds+Dm+Dx), initial lesions (Ds+ Dm+ Dx),
moderate lesions (Dm + Dx), and extensive lesions (Dx).
As shown in Fig. 9B, there were no statistically signifi-
cant differences among the different groups in terms of
the total lesions and initial lesions (P>0.05). However,
compared with those in the control group, the moderate
lesions and extensive lesions in the LA/TCS@PLGA-NP
group were significantly decreased (P<0.05), while no
significant differences were observed between the control
group and other treatment groups. These results indi-
cated that compared with TCS and TCS@PLGA-NPs,
LA/TCS@PLGA-NPs exhibited a more lasting inhibitory
effect on the progression of caries in vivo. We proposed
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that this effect could be attributed to the ability of LA/
TCS@PLGA-NPs to adhere to S. mutans biofilms, which
facilitated the retention and sustained drug release of
LA/TCS@PLGA-NPs in the oral cavity.

The in vivo biosafety of LA/TCS@PLGA-NPs was
assessed via body weight monitoring, blood biochemi-
cal assays, routine blood examination and histological
analysis of the main organs. During the treatment period,
there was no significant difference in the body weight of
the rats among the different groups (Fig. 10). The blood
biochemical assays of total cholesterol (TC), triglycer-
ide (TG), high-density lipoprotein (HDL), low density
lipoprotein (LDL), immunoglobulin M (IgM), immuno-
globulin G (IgG), and glucose (Glu) were at normal lev-
els (Additional file 1: Table S1). Moreover, routine blood
examination showed that the levels of leukocytes, eryth-
rocytes, hemoglobin and platelets did not vary signifi-
cantly between the different groups. In addition, based
on the results of hematoxylin—eosin (H&E) staining, no
distinguishable change were found in the main organs
(heart, liver, spleen, lung, and kidney). Accordingly, these
results demonstrated that LA/TCS@PLGA-NPs did not

induce significant adverse effects in vivo, indicating that
these nanoparticles have potential as a safe treatment for
dental caries.

Materials and methods

Materials

TCS and PLGA (MW38000-54,000, 50:50) were pur-
chased from Solarbio (Beijing, China). DiD, DiO, Dil and
DAPI were purchased from Beyotime (Beijing, China).
CFSE was purchased from AbMole (USA). Lactobacil-
lus acidophilus strains (ATCC4356) and Streptococ-
cus mutans strains (UA159) were provided by the West
China Center of Medical Science, Sichuan University.
Cell counting kit-8 (CCK-8), human oral keratinocytes,
BCA protein assay kit and TRI Reagent were acquired
from Sigma—Aldrich (USA). A live and dead bacterial
staining kit was purchased from BestiBio Biotechnology
Co., Ltd. (Nanjing, China). The SYBRPRIMES qPCR set
and Prime Script RT reagent kit were purchased from
TaKaRa (Beijing, China). The primers were designed and
synthesized by Sangon Biotechnology Co., Ltd. (Shang-
hai, China).
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Preparation of L. acidophilus cell envelope fragments

The L. acidophilus cell envelope was prepared accord-
ing to Tomio [36]. The L. acidophilus strains were rou-
tinely reactivated in MRS broth at 37 °C under anaerobic
conditions overnight. The bacteria were then incubated,
harvested at the mid-exponential phase by centrifugation
at 5000 x g for 10 min, and resuspended in sterile phos-
phate-buffered saline (PBS) to an optical density (OD) of
0.5 at 600 nm. The resuspended bacteria were ruptured
using a freezing grinding device (JINGXIN, China) to
extract envelopes. The solution was then centrifuged at
5000 x g for 10 min to remove the debris. L. acidophilus
envelope fragments were recovered as white precipitates
after three wash-centrifugation cycles and stored in PBS
at4°C.

Preparation of triclosan-loaded PLGA nanoparticles

Triclosan-loaded PLGA nanoparticles (TCS@PLGA-
NPs) were prepared through a nanoprecipitation pro-
cess [57]. Briefly, the weighed amount of PLGA (30 mg)
was dissolved in 5 mL acetone together with TCS (3 mg).
Five milliliters of this solution was added dropwise
into 10 mL of Pluronic® F-68 aqueous solution (0.5%,
w/v) under magnetic stirring. Acetone was then left to

evaporate at room temperature under magnetic stirring
for 4 h. The resulting aqueous dispersion was centrifuged
to collect the TCS@PLGA nanoparticles (11,000 rpm,
45 min, 4 °C). After the NPs were collected, they were
washed twice with distilled water to obtain purified
nanoparticles.

Preparation of L. acidophilus cell envelope-coated TCS@
PLGA nanoparticles

The L. acidophilus envelope fragments and TCS@PLGA-
NPs were fused to prepare LA/TCS@PLGA nanoparti-
cles (LA/TCS@PLGA-NPs) by an extrusion method [35].
Briefly, the L. acidophilus envelope fragments and TCS@
PLGA-NPs were mixed and extruded 15 times using an
Avestin mini-extruder (Avestin, LF-1, Canada) through
a 200 nm polycarbonate porous membrane. Following
coating, LA/TCS@PLGA-NPs were purified by centrifu-
gation at 10,000 x g for 10 min to remove redundant L.
acidophilus envelope fragments.

Characterization of nanoparticles

The size and zeta potential of LA/TCS@PLGA-NPs,
TCS@PLGA-NPs, and L. acidophilus envelope frag-
ments were determined using a Malvern Zetasizer Nano
ZS unit (Nano ZS 90, Malvern, UK) with a He—Ne laser
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(A=633 nm) at a scattering angle of 90° at 25 °C. The
stability of TCS@PLGA-NPs and LA/TCS@PLGA-NPs
was assessed by measuring the size variation of nano-
particles in PBS at 4 °C over 2 days. The morphology of
TCS@PLGA-NPs and LA/TCS@PLGA-NPs was visually
observed using transmission electron microscopy (TEM)
at 200 kV (JEM-2100F, JEOL, Japan).

Characterization of proteins

The LA/TCS@PLGA-NP protein was characterized by
SDS-PAGE. The envelope proteins of L. acidophilus, L.
acidophilus envelope fragments and LA/TCS@PLGA-
NPs were extracted by cell total protein extraction kits
(Beyotime). The extracted proteins were run on a 12%
SDS—PAGE gel in running buffer using a BIO-RAD elec-
trophoresis system at 70 V for 0.5 h and then at 140 V for
1 h. Finally, the SDS—PAGE gel was stained with Simply-
Blue for visualization.

The LA/TCS@PLGA-NP protein was further detected
by quantitative analysis according to Feng et al. [58]. The
LA/TCS@PLGA-NPs were lyophilized and weighed. The
protein content of LA/TCS@PLGA-NPs was measured
by a BCA protein assay kit. The protein loading yield,
which is defined as the weight ratio of immobilized pro-
teins on the nanoparticles, was calculated.

Identification of the envelope orientation of LA/TCS@
PLGA-NPs

Surface layer (S-layer) proteins are an array of single pro-
teins that are noncovalently bound to the outermost cell
envelope of L. acidophilus and can be extracted by lith-
ium chloride (LiCl) [43]. Owing to the asymmetric dis-
tribution of the S-layer protein on the extracellular side
of the envelope, the protein can be used as an indicator
to quantitatively analyze the envelope sidedness on LA/
TCS@PLGA-NPs. Moreover, since the L. acidophilus
envelope is impermeable to LiCl, LiCl extraction was
applied to examine the S-layer protein content on the
outer surface of LA/TCS@PLGA [37]. Briefly, LA/TCS@
PLGA-NPs were incubated with 5 mol/L LiCl solution at
room temperature for 30 min. The samples were centri-
fuged at 8000 rpm for 15 min. Then, the supernatant was
further dialyzed and examined for S-layer proteins by a
BCA kit. In this study, the LA/TCS@PLGA-NPs were
prepared with excess nanoparticles to ensure that all L.
acidophilus envelope fragments were occupied. Equiva-
lent amounts of L. acidophilus envelope fragments and
bare TCS@PLGA-NPs were used as positive and negative
controls, respectively.

Drug loading and in vitro drug release study
To calculate the loading efficiency and encapsulation
efficiency, LA/TCS@PLGA-NP and TCS@PLGA-NP
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lyophilized powders were dissolved in dimethyl sulfoxide
(DMSO), and the absorbance was measured by a UV-
vis spectrophotometer (DU730, Beckman Coulter) at
290 nm. According to the preestablished standard curve
of TCS in DMSO, the LE and EE were calculated using
the following equations:

LE(%) = Mtcs/Mnps X 100%

EE(%) = Mrtcs/Madded X 100%

in which Mg is the mass of TCS loaded in the nanopar-
ticles, My, is the mass of TCS@PLGA-NPs or LA/TCS@
PLGA-NPs in the formulation and M, 4.4 is the mass of
added TCS.

To examine the drug release profile in vitro, LA/TCS@
PLGA-NPs (1 mg/mL, 1 mL) and TCS@PLGA-NPs solu-
tions (1 mg/mL, 1 mL) were added to disposable dialysis
bags (MWCO: 38,000 Da) in PBS (10 mL). At different
time points, the external drug release buffers were col-
lected, and an equivalent amount of PBS was added. The
cumulative amount of TCS released was quantified by a
microplate reader.

Cytotoxicity assay
Cell Counting Kit-8 (CCK-8) assays were performed to
measure the cytotoxicity of TCS, PLGA-NPs, TCS@
PLGA-NPs and LA/TCS@PLGA-NPs. Human oral
keratinocytes (HOKs) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM), 100 mg/mL streptomy-
cin, 100 units/mL penicillin and 10% heat-inactivated
fetal bovine serum (FBS) at 37 °C with 5% CO, and 95%
relative humidity. Then, the cells were seeded in 96-well
microtiter plates at a density of 1x 10* cells/well and
incubated in 100 puL of DMEM per well for 24 h. In addi-
tion, equivalent amounts of TCS, PLGA PLGA-NPs, lyo-
philized TCS@PLGA-NPs, and LA/TCS@PLGA-NPs
were dissolved in 100 pL cell-grade DMSO and then
diluted to serial concentrations with fresh culture media.
The culture media was replaced with fresh culture
media containing serial dilutions of TCS, PLGA, TCS@
PLGA-NPs and LA/TCS@PLGA-NPs. The cells were
incubated for an additional 24 h, 48 h and 72 h. Then,
10 pL of the CCK-8 solution was added to each well and
incubated for 4 h. The absorbance was measured using
a microplate reader at a wavelength of 450 nm. The cell
viability (%) was calculated using the following equa-
tions. Cell Vlablllty (%) = (M test_Mnegative control)/(Mpositive
control_Mnegative control) x 100%, in which the M test is the
absorbance value of the wells with cells and medicine, the
M egative control 18 the absorbance value of negative wells
without cells and medicine and the M, oive control 18 the
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absorbance value of positive control wells with cells but
without medicine.

Adhesion of LA/PLGA-NPs to planktonic S. mutans

We labeled the PLGA-NPs with DiO fluorescence dye
(DiIO@PLGA-NPs) by a nanoprecipitation process and
then coated them with an L. acidophilus envelope labeled
by DiD dye (DiD@LA/DiO@PLGA-NPs). The nuclei of
S. mutans were labeled with DAPI (DAPI@SM). After
LiCl, pepsin, sodium periodate or bovine albumin treat-
ment, DiIO@PLGA-NPs and DiD@LA/DiO@PLGA-NPs
were mixed with the DAPI@SM suspension and incu-
bated for 1. The mixed solution was then centrifuged at
3000 x g for 10 min to collect sediment. After 3 wash-
centrifugation cycles, the sediment was fixed with 4%
polyformaldehyde solution for 30 min. The adhesion of
nanoparticles to planktonic S. mutans was observed by
CLSM. The whole process of the experiment was per-
formed in a shaded environment.

To quantitatively analyze the adhesion ability of LA/
PLGA-NPs, we prepared DiO@PLGA-NPs (I mg/mL)
and DiD@LA/DiO@PLGA-NPs (I mg/mL) and meas-
ured their fluorescence intensity using a multifunctional
enzyme maker. Then, DiO@PLGA-NPs and DiD@LA/
DiO@PLGA-NPs were mixed with the S. mutans suspen-
sion (1 x 108 CFU/mL, 1 mL) and incubated for 1 h. The
mixed solution was centrifuged at 3000 x g for 10 min to
collect the supernatant. The fluorescence intensity of the
supernatant was measured to evaluate the adhesion abil-
ity as follows:

Adhesionrate(%) = (Alnitial - Asupematant/Alnitial) x 100%

in which Ag ernatane 18 the mass of nanoparticles in
the supernatant, and Ay, is the initial mass of
nanoparticles.

Integration of LA/PLGA-NPs into the S. mutans biofilm
structure

The DiD@LA/Dil@PLGA-NP solution was prepared
by the abovementioned method. A biofilm formation
assay was conducted as proposed by Loo, with slight
modification [59]. Briefly, stationary-phase S. mutans
were adjusted to an OD600 of approximately 1 and
inoculated at a ratio of 1:2 (vol/vol) to the medium
solution. An in vitro biofilm model was established
using a cover slide as the carrier. Sterile cover slides
(18 mm x 18 mm) were placed in sterile 6-well micr-
otiter plates, and 1.5 mL of S. mutans suspension
was added to each well. The plates were incubated at
37 °C for different periods to promote biofilm forma-
tion. After 0, 6, 12, 24, or 48 h of incubation, 100 puL of
DiD@LA/Dil@PLGA solution was added to the corre-
sponding well. Afterward, the cultures with 0-, 6-, and

Page 16 of 20

12-h-old S. mutans biofilms were incubated for up to
a total of 24 h. In addition, the cultures with 24- and
48-h-old S. mutans biofilms were incubated for up to
a total of 48 and 72 h, respectively. Fresh medium was
replaced every 24 h. Dil@PLGA-NPs were prepared
and studied as the control group. Finally, the biofilms
were rinsed with sterile physiological saline solution 3
times, stained with NO1 dyeing liquor, and observed by
CLSM.

Interfering effect of LA/PLGA-NPs on S. mutans biofilm
formation

To test the interfering effect of LA/PLGA-NPs on the
formation of S. mutans biofilms, stationary-phase S.
mutans (50 pL) was diluted twofold in BHI medium (50
pL) and inoculated in 96-well microtiter plates. After O,
6, 12, 24, or 48 h of incubation, the LA/PLGA-NP solu-
tion (0.15 mg/mL, 100 pL) was added to each well and
cultured as described above. The medium was replaced
with fresh medium every 24 h. Finally, planktonic bac-
teria were gently aspirated from the microplates. Each
well was stained with 200 pL of crystal violet for 30 min
at room temperature. After two rinses with saline solu-
tion, 100 pL of 95% alcohol was added to release the dye.
Biofilm biomass was quantified by measuring the optical
density at 600 nm (OD600) in each well using a micro-
plate reader. The control group was treated with the
same volume of physiological saline. Biofilm inhibition
(%) = 1-(biomass,,yiment/ PiOMass o1 X 100%

Effect of LA/TCS@PLGA-NPs on S. mutans biofilm activity

The sterile cover slides were placed in sterile 6-well micr-
otiter plates, and 1.5 mL of S. mutans suspension was
added. After 0, 6, 12, 24, or 48 h of incubation, 10 pL vol-
umes of LA/TCS@PLGA-NPs (6 mg/mL), TCS@PLGA-
NPs (4.5 mg/mL) and TCS (0.88 mg/mL) were added
individually to the wells, and the cultures were incubated
as described above. The medium was replaced with fresh
medium every 24 h. Finally, the slides were removed and
subjected to fluorescence staining with a live/dead bac-
terial staining kit. The biofilm structure was observed
using CLSM, and Z-stack analysis was performed using
Leica Application Suite X (Leica Microsystems, Wetzlar,
Germany). The amounts of viable and nonviable bacteria
were recorded. Biofilm activity was calculated as the per-
centage of live bacteria over both live and dead bacteria.
All control groups were administered an equivalent vol-
ume of physiological saline. In this experiment, the con-
centrations of LA/TCS@PLGA-NPs, TCS@PLGA-NPs,
and TCS in BHI solution (1.5 mL) were 40 ug/mL, 30 pg/
mL, and 5.9 pg/mL, respectively. The concentrations of
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TCS@PLGA-NPs and TCS were calculated based on the
concentration of LA/TCS@PLGA-NPs and drug loading,
which made the content of TCS from LA/TCS@PLGA-
NPs equal to that from TCS@PLGA-NPs and TCS.

Effect of LA/TCS@PLGA-NPs on the biomass of S. mutans
biofilms

Sterile cover slides were placed in sterile 6-well plates,
to which 1.5 mL of S. mutans suspension was added in
each well. After 24 h of incubation, 10 uL volumes of LA/
TCS@PLGA-NPs (6 mg/mL), TCS@PLGA-NPs (4.5 mg/
mL), TCS (0.88 mg/mL) and an equivalent volume of
physiological saline were added individually to the wells.
The plates were incubated for an additional 24 h. The bio-
film was rinsed with physiological saline to remove free
TCS and NPs, and the medium was replaced with fresh
medium every 24 h. After incubation for 8 days, the bio-
films were scraped off the glass coverslips with a sterile
cell scraper, suspended in PBS and divided into aliquots
for analysis. The biofilm biomass assay was conducted as
proposed by Chunru [60].

To determine the dry weight, the bacterial suspen-
sion was transferred into a new preweighed centrifuga-
tion tube. Three volumes of 100% ethanol were added,
and the mixture was incubated for 15 min at — 20 °C.
The suspension was then centrifuged at 12,000 x g for
10 min. The resulting sediment was washed twice with
75% ethanol and lyophilized for 24 h. By subtracting the
final weight from the initial weight of the empty tube, the
weight of the biomass was measured, and the results are
expressed in milligrams.

To obtain total soluble protein, 300 pl of bacterial sus-
pension was transferred to a microcentrifuge tube, to
which the same volume of 2 M NaOH was added. The
tube was vortexed, placed at 100 °C for 15 min, and cen-
trifuged (10,000 x g for 10 min, 4 °C), and the concentra-
tion of soluble protein in the supernatant was determined
by a BCA protein assay kit.

Effect of LA/TCS@PLGA-NPs on virulence gene expression
in S. mutans biofilms

Sterile cover slides were placed in sterile 6-well plates,
to which 1.5 mL of S. mutans suspension was added in
each well. After 24 h of incubation, 10 uL volumes of LA/
TCS@PLGA-NPs (6 mg/mL), TCS@PLGA-NPs (4.5 mg/
mL), TCS (0.88 mg/mL) and an equivalent volume of
physiological saline were added individually to the wells.
The plates were incubated for an additional 24 h. The bio-
film was rinsed with physiological saline to remove free
TCS and NPs, and the medium was replaced with fresh
medium every 24 h. After 8 days of anaerobic culture,
biofilm samples were obtained on the surface of glass
coverslips, and RNA isolation was started.
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Total RNA was extracted on ice using TRI Reagent
according to the manufacturer’s instructions. The con-
centration and purity of the total RNA obtained were
determined spectrophotometrically with a NanoDrop
instrument (Thermo Scientific, USA). cDNA was syn-
thesized with a PrimeScript RT reagent kit with gDNA
Eraser. Real-time reverse transcription (RT)-quantitative
PCR (qPCR) was performed using the SYBRPRIMES
qPCR set. The primers used for qRT-PCR are listed
in Additional file 1: Table S2. Real-time PCR detection
was performed with a LineGene 9600 instrument (Bioer
Technology Co. Ltd., Hangzhou, China) started from an
initial denaturation at 95 °C for 30 s, and then 40 cycles
of amplification, including denaturation at 95 °C for 10 s,
followed by annealing and extension at 60 °C for 30 s,
were performed.

The relative expression of each target gene was nor-
malized to that of the internal control (the 16S rRNA
gene of S. mutans). The melting curve profile was ana-
lyzed to evaluate the amplification specificity. The criti-
cal threshold cycle (CT) was defined as the cycle in which
fluorescence could be detected above the background
fluorescence and was inversely proportional to the loga-
rithm of the initial number of template molecules. The
data were analyzed by the instrument supporting soft-
ware. Each assay was performed with at least three inde-
pendent RNA samples in duplicate.

LA/TCS@PLGA-NPs for dental caries in vivo

Female SD rats (17 days old) were purchased from
Ensville Biotechnology Co., Ltd. (Chongging, China).
All procedures concerning animal experiments were
approved and under the supervision of the Ethics Com-
mittee of Stomatological Hospital of Chongqing Medical
University (2021-028). All rats were first fed a regular
diet for 3 days to adapt to the new environment. After-
ward, to prevent the effects of endogenous microorgan-
isms, all rats were fed water containing 5% ampicillin
and normal chow for 4 consecutive days. Then, the rats
were randomly divided into 4 groups (n=6), includ-
ing the control group (sterile water), TCS group, TCS@
PLGA-NPs group and LA/TCS@PLGA-NPs group. On
Day 25, all rats in these groups were first subjected to 7
consecutive days of dental caries modeling. Briefly, after
16 h of culture, S. mutans cultures were centrifuged and
diluted to 1x 10% CFU/mL in saline solution. A sterile
cotton swab saturated with the S. mutans suspension was
applied to the oral cavity of each rat for 15 s per quad-
rant, as described by Zhang et al. [61]. Then, oral swabs
were collected and spread on MSA agar supplemented
with bacitracin to confirm S. mutans colonization in the
oral cavity. On Day 35, the rats in the four groups were
treated with sterile water, TCS (0.88 mg/ml), TCS@
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PLGA-NPs (4.5 mg/ml) and LA/TCS@PLGA-NPs (6 mg/
ml) twice daily for another 7 consecutive days. All rats
were fed a cariogenic diet (Diet 2000#) supplemented
with a 5% (w/v) sucrose solution from Day 25 until the
experiment was finished.

After the rats were sacrificed by CO, asphyxiation on
Day 95, the jaws with teeth, blood and main organs were
collected. The carious lesions were assessed via Keyes’
scoring. In addition, body weight monitoring, blood bio-
chemical assays, routine blood examination and histolog-
ical analysis of the main organs were performed to assess
the biosafety of LA/TCS@PLGA-NPs in vivo.

Statistical analysis: At least three independent rep-
lications for each dataset of all experiments were per-
formed, and the results are reported as the mean £ SD.
Statistical analysis among multiple treatment groups
was performed using GraphPad Prism via one-way
ANOVA (Nonparametric). Statistical differences were
considered significant at a value of P<0.05.

Conclusions

In summary, we developed a novel nanoparticle deliv-
ery system consisting of TCS-loaded PLGA nanopar-
ticles to effectively interfere with S. mutans biofilms.
The resulting LA/TCS@PLGA-NPs exhibited favorable
properties, including a controllable size, negative charge,
sustained drug-release kinetics and desirable safety pro-
file. LA/TCS@PLGA-NPs can “coaggregate” with S.
mutans depending on their “right-side-out”-oriented
lactobacillus envelope and inhibit the formation of S.
mutans, which was similar to inactivated L. acidophi-
lus. The interaction between LA/TCS@PLGA-NPs and
S. mutans was mainly related to the S-layer protein. In
addition, LA/TCS@PLGA-NPs were mostly distributed
in the medium layer and had a spatial affinity effect on S.
mutans in the biofilm. These nanoparticles can continu-
ously inhibit S. mutans biofilms through their sustained
release ability and have a long-lasting inhibitory effect on
the progression of caries in vivo. Overall, our work exam-
ined the characteristics of Lactobacillus envelope-coated
nanoparticles and demonstrated their therapeutic poten-
tial against cariogenic biofilms. These nanoparticles may
be considered feasible candidates for a new class of safe
and effective drug delivery systems for the prevention of
caries. Furthermore, this work provides new insights into
cell membrane coating technology and presents a novel
strategy to combat bacterial biofilms and associated
infections.

Abbreviations
TCS: Triclosan; PLGA: Poly (lactic-co-glycolic acid); CMCNPs: Cell membrane-
coated nanoparticles; EPS: Extracellular polymeric substances; PAMAM: Poly
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TEM: Transmission electron microscopy; DL: Drug loading; EE: Encapsulation
efficiency; DMSO: Dimethyl sulfoxide; SDS-PAGE: Sodium dodecy! sulfonate-
polyacrylamide gel electrophoresis; CCK-8: Cell Counting Kit-8; HOK: Human
oral keratinocyte; FBS: Fetal bovine serum; DMEM: Dulbecco’s modified Eagle’s
medium; CLSM: Laser confocal microscopy.
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Additional file 1: Figure S1. Drug loading, encapsulation efficiency and
drug release of LA/TCS@PLGA-NPs. (A) The loading efficiency and encap-
sulation efficiency of TCS@PLGA-NPs and LA/TCS@PLGA-NPs (n=3). (B)

In vitro drug release study with TCS@PLGA-NPs and LA/TCS@PLGA-NPs in
PBS (n=3). Data are presented as the mean = SD. Figure S2. Cytotoxicity
assay of LA/TCS@PLGA-NPs. HOK cell viability at various concentrations

of (A) TCS, (B) PLGA-NPs, (C) TCS@PLGA-NPs and (D) LA/TCS@PLGA-NPs

by CCK-8 assay. PLGA-NPs, TCS@PLGA-NPs and LA/TCS@PLGA-NPs at the
highest concentration exhibited no obvious cytotoxicity on HOK cells. The
data are presented as the mean = SD. Figure S3. Analysis for the coaggre-
gation of Lactobacillus acidophilus (ATCC4356) with Streptococcus mutans
(UA159). (A) Quantitative analysis of coaggregation between L. acidophilus
and S. mutans after 1.5, 3.5, 5 and 8 h of coincubation. (B) SEM images for
the coaggregates of strains ATCC4356 and UA159 at 20,000 x magnifica-
tion (bar represents 1 um). The green arrow indicates S. mutans, and the
red arrow indicates L. acidophilus. (C) CLSM images for the coaggregates
of strains ATCC4356 and UA159 at 200 x magnification (bars represent

75 um). Figure S4. Adhesion rate of LA/PLGA-NPs and PLGA-NPs to S.
mutans. Data are presented as the mean = SD. *P < 0.05. Table S1. Serum
biochemical indices of rats in different groups. The data are expressed as
the mean =+ standard error of the mean. There was no significant differ-
ence in the indicators between groups (P>0.05). Table S2. Nucleotide
sequences of the primers.

Acknowledgements
Not applicable.

Author contributions

WW, LC, DQY conceived and designed the study. LTW, LW, RJG, JJY, WL per-
formed the experiment. LTW, LC analyzed the data and wrote the manuscript.
All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(Grant No.31970783 and Grant No.81700958), China Postdoctoral Science
Foundation (Grant No.2020M683271) and Program for Youth Innovation in
Future Medicine, Chongging Medical University (W0034).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All procedures concerning animal experiments were approved and under the
supervision by the Ethics Committee of Stomatological Hospital of Chongging
Medical University (2021-028).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12951-022-01563-x
https://doi.org/10.1186/s12951-022-01563-x

Weng et al. Journal of Nanobiotechnology

(2022) 20:356

Author details

!Stomatological Hospital of Chongqing Medical University, No. 426, Songshi
North Road, Yubei District, Chongqing 401147, China. 2Chongging Key
Laboratory of Oral Diseases and Biomedical Sciences, Chongging 401147,
China. *Chongging Municipal Key Laboratory of Oral Biomedical Engineer-
ing of Higher Education, Chongqing 401147, China. “Bioengineering College
of Chongging University, No.174 Shazhengjie, Shapingba, Chongging 400044,
China.

Received: 12 April 2022 Accepted: 20 July 2022
Published online: 02 August 2022

References

1.

2.

20.

Allaker R. The use of nanoparticles to control oral biofilm formation. J
Dent Res. 2010;89(11):1175-86.

Zhou X, Xu X, Li J, Hu D, Hu T, Yin W, et al. Oral health in China: from vision
to action. Int J Oral Sci. 2018;10(1):1.

Sims K, Liu'Y, Hwang G, Jung H, Koo H, Benoit D. Enhanced design and
formulation of nanoparticles for anti-biofilm drug delivery. Nanoscale.
2018;11(1):219-36.

Forier K, Raemdonck K, De Smedt S, Demeester J, Coenye T, Braeckmans
K. Lipid and polymer nanoparticles for drug delivery to bacterial biofilms.
J Control Release. 2014;190:607-23.

LiuY, Ren Z, Hwang G, Koo H. Therapeutic strategies targeting cariogenic
biofilm microenvironment. Adv Dent Res. 2018;29(1):86-92.

Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres MDP, Acosta-
Torres LS, et al. Nano based drug delivery systems: recent developments
and future prospects. J Nanobiotechnology. 2018;16(1):71.

Seneviratne C, Leung K, Wong C, Lee S, Li X, Leung P, et al. Nanoparticle-
encapsulated chlorhexidine against oral bacterial biofilms. PLoS ONE.
2014,9(8): €103234.

Zhou Y, Yang J, Lin Z, Li J, Liang K, Yuan H, et al. Triclosan-loaded
poly(amido amine) dendrimer for simultaneous treatment and remineral-
ization of human dentine. Colloids Surf B Biointerfaces. 2014;115:237-43.
Chen F, Rice K, Liu X, Reinhardt R, Bayles K, Wang D. Triclosan-loaded
tooth-binding micelles for prevention and treatment of dental biofilm.
Pharm Res. 2010;27(11):2356-64.

Sugano M, Morisaki H, Negishi Y, Endo-Takahashi Y, Kuwata H, Miyazaki

T, et al. Potential effect of cationic liposomes on interactions with oral
bacterial cells and biofilms. J Liposome Res. 2016;26(2):156-62.

. Narain A, Asawa S, Chhabria V, Patil-Sen Y. Cell membrane coated

nanoparticles: next-generation therapeutics. Nanomedicine (Lond).
2017;12(21):2677-92.

Luk BT, Hu CM, Fang RH, Dehaini D, Carpenter C, Gao W, et al. Interfacial
interactions between natural RBC membranes and synthetic polymeric
nanoparticles. Nanoscale. 2014;6(5):2730-7.

Liu L, Bai X, Martikainen MV, Karlund A, Roponen M, Xu W, et al. Cell
membrane coating integrity affects the internalization mechanism of
biomimetic nanoparticles. Nat Commun. 2021;12(1):5726.

Fang RH, Kroll AV, Gao W, Zhang L. Cell membrane coating nanotechnol-
ogy. Adv Mater. 2018;30(23): €1706759.

Zhang Y, ChenY, Lo C, Zhuang J, Angsantikul P, Zhang Q, et al. Inhibition
of pathogen adhesion by bacterial outer membrane-coated nanoparti-
cles. Angew Chem Int Ed Engl. 2019;58(33):11404-8.

Hu CM, Fang RH, Wang KC, Luk BT, Thamphiwatana S, Dehaini D, et al.
Nanoparticle biointerfacing by platelet membrane cloaking. Nature.
2015;526(7571):118-21.

Sykes EA, Chen J, Zheng G, Chan WC. Investigating the impact of nano-
particle size on active and passive tumor targeting efficiency. ACS Nano.
2014,8(6):5696-706.

Ciandrini E, Campana R, Baffone W. Live and heat-killed Lactobacillus
spp. interfere with Streptococcus mutans and Streptococcus oralis during
biofilm development on titanium surface. Arch Oral Biol. 2017;78:48-57.
Lang C, Bottner M, Holz C, Veen M, Ryser M, Reindl A, et al. Specific
Lactobacillus/mutans Streptococcus co-aggregation. J Dent Res.
2010;89(2):175-9.

Wasfi R, Abd El-Rahman O, Zafer M, Ashour H. Probiotic Lactobacillus sp.
inhibit growth, biofilm formation and gene expression of caries-inducing
Streptococcus mutans. J Cell Mol Med. 2018;22(3):1972-83.

21.

22.

23.

24.

25.

27.

28.

29.

30.

31

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 19 of 20

Ahn KB, Baik JE, Park OJ, Yun CH, Han SH. Lactobacillus plantarum
lipoteichoic acid inhibits biofilm formation of Streptococcus mutans. PLoS
ONE. 2018;13(2): €0192694.

Alp D, Kuleasan H, Korkut AA. The importance of the S-layer on the
adhesion and aggregation ability of lactic acid bacteria. Mol Biol Rep.
2020;47(5):3449-57.

Chapot-Chartier M, Kulakauskas S. Cell wall structure and function in
lactic acid bacteria. Microb Cell Fact. 2014;13:59.

Dhillon GS, Kaur S, Pulicharla R, Brar SK, Cledén M, Verma M, et al. Tri-
closan: current status, occurrence, environmental risks and bioaccumula-
tion potential. Int J Environ Res Public Health. 2015;12(5):5657-84.
Venema S, Abbas F, van de Belt-Gritter B, van der Mei HC, Busscher HJ,
van Hoogmoed CG. In vitro oral biofilm formation on triclosan-coated
sutures in the absence and presence of additional antiplaque treatment.
J Oral Maxillofac Surg. 2011;69(4):980-5.

. de Souza Araujo IJ, de Paula AB, Bruschi Alonso RC, Taparelli JR, Innocen-

tini Mei LH, Stipp RN, et al. A novel Triclosan Methacrylate-based compos-
ite reduces the virulence of Streptococcus mutans biofilm. PLoS ONE.
2018;13(4): €0195244.

Steinberg D, Tal T, Friedman M. Sustained-release delivery systems of
triclosan for treatment of Streptococcus mutans biofilm. J Biomed Mater
Res B Appl Biomater. 2006,77(2):282-6.

Evans A, Leishman SJ, Walsh LJ, Seow WK. Inhibitory effects of children’s
toothpastes on Streptococcus mutans, Streptococcus sanguinis and Lacto-
bacillus acidophilus. Eur Arch Paediatr Dent. 2015;16(2):219-26.

Forssten SD, Bjorklund M, Ouwehand AC. Streptococcus mutans, caries
and simulation models. Nutrients. 2010;2(3):290-8.

Abranches J, Zeng L, Kajfasz JK, Palmer SR, Chakraborty B, Wen ZT, et al.
Biology of oral streptococci. Microbiol Spectr. 2018. https://doi.org/10.
1128/microbiolspec.GPP3-0042-2018.

Borisy GG, Valm AM. Spatial scale in analysis of the dental plaque microbi-
ome. Periodontol 2000. 2021;86(1):97-112.

Donlan RM, Costerton JW. Biofilms: survival mechanisms of clinically
relevant microorganisms. Clin Microbiol Rev. 2002;15(2):167-93.

. Virlan MJR, Miricescu D, Totan A, Greabu M, Tanase C, Sabliov CM, et al.

Current uses of poly(lactic-co-glycolic acid) in the dental field: a compre-
hensive review. J Chem. 2015;2015: 525832.

Twetman L, Larsen U, Fiehn N, Stecksén-Blicks C, Twetman S. Coaggrega-
tion between probiotic bacteria and caries-associated strains: an in vitro
study. Acta Odontol Scand. 2009;67(5):284-8.

Wang Y, Zhang K, Qin X, Li T, Qiu J, Yin T, et al. Biomimetic nanotherapies:
red blood cell based core-shell structured nanocomplexes for atheroscle-
rosis management. Adv Sci (Weinh). 2019;6(12):1900172.

Masuda K, Kawata T. Ultrastructure and partial characterization of a
regular array in the cell wall of Lactobacillus brevis. Microbiol Immunol.
1979;23(10):941-53.

Mobarak Qamsari E, Kasra Kermanshahi R, Erfan M, Ghadam P, Sardari

S, Eslami N. Characteristics of surface layer proteins from two new and
native strains of Lactobacillus brevis. Int J Biol Macromol. 2017;95:1004-10.
Gao W, Fang R, Thamphiwatana S, Luk B, Li J, Angsantikul P, et al. Modulat-
ing antibacterial immunity via bacterial membrane-coated nanoparticles.
Nano Lett. 2015;15(2):1403-9.

Patel RB, Ye M, Carlson PM, Jaquish A, Zangl L, Ma B, et al. Development
of an in situ cancer vaccine via combinational radiation and bacterial-
membrane-coated nanoparticles. Adv Mater. 2019;31(43): €1902626.
Krausova G, Hyrslova |, Hynstova I. In vitro evaluation of adhesion capac-
ity, hydrophobicity, and auto-aggregation of newly isolated potential
probiotic strains. Fermentation. 2019;5(4):100.

Trunk T, Khalil HS, Leo JC. Bacterial autoaggregation. AIMS Microbiol.
2018:4(1):140-64.

Nwoko EQA, Okeke IN. Bacteria autoaggregation: how and why bacteria
stick together. Biochem Soc Trans. 2021;49(3):1147-57.

Fagan R, Fairweather N. Biogenesis and functions of bacterial S-layers. Nat
Rev Microbiol. 2014;12(3):211-22.

Yang L, Zhang C, Huang F, Liu J, Zhang Y, Yang C, et al. Triclosan-based
supramolecular hydrogels as nanoantibiotics for enhanced antibacterial
activity. J Control Release. 2020;324:354-65.

Angsantikul P, Thamphiwatana S, Zhang Q, Spiekermann K, Zhuang J,
Fang RH, et al. Coating nanoparticles with gastric epithelial cell mem-
brane for targeted antibiotic delivery against Helicobacter pylori infection.
Adv Ther (Weinh). 2018;1(2):1800016.


https://doi.org/10.1128/microbiolspec.GPP3-0042-2018
https://doi.org/10.1128/microbiolspec.GPP3-0042-2018

Weng et al. Journal of Nanobiotechnology ~ (2022) 20:356 Page 20 of 20

46. Zu G, Steinmuller M, Keskin D, van der Mei HC, Mergel O, van Rijn P.
Antimicrobial nanogels with nanoinjection capabilities for delivery of
the hydrophobic antibacterial agent Triclosan. ACS Appl Polym Mater.
2020;2(12):5779-89.

47. Heilmann C, Hussain M, Peters G, Gotz F. Evidence for autolysin-mediated
primary attachment of Staphylococcus epidermidis to a polystyrene
surface. Mol Microbiol. 1997;24(5):1013-24.

48. Hirschhausen N, Schlesier T, Peters G, Heilmann C. Characterization of the
modular design of the autolysin/adhesin Aaa from Staphylococcus aureus.
PLoS ONE. 2012;7(6): e40353.

49. Hyndnen U, Palva A. Lactobacillus surface layer proteins: structure, func-
tion and applications. Appl Microbiol Biotechnol. 2013;97(12):5225-43.

50. Nobbs A, Lamont R, Jenkinson H. Streptococcus adherence and coloniza-
tion. Microbiol Mol Biol Rev. 2009;73(3):407-50 (Table of contents).

51. Nishihara T, Suzuki N, Yoneda M, Hirofuji T. Effects of Lactobacillus
salivarius-containing tablets on caries risk factors: a randomized open-
label clinical trial. BMC Oral Health. 2014;14:110.

52. Wu G, Lin C, Wu C, Peng W, Lee M, Tsai Y. Inhibitory effect of Lactobacillus
salivarius on Streptococcus mutans biofilm formation. Mol Oral Microbiol.
2015;30(1):16-26.

53. Ding Q, Sun X, Cao S, Zhao C, Wang Y, Wang X. Heat-killed Lactobacillus
acidophilus mediates Fusobacterium nucleatum induced pro-inflamma-
tory responses in epithelial cells. FEMS Microbiol Lett. 2021. https://doi.
0rg/10.1093/femsle/fnaa160.

54. Durso S, Vieira L, Cruz J, Azevedo C, Rodrigues P, Simionato M. Sucrose
substitutes affect the cariogenic potential of Streptococcus mutans bio-
films. Caries Res. 2014;48(3):214-22.

55. Decker E, Klein C, Schwindt D, von Ohle C. Metabolic activity of Strepto-
coccus mutans biofilms and gene expression during exposure to xylitol
and sucrose. Int J Oral Sci. 2014;6(4):195-204.

56. LiuD,Ma X, JiY,ChenR, Zhou S, Yao H, et al. Bioresponsive nanotherapy
for preventing dental caries by inhibiting multispecies cariogenic bio-
films. Bioact Mater. 2022;14:1-14.

57. Ozturk AA, Yenilmez E, Senel B, Kiyan HT, Guven UM. Effect of different
molecular weight PLGA on flurbiprofen nanoparticles: formulation, char-
acterization, cytotoxicity, and in vivo anti-inflammatory effect by using
HET-CAM assay. Drug Dev Ind Pharm. 2020;46(4):682-95.

58. Gao F, Xu L, Yang B, Fan F, Yang L. Kill the real with the fake: eliminate
intracellular Staphylococcus aureus using nanoparticle coated with its
extracellular vesicle membrane as active-targeting drug carrier. ACS
Infect Dis. 2019;5(2):218-27.

59. Loo C, Corliss D, Ganeshkumar N. Streptococcus gordonii biofilm forma-
tion: identification of genes that code for biofilm phenotypes. J Bacteriol.
2000;182(5):1374-82.

60. Guan C, Che F, Zhou H, LiY, LiY, Chu J. Effect of rubusoside, a natural
sucrose substitute, on Streptococcus mutans biofilm cariogenic potential
and virulence gene expression in vitro. Appl Environ Microbiol. 2020.
https://doi.org/10.1128/AEM.01012-20.

61. Zhang Q,Qin S, Huang Y, Xu X, Zhao J, Zhang H, et al. Lactobacillus plan-
taruminhibitory and preventive effects of FB-T9 on dental caries in rats. J
Oral Microbiol. 2020;12(1):1703883.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1093/femsle/fnaa160
https://doi.org/10.1093/femsle/fnaa160
https://doi.org/10.1128/AEM.01012-20

	Lactobacillus cell envelope-coated nanoparticles for antibiotic delivery against cariogenic biofilm and dental caries
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	Fabrication and characterization of LATCS@PLGA-NPs
	Characterization of proteins
	Identification of the envelope orientation of LATCS@PLGA-NPs
	Drug loading and in vitro drug release of LATCS@PLGA-NPs
	Cytotoxicity assay
	Adhesion of LAPLGA-NPs to planktonic S. mutans
	Integration of LAPLGA-NPs into the S. mutans biofilm structure
	Interfering Effect of LAPLGA-NPs on S. mutans biofilm formation
	Effect of LATCS@PLGA-NPs on S. mutans biofilm activity
	Effect of LATCS@PLGA-NPs on the biomass of S. mutans biofilms
	Effect of LATCS@PLGA-NPs on virulence gene expression in S. mutans biofilms
	LATCS@PLGA-NPs for dental caries in vivo

	Materials and methods
	Materials
	Preparation of L. acidophilus cell envelope fragments
	Preparation of triclosan-loaded PLGA nanoparticles
	Preparation of L. acidophilus cell envelope-coated TCS@PLGA nanoparticles
	Characterization of nanoparticles
	Characterization of proteins
	Identification of the envelope orientation of LATCS@PLGA-NPs
	Drug loading and in vitro drug release study
	Cytotoxicity assay
	Adhesion of LAPLGA-NPs to planktonic S. mutans
	Integration of LAPLGA-NPs into the S. mutans biofilm structure
	Interfering effect of LAPLGA-NPs on S. mutans biofilm formation
	Effect of LATCS@PLGA-NPs on S. mutans biofilm activity
	Effect of LATCS@PLGA-NPs on the biomass of S. mutans biofilms
	Effect of LATCS@PLGA-NPs on virulence gene expression in S. mutans biofilms
	LATCS@PLGA-NPs for dental caries in vivo

	Conclusions
	Acknowledgements
	References




