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ABSTRACT
Objectives: This research first investigated the effect of mesoporous silica nanoparticles 
(nMS) carrying chlorhexidine and silver (nMS-nAg-Chx) on periodontitis-related biofilms. 
This study aimed to investigate (1) the antibacterial activity on Porphyromonas gingivalis 
(P. gingivalis) biofilm; (2) the suppressing effect on virulence of P. gingivalis biofilm; (3) the 
regulating effect on periodontitis-related multispecies biofilm.
Methods: Silver nanoparticles (nAg) and chlorhexidine (Chx) were co-loaded into nMS to 
form nMS-nAg-Chx. Inhibitory zone test and minimum inhibitory concentration (MIC) against 
P. gingivalis were tested. Growth curves, crystal violet (CV) staining, live/dead staining and 
scanning electron microscopy (SEM) observation were performed. Biofilm virulence was 
assessed. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay and 
Quantitative Real Time-PCR (qPCR) were performed to validate the activity and composition 
changes of multispecies biofilm (P. gingivalis, Streptococcus gordonii and Streptococcus 
sanguinis).
Results: nMS-nAg-Chx inhibited P. gingivalis biofilm dose-dependently (p<0.05), with MIC of 
18.75 µg/mL. There were fewer live bacteria, less biomass and less virulence in nMS-nAg-Chx 
groups (p<0.05). nMS-nAg-Chx inhibited and modified periodontitis-related biofilms. The 
proportion of pathogenic bacteria decreased from 16.08 to 1.07% and that of helpful bacteria 
increased from 82.65 to 94.31% in 25 μg/mL nMS-nAg-Chx group for 72 h.
Conclusions: nMS-nAg-Chx inhibited P. gingivalis growth, decreased biofilm virulence and 
modulated periodontitis-related multispecies biofilms toward healthy tendency. pH-sensitive 
nMS-nAg-Chx inhibit the pathogens and regulate oral microecology, showing great potential 
in periodontitis adjunctive therapy.
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Graphical abstract: The pH-sensitive nMS-nAg-Chx with good biocompatibility, 
bactericidal efficiency, and modulating ability to induce periodontitis-related biofilms 
toward healthy tendency
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Introduction

Periodontitis is one of the most prevalent chronic 
oral diseases caused by dysbiosis of oral microecol-
ogy, leading to tooth loss in adults [1,2]. The preva-
lence of periodontitis ranges from 31 to 76% reported 
by European and United States studies [3]. Severe 
forms of this disease affect 11% of the global popula-
tion [4]. P. gingivalis is the dominant pathogen in the 
subgingival dental plaque, which can produce viru-
lence factors in periodontal pockets and trigger 
a destructive change in the periodontium [5]. Their 
colonies establish in the oral epithelium and produce 
endotoxins to interact with toll-like receptors [6–9]. 
Lipopolysaccharide (LPS), also termed endotoxin, is 
an integral structural component of the outer mem-
brane of P. gingivalis [10]. The presence of 
P. gingivalis is related to the recurrence or aggrava-
tion of periodontitis after periodontal treatment [11]. 
Therefore, periodontal treatment needs to reduce the 
P. gingivalis prevalence or eradicate the adherence to 
the infected root surfaces of periodontitis-related 
biofilms.

Subgingival scaling and root planning are conven-
tional periodontitis therapies to remove subgingival 
dental plaques. However, mechanical debridement 
fails to remove the lingering bacteria in deep period-
ontal pockets and surface irregularity areas. Local 
drug therapies have focused on chlorhexidine (Chx) 
mouthwash to eliminate the remaining germs after 
subgingival curettage. However, Chx oral administra-
tion for a long period may bring in mitochondrial 
damage and oral equilibrium imbalance.

Incorporating Chx into a drug delivery system, 
capable of allowing a wide spacing of dosage for 
sustained release and enhanced biosafety, is manda-
tory to eliminate the aforementioned shortcomings 
[12–14]. Furthermore, antibiotics combination, a new 
alternative strategy to reduce resistance emergence, 
has been widely developed and applied in the field of 
dentistry. Chx and silver nanoparticles (nAg) have 
been successfully used for synergistic antibacterial 
and employed as antimicrobial-releasing agents to 
be incorporated in dental materials [15–19]. nAg 
killed microbiota through several mechanisms, 
which further guaranteed a lower risk of bacterial 
resistance of combined application [20,21]. 
However, problems with the biosafety of nAg remain. 
Previous in vitro and in vivo studies have reported 
that nAg and non-coated nAg showed cytotoxicity 
toward different cell lines [22,23]. Besides, biofilm 
microenvironments prevent antimicrobial diffusion 
through the deeper layers of the matrix, which 
reduces the activity of potent agents [24]. nMS have 
been applied as the carrier to deliver drugs into 
microorganisms and improve antimicrobial 

performance, which encapsulate agents and target 
specific tissue to keep a sustained drug concentration 
in lesion [25–29].

According to previous studies [30–32], silica nano-
particles containing nano-silver and chlorhexidine 
(nMS-nAg-Chx) were synthesized successfully by 
our research group, which respond to acids and 
showed better compatibility. To investigate the 
release behavior of this antiseptic, nMS-nAg-Chx 
were dispersed in simulated body fluid solutions 
(pH = 4.0, 5.5. 7.4) in our previous study [33]. 
Results showed Chx release in nMS-nAg-Chx was 
triggered by acid stimuli, and the cumulative release 
amount of nMS-nAg-Chx in (pH = 4.0) was tripled 
by that in neutral (pH = 7.4). The releasing amount of 
nMS-nAg-Chx became preferentially accelerated in 
acid conditions (pH = 4.0, 5.5). Furthermore, this 
new antiseptic was also equipped with sustained 
release for carboxylate functional groups that were 
introduced to the frameworks, which could be proto-
nated and dissociated in acidic environments [30– 
32]. The cumulative agent release in nMS-nAg-Chx 
had an initial burst in the first 20 h and continually 
released more than 100 h [33]. Compared with the 
burst release in the first 10 h of inorganic nMS, the 
hydrophobic framework composed of carbon materi-
als and organically modified hybrids realizes sus-
tained release [30,31,34]. Biocompatibility was also 
tested in our previous report [33]. The cytotoxicity 
of high-purified Chx (<99%, free Chx) and 20% 
chlorhexidine gluconate solution (CHG) was mea-
sured to compare with nMS-nAg-Chx. nMS-nAg- 
Chx exhibited lower cytotoxicity against human 
lung adenocarcinoma cells (A549), human umbilical 
vein endothelial cells (HUVECs), human gingival 
fibroblasts (HGF) and oral squamous cancer cells 
(OSCC), which was in line with the slow-release 
behavior in the neutral environment. Most impor-
tantly, cell viability remained at 80% even when the 
concentration of nMS-nAg-Chx suspension was at 
57.8 μg/mL.

To date, no research has been done to determine 
whether the nMS-nAg-Chx can inhibit P. gingivalis 
growth and virulence. As the polymicrobial synergy 
between functional microorganisms and pathogenic 
bacteria has arisen broad attention [35–39], this 
research selected three central strains which have 
important implications for the periodontitis process. 
This periodontitis-associated multispecies biofilm 
was used to investigate community transition during 
the nMS-nAg-Chx treatment period [40–42]. 
Previous studies reported an acidic microenviron-
ment containing peptides and heme-derivatives 
facilitates the selective expansion of periodontitis- 
promoting microorganisms, mainly P. gingivalis 
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[43,44]. nMS-nAg-Chx would destroy the beneficial 
conditions for periodontitis-promoting bacterial 
growth for the preferential release in an acid micro-
environment [31,45,46].

Therefore, the objectives of this study were to 
investigate (1) the inhibitory effect on P. gingivalis 
biofilm; (2) the influence on endotoxins production 
of P. gingivalis biofilm; (3) the suppressing and mod-
ulating effect on multispecies biofilm for the first 
time. It was hypothesized that (1) culture medium 
containing nMS-nAg-Chx would effectively suppress 
P. gingivalis growth; (2) nMS-nAg-Chx would reduce 
the virulence of P. gingivalis biofilm; (3) periodonti-
tis-related multispecies biofilms would be inhibited 
and modulated towards healthy tendency with nMS- 
nAg-Chx intervention.

Materials and Methods

Preparation of nMS-nAg-Chx

nMS-nAg-Chx was obtained commercially (Ruixi 
Biological Technology, Xian, China), which was 
synthesized via a method reported by Lu et al. 
[30,31]. Briefly, 1.5 g of cetyltrimethylammonium 
tosylate mixed with 0.5 g of triethanolamine was dis-
solved in 100 mL of deionized water and stirred at 
80°C for 1 h. Then, quickly added 1.0 g of Tetraethyl 
orthosilicate, 1.0 g of bis(3-triethoxysilylpropyl)disul-
fide and 0.2 g of 3-aminopropyltriethoxysilane. The 
synthesized NH2-nMS were collected and washed 
three times with ethanol. The silver-decorated nMS 
were prepared according to previous studies [30,31]. 
About 9.0 mL of 5% AgNO3 solution and 1 mL of 
ammonium hydroxide (28%) were mixed and then 
reacted with NH2-nMS in the dark under ultrasoni-
cation. Centrifuged nAg-nMS and washed three times 
with deionized water. Carboxylate group- 
functionalized nAg-nMS (COOH-nAg-nMS) were 
prepared to load Chx to achieve pH sensitivity. 
Preparing Chx solution (5 mg/mL) by dissolving 
25 mg of Chx in 5 mL of ethanol and added 5 mL of 
COOH-nAg-nMS (10 mg/mL). The mixture was stir-
red at room temperature for 24 h.

Bacterial strains and biofilm formation

Streptococcus gordonii (S. gordonii) strain ATCC 
10558 and Streptococcus sanguinis (S. sanguinis) 
strain ATCC 10556 were cultured in brain-heart infu-
sion (BHI) medium. P. gingivalis strain ATCC 33,277 
was cultured in BHI medium supplemented with 
hemin (5 μg/mL) and vitamin K (0.5 μg/mL). All of 
these strains were cultured at 37°C under anaerobic 
conditions (80% N2, 10% CO2 and 10% H2) for 24 h 
[47]. Culture media containing nMS-nAg-Chx of 
6.25 μg/mL, 12.5 μg/mL, 18.75 μg/mL and 25 μg/mL 

were prepared. Sterilized frosted glass slides were 
placed at the bottom of 24-well plates, and 1 mL of 
the above medium was added to each well. Bacterial 
suspensions were adjusted to 1 × 109 CFU/mL. Then, 
the suspensions were blended in a ratio of 1:1:1, and 
30 μL of mixed bacterial solution was added to each 
well. The multispecies biofilms of 48 h and 72 h were 
cultured anaerobically at 37°C. The culture medium 
was changed every 24 h.

Effect of nMS-nAg-Chx on Porphyromonas 
gingivalis biofilm

Inhibition zone test
Circular filter paper with a diameter of 10 mm and 
thickness of 0.7 mm was placed gently in the middle 
of the agar medium according to previous studies. 
Forty microliters of nMS-nAg-Chx in 50 µg/mL and 
25 µg/mL was impregnated into the circular filter 
paper. Two hundred microliters of the bacterial sus-
pension cultivated overnight was diluted to 107 CFU/ 
mL and swabbed uniformly across an agar plate with 
a diameter of 90 mm and a thickness of 4 mm. After 
incubating at 37°C for 24 h, the antibacterial property 
was demonstrated by the appearance of the inhabita-
tion zone. All experiments were conducted in at least 
three replicates.

MIC
MIC is the minimum concentration of an antimicro-
bial agent to completely inhibit bacteria growth. The 
MIC of nMS-nAg-Chx against P. gingivalis biofilm 
was determined by a two-fold serial dilution method 
on a 96-well plate [48]. nMS-nAg-Chx was dispersed 
in sterile distilled water and diluted with a BHI solu-
tion to prepare the starting concentrations (150 µg/ 
mL). Ten microliters of standard bacterial suspension 
was mixed with the above culture media containing 
nMS-nAg-Chx on a 96-well plate. BHI solution with-
out agents served as the negative control group. BHI 
solution without bacteria served as positive control. 
All experiments were conducted in at least three 
replicates in sextuplicate.

Bacterial growth curve
Culture media containing nMS-nAg-Chx was diluted 
to 25 µg/mL, 18.75 µg/mL, 12.5 µg/mL, 6.25 µg/mL 
and 3.125 µg/mL. The bacterial suspension was 
diluted with PBS to prepare an inoculum (1 × 108 

CFU/mL). Bacteria were inoculated in 200 μL of 
BHI containing the above five concentrations of 
nMS-nAg-Chx in 96-well plates. Cultured anaerobi-
cally at 37°C for 100 h. BHI solution served as the 
positive control. The growth of P. gingivalis was 
monitored at 0 h, 3 h, 6 h, 9 h, 12 h, 15 h, 18 h, 24 h, 
30 h, 36 h, 42 h and 48 h by measuring and recording 
the OD600 values of each well using Multi-Mode 
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Microplate Reader [49]. All experiments were con-
ducted in at least three replicates in sextuplicate.

CV staining
The biofilms attached to the frosted glass slides 
(n = 6) were gently rinsed 3 times with PBS to wash 
away planktonic bacteria. Transferred these slides to 
a new 96-well plate and incubated biofilms with 200  
μL 0.01% CV solution for 1 h at 37°C anaerobically. 
Stained biofilms were treated with 30% acetic acid for 
5 min. The absorbance was detected at 590 nm 
according to previous studies [50]. All experiments 
were conducted at least three replicates in 
sextuplicate.

SEM observation
P. gingivalis biofilms were cultured anaerobically with 
nMS-nAg-Chx suspension in the 24-well plate at 
37°C for 48 h and 72 h. The culture media was chan-
ged each 24 h. The 2-day and 3-day biofilms were 
gently washed three times with PBS to remove plank-
tonic bacteria and fixed in 2.5% glutaraldehyde 
(LEAGENE, Beijing, China) at 4°C overnight. Then, 
dehydrated using graded ethanol and coated with 
a gold-sputter. The biomass and structure of biofilms 
were visualized by SEM observation. All experiments 
were conducted in at least three replicates in 
sextuplicate.

Live/dead bacteria staining
The frosted glasses attached to biofilms were washed 
three times with distilled water to remove planktonic 
bacteria. Transferred these slides to a new 24-well 
plate and stained biofilms using the BacLight live/ 
dead bacterial viability kit (Molecular Probes, 
Eugene, OR, USA). The disks with 48 h and 72 h 
biofilms were examined by CLSM. The group cul-
tured in BHI solution without nMS-nAg-Chx served 
as a control. Living bacteria were stained green and 
dead bacteria were stained red. Then, we counted the 
total amount of bacteria in the visual fields and 
further calculated the ratio of live to dead bacteria 
to demonstrate the significant killing effect of nMS- 
nAg-Chx. All experiments were conducted in at least 
three replicates in sextuplicate.

Effect of nMS-nAg-Chx on virulence of 
Porphyromonas gingivalis biofilm

LPS staining
The biofilms attached to the frosted glasses were 
placed gently on the new 24-well plated. All glasses 
were rinsed with distilled water to remove planktonic 
bacteria. Then, biofilms were stained with 5 μL of 
iFluor® 555-Concanavalin A conjugate (2 mg/mL), 

and images were observed using CLSM. LPS would 
produce red fluorescence. The group cultured in BHI 
solution without nMS-nAg-Chx served as a control. 
All experiments were conducted in at least three 
replicates in sextuplicate.

Endotoxin detection
End-point Chromogenic Lyophilized Amebocyte 
Lysate (LAL kits, Xiamen Bioendo Technology, Co., 
Ltd., China) was used for endotoxin detection. 
Bacterial standard endotoxins were dissolved in 
endotoxin-free water and diluted for the standard 
curve. The culture supernatant fluid of all samples 
was collected. One hundred microliters of superna-
tant was added to an endotoxin-free tube and mixed 
with 100 µL of Limulus reagent. In the presence of 
endotoxins, the factors in LAL kits were activated in 
a proteolytic cascade that result in the cleavage of 
a colorless artificial peptide substrate [51]. Operated 
according to the operation manual and measured the 
absorbance at 545 nm. All experiments were con-
ducted in at least three replicates in sextuplicate.

Effect of nMS-nAg-Chx on multispecies biofilm

MTT assay
The biofilms attached to the frosted glass slides 
(n = 6) were gently rinsed 3 times with PBS to wash 
away planktonic bacteria. Transferred these slides to 
a new 96-well plate and incubated biofilms with 1 mL 
MTT dye (0.5 mg/mL in PBS) for 1 h at 37°C to form 
formazan crystals anaerobically. The samples were 
then transferred to new 24-well plates filled with 
1 mL of dimethyl sulfoxide (DMSO) to solubilize 
the formazan crystals. Shaking plates gently for 20  
min at room temperature. The absorbance was 
detected at 540 nm [52]. All experiments were con-
ducted in at least three replicates in sextuplicate.

qPCR
Total DNA of biofilms was isolated by lysozyme 
buffer (Vazyme, Nanjing, China). DNA concentra-
tions were detected by NanoDrop 2000 spectrophot-
ometer (Thermo Scientific, Waltham, MA, USA). 
qPCR was carried out in sextuplicate for each gene 
with 2 µl of cDNA by using Premix Ex TaqTM 

(Takara, Kyoto, Japan) in 20 µL reaction volume 
according to the instruction. qPCR was performed 
by the ABI StepOnePlus (Thermo Fisher, CA, USA) 
[53]. Plotted standard curves and calculated respec-
tive contents of three strains in multispecies biofilms. 
All experiments were conducted in at least three 
replicates in sextuplicate.
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Results

Preparation of nMS-nAg-Chx

The morphology results of nMS-nAg-Chx were 
observed by transmission electron microscope, 
which are shown in Figure 1 a and b. NMS-nAg- 
Chx was spherical nanoparticle with radial channels 
with 17.3% Chx carrying rate, and the content of nAg 
in nMS-nAg-Chx was 3.8 mg/mL. The average of 
nMS-nAg-Chx diameter was 188 ± 6.5 nm, and nAg 
of 2–5 nm in size were homogeneously distributed on 
its surface. The BET surface area, zeta potential and 
polydispersity index of nMS-nAg-Chx were 516.9 m2/ 
g, 15.7 ± 1.6 mV and 0.17 ± 0.05, respectively. 
Furthermore, our previous study showed that the 
preferential Chx release was triggered by acid stimuli 
(pH = 4.0), the cumulative release amount of which 
was tripled by that at pH = 7.4 [33].

Effect of nMS-nAg-Chx on P. gingivalis biofilm

Inhibition zone test
Figure 1 shows the results of the inhibition zone test. 
nMS-nAg-Chx inhibited P. gingivalis growth dose- 
dependently. There were obvious antibacterial zones 

around the circular filter papers penetrated by nMS- 
nAg-Chx (Figure 1c, d). The higher the drug concen-
tration was, the larger the inhibition zone appeared. 
No inhibition zone appeared in the control medium 
(Figure 1e). The MIC of nMS-nAg-Chx was 18.75 µg/ 
mL, which had a megascopic inhibitory effect on 
P. gingivalis growth (Figure 2 a).

Growth curve
Figure 2 b shows the growth curves of P. gingivalis 
cultured with different concentrations of nMS-nAg- 
Chx suspension. The growth curve of the lower con-
centration that 6.25 µg/mL was aligned roughly with 
the control group without nMS-nAg-Chx treatment. 
Furthermore, the logarithmic growth period of 
P. gingivalis began at approximately 9–15 h, but was 
delayed with the increase of nMS-nAg-Chx concen-
tration. P. gingivalis was inhibited completely when 
the concentration of the drug was up to 18.75 µg/mL 
and 25 µg/mL.

CV staining
CV staining was used to measure the P. gingivalis 
biofilm. There was a significant difference between 
the control groups and nMS-nAg-Chx groups, show-
ing an obvious dose-dependent decrease in biomass 

Gene Name Primer Name Primer sequence (5’-3’) 5’ 3’

Streptococcus gordonii S. gordonii-F GGAAGTAATCTTCGACAATCCTATTTATAC
S. gordonii-R CTCATCACCGTTTCATGGTAGC
S. gordonii-probe TGGAAGATATAACCGTGGAAG FAM MGB

Streptococcus sanguis S. sanguis-F TCAGCCRCCAATCTATGGTGT
S. sanguis-R GCTTGGAGCGACCTTCACTGTA
S. sanguis-probe AGGTCGGAAGTGAAGTC FAM MGB

Porphyromonas gingivalis p.gingivalis-F ACGGATAAACGAACGCTCAAG
p.gingivalis-R CGGACAAACTCCTTCAATCCTTC
p.gingivalis-probe ACGGCAGTGGCTATAA FAM MGB

Figure 1. (a) Transmission electron microscope images of nMS-nAg-Chx at 100 nm. (b) Transmission electron microscope images 
of nMS-nAg-Chx at 500 nm. (c, d) Inhibition zone of nMS-nAg-Chx against Porphyromonas gingivalis. (e) Control group without 
nMS-nAg-Chx.
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(p<0.05) (Figure 3a). Meanwhile, both 48 h and 72 h 
P. gingivalis biofilms were completely inhibited at 
a concentration of 25 µg/mL. No significant differ-
ence was observed between the 6.25 μg/mL group and 
the control group in 72 h biofilm. This may be 
explained by the transient biofilm suppression of 
nMS-nAg-Chx at 6.25 μg/mL, indicating the lower 
the concentration of nMS-nAg-Chx, the shorter the 
antibacterial period.

SEM observation
The morphological features of P. gingivalis biofilm 
were observed to detect the antibiofilm effect of nMS- 
nAg-Chx (Figure 3). The biomass was decreased in 
a dose-dependent way, and P. gingivalis biofilm scar-
cely formed especially when the concentration was up 
to 25 µg/mL. In addition, biofilm structures of nMS- 
nAg-Chx groups changed from dense to sparse, 
which means nMS-nAg-Chx promotes P. gingivalis 
biofilm dissociation.

Live/dead bacteria staining
The live/dead staining showed that nMS-nAg-Chx 
influenced bacterial vitality (Figure 4). These images 
indicate that P. gingivalis biofilm biomass was 
reduced. Sparser bacteria appeared in the presence 
of a higher concentration of nMS-nAg-Chx 

(Figure 4c), and no obvious bacteria were observed 
in the 48 h and 72 h biofilms (Figure 4d, h). The 
biofilm vitality was almost suppressed significantly 
(p<0.05), especially when the culture medium con-
tained 25 μg/mL of nMS-nAg-Chx (Figure 4i). There 
was no significant difference between control and 
6.25 μg/mL group of 72 h, which may be largely due 
to the dose-dependent suppressing effect and sus-
tained-release manner. The dead bacteria ratio 
increased substantially when nMS-nAg-Chx concen-
tration rose (Figure 4j). There were almost no resi-
dual bacteria in the 25 μg/mL group, and it is hard to 
observe directly, so the ratio of live to dead bacteria 
in higher concentration groups showed large 
fluctuations.

Effect of nMS-nAg-Chx on virulence of 
P. gingivalis biofilm

LPS staining
The distributions of bacteria and LPS in the 48 h and 
72 h biofilms in the different groups are shown in 
Figure 5. The control groups both cultured for 48 h 
and 72 h (Figure 5a, e) were covered by live bacteria 
and LPS. When the culture medium contains 12.5 μg/ 
mL of nMS-nAg-Chx, fewer bacteria and LPS were 
stained (Figure 5c, g). About 25 μg/mL of nMS-nAg- 

Figure 2. (a) Result graph of MIC. (b) Growth curve of Porphyromonas gingivalis exposed to different concentrations of nMS- 
nAg-Chx suspension for 48 h (mean ± sd; n = 6).
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Chx could inhibit P. gingivalis biofilms completely. The 
reduction in the amount of LPS was due to the dose- 
dependently suppressed effect of nMS-nAg-Chx on 
P. gingivalis biofilms growth.

Endotoxin analysis
The virulence of P. gingivalis was revealed by an endo-
toxin assay as shown in Figure 5i. Endotoxin of 
P. gingivalis from a culture medium containing nMS- 
nAg-Chx decreased significantly and remarkably lower 
than those of BHI solution (p<0.05). nMS-nAg-Chx 
showed a dose-dependent suppression on P. gingivalis 
virulence. Endotoxin production in the control group for 
72 h was 13,049.03 EU/mL, which was twice that of 6.25  
μg/mL nMS-nAg-Chx suspension. In 25 μg/mL nMS- 
nAg-Chx group, no obvious virulence was detected.

Effect of nMS-nAg-Chx on multispecies biofilm

MTT assay
MTT assay revealed the metabolic activity of P. gingivalis 
biofilm and showed that nMS-nAg-Chx affected biofilm 
formation concentration dependently (Figure 6 a). The 
metabolic activity of the experimental groups reduced 
significantly compared with the control group (p<0.05). 
Bacterial metabolism showed a declining tendency after 
72 h, meaning that nMS-nAg-Chx had relatively long- 
lasting antibacterial capacity.

qPCR
Compared with the control group, P. gingivalis pro-
liferated slowly in nMS-nAg-Chx groups (Figure 6b, 
c). It is worth mentioning that the percentage of 
S. gordonii and S. sanguinis in multispecies biofilm 
increased after nMS-nAg-Chx was added. The per-
centage of P. gingivalis in multispecies biofilm 
decreased from 16.08 to 1.07% after being cultured 
with 25 µg/mL of nMS-nAg-Chx for 48 h, and this 
reduced tendency was also present in that group of 
72 h. The percentage of benign bacteria was also 
upregulated in nMS-nAg-Chx groups.

Discussion

The present study developed nMS-nAg-Chx to inves-
tigate the inhibitory effect on periodontitis-related 
pathogens for the first time. The hypotheses were 
proven that adding nMS-nAg-Chx in culture medium 
suppressed the proliferation and virulence of 
P. gingivalis biofilm. In addition, nMS-nAg-Chx 
inhibited periodontal multispecies biofilms and 
upgraded the composition of benign bacteria, indu-
cing biofilms towards a healthy tendency.

Periodontitis sequential therapy, which involves 
non-surgical therapy and surgical therapy, cannot 
eliminate periodontal microorganisms completely 
due to their robust potential to invade gingival 
epithelium and connective tissue. Hence, concerted 

Figure 3. (a) Absorbance of Porphyromonas gingivalis biofilms after crystal violet staining (mean ± sd; n = 6). (* p<0.05). SEM 
images of biofilms treated by culture media containing nMS-nAg-Chx for 48 h (b, c, d, e) and 72 h (f, g, h, i) (n = 3).
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efforts must be made to consider the origin of this 
disease and treat it with appropriate agents as an 
adjunct to standard mechanical therapy [54]. The 
desired adjuvant drug after supragingival scaling 
and subgingival curettage should be little thrill to 
the inflamed periodontium. nMS had several advan-
tages including releasing drugs in a controlled fash-
ion, sustaining drug concentration for a prolonged 
period and avoiding any irritation to the tissues. 
Drug-loaded nMS unleashed antiseptics continually 
and delicately to target sites, which would be 

beneficial for biomedical applications in the field of 
periodontitis.

Modified nMS could deliver drugs into microor-
ganisms and target specific tissue for the responsive 
release [25–29]. This study loaded Chx and nAg on 
the nMS surface or inside the pores (nMS-nAg-Chx), 
which received synergistic antibacterial effects, pro-
viding a potential strategy for drug resistance of Chx 
long-term use. Meanwhile, the neurotoxicity of nAg 
overdose still hinders its more widespread applica-
tion. Its biocompatibility is enhanced after being 

Figure 4. Live/dead bacterial staining images of biofilms treated with culture media containing nMS-nAg-Chx for 48 h (a, b, c, d) 
and 72 h (e, f, g, h). Live bacteria were stained green and dead bacteria were stained red. (i) Biomass. (j) The ratio of live to dead 
bacteria (mean ± sd; n = 6). (* p<0.05).
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encapsulated inside nMS. Previous studies evaluated 
the influence of nMS-nAg-Chx on the viability of 
different cell types [30,31,33]. All results demon-
strated that nMS-nAg-Chx with less cytotoxicity, 
compared with Chx, nAg and CHG gargle, did not 
exhibit side effects even in vivo. Most importantly, 
nMS-nAg-Chx with acid responsibility could target 
infectious sites to sterilize specifically, avoiding the 
oral equilibrium imbalance. Placing nMS-nAg-Chx 
directly in subgingival sites makes active drug release 
possible to combat microbial attacks in a sustained or 
controlled way [54]. Thus, compared with Chx or 
nAg alone, nMS-nAg-Chx exhibited better antibac-
terial efficiency and biocompatibility, showing less 
risk of drug resistance with sustained release.

Periodontitis and periodontal treatments often lead 
to a gingival recession which exposes roots to the oral 
environment and raises the risk of root caries [55]. 
Previous research showed that pH-sensitive nMS-nAg- 
Chx effectively killed cariogenic bacteria [30]. 
P. gingivalis biofilm model had been widely used in 
several previous studies to research periodontitis 
[56,57]. P. gingivalis elevated the virulence of 

periodontal biofilm by undermining host defenses, 
changing the makeup of the biofilm community and 
facilitating a rise in overall bacterial burden [58]. Eick 
et al. cultured P. gingivalis for 48 h and yielded 
a mature biofilm structure [59,60]. In the present 
study, periodontitis-related biofilms were cultured for 
48 h and 72 h to verify the antibacterial effect of nMS- 
nAg-Chx. Results confirmed that nMS-nAg-Chx sup-
pressed P. gingivalis biofilm proliferation and endo-
toxin production in a dose-dependent manner. nMS- 
nAg-Chx delayed the start of the logarithmic growth 
period gradually as concentrations increased. About 
18.75 µg/mL of nMS-nAg-Chx could inhibit 
P. gingivalis growth totally for 48 h. When 
P. gingivalis biofilms were cultured in the medium 
containing 18.75 µg/mL of nMS-nAg-Chx for 72 h, 
endotoxin production was significantly reduced from 
13,049.03 EU/mL to 1249.43 EU/mL (p<0.05). This 
result was directly reflected in the LPS staining plots 
(Figure 5).

This study first investigated the influence of nMS- 
nAg-Chx on the periodontitis-related multispecies 
biofilm. Biofilm formation is microbial colonization 

Figure 5. LPS staining images of biofilms treated with culture media containing nMS-nAg-Chx for 48 h (a, b, c, d) and 72 h (e, f, 
g, h). Bacteria were stained green and LPS were stained red (n = 3). (I) Endotoxin production of Porphyromonas gingivalis 
biofilms for 48 h and 72 h (mean ± sd; n = 6). (* p<0.05).
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on the root surface that depends on inter-bacterial 
cross-feeding [58]. The occurrence of periodontitis is 
related to the change that a low-abundance opportu-
nistic pathogen becomes the dominant periodontal 
pathogen. P. gingivalis is frequently detected in sub-
gingival plaque, causing oral dysbiosis by orchestrat-
ing other microbial pathogens [61–63]. Streptococci 
are the early colonizers and are abundant in subgin-
gival plaque. S. gordonii and S. sanguinis were corre-
lated with periodontal health by diminishing the 
P. gingivalis virulence through para-aminobenzoic 
acid secretion [64–70]. Previous studies implicated 
periodontitis is associated with the loss of 
S. sanguinis colonization [71]. Given the prevalence 
and interactions of the aforementioned species in the 
progression of periodontitis, the current study 
focused on multispecies biofilms containing 

commensal species and pathobionts to investigate 
community transition during the nMS-nAg-Chx 
treatment period. The results of qPCR indicated 
nMS-nAg-Chx modulated the multispecies biofilm 
composition towards a healthy tendency. 
Significantly less P. gingivalis was seen in the multi-
species biofilms after 48 and 72 h. After treatment 
with 25 g/mL of nMS-nAg-Chx for 48 h, the percen-
tage of S. gordonii and S. sanguinis is 98.92%, up 
15.0% from the control group.

Hence, the nMS-nAg-Chx may suppress period-
ontitis/caries-related biofilm and tackle the limita-
tions of conventional antibiotics for periodontal 
disease. nMS-nAg-Chx can be used like a mouth 
rinse for caries prevention, delivering the drug to 
remove root residual bacteria after mechanical ther-
apy. Furthermore, this agent responds to the acid and 

Figure 6.(a) MTT metabolic activity of multispecies biofilms for 48 h and 72 h (mean ± sd; n = 6). (* p<0.05). The percentage of 
three strains in multispecies biofilm detected by qPCR. The composition shift of Porphyromonas gingivalis, Streptococcus 
gordonii and Streptococcus sanguinis in multispecies biofilm treated with nMS-nAg-Chx suspension for 48 h (b) and 72 h (c). 
(n = 6).
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works in the presence of Streptococcus mutans, 
Enterococcus faecalis and other acid-producing bac-
teria. Therefore, nMS-nAg-Chx is possibly used as 
a gargle or endodontic irrigant to cover the shortage 
of current medications. Given its ability to stop rein-
festation and secondary caries after root therapy, 
more research should be done to incorporate nMS- 
nAg-Chx into dental compositions or root sealers. 
The suppressive impact of nMS-nAg-Chx on bio-
films, however, was only discernible for 3 days, 
which poses a drawback to our study. Oral biofilms 
are developed over a longer period and have more 
complicated structures. Future research should 
further evaluate the effects of long-term days in vivo.

Conclusion

This study developed nMS-nAg-Chx and investigated 
its antibacterial effects on P. gingivalis and modulat-
ing effects on periodontitis-related multispecies bio-
film for the first time. nMS-nAg-Chx showed strong 
antibacterial activity against P. gingivalis to destroy 
biofilm structures and reduce biomass dose- 
dependently. The virulence of P. gingivalis biofilm 
also declined in nMS-nAg-Chx groups. More signifi-
cantly, nMS-nAg-Chx modulated multispecies bio-
films towards healthy tendency by upgrading the 
benign bacterial content, and the proportion of 
P. gingivalis in multispecies biofilm decreased from 
17.35 to 5.69% after exposed to 25 μg/mL nMS-nAg- 
Chx after 72 h. Therefore, nMS-nAg-Chx shows great 
promise as an adjuvant therapy for periodontal dis-
ease to eliminate residual periodontitis-related patho-
gens and prevent root caries.
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