
J Periodont Res. 2023;58:143–154.    | 143wileyonlinelibrary.com/journal/jre

Received: 10 May 2022  | Revised: 8 September 2022  | Accepted: 15 November 2022

DOI: 10.1111/jre.13076  

O R I G I N A L  A R T I C L E

Weak direct current exerts synergistic effect with antibiotics 
and reduces the antibiotic resistance: An in vitro subgingival 
plaque biofilm model

Peihui Zou  |   Yanfeng Wang  |   Pei Cao |   Peng Li |   Jia Liu  |   Qingxian Luan

© 2022 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

Department of Periodontology, Peking 
University School and Hospital of 
Stomatology & National Center of 
Stomatology & National Clinical Research 
Center for Oral Diseases & National 
Engineering Research Center of Oral 
Biomaterials and Digital Medical Devices, 
Peking University, Beijing, China

Correspondence
Qingxian Luan, Department of 
Periodontology, School and Hospital 
of Stomatology & National Center of 
Stomatology & National Clinical Research 
Center for Oral Diseases & National 
Engineering Research Center of Oral 
Biomaterials and Digital Medical Devices, 
Peking University, No. 22, Zhongguancun 
South Avenue, Haidian District, Beijing 
100081, China.
Email: kqluanqx@126.com

Abstract
Background and Objective: Weak direct current (DC) exerts killing effect and syner-
gistic killing effect with antibiotics in some specific bacteria biofilms. However, the 
potential of weak DC alone or combined with periodontal antibiotics in controlling 
periodontal pathogens and plaque biofilms remains unclear. The objective of this 
study was to investigate whether weak DC could exert the anti- biofilm effect or en-
hance the killing effect of metronidazole (MTZ) and/or amoxicillin– clavulanate potas-
sium (AMC) on subgingival plaque biofilms, by constructing an in vitro subgingival 
plaque biofilm model.
Methods: The pooled subgingival plaque and saliva of patients with periodontitis 
(n = 10) were collected and cultured anaerobically on hydroxyapatite disks in vitro 
for 48 h to construct the subgingival plaque biofilm model. Then such models were 
stimulated with 0 μA DC alone (20 min/12 h), 1000 μA DC alone (20 min/12 h), 16 μg/
ml MTZ, 16 μg/ml AMC or their combination, respectively. Through viable bacteria 
counting, metabolic activity assay, quantitative real- time PCR absolute quantifica-
tion and 16S rDNA sequencing analysis, the anti- biofilm effect of 1000 μA DC and 
enhanced killing effects of 1000 μA DC combined with antibiotics (MTZ, AMC or 
MTZ+AMC) were explored.
Results: The old subgingival plaque model (48 h) had no significant difference in total 
bacterial loads from subgingival plaque in situ, which achieved a similarity of 80%. The 
1000 μA DC plus MTZ or AMC for 12 h showed a stronger synergistic killing effect 
than the same combination for 20 min. The metabolic activity was reduced to the low-
est by DC plus MTZ+AMC, as 37.4% of that in the control group, while average syner-
gistic killing effect reached 1.06 log units and average total bacterial loads decreased 
to 0.87 log units. Furthermore, the relative abundance of the genera Porphyromonas, 
Prevotella, Treponema_2, and Tannerella were decreased significantly.
Conclusion: The presence of weak DC (1000 μA) improved the killing effect of antibi-
otics on subgingival plaque biofilms, which might provide a novel strategy to reduce 
their antibiotic resistance.
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1  |  INTRODUC TION

Severe periodontitis is the 6th most common disease in humans with 
a global prevalence of 11.2%, resulting in multiple tooth loss and 
bringing a large healthcare burden worldwide.1,2 As an inflamma-
tory disease, periodontitis is caused by the multispecies subgingival 
plaque biofilms.3 To eradicate the plaque biofilms, mechanical ther-
apy is basic and necessary for the treatment of periodontitis.4 For 
patients suffering from of severe chronic periodontitis or aggressive 
periodontitis,4 using antibiotics as adjunctive therapy was confirmed 
to be effective.5 Clinically, the most commonly used antibiotics are 
metronidazole, amoxicillin, amoxicillin– clavulanate potassium (AMC) 
or their combination.5,6 Unfortunately, many factors limit the ac-
cess, diffusion, and killing effect of antibiotics on subgingival plaque 
biofilms, such as the composition and organization of biofilms, the 
presence of antimicrobial destroying enzymes and quorum sensing 
and signaling systems, the existence of persistent bacteria and the 
exchange of genes, thus leading to biofilm resistance.7– 9 For complex 
biofilms, the eradication of bacteria requires higher antibiotic con-
centrations than that of planktonic bacteria.6 However, such high 
doses are impractical clinically due to the risk of side effects and de-
velopment of antibiotic- resistant bacteria.10 To date, the emergence 
of resistant strains in plaque biofilms has been widely reported.10– 12 
Therefore, it is necessary to develop a novel anti- biofilm method or 
approach that can reduce the antibiotic dose and improve antibiotic 
efficacy to effectively kill biofilms.13

At present, the main methods against plaque biofilms include 
physical control, chemical intervention, and biological control.14 In 
addition to the mechanical and antibiotic therapy, using ultrasound 
to disrupt biofilms and specific photosensitizers to perform photo-
dynamic therapy is helpful in killing bacteria in plaque biofilms.15,16 
However, their clinical long- term outcomes are conflicting in the 
treatment of periodontitis.5,16 Previous studies have demonstrated 
that low- intensity electric fields acting on the biofilms continuously 
could improve the efficacy of antimicrobials, which is referred to as 
the bioelectric effect (BE).17,18 Electric current and field, as a physi-
cotherapeutic approach, provides a novel approach to overcome the 
antibiotic resistance of plaque biofilms effectively.19,20 Earlier stud-
ies in our laboratory showed that 1000 μA DC not only suppressed 
the formation of Porphyromonas gingivalis biofilms but also enhance 
the killing efficacy of MTZ/AMC on them.21 However, there are lim-
ited studies about whether the electric current and low- dose com-
mon periodontal antibiotics have synergistic benefits against the 
complex subgingival plaque biofilms.

Taken together, the aim of this study was to evaluate whether the 
weak direct current (1000 μA DC) can enhance the efficacy of MTZ 
and AMC (alone or in combination) against the model of subgingival 
plaque biofilm cultured in vitro and to explore the shifts of microbial 

flora after DC or/and antibiotic treatment via 16S ribosomal DNA 
(16S rDNA) sequencing analysis.22

2  |  MATERIAL S AND METHODS

2.1  |  Subject recruitment

The present study was registered with the Chinese Clinical Trial 
Registry (ChiCTR; ChiCTR2100048436). The subject protocol was 
approved by the Peking University Biomedical Ethics Committee 
(Beijing, China). All patients enrolled at the Peking University School 
and Hospital of Stomatology agreed with written informed consent 
(n = 10).

2.2  |  Diagnosis, inclusion criteria, exclusion 
criteria, and sample collection

The diagnostic criteria for periodontitis were in accordance with 
the 1999 Classification for Periodontal Diseases of International 
Workshop.23 All included patients were diagnosed with severe 
chronic periodontitis or aggressive periodontitis. They did not re-
ceive any surgical/nonsurgical periodontal therapy during the pre-
vious 6 months ranging in age from 20 to 65 years. Patients were 
recruited if the examined periodontal pockets were no <6 mm depth 
in at least 3 non- adjacent sites. The exclusion criteria were as fol-
lows: (a) Patients suffering from any systemic diseases. (b) Pregnant 
and lactating women. (c) Patients who received antibiotic therapy in 
the past 3 months. (d) Patients in smoking status (ex- smoker or cur-
rent smoker). The clinical characteristics of all included patients are 
shown in Table S1.

One week after completion of supragingival scaling, periodontal 
parameters of patients were recorded and included when eligible. 
Subsequently, all the subgingival plaque samples of every patient 
were collected and pooled from three different periodontal pockets 
(probing depth ≥6 mm) by using sterile Gracey curettes.24 Saliva (3 
to 5 ml) was collected from patients during resting states (no stim-
ulation). The diagram of the entire experimental design is shown in 
Figure 1.

2.3  |  Establishment of the subgingival 
plaque model

The pooled saliva samples were centrifuged at 3000g for 20 min, 
sterile filtered (Steriflip 0.22 μm, Millipore), and then diluted 
(1:10) with sterile PBS. Subsequently, the sterile ceramic calcium 

K E Y W O R D S
amoxicillin– clavulanate potassium, direct current, killing effect, metronidazole, subgingival 
plaque biofilm
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    |  145ZOU et al.

hydroxyapatite (HA) discs (Clarkson Chromatography Products, 
Williamsport, PA), 10- mm diameter and 2- mm thickness, were 
coated with diluted saliva overnight at room temperature and placed 
in the wells of a 24- well tissue culture plate containing brain– heart 
infusion broth supplemented with 5 μg/ml hemin and 1 μg/ml vita-
min K1 (BHIS).

Thirty subgingival plaque samples were collected in Eppendorf 
(EP) tubes containing 1 ml BHIS solution. Then, they were mixed and 
divided into three independent pooled plaque samples. Every sam-
ple was dispersed by vortexing (1 min) and sonication (1 min). And 
each well in 24- well plates containing HA disks was inoculated with 
100 μl dispersed subgingival plaque and 900 μl BHIS solution. The 
discs were incubated in an anaerobic chamber (80% N2, 20% CO2) 
by using AnaeroPack (Mitsubishi Gas Chemical Company, Japan) at 
37°C for 2 days. Subsequently, the subgingival plaque model was es-
tablished (Figure 1B).25,26

2.4  |  Verification and treatment of the subgingival 
plaque model

To verify the feasibility of this model compared with subgingival 
plaque in situ, absolute quantification in real- time quantitative re-
verse transcriptase polymerase chain reaction (qPCR), scanning 
electron microscopy (SEM) observation, and 16S RNA sequencing 
analysis was conducted.

After verification, the model was stimulated by 0 μA DC 
alone (control group), 16 μg/ml MTZ or 16 μg/ml AMC alone,27,28 

1000 μA DC alone or their combination for 20 min or 12 h. The DC 
stimulation apparatus used was identical to that used for our previ-
ous study, which is composed of one 5 voltage lithium battery, one 
constant DC output chip and two carbon electrodes.29 A schematic 
diagram of the whole process steps is shown in Figure 1.

2.5  |  Antibiotic resistance of subgingival plaque 
model in vitro

The model was stimulated with 128 μg/ml MTZ, 128 μg/ml AMC or 
their combination for 24 h anaerobically. The antibiotic resistance of 
subgingival plaque model was assessed by CFU assay and biofilm 
metabolic activity.

2.6  |  Viable bacteria counting of subgingival plaque

CFU assay was performed to quantify the viable bacteria amount 
of subgingival plaque biofilm. The treated biofilms in HA disks were 
harvested by vortex (1 min) and sonication (100 W, 1 min). After 10- 
fold serial dilution in BHIS medium, the bacteria in biofilms were 
plated on blood agar for further counting by using Easyspiral Pro® 
(Interscience, France). The killing effect was calculated by the reduc-
tion of viable bacteria cultivated compared with the control group. 
The synergistic effect of DC was calculated by the subtraction of 
killing effect of DC alone and antibiotics alone from killing effect of 
DC combined with antibiotics.

F I G U R E  1  Schematic diagram of the whole experiment design. (A) Sampling of subgingival plaque and saliva from patients with severe 
chronic periodontitis or aggressive periodontitis. (B) Establishment of the subgingival plaque model in vitro. (C) Stimulation of the model with 
0 μA DC, 1000 μA DC, 16 μg/ml MTZ, 16 μg/ml AMC separately or their combination. (D) Detection and analysis by viable bacteria counting, 
metabolic activity assay, quantitative real- time PCR absolute quantification, and 16S rDNA sequencing analysis.
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2.7  |  Biofilm metabolic activity

Biofilm metabolic activity was assessed through the MTT (3- (4,5- di
methyl- 2- thiazolyl)- 2,5- diphenyl- 2H- tetrazolium bromide) reduction 

assay. The washed biofilms were incubated for 2 h in 100 μl of MTT 
solution (5 mg/ml in PBS) at 37°C. After incubation, 50 μl mixed so-
lution was transferred to 96- well plates, and the unbound MTT was 
replaced with 150 μl DMSO for 15 min with shaking. The absorbance 

F I G U R E  2  Comparisons of subgingival plaque in vitro (IVP) and in situ (SGP). The top 10 dominant phylum (A) and genus (B). The 
alpha- diversity comparisons included observed species (C), chao1 index (D), shannon index (E), and simpson index (F). The beta- diversity 
comparisons: the principal component analysis (G). Histogram of LDA scores (H). Venn diagram of species similarities (I). Quantitative real- 
time PCR absolute quantification of 16S rRNA gene copy number (J). *, **, ***, **** denote significant differences of p < .05, p < .01, p < .001, 
p < .0001, respectively. “ns” denote p ≥ .05.
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of 100 μl treated samples was measured using a microplate reader 
(Enspire, Germany) at 490 nm. In all assays, the control group with 
no intervention was set as the negative control with 100% metabolic 
activity.

2.8  |  Absolute quantification of total bacterial 
loads of subgingival plaque

The total bacterial loads of subgingival biofilm samples were deter-
mined by qPCR using the absolute quantification method. To quan-
tify the 16S copy number, a standard curve was generated from 
the purified PCR product of a segment between V3 and V4 of the 
16S rDNA gene 338 F (5′- ACTCCTACGGGAGGCAGCAG- 3′) and 
806 R (5′- GGACTACHVGGGTWTCTAAT- 3′) primers. The calibrator 
plasmid was used as the external standard for the quantification of 
genomic DNA samples by fluorometry. The reaction mixtures were 
performed in duplicates using 5 μl of SYBR No- ROX mastermix, 
0.5 μM of forward and reverse primer, 25 ng of DNA and ultrapure 
water to complete a final volume of 20 μl. The cycling conditions 
were as follows: 95°C for 30 s, followed by 40 cycles for 5 s at 95°C 
and 40 s at 60°C.

2.9  |  SEM observation of subgingival biofilms

The treated subgingival biofilms were washed twice in PBS and fixed 
in 2.5% glutaraldehyde for 30 min at 4°C. The postfixed samples 
were then dehydrated in a series of graded alcohols (50%, 60%, 70%, 
80%, 90%, and 100%) and finally dried at temperature for 30 min. 
After gold coating, plaque biofilm samples were observed at magni-
fications of 5000× under SEM (Hitachi, Japan).

2.10  |  Microbial DNA extraction, 16S rRNA gene 
library preparation, and pyrosequencing

DNA from plaque samples was extracted using the MoBio PowerSoil 
DNA Isolation Kit (100) (MoBio Laboratories, USA) according to the 
protocol. The extracted DNA was amplified by PCR using primers 
targeting the bacterial 16S V3- V4 rRNA gene. All products of the 
samples were then sequenced on the Illumina MiSeq PE250 plat-
form at Beijing Allwegene Technology (Allwegene Technology Co., 
China).

After quality filtering and removal of primers, short sequences 
and chimeras, high- quality sequences were obtained. All the clean 
tags were sorted and clustered into operational taxonomic units 
(OTUs) using QIIME (Version 1.8.0) with an identity threshold of 97% 
by UPARSE29. Taxonomies assignments for OTUs were annotated 
by Human Oral Microbiome Database (HOMD, version 15.1). For di-
versity analysis, alpha diversity was estimated by the observed spe-
cies, chao1 index, Shannon index, and Simpson index. To determine 
the dissimilarity between samples of every group, beta diversity 

analysis was conducted by principal component analysis (PCA) 
based on the distance matrix, and linear discriminant analysis (LDA) 
was conducted to identify key species in abundance differences.

2.11  |  Absolute quantitative reverse transcriptase 
polymerase chain reaction (q- PCR)

The subgingival plaque samples in situ and plaque biofilms cul-
tured in vitro were collected for q- PCR. DNA was isolated from 
treated plaque samples (750 μl) using a soil genomic DNA extrac-
tion kit (Tiangen Biotec, China) according to the manufacturer in-
structions. The 16S rDNA V3- V4 region was amplified and ligated 
using the 338F (5′- ACTCCTACGGGAGGCAGCAG- 3′) and 806R 
(5′- GGACTACHVGGGTWTCTAAT- 3′) primers to design and obtain 
the plasmid. DNA was quantified using SYBR® Premix Ex Taq™ (ROX 
Plus) kit (Takara, Japan) and the 7500 Real- Time PCR System (Applied 
Biosystems, USA). 2 μl isolated DNA was added to 18 μl of master 
mix, resulting in a 20- μl reaction mixture. The plasmid standard was 
diluted 10- fold from 101 to 105 to establish the standard curve. The 
copy numbers of plaque biofilm samples were determined by stand-
ard curve of the plasmid standard. The PCR settings were as follows: 
95°C for 30 s and 40 cycles of 95°C for 9 s with 60°C at 40 s. The 
cycle threshold (CT) was determined automatically.

2.12  |  Statistical analysis

The data are presented as the mean ± SD, and the viable bacte-
rial amount were converted to logarithms. For the viable bacterial 
amount, 6 replicates were made in every group. For other assays, 3 
replicates were made in every group. Comparisons between two or 
multiple groups were made with Student's t- test or one- way ANOVA, 
in which post hoc analysis was performed with the Holm– Sidak test. 
Data were analyzed by GraphPad Prism 9.0 software (GraphPad 
Software Inc., USA). The raw sequencing data were analyzed using 
(principally) the pipeline tools MOTHUR v.1.33, and QIIME v1.8.0. 
LDA was performed with an alpha value <0.05 and score >3.5. 
Student's t- test was used to compare alpha and beta diversities. p- 
values <.05 were considered to indicate statistical significance.

3  |  RESULTS

3.1  |  Comparisons of the subgingival plaque model 
in vitro and subgingival plaque in situ

In the groups of subgingival plaque in vitro (IVP) and in situ 
(SGP), the dominant phyla and genera were different. In the SGP 
group, the most abundant phyla were Bacteroidetes, Firmicutes, 
Fusobacteria, Proteobacteria, and Actinobacteria, the most abun-
dant genera were Fusobacterium, unidentified, Prevotella_7, 
Prevotella, and Porphyromonas (Figure 2A,B). In the IVP group, the 
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most abundant phyla were Firmicutes, Bacteroidetes, Proteobacteria, 
Fusobacteria, and Actinobacteria, and the most abundant gen-
era were Streptococcus, Veillonella, unidentified, Enterococcus, and 
Fusobacterium (Figure 2A,B).

Regarding the alpha diversity, there were no significant differ-
ences in the observed species and chao1 index between the two 
groups. However, the Shannon index, and Simpson index of IVP group 
were significantly lower than those of SGP group (Figure 2C– F). For 
the beta diversity, PCA showed that the contribution rate of PC1 and 
PC2 reached 60.82% and 27.57%, respectively (Figure 2G). The LDA 
showed the relative abundances of the top 20 differentially abun-
dant species (based on the LDA score) in the two groups, of which 
Streptococcaceae, Streptococcus, Firmicutes and Lactobacillales and 
Bacilli were the most enriched (Figure 2H). The Venn diagram showed 
that the species similarity of two groups reached 80.5% (Figure 2I).

For the total bacterial loads, the absolute quantification showed 
that there were no significant differences in the 16S rRNA gene copy 
number between two groups (Figure 2J).

3.2  |  Antibiotic resistance of the subgingival plaque 
model in vitro

Viable bacteria counting showed that 128 μg/ml MTZ, 128 μg/
ml AMC and their combination exerted significant killing effect of 

1.47, 2.11, and 4.29 log10 CFU/ml on subgingival plaque biofilms in 
vitro, respectively (Figure 3A). In addition, 128 μg/ml AMC showed a 
stronger killing effect than that of 128 μg/ml MTZ.

The MTT assay showed that 128 μg/ml MTZ, 128 μg/ml AMC 
and their combination could significantly decrease the metabolic ac-
tivity of plaque biofilms (Figure 3B), which reached 38.09%, 29.74%, 
and 15.64% of the control group, respectively. In addition, 128 μg/ml 
AMC showed a stronger killing effect than that of 128 μg/ml MTZ.

3.3  |  The synergistic effect of 1000 μA DC and 
MTZ alone, AMC alone, or MTZ combined with AMC 
in killing subgingival plaque in vitro

Viable bacteria counting showed that 20 min DC had no antimicro-
bial effect; conversely, 12 h DC, MTZ, AMC and MTZ combined with 
AMC showed killing effects of 0.77, 0.13, 0.24, and 0.94 log10 CFU/
ml on subgingival plaque biofilms in vitro, respectively (Figure 4D). 
Besides, DC treatment for 20 min and 12 h had synergistic effect 
with MTZ/AMC/MTZ combined AMC. The synergistic effect of 
20 min DC treatment with MTZ/AMC/MTZ combined AMC reached 
0.20, 0.24 and 0.32 log10 CFU/ml, respectively (Figure 4A,D). The 
synergistic effect of 12 h DC treatment with MTZ/AMC/MTZ com-
bined with AMC were stronger regardless of antibiotics, reaching 
0.73, 0.78, and 1.06 log10 CFU/ml, respectively (Figure 4G).

F I G U R E  3  Antibiotic resistance of subgingival plaque model in vitro. The subgingival plaque biofilms (48 h) were stimulated anaerobically 
by 128 μg/ml MTZ, 128 μg/ml AMC or their combination for 24 h. (A) Viable bacteria counting showed non- complete killing effect of MTZ 
and AMC (n = 6). (B) The MTT assay showed MTZ and AMC caused an incomplete reduction in biofilm metabolic activity (n = 3). ***, **** 
denote significant differences of p < .001 and p < .0001, respectively.

(A) (B)
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The MTT assay showed 12 h DC, MTZ, AMC, and MTZ com-
bined with AMC could significantly decrease the metabolic activity 
of plaque biofilms (Figure 4B,F). In contrast, the metabolic activ-
ity of AMC group was the lowest and MTZ group was the highest. 
20 min DC had no impact on the metabolic activity (Figure 4B). 
Moreover, in the group of 12 h DC treatment with MTZ combined 
AMC, the metabolic activity exhibited the lowest metabolic activity 
that reached 37.39% of the control group (Figure 4E).

The total bacterial loads assay showed DC treatment for 20 min 
or 12 h, MTZ/AMC/MTZ combined with AMC had no impact 
on 16S rRNA gene copy number compared to the control group 
(Figure 4C,F). In contrast, when MTZ combined with AMC and DC 
treatment for 20 min or 12 h were administered in combination, 
the genes copy number strikingly increased (Figure 4C,F). Besides, 
12 h DC had synergistic effect with AMC alone on reducing the bac-
terial loads (Figure 4F).

F I G U R E  4  Killing effect and synergistic effect with two antibiotics of short- term DC and long- term DC on the subgingival plaque models. 
The models were treated with 0 μA DC, 1000 μA DC (20 min or 12 h), 16 μg/ml MTZ, 16 μg/ml AMC, or their combination, and subjected to 
analyses of viable bacteria counting (1000 μA DC for 20 min in A and 12 h in D, n = 6), metabolic activity assay (1000 μA DC for 20 min in B 
and 12 h in E, n = 3), quantitative real- time PCR absolute quantification (1000 μA DC for 20 min in C and 12 h in F, n = 3), and the synergistic 
effect of DC combined with two antibiotics (G). *, **, ***, **** denote significant difference of p < .05, p < .01, p < .001, and p < .0001, 
respectively. # denote significant difference of p- value <.001 compared with the control group.

(A) (B) (C)

(D) (E)

(G)

(F)
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As shown in Figure 5, compared with the subgingival plaque 
model, the biofilm density of control group and all other treatment 
groups were increased. Besides, the group of DC treatment for 12 h 
with MTZ combined with AMC showed less biofilm density than that 
of the MTZ combined with AMC group.

3.4  |  Comparisons of dominant species, dominant 
genera, and relative abundance of common 
periodontal pathogens after treatment with 
1000 μA DC, MTZ, and AMC

The alpha- diversity analysis showed the observed species, chao1 
index, Shannon index, and Simpson index of all treatment groups 
were lower than the control group (Figure 6). After treatment, 
the most visible changes of phylumn in relative abundance were 

Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and 
Fusobacteria (Figure 7A), and the most visible changes in genera in 
relative abundance were Streptococcus, Veillonellam, Lactobacillus, 
Enterococcus, and Klebsiella (Figure 7B). Notably, compared to 
the control group, the relative abundance of Porphyromonas, 
Treponema_2, Tannerella, and Prevotella in DC combined MTZ and 
AMC group were obviously lower (Figure 7C).

4  |  DISCUSSION

The present study firstly showed that DC (1000 μA) had antimicro-
bial effect and synergistic effect with two antibiotics (alone or in 
combination) on subgingival plaque biofilms in vitro. In this study, 
we found the 1000 μA DC for 12 h showed <1 log antibiofilm effect 
and approximately 0.74– 1.44 log synergistic effect with MTZ/AMC/

F I G U R E  5  Biofilm density of the subgingival plaque model and plaque biofilms after treatment of 0 μA DC, 1000 μA DC, MTZ, AMC, or 
their combination for 12 h by scanning electron microscopy under 5000× magnification (n = 3).
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MTZ+AMC, which suggested that weak DC might be a novel method 
of effective management of subgingival plaque biofilms.

As for the subgingival plaque biofilm model, we found that the 
Shannon index and Simpson index of this model were significantly 
lower than those obtained from the plaque in situ, which demon-
strated that the bacterial richness and diversity in the model decreased 
when cultured in vitro. These results were consistent with previous 
studies.8,25 Notably, the Streptococcus and Veillonella were the most 
abundant genus in the plaque model, and the relative abundance of the 
red and orange complex was strikingly lower than that in the plaque in 
situ. Due to the limitation of culture conditions and the antagonistic ef-
fect between microorganisms, a considerable part of oral microorgan-
isms based on HOMD cannot be cultured, whose proportion reaches 
20% to 60%.30 Considering that the model was established on the sur-
face of the HA disk, the dominant bacteria are mainly initially colonized 

Streptococcus and gradually increased Actinomycetes, Bacteroides, and 
Campylobacter later,31 and the colonized time of periodontal patho-
gens were relatively late.8 The culture time of model in our study was 
limited to 48 to 60 h, which may result in simpler structure, lower ma-
turity, and lower abundance of red and orange complexes in the model. 
Nonetheless, the plaque biofilms in vitro showed resistance to high 
concentrations (128 μg/ml) of antibiotics such as MTZ and AMC, and 
there were high similarities in observed species and the same bacterial 
loads between the model and plaque in situ, which supported the fea-
sibility of this model for further studies.

Based on this model, we evaluated the killing effect of weak 
DC alone, antibiotics or in combination on plaque biofilms. It has 
been assumed that the pulsed electromagnetic field had antimi-
crobial effects on polymicrobial subgingival biofilms and weak 
electric field could enhance doxycycline or doxycycline and in 

F I G U R E  6  Alpha- diversity and beta- diversity comparisons of groups treated by 0 μA DC, 1000 μA DC (12 h), 16 μg/ml MTZ, 16 μg/ml 
AMC, or their combination, which included observed species (A), chao1 index (B), Shannon index (C) and Simpson index (D), and the principal 
component analysis (E).

(A) (B)

(D) (E)

(C)
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inhibiting polymicrobial biofilm.32– 34 Similarly, we found that weak 
DC (1000 μA) exerted antimicrobial effect by itself and synergistic 
effect with MTZ/AMC on killing the cultured subgingival plaque in 
vitro. To further confirm the specific impact of DC on the model, 
we examined the microflora composition and abundance by 16S 
rRNA sequencing. We found that the diversities of biofilms were 
simplified after whether DC treatment or antibiotic treatment, 
Firmicutes and Streptococcus were the most influenced taxa, and 

the relative abundance of Porphyromonas, Treponema_2, Tannerella, 
and Prevotella in DC combined MTZ and AMC group were signifi-
cantly decreased. This is an analysis that has been lacking in most 
of other studies related to electric current or antibiotics.35,36 Given 
these findings, hereby, we revealed weak DC as a potential means to 
reduce antibiotic resistance of biofilm and control plaque biofilms.

Interestingly, the killing effect of 16 μg/ml MTZ alone, 16 μg/
ml AMC alone and their combination were not exceeded 1 log. In 

F I G U R E  7  Top 10 dominant phyla (A) and genera (B) and the relative abundance of six common periodontal pathogens genus (C) of 
groups treated with 0 μA DC, 1000 μA DC (12 h), 16 μg/ml MTZ, 16 μg/ml AMC, or their combination. *, **, ***, **** denote significant 
differences of p < .05, p < .01, p < .001, and p < .0001, respectively.

(A)

(C)

(B)
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addition, AMC showed a stronger killing effect than MTZ, and two 
antibiotics exhibited weak synergistic effect. These results were 
consistent with previous studies,6 which provided a strong proof 
that antibiotic administration alone is not sufficient enough to re-
place mechanical therapy to completely remove plaque biofilms.5 
Notably, long- term (12 h) DC treatment showed stronger synergis-
tic effect with MTZ/AMC/MTZ combined with AMC than those of 
short- term (20 min) DC treatment, which partly demonstrated the 
strength of BE depended on the stimulation time of DC. These find-
ings were in accordance with previous studies,20 which pointed out 
the longer stimulation time of DC was, the stronger the enhanced 
killing efficacy by gentamicin was. In addition, under the condition 
of the same current density and stimulation time, DC combined with 
AMC showed stronger viable bacteria killing and more bacterial 
loads decrease than DC combined with MTZ. This may be attributed 
to the narrow spectrum and limited antimicrobial efficacy of MTZ 
when used alone in multi- species biofilms.37,38

The specific mechanism of BE has not been elucidated up to now. 
The synergistic killing effect may contribute to the reduction in bio-
film capacity for binding antibiotics, increased antibiotics transport 
and permeabilization, and enhanced susceptibility to antibiotics and 
electrochemical generation of reactive oxygen species after stimula-
tion of electric current.17,18,35,39 Most likely, multiple factors partic-
ipate in this synergistic effect, which makes it difficult to study and 
reconcile. For the subgingival plaque biofilms, polysaccharide– protein 
complexes limit the penetration of antibiotics, low metabolic rates 
reduce the susceptibility of bacteria to antibiotics and complex sym-
biotic and antagonistic relationships provide protection to internal 
bacteria.6 Although our study did not aim to explore the exact mech-
anism responsible for the synergistic killing effect, we confirmed the 
time- dependent character between DC and MTZ/AMC, further stud-
ies may need focus on the most suitable DC intensity and stimulation 
time with antibiotics to achieve the ideal killing effect.

There are several limitations in this model and methodology. 
Firstly, as for the viable bacteria counting and metabolic activity 
assay, the anaerobic condition and specific liquid medium in vitro 
limited the survival and cultivation of some oral microorganisms, 
which may lead to inherent systemic bias. Secondly, limited sample 
size and single in vitro experiment may weaken the reliability of such 
conclusions, future studies with larger number of samples, animal 
study and relevant human study are needed to validate our findings 
and the application of DC in human body. Finally, the recommended 
clinical intensity restriction, voltage restriction, and time restriction 
of DC is 1000 μA, 5 V and 20 min, respectively. DC intensity and volt-
age in our study were safe in humans,40 however, the stimulation for 
12 h is not practical, a lack of the suitable DC output device and safe 
oral stimulation patterns with the best stimulation time may limit the 
application of DC in the adjunctive treatment of periodontitis.

Overall, this study provides the first evidence of the synergistic 
killing effect and microbiota composition profiles of DC and MTZ/
AMC/MTZ combined with AMC in the subgingival plaque model 
cultured in vitro. The presence of 1000 μA DC could not only exert 

antimicrobial effect but also enhance MTZ/AMC/MTZ combined 
with AMC to kill internal bacteria, reduce total bacterial loads and 
the relative abundance of common periodontal pathogens in the sub-
gingival plaque model cultured in vitro. However, due to the complex 
biochemical effect and application limitation, further mechanistic 
and translational medical studies are required to address the under-
lying mechanisms and safe range of stimulation time and intensity 
when applied in the oral environment. As such, our results reveal a 
means to reduce drug resistance of plaque biofilms and a possibility 
of DC to be applied in enhancing antibiotic efficacy and controlling 
plaque biofilms.
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