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A B S T R A C T   

Restorative dental materials can frequently extend below the gingival margin, serving as a potential haven for 
microbial colonization, and altering the local oral microbiome to ignite infection. However, the contribution of 
dental materials on driving changes of the composition of the subgingival microbiome is under-investigated. This 
study evaluated the microbiome-modulating properties of three biomaterials, namely resin dental composites 
(COM), antimicrobial piezoelectric composites (BTO), and hydroxyapatite (HA), using an optimized in vitro 
subgingival microbiome model derived from patients with periodontal disease. Dental materials were subjected 
to static or cyclic loading (mastication forces) during biofilm growth. Microbiome composition was assessed by 
16S rRNA gene sequencing. Dysbiosis was measured in terms of subgingival microbial dysbiosis index (SMDI). 
Biomaterials subjected to cyclic masticatory loads were associated with enhanced biofilm viability except on the 
antibacterial composite. Biomaterials held static were associated with increased biofilm biomass, especially on 
HA surfaces. Overall, the microbiome richness (Chao index) was similar for all the biomaterials and loading 
conditions. However, the microbiome diversity (Shannon index) for the HA beams was significantly different 
than both composites. In addition, beta diversity analysis revealed significant differences between composites 
and HA biomaterials, and between both loading conditions (static and cyclic). Under static conditions, micro-
biomes formed over HA surfaces resulted in increased dysbiosis compared to composites through the enrichment 
of periopathogens, including Porphyromonas gingivalis, Porphyromonas endodontalis, and Fretibacterium spp., and 
depletion of commensals such as Granulicatella and Streptococcus spp. Interestingly, cyclic loading reversed the 
dysbiosis of microbiomes formed over HA (depletion of periopathogenes) but increased the dysbiosis of 
microbiomes formed over composites (enrichment of Porphyromonas gingivalis and Fusobacterim nucleatum). 
Comparison of species formed on both composites (control and antibacterial) showed some differences. Com-
mercial composites enriched Selenomonas spp. and depleted Campylobacter concisus. Piezoelectric composites 
effectively controlled the microbiome viability without significantly impacting the species abundance. Findings 
of this work open new understandings of the effects of different biomaterials on the modulation of oral biofilms 
and the relationship with oral subgingival infections.   

1. Introduction 

Periodontitis is a common oral disease affecting half of the adults in 
the United States, and severe cases report a prevalence of 11% globally 
[1–3]. Periodontitis is induced by imbalanced (dysbiotic) microbial 
biofilm communities accumulating on the tooth surface below the 

gingival margin (subgingival plaque) [4,5]. Dysbiosis involves an 
increased biofilm biomass, a reduction in the proportion of symbiotic 
species, and an increase in the levels of pathobionts [6–10]. Enrichment 
of periodontal pathogens triggers an inflammatory response that initi-
ates the gradual destruction of the periodontium tissues and bone, ul-
timately resulting in tooth loss [7,11]. Subgingival dysbiosis is majorly 
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driven by the host (i.e., genetics, age, systemic health) and different 
environmental factors (i.e., smoking condition, oral hygiene, certain 
medications) [12–15]. Disruption of periodontal microbiota may 
contribute to several chronic diseases such as endocarditis, osteoporosis, 
and rheumatoid arthritis [16–18]. A balanced and healthy periodontal 
microbiota is fundamental for balanced oral and systemic health. 

Microbial organisms attach to living (biotic) and non-living (abiotic) 
biomaterial surfaces [19–21]. The interactions between oral microbes 
and biomaterials are controlled by different biomaterial surface prop-
erties, including wettability, chemistry, roughness, topography, stiff-
ness, and potentially their combination [22,23]. For instance, increased 
biofilm quantity and virulence are positively correlated with an increase 
in the biomaterial surface roughness and hydrophobicity [23]. Dental 
biomaterials are commonly used for filling tooth cavities and for treating 
oral infections [24,25]. In the treatment of tooth sensitivity and 
discoloration, and carious and non-carious cervical lesions, biomaterials 
frequently extend below the gingival margin [26,27]. These subgingival 
restorations may result in an increased accumulation of plaque, gingival 
inflammation, periodontal destruction, increased pocket depth, loss of 
attachment, and gingival recession [28]. In fact, Class V restorations 
treated with composites have reported negative effects on the quantity 
and quality of subgingival plaque [29], affecting the subgingival mi-
crobial ecology and the susceptibility to the progression of periodontal 
diseases [29,30]. Thus, understanding how different biomaterials may 
drive changes in the subgingival microbiome is relevant for under-
standing the development of periodontal diseases. 

Lab models of microcosm biofilms using subgingival plaque derived 
from periodontitis patients as inocula have successfully reproduced the 
intricate composition of in vivo periodontitis-associated subgingival 
microbiome [31–33]. However, these models have not been exploited to 
assess the effect of biomaterial type on microbiome composition neither 
the impact of the mastication forces applied over biomaterial surfaces 
where biofilms form. For example, Class V restorations are more sus-
ceptible to flexure forces during mastication compared to other resto-
ration types [34]. We recently revealed that this biomechanical factor 
drives the pathogenesis of Candida albicans by increasing the virulence 
and biofilm quantity [35]. However, how such forces affect the peri-
odontal microbiota is unknown. Mastication forces are integral for 
maintaining oral health and are the main factor affecting the behavior of 
the supporting periodontium, with dental biofilms challenging the 
integrity of these tissues [36–41]. Thus, understanding how repetitive 
forces applied over biomaterial surfaces affect microbe-biomaterials 
interactions, biofilm formation, and dysbiosis within a periodontal 
microenvironment is relevant. 

Advanced biomaterials have been successfully used to treat peri-
odontal disease by offering different therapeutic effects, including 
antimicrobial, immunomodulatory, and tissue regeneration effects [42, 
43]. To accomplish successful treatment, these biomaterials deliver 
different biophysical and bioactive cues that modify the microenviron-
ment in the periodontium [44]. For example, antimicrobial biomaterials 
suppress pathogens by delivering different compounds, including anti-
biotics (e.g., minocycline), charged monomers (e.g., quaternary 
ammonium), and fillers (e.g., silver) [44–47]. In our recent works, we 
developed novel antimicrobial dental materials by harnessing the power 
of piezoelectric materials [48–50]. One study showed that piezoelectric 
charges elicit antimicrobial effects against a gram-negative fundamental 
periodontal pathogen (Porphyromonas gingivalis) [50]. The electrical 
charges prevented biofilm formation and reduced the number of viable 
cells. How piezoelectric materials modulate the entire subgingival 
microbiome under realistic subgingival conditions remains unclear. In 
this work, for the first time, we examined the effect of mastication forces 
applied to different dental biomaterials on the modulation of the 
periodontitis-derived subgingival microbiota. In addition, we examined 
for the first time whether piezoelectric charges continue to offer anti-
bacterial effects against a diseased periodontal microbiota. 

2. Materials and methods 

The study was performed in accordance with the Declaration of 
Helsinki and approved by the school’s Institutional Review Board 
(protocol #26456). Informed written consent was obtained from all 
subjects who donated saliva or subgingival plaque samples. 

2.1. Fabrication of composites and verification of surface properties 

Two resin composites were used for evaluating the microbiome 
modulation, including a commercial resin composite (control with no 
antibacterial effect; COM) and a piezoelectric resin composite (anti-
bacterial effect). The piezoelectric composites (BTO) were fabricated by 
mixing a commercial dental resin (3M Filtek™ Supreme Ultra Universal 
Restorative) with 6.5 wt% of silanized nanoparticles of barium titanate 
(US Nanomaterials US3830, 200 nm). The quantity of the piezoelectric 
filler was selected based on an optimization method that included 
different properties such as mechanical properties, water sorption, sol-
ubility, degree of conversion, and electrical charge generation (see. 
Supplemental Information-1 (SI-1)). Mixing of the resin and piezo-
electric fillers was conducted using a planetary mixer (Thinky ARE-310) 
for 3 min at 2000 rpm. The COM group was prepared with the same resin 
composite (3M Filtek) without the piezoelectric fillers. To fabricate 
beams, the uncured composites were added into a metal mold with the 
desired shape (1.6 × 0.8 × 13 mm3). A Mylar film was placed over the 
material surfaces to guarantee similar surface roughness along the 
sample surfaces. Composites were cured with a verified LED unit (Cure 
TC-3, Spring Health Products) for 1 min on each side, corresponding to a 
total radiant exposure of 166 J/cm2. To align the electric dipoles and 
increase the electrical conversion in the piezoelectric composite, beams 
were subjected to a high electric field (20 kV/mm) at 140 ◦C for 40 min 
(poling). After curing, all composite samples were stored in distilled 
water for 24 h at 37 ◦C to release unreacted monomers that could 
interfere with microbiome growth [51]. 

HA beams (BioSurface Technologies Corporation) were selected as 
an additional biomaterial group due to its similarity to the mineral 
component of dental hard tissues (enamel, cement) present in the sub-
gingival microenvironment due to the recession of the gingival margin 
in periodontal disease [52]. Before testing, a contact profilometer (Phase 
II SRG-4600) was used to verify the surface roughness of all samples 
(Ra<0.2 μm) that could interfere with biofilm growth [53] (SI-2). The 
sessile drop method was used to measure the water contact angle of each 
group of samples (SI-3). Before experimentation, all beams were steril-
ized in a 70 % ethanol solution for 15 min, followed by air drying inside 
a biological safety cabinet under UV light (254 nm). 

2.2. Biomaterial-microbiome biofilm model 

2.2.1. Salivary pellicle coating 
All beams were coated with a salivary pellicle layer to represent 

proteins found in the oral cavity that could mediate microbe adhesion 
[54]. Healthy young donors (N = 40) without systemic disease treat-
ments, active caries lesions, or periodontal disease provided 5–10 mL of 
unstimulated saliva in sterile tubes. Volunteers were instructed to 
abstain from eating or drinking for at least 2 h before donation. After 
collection, all the individual saliva samples were pooled, centrifuged at 
5000 rpm for 15 min, and treated with 2.5 mM dithiothreitol (PRV3151, 
Promega) for 10 min [54,55]. The resulting mixture was then combined 
with phosphate-buffered saline (PBS) in a 1:1 ratio, sterilized using a 0.2 
μm membrane filter, and stored at − 20 ◦C. Before inoculation and to 
form the saliva pellicle layer, beams were incubated for 16 h in 500 μL of 
pre-reduced sterile saliva at 37 ◦C under anaerobic conditions. 

2.2.2. Clinical inocula 
Subgingival dental plaque was used as inoculum in the model. Pla-

que samples were collected at the Periodontics Clinics of the Kornberg 
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School of Dentistry from 7 patients with moderate to severe periodon-
titis (SI-4), which was defined as having at least one tooth per quadrant 
with bleeding on probing, pocket depth ≥ 5 mm, and attachment 
loss ≥4 mm. An absorbent paper points (#40, Roydent) was inserted 
into the base of the periodontal pocket and gently moved around for 30 s 
for plaque collection. Four samples were collected per subject (the 
deepest pocket per quadrant), pooled into 1 mL of reduced transport 
fluid (RTF) [32,56], and immediately placed on ice and transported to 
the lab (collection time not more than 30 min). The samples from the 7 
subjects were eventually mixed and used as an inoculum on the same 
day of collection (Fig. 1a). The selected number of donors have shown 
reproducible results regarding major bacterial species and similar 
composition patterns [57]. 

2.2.3. Microbiome culture over biomaterials under cyclic loading and static 
conditions 

Sterile pooled human saliva supplemented with 2 % (v/v) heat- 
inactivated human serum (H3667 Sigma, USA) was used as the 
growth medium. This medium has been shown to grow periodontitis- 
derived microbiomes with the highest similarity to the clinical inocula 
[32,58]. Pellicle-coated beams were placed in the bottom of polystyrene 
wells, before adding 950 μL of the media and 50 μL of the inoculum to 

each well. To avoid media evaporation, 100 μL of mineral oil (M5904 
sigma, USA) was added [59]. The biofilms were grown under anaerobic 
conditions (5 % H2, 5 % CO2, 90 % N2) for 7 days at 37 ◦C. On day 3.5, 
the media was replenished. The three groups of materials (COM, BTO, 
HA) were subjected to two loading conditions: cyclic loading and static 
(no loading). The cyclic loading condition was designed to closely 
simulate the chewing forces applied over biomaterials/dental tissue 
during clinical service [27]. Beams were subjected to a 3-point bending 
configuration (span: 11 mm) using an actuator (MechanoCulture TX) 
applying Pmin = 0.5 to Pmax = 2.0 N at 2 Hz. The selected load magnitude 
resembles average stresses found in the clinical setting for Class V res-
torations (~22 MPa) [60]. The cyclic loading was set to activate 5 
times/day for 15 min during the cell culture to simulate eating periods. 
This loading condition also activates the electrical charge generation 
(enables antimicrobial effect) of the piezoelectric composites group. 
After the incubation period, the tension side and borders of the beams 
were gently cleaned with a cell scraper. Only the biofilm formed on the 
compression side of the beam (region of interest) was used for evalua-
tions. Beams were gently rinsed with PBS for removal of non-attached 
cells and evaluated for microbiome-biomaterial interactions. Two in-
dependent experiments (biological replicates) were carried out, each 
with a different clinical inoculum. Each experiment included 3 technical 

Fig. 1. Microbiome-biomaterial interactions. a) Flow chart of the experimental design and microbiome model. Periodontitis-derived microbiomes were grown for 7 
days over three biomaterial types (commercial composites, piezoelectric composites, and hydroxyapatite) subjected to cyclic loading or static conditions. The 
generated microbiomes were evaluated for biomass and viability. b) DNA biomass of the microbiomes measured in terms of DNA yield. c) Viability of the micro-
biomes. The relative luminescence was normalized with the microbiome biomass. N = 6 samples for each evaluation. Lines above the boxes correspond to groups 
with statistical differences (p < 0.05). BTO: piezoelectric composite, COM: commercial composite, HA: hydroxyapatite beams. 
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replicates per group/condition. An aliquot of each inoculum was used 
for DNA extraction and sequencing in duplicates. 

2.3. Evaluations of the biomaterial-microbiome interactions 

2.3.1. DNA extraction and biomass assessment 
DNA was extracted from the biofilms using the PureLink Microbiome 

DNA Purification kit (A29790, Invitrogen) following the manufacturer’s 
instructions with a modification, namely that the beat beating and lysis 
steps were performed directly on the beams. Bead beating was done for 
3 × 30 s cycles at 6 m/s (MP Biomedicals FastPrep). DNA yield and 
quality were assessed using a NanoDrop (Thermo Fisher Scientific). An 
estimate of the microbiome biomass was measured in terms of DNA yield 
in nano-grams (ng) and normalized by the surface area occupied by the 
biofilm on the beam (ng/mm2). The DNA extracts were stored at − 80 ◦C 
until sequencing. 

2.3.2. ATP assay (viability assessment) 
Viability of the microbiomes was assessed using an ATP assay 

(BacTiter-Glo assay, Promega, USA) according to the manufacturer’s 
instructions. Briefly, beams were placed in an empty well, and PBS and 
BacTiter-Glo™ reagent (400 μL each) were carefully added. Samples 
were incubated in the dark at room temperature for 5 min with shaking 
before total luminescence was measured. Next, aliquots (200 μL) of the 
PBS/BacTiter-Glo™ solution were transferred to a white 96-well plate. 
The luminescence signal was recorded using a multi-mode microplate 
reader (Synergy HTX, Biotek, USA) and normalized by biomass. 

2.3.3. 16S rRNA sequencing and bioinformatic analysis 
Degenerate primers 27FYM [61] and 519R [62] with index se-

quences were used to amplify the V1–V3 region of the 16S rRNA gene. 
The resultant indexed amplicon libraries were sequenced on an Illumina 
Miseq platform using 2*300 bp chemistry at the Integrated Microbiome 
Resource (IMR, Halifax, Canada). Resultant paired-end reads were 
merged with PEAR [63] and pre-processed (trimming, quality filtration, 
and chimera check) with mothur [64] as previously described [65] 
(SI-5). The high-quality reads were then classified to the species level 
using our previously described BLASTn-based algorithm [65,66]. Taxon 
count tables, species richness and alpha diversity (Chao and Shannon 
Index) were computed using Quantitative Insights into Microbial Ecol-
ogy (QIIME2) [67]. For assessing beta diversity, principal component 
analysis (PCA) was performed on centered log-ratio (CLR)-transformed 
species counts using microbiome [68] and phyloseq [69] packages in R. 
MaAsLin2 (Microbiome Multivariable Associations with Linear Models) 
package in R was applied to CLR-transformed counts to identify differ-
entially abundant genera and species between test groups [70]. The 
Subgingival Microbial Dysbiosis Index (SMDI), as a summary statistic of 
the composition of the microbiomes was calculated for the individual 
samples as previously described [71]. 

2.3.4. Statistical analysis 
All data is presented as box plots. Whiskers correspond to the stan-

dard deviation. The top of each box corresponds to the 25th percentile 
and the bottom to the 75th percentile. Statistical differences in the re-
sults (DNA biomass, ATP assay, alpha diversity, and the SMDI index) 
were evaluated using two-way analysis of variance (ANOVA) with 
loading condition and material type as variables, followed by Bonferroni 
pairwise comparisons. Adonis PERMANOVA (permutational analysis of 
variance) was used to estimate the differences in beta diversity with a 
significance of 0.05, adjusted for multiple comparisons. All the statisti-
cal analyses were performed in R. 

3. Results 

3.1. Cyclic loading applied to biomaterials reduces microbiome biomass 
but enhances viability 

The microbial DNA biomass and viability of the microbiomes formed 
over the different biomaterials subjected to cyclic loading or held static 
were assessed (Fig. 1bc). Overall, significant differences in the micro-
biome’s biomass in terms of the biomaterial type and loading condition 
(p < 0.05) were observed (Fig. 1b). The highest biomass was noted in 
microbiomes formed over the HA surfaces held under static conditions. 
Applying cyclic loading to the biomaterials significantly reduced the 
microbiome biomass for all biomaterials. Similar quantities of biomass 
were observed for the three biomaterials (COM, BTO, HA) under cyclic 
loading. The microbiome viability depended on the biomaterial type and 
loading condition (p < 0.05) (Fig. 1c). The highest viability was 
observed for microbiomes grown over the COM beams under cyclic 
loading conditions, whereas the lowest was observed for those under 
static conditions regardless of the biomaterial type. Overall, the appli-
cation of cyclic loading resulted in a significant increase in the viability 
of the microbiomes. Focusing on the antibacterial composite (BTO), the 
viability was similar and independent of the loading conditions (static 
versus cyclic). The lower viability observed in the cyclic loading in-
dicates the action of the antibacterial effects caused by the electric 
charges. 

3.2. Microbiome profiles of periodontitis-derived biofilms compared to 
clinical inocula 

The clinical inocula rendered an average of 176 species, distributed 
in 9 phyla, 52 genera. In the in vitro grown microbiomes, the number of 
observed species differed by biomaterial type and loading conditions 
being lowest on HA under loading conditions (73 species) and highest on 
HA under static conditions (121 species). On average, 96 species were 
observed in the microbiomes formed over the composite materials (BTO 
and COM) and independent of the loading condition. The clinical 
inocula showed a closely even distribution of Firmicutes (27 %), Fuso-
bacteria (26 %), and Bacteroidetes (31 %) (Fig. 2a). The remaining phyla 
were Proteobacteria (4 %), Spirochaetes (5.6 %) and Synergistetes (3.5 
%). A major shift in this relative species abundance of the microbiomes 
formed over the biomaterials, particularly those grown on HA, was 
observed. Under static loading, microbiomes on HA beams were domi-
nated by Bacteroidetes (65 %) at the expense of Firmicutes (20 %) and 
Fusobacteria (12 %), while under cyclic loading, they showed an in-
crease in Firmicutes (91 %) at the expense of Fusobacteria, and Bac-
teroidetes (<7 %). On average, the microbiomes grown on composites 
were dominated by Firmicutes (40–60 %), followed by Bacteroidetes 
(23–37 %), and Fusobacteria (11–25 %). Phylum distributions were less 
skewed in the microbiomes formed over composites (BTO and COM), 
especially under cyclic loading conditions. 

At the genus level, the dominant genera in the clinical inocula were 
Fusobacterium (24 %), Porphyromonas (14 %), Prevotella (9 %), and 
Streptococcus (8 %) (Fig. 2b). HA beams held static enriched Porphyr-
omonas (58 %), while the application of cyclic loading resulted in the 
overgrowth of Streptococcus (27 %) at the expense of Porphyromonas. 
Inversely, both composites enriched Streptococcus under static condi-
tions including COM from 11 % to 21 % and BTO from 7 % to 20 %. In 
addition, both composites enriched Porphyromonas under cyclic condi-
tions including COM from 5 % to 24 % and BTO from 13 % to 19 %. 
Parvimonas was over-represented on all biomaterial types (3–10 %). 

At the species level, the average microbiome in the clinical inocula 
was dominated by Fusobacterium nucleatum (21 % for the subspecies 
combined), P. gingivalis (9 %), Porphyromonas endodontalis (5 %), Pre-
votella intermedia (3 %) and Filifactor alocis (3 %), together making ~40 
% of the microbiome (Fig. 2c). In comparison, HA beams held static 
showed an overgrowth of P. gingivalis (52 %) and Parvimonas micra (6 
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%), at the expense of F. nucleatum (9 %); together the three species 
accounted for 67 % of the average microbiome. Under cyclic loading, 
HA resulted in sharp increase in the abundance of Granulicatella adiacens 
(38 %), followed by Streptococcus dentisani (10 %), and P. micra (10 %), 
accounting for 58 % of the average microbiome. The most abundant 
species in the microbiomes grown on both composites (COM and BTO) 
under static conditions were F. nucleatum (13 %), Veillonella parvula 
group (11 %), G. adiacens (10 %), S. dentisani (8 %), P. micra (6 %), 
Streptococcus cristatus (6 %) and P. gingivalis (5 %), accounting for 59 % 
of the microbiome. However, under cycling loading, BTO and COM 
composites were dominated by P. gingivalis (18 %), P. micra (11 %), 
V. parvula group (7 %), unclassified Fusobacterium species (5 %) and 
Fusobacterium oral taxon 370 (5 %). Overall, the microbiome profiles 
were similar for the two biological replicates demonstrating the repro-
ducibility of the results (see. SI-6). 

3.3. Biomaterial type and cyclic loading affects alpha diversity (richness/ 
evenness) 

The microbiome alpha diversity was estimated using the Chao (ex-
pected richness) and Shannon (richness and evenness) indexes. Both 
indices were highest in the clinical inocula. Neither biomaterial type (p 
= 0.9202) nor loading conditions (p = 0.1080) influenced the number of 
species found in the microbiome (Fig. 3a). Similarly, no significant 

differences were observed in the Shannon index associated with the 
application of cyclic loading (p = 0.1241) (Fig. 3b). However, the 
biomaterial type significantly affected Shannon index (p = 0.0001). 
Namely, HA beams subjected to cyclic loading rendered the lowest 
Shannon index of the microbiome. This suggests that the biomaterial 
surface properties (e.g., chemistry, stiffness) and loading condition of 
HA is favoring the overgrowth of certain species (Bacteroides and Fir-
micutes - see Fig. 2) compared to composites. Similar richness and 
evenness (Shannon index) of microbiomes formed over both composites 
were observed. This observation suggests that the electrical charges 
applied by the BTO group (i.e., activation of the antibacterial effect) is 
not depleting the number of microbes, nor disturbing the potential 
balance of the microbiome as the broad-spectrum antibiotics does. 

3.4. Effect of biomaterial type on beta diversity and specific bacterial 
species 

Microbiome compositional variations (beta diversity) were deter-
mined via PCA analysis for the tested biomaterials ranked by loading 
condition as presented in Fig. 4a and b. Overall, the microbiome 
composition of the clinical inocula and those formed over the bioma-
terial beams (regardless of loading conditions) were significantly 
different, forming two separate main clusters. The composition of the 
microbiomes grown on HA was significantly different from those grown 

Fig. 2. Microbial profiles of periodontitis-derived microbiomes by biomaterial type and loading condition, compared to the clinical inocula. Relative abundances at 
the a) phylum, b) genus, and c) species levels. Taxa are ordered by abundance with respect to the clinical inocula. BTO: piezoelectric composite, COM: commercial 
composite, HA: hydroxyapatite beams, INOC: clinical inocula. 

Fig. 3. The expected richness and evenness of the periodontitis-derived microbiomes by biomaterial type and loading condition. Alpha diversity metrics included a) 
Chao and b) Shannon index. Lines above the boxes correspond to groups with statistical differences (p < 0.05). BTO: piezoelectric composite, COM: commercial 
composite, HA: hydroxyapatite beams. INOC: clinical inocula. 
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on either composite type (BTO and COM) subjected to both static (p =
0.026 for PERMANOVA in COM vs. HA; p = 0.009 for PERMANOVA in 
BTO vs. HA) and cyclic loading conditions (p = 0.045 for PERMANOVA 
in COM vs. HA; p = 0.016 for PERMANOVA in BTO vs. HA). No signif-
icant differences in beta diversity were observed for the microbiomes 
grown over both composites including BTO (Fig. 5a) (p = 0.140, PER-
MANOVA) and COM (Fig. 5b) (p = 0.088, PERMANOVA). No differences 
in beta diversity were observed between BTO and COM composites 
regardless of loading condition. Overall, these results suggest that the 

biomaterial surface properties (composites versus hydroxyapatite) 
rendered microbiomes with different microbial compositions. 

Differential abundance analysis was conducted to identify statisti-
cally significant differences (FDR ≤0.05) in the abundances of species as 
a function of biomaterial type stratified by loading conditions (Fig. 4c 
and d). Under static conditions, both composite biomaterials similarly 
enriched predominantly health-associated species, including Strepto-
coccus spp., G. adiacens, and V. parvula compared to HA, while the latter 
mostly enriched periodontal pathogens, including P. gingivalis, P. 

Fig. 4. Principal component analysis (PCA) plots of periodontitis-derived microbiomes cultured over biomaterials subjected to a) static and b) cyclic loading 
conditions. Differences in the microbiome compositions were assessed with PERMANOVA (p ≤ 0.05). Centered log ratio (CLR) transformed data were analyzed with 
Multivariate Association with Linear Models (MaAsLin2) to identify differentially abundant taxa in the microbiomes grown on hydroxyapatite compared to those 
grown on both piezoelectric and commercial composites under c) static and d) cyclic loading conditions. e) Differentially abundant species between microbiomes 
grown on commercial composites and piezoelectric composites under cyclic loading conditions. Differences with FDR ≤0.05 and − 1.5>coefficient>1.5 were 
considered significant. BTO: piezoelectric composite, COM: commercial composite, HA: hydroxyapatite beams, INOC: clinical inocula. 
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endodontalis, Eubacterium infirmum, and Fretibacterium fastidiosum 
(Fig. 4c). Under cyclic loading, COM and BTO composites enriched a 
mixture of pathobionts (P. gingivalis and Anaeroglobus geminatus) and 
health-associated species (Gemella morbillorum) and core species 
(F. nucleatum, and Catonella morbi) compared to HA (Fig. 4d). HA beams 
enriched a different set of pathobionts (Eubacterium brachy and Eubac-
terium nodatum) and health-associated species including G. adiacens, 
Haemophilus parainfluenzae, Streptococcus infantis, and Veillonella atypica. 
Overall, these results suggest that cyclic loading of HA beams promoted 
a shift towards health-associated species, whereas both composites had 
an inverse effect. To reveal the potential antimicrobial effect of piezo-
electric charges, an additional comparison was performed between COM 
and BTO subjected to cyclic loading (Fig. 4e). Commercial beams 
resulted in a significant enrichment of Campylobacter concisus and Pre-
votella buccae. Piezoelectric charges targeted the depletion of Seleno-
monas infelix, Selenomonas dianae, Actinomyces Sp. OT 180 (Fig. 4e). No 
significant differences between BTO and COM were observed under 
static conditions. 

3.5. Effect of the loading condition on beta diversity and specific bacterial 
species 

Microbiome compositional variations (beta diversity) associated 
with the loading condition (cyclic loading versus static) for each 
biomaterial type are presented in Fig. 5a–c. No differences in beta di-
versity were observed for the microbiomes grown over both composites, 
namely BTO (Fig. 5a) (p = 0.140, PERMANOVA) and COM (Fig. 5b) (p =
0.088, PERMANOVA). The case was different for HA beams. Micro-
biomes grown in HA under static and loading conditions were signifi-
cantly different (p = 0.004, PERMANOVA) (Fig. 5c). This suggests that 
the combination of biomaterial surface properties and cyclic loading 
changes microbiome diversity. To identify these changes driven by cy-
clic loading, differential abundance analysis was conducted (Fig. 5d). 
HA under static condition enriched predominantly periodontal patho-
gens, including P. gingivalis, P. endodontalis, and E. infirmum. Cyclic 
loading of the HA beams resulted in the depletion of P. gingivalis and the 
enrichment of predominantly health-associated species including 
Streptococcus spp. and G. adiacens. The relative abundances of selected 
differentially abundant species is presented in SI-7. 

3.6. Effect of biomaterial type and loading on subgingival dysbiosis 

The overall effect of biomaterial and loading condition on driving 

dysbiosis was measured using the SMDI parameter (Fig. 6). Higher SMDI 
(>0) indicates dysbiotic periodontal microbiomes, whereas lower values 
(<0) correspond to a normobiotic behavior [71]. The highest SMDI was 
calculated for the clinical inocula (SMDI = 3.7), confirming the degree 
of disease of collected plaque. The application of cyclic loading and the 
biomaterial type significantly affected the SMDI (p < 0.05). However, 
looking into the biomaterials subjected to static loading, higher SMDI 
was determined for HA samples (SMDI = 1.3) compared to the com-
posite materials (SMDI = 0.16). All biomaterials under cyclic loading 
showed a similar index (SMDI~0.24). 

Fig. 5. Principal component analysis (PCA) plots of periodontitis-derived microbiomes cultured on a) piezoelectric composites, b) commercial composites, and c) 
hydroxyapatite beams subjected to static or cyclic loading conditions. Differences in the microbiome compositions were assessed with PERMANOVA (p ≤ 0.05). d) 
Differentially abundant species between microbiomes grown on hydroxyapatite beams under static and loading conditions. Differences with FDR ≤0.05 and 
− 1.5>coefficient>1.5 were considered significant. BTO: piezoelectric composite, COM: commercial composite, HA: hydroxyapatite beams. 

Fig. 6. Subgingival microbial dysbiosis index (SMDI) of periodontitis-derived 
microbiomes obtained by biomaterial type, loading condition and clinical 
inocula calculated as previously described [71]. Higher SMDI (>0) indicates 
dysbiotic periodontal microbiomes, whereas lower values (<0) correspond to 
normobiotic behavior. Lines above the boxes correspond to groups with sta-
tistical differences (p < 0.05). BTO: piezoelectric composite, COM: commercial 
composite, HA: hydroxyapatite beams, INOC: clinical inocula. 
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4. Discussion 

Periodontal dysbiosis results from a change in the microbiome 
composition which drives the destruction of the host tissues through 
enzymes and inflammatory mediators [72,73]. Changes in the micro-
biome composition can be attributed to multiple factors, including oral 
hygiene, diet, smoking, gingival inflammation, genetic background, and 
salivary flow [74–76]. Dental biomaterials have been traditionally used 
in the periodontium for therapeutic purposes (antimicrobial and tissue 
regeneration), in restorative practices, and for the modulation of the 
immune system [43,77]. The potential role of dental biomaterials in 
modulating the microbiome or fueling periodontitis is limited. In this 
study, for the first time, we evaluated the changes of 
periodontitis-derived subgingival microbiomes controlled by the in-
teractions with three dental materials (resin composites, antibacterial 
piezoelectric composite, and enamel-like HA) subjected to repetitive 
mastication forces. Three major findings are reported in this study: First, 
both the physico-chemical properties of biomaterials and the application 
of cyclic loading are driving changes in the composition, abundance, and 
diversity of periodontal microbiome. Marked differences between 
microbiomes grown in composites and HA were observed. Cyclic 
loading applied to HA beams had a superior effect in modulating the 
microbiome than that of both composites. Second, HA surfaces held 
static favored the enrichment of known periodontal pathogens such as 
P. gingivalis, but the application of cyclic loading reversed it. Third, the 
effect of electrical charges from piezoelectric materials is significant in 
controlling the microbiome viability and poor in driving changes of the 
microbiome (diversity and species abundance) when compared to the 
commercial resin. However, a bacterial specie previously identified in 
triggering the host immune response during periodontal disease 
(C. concisus) was significantly depleted by piezoelectric composites [78]. 

Biomaterial properties driving changes of the microbiome: The 
interactions between dental biomaterials and microbes are known to be 
controlled by different biomaterial surface properties, including wetta-
bility, chemistry, roughness, topography, stiffness, and cyclic loading 
[22,23]. These studies are usually conducted using monoculture (sin-
gle-specie) models that enable the detailed study of the adhesion and 
biofilm formation processes [78]. However, clinically, biofilms are 
composed of hundreds of species which can underpredict lab model 
outcomes. Our results showed striking differences in the microbiome 
formed over composites and enamel-like biomaterials. Compared to 
composites, static HA substrates supported the formation of micro-
biomes with the highest microbial biomass, lowest viability, and a sig-
nificant increase in the abundance of P. gingivalis. To explain these 
differences, we looked at the physico-chemical properties of bio-
materials. HA surfaces are hydrophilic (WCA = 32◦) (SI-3) with a 
negative surface charge (− 35 mV) [79,80], an average micro-roughness 
of Ra~0.16 μm (SI-2), an uneven topography (Sdr = 58 %) [81] and a 
stiffness of E = 80 GPa [82]. Compared to HA, composite surfaces are 
less hydrophilic (WCA = 52◦) (SI-3), with a similar negative surface 
charge (− 30 mV) [81], less rough (Ra~0.08 μm) (SI-2), more even 
topography (Sdr = 3 %) [81] and less stiff (E = 9 GPa) [83]. Generally, 
bacterial adhesion and biofilm formation is increased in biomaterial 
surfaces with higher roughness, hydrophilic, positively charged, uneven 
textures, less stiff (softer), and potentially interplay of those [23]. 
However, exploring different combinations of surface properties can 
provide deeper insights, given the intrinsic interdependence of surface 
parameters [23]. Recent studies showed highest P. gingivalis biofilm 
formation over rougher and more hydrophilic surfaces regardless of the 
biomaterial chemistry (zirconia or titanium alloys) [84]. Similarly, in 
another study using a saliva-derived microcosm model, the microbiome 
showed an increased abundance of P. gingivalis in biofilms formed over 
HA surfaces compared to stainless steel surfaces [85]. Rougher surfaces 
with lower contact angle (more hydrophilic) were measured for HA 
compared to stainless-steel. Our results agree with these studies, sug-
gesting that rougher surfaces (more than contact angle and chemistry) 

favor the abundance of P. gingivalis in biofilms formed over HA surfaces. 
Nonetheless, conducting a systematic study controlling all the surface 
parameters (stiffness, topography) will provide an improved insight. 

In the current study, the presence of high microbial biomass (Fig. 1b) 
and low viability (Fig. 1c) in static HA compared with other materials in 
static conditions can be explained by considering various factors specific 
to oral biofilm dynamics. The extracellular polymeric substances (EPS) 
of biofilms serve as a protective shield that encapsulates the bacteria 
complex, protecting them against attacks [86,87]. Up to 90 % of the 
total mass of biofilms is comprised of EPS, which may include bound 
water and various polymers like extracellular DNA (eDNA), poly-
saccharides, proteins, and lipids [88]. In addition, P. gingivalis produces 
a capsular polysaccharide, which encases the cell surface, contributing 
to the bacterial protection, aggregation, virulence, and modulation of 
the host inflammatory response [86,88]. The properties of EPS are 
impacted by different factors, including nutrition, salivary flow and 
shear rates, hydration, and the bacteria complex within the biofilm [89]. 
Specifically, Ca2+ ions play a role in consolidating biofilm structures in 
various bacterial species, including gram-negative [90–92]. This regu-
lation may activate the transcription of genes responsible for producing 
surface adhesins and EPS [93]. Recent work showed that calcium ions 
are essential for growing P. gingivalis, but there is no evidence of the 
effect on EPS production. In our study, the surface roughness of HA 
surfaces after incubation was significantly increased (SI-2), suggesting a 
release of Ca2+ from the biomaterial surface. We hypothesize that these 
calcium ions are being uptake by the P. gingivalis cells to stimulate 
increased EPS production. An increase in EPS creates a more protective, 
dense matrix around the microbial cells, limiting the diffusion of nu-
trients and oxygen into the deeper layers of the biofilm. As a result, cells 
experience reduced metabolic activity [94,95]. However, future studies 
are required to measure this effect and specific changes in the 
P. gingivalis cells, such as the upregulation of bacterial surface proteins 
such as fimbriae and gingipain hemagglutinin. Finally, these results 
suggest that HA surfaces may offer a more “beneficial” environment in 
terms of reduced adherence of pathogenic species compared to com-
posite materials, particularly under static conditions. The smoother and 
less hydrophilic nature of HA surfaces potentially limits the formation of 
biofilms enriched with pathogenic bacteria like P. gingivalis, indicating 
its potential as a favorable substrate for maintaining oral health. 

Cyclic loading of biomaterials driving changes in the micro-
biome: The periodontium is a structure that serves as a shock absorber 
and tooth stabilization from masticatory/orthodontic forces [96]. 
Class-V restorations are challenged by repetitive mechanical stresses, 
which are partly responsible for low marginal adaptation, increased 
microleakage, and early failure of restorations [97,98]. When bio-
materials experience cyclic loading, the surface repeatedly elongates 
back and forth. Over these “moving surfaces” is where microbes are 
adhering and forming biofilms. The magnitude of this “cyclic elonga-
tion” for both biomaterials is different. Composites and HA beams are 
experiencing an average displacement of 10 μm and 0.01 μm, respec-
tively. In perspective, microorganisms in the oral microbiome vary 
widely in size, typically ranging from a few micrometers to 
sub-micrometer scales, with bacteria generally falling within the range 
of 0.5–5 μm. Microbes could be interpreting the cyclic elongation of the 
biomaterial surface as an external stressor or perturbation which can be 
driving changes in the microbiome. In fact, C. albicans triggered its 
virulence by this phenomenon [35], and in this study we are observing 
similar effects for the first time. As shown in Fig. 1b and c, applying 
cyclic loading decreased the microbiome biomass and increased the 
viability of the COM and HA microbiomes. In the oral cavity, dental 
plaques are stimulated with salivary and gingival crevicular fluid flow 
which influence bacterial adhesion and biofilm formation [23]. A study 
with periodontal biofilms subjected to dynamic fluid shear stress re-
ported less biomass and loose structures than those without external 
flow [99]. It was suggested that fluid eddies can disrupt the adhesion 
bonds between biofilms and biomaterial surfaces [100]. Another study 
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using dental microcosm biofilms also found the effect of hydrodynamic 
shear on microbiome composition and architecture [101]. Microbial 
growth in the presence of hydrodynamic shear has been related to 
increased EPS production, irregular biofilm architecture, and reduced 
strength [102]. Although cyclic loading and hydrodynamic shear are 
two different forms of external stimuli affecting the behavior of biofilms, 
it indicates that these external stressors influence bacterial processes 
such as biofilm formation, gene expression, cell division, morphology, 
motility, and antibiotic resistance [103]. We hypothesize that similar to 
shear stress, the cyclic loading of biomaterials affects biofilm architec-
ture and community composition by altering the composition of mi-
crobes adhered to the biomaterial surfaces. For example, under shear 
conditions, hydrophilic Streptococcus is easier to detach than more hy-
drophobic species such as Actinomycetes [104]. However, when the 
shear stress exceeds a threshold bacterial adhesion is inhibited [105]. 
Additional research is needed to understand this phenomenon. 

Overall, cyclic loading of both biomaterials (composites and HA) had 
an inverse effect in microbiome composition. Specifically, cyclic loading 
in HA resulted in the complete depletion of P. gingivalis and P. endo-
dontalis (Fig. 2c), which correlate directly with the decrease in the SMDI 
(Fig. 6). However, in loaded composites, P. gingivalis was enriched 
compared to static cases (Fig. 2c). Applying cyclic loading to bio-
materials causes the surface where cells adhere and form biofilm to 
undergo repeated elongation and shortening. Early colonizers may be 
sensing the changes of the biomaterial surface which could be affecting 
their adhesion process. As a late colonizer, P. gingivalis attaches to early 
colonizing bacteria and participates in developing the biofilm structure 
[106]. In addition, high interactions between F. nucleatum and 
P. gingivalis have been observed [107]. It appears that the cyclic loading 
of HA surfaces is affecting the adhesion of early colonizers such as 
Actinomyces and Streptococcus and, in return, the interaction with 
P. gingivalis towards a complete depletion. It is known that P. gingivalis is 
a late colonizer since it prefers to co-aggregate with receptors from other 
oral bacteria (initial and secondary colonizers) than from receptors 
found in the salivary pellicle or biomaterial surface [108]. On the con-
trary, HA surfaces under cyclic loading seem to favor G. adiacens and 
Streptococcus growth (Fig. 5d). G. adiacens, a nutritional variant of the 
streptococcus species, is typically a health-associated species commonly 
found on mucosal surfaces. This specie is known to aggregate with 
F. nucleatum, which offers Granulicatella additional benefits for over-
growth [109]. In addition, Streptococcus species (which accounts for 27 
% of the cyclically loaded HA microbiome) support the growth of 
G. adiacens by pyridoxal or L-cysteine [110]. Further studies are required 
to reveal the specific characteristics involved in the favor/disfavor of the 
cyclic loading of biomaterials on the enrichment/depletion of specific 
bacterial species. Evaluation of specific bacterial functional groups, 
membrane, and cell wall composition must be considered. 

Piezoelectric charges driving changes in the microbiome: 
Piezoelectric composites subjected to cyclic loading produce electrical 
charges at the biomaterial surface where biofilms form. Electrical 
charges have been shown to control and reduce cell viability in bacteria 
through mechanisms such as membrane disruption, interference with 
cellular processes (e.g., ion imbalance), and induction of oxidative 
stress, ultimately leading to cell damage or death [44,111,112]. Results 
from this work are aligned with these findings. The magnitude of the 
electrical charges produced by the BTO (~1.2 pC/cm2) were able to 
control the viability of the microbiome without significantly affecting 
the diversity/abundance of composites that could drive dysbiosis 
(Figs. 3b and 6). In addition, results from this work showed that cyclic 
loading of non-piezoelectric biomaterials (COM and HA) drives changes 
of the microbiome viability, diversity and abundance (Figs. 1b and 5). In 
other words, electrical charges are controlling the number of live cells 
without affecting the “balance” or type of species present in the 
microbiome formed over composites. The application of cyclic loading 
to other biomaterials (HA and COM) resulted in increased microbiome 
viability (static vs. cyclic) (Fig. 1c). 

Overall, the electrical charges generated by the BTO composite 
decrease the viability of the microbiome without completely eliminating 
all the microbes or causing further imbalance in the periodontal 
microbiome as observed in Fig. 6. When compared to other biomaterials 
and loading conditions, BTO and COM exhibited notably lower levels of 
dysbiosis (as measured by the SMDI index) under static conditions, in 
contrast to HA beams. Furthermore, when subjected to cyclic loading 
conditions, all biomaterials demonstrated similar levels of dysbiosis. 
This could be attributed to the short and low electrical charge applied in 
this work (75 min/day). Our previous studies showed that when acti-
vated for 24 h in a single-species biofilm, 1.2 pC/cm2 of charge gener-
ation were able to suppress the growth of Streptococcus mutans biofilms 
significantly (3log) [48]. In this study, BTO- producing electrical 
charges (cyclic) were not able to deplete the amount of P. gingivalis. 
However, our recent study using a piezoelectric hydrogel against 
P. gingivalis (single-species model) showed a 2–3 log reduction of this 
pathogen with 1 pC/cm2 of charge generation [50]. Similar studies 
evaluating the antimicrobial effect of carolacton (antimicrobial agent) 
showed powerful effects in singles-species model, but poor performance 
in microcosm models [113,114]. The higher complexity and diversity, 
synergistic resistance, heterogeneity in metabolism, and adaptive re-
sponses of a multispecies microbiome appears to be challenging the ef-
ficacy of antibacterial dental materials [115]. In this study, only one 
electrical charge magnitude was tested. Future studies should consider a 
systematic study to evaluate how different electrical charges (>1.2 pC) 
affect the microbiome viability, bacterial composition, and dysbiosis. 
The application of piezoelectric charges to the periodontal microbiome 
could have implications in the inflammatory response during gingivitis 
or periodontal disease [115]. Campylobacter concisus promotes strong 
immunostimulatory activity through Toll-like receptor 4 (TLR4) stimu-
lation [78]. BTO under cyclic loading significantly depleted the amount 
of C. concisus compared to COM. Depletion of C. concisus might reduce 
the activation of TLR4-mediated inflammatory pathways, potentially 
leading to a decrease in inflammatory response during the progression 
and development of periodontal disease. 

Despite the potential impact of our findings, this study has limita-
tions. First, our experiments used a saliva pellicle on the biomaterial’s 
surfaces, which is required for bacterial adhesion. However, the pres-
ence of specific salivary proteins and their concentration are affected by 
different sterilization processes [116]. Second, to evaluate the masti-
cation effect on the microbiome’s modulation, only one magnitude of 
mechanical stress was assessed (22 MPa). Due to differences in the 
stiffness, the mechanical strain (deformation) on the biomaterial surface 
varied for each biomaterial. Future studies should evaluate how the 
magnitude of the different cyclic deformation affects the microbiome’s 
species richness/diversity. Third, our study evaluated microbiomes 
cultivated only at one-time point (7 days). Evaluation of the micro-
biomes at incubation earlier times will add valuable information about 
the composition of early colonizers (i.e., Streptococcus, Actinomyces, and 
Veillonella) and their interaction with bridge organisms such as Fuso-
bacterium, Prevotella, and Capnocytophaga. Prolonged incubation will 
affect the microbial composition within the microbiome. Some species 
may dominate, while others might decrease in abundance due to 
competition or changes in environmental conditions. Overall, the 
microbiomes generated on the biomaterials differed significantly from 
the clinical inocula, showing a significant drop in microbial diversity 
and dysbiosis (3.7 vs. 0.03). Such changes in alpha diversity were also 
observed in other in vitro models inoculated with healthy and cariogenic 
saliva [117–119]. Part of this change is likely associated with the in vitro 
culture model conditions (i.e., incubation time, nutrient availability, pH, 
etc.) [120]. In vitro conditions usually result in the loss of redundant 
species or species depending on specific host secretions [121]. There is 
an urgent need to optimize microcosm in vitro models to evaluate the 
interactions between oral microbes and biomaterials that enable a closer 
representation of clinical conditions and the comparison of all studies. 
Finally, our study obtained the clinical inocula from patients with 
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moderate to severe periodontitis to represent all clinically relevant 
species. However, future studies should include clinical inocula of pa-
tients at different periodontitis levels. Due to dissimilar ecological pa-
rameters such as oxygen tension and nutrient availability subgingival 
microbiomes could vary according to the disease stage [122]. 

In conclusion, this study evaluated the interactions between 
periodontitis-derived subgingival microbiomes and three different 
dental materials subjected to repetitive mastication patterns. Compared 
to resin composites, biofilms formed over hydroxyapatite substrate 
resulted in significant changes in microbiome composition and abun-
dance but with similar diversity. Subjecting biomaterials to repetitive 
mechanical loading resulted in major microbiome changes for hy-
droxyapatite. The Porphyromonas genera was significantly abundant in 
the static hydroxyapatite but depleted in cyclic loading. Applying cyclic 
loading composites decreased the microbiome biomass but increased 
viability with similar composition, diversity, and evenness. Piezoelectric 
composites effectively controlled the microbiome biomass and viability 
without significantly impacting the species abundance and diversity. 
Results from this work advance the understanding of new bioactive 
dental materials that can modulate the oral microbiome. 
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