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ABSTRACT: After nearly seven decades of development, dental
composite restorations continue to show limited clinical service.
The triggering point for restoration failure is the degradation of the
bond at the tooth−biomaterial interface from chemical, biological,
and mechanical sources. Oral biofilms form at the bonded
interfaces, producing enzymes and acids that demineralize hard
tissues and damage the composite. Removing bacteria from
bonded interfaces and remineralizing marginal gaps will increase
restorations’ clinical service. To address this need, we propose for
the first time the use of piezoelectric nanoparticles of barium
titanate (BaTiO3) as a multifunctional bioactive filler in dental
resin composites, offering combined antibacterial and (re)-
mineralization effects. In this work, we developed and charac-
terized the properties of dental piezoelectric resin composites, including the degree of conversion and mechanical and physical
properties, for restorative applications. Moreover, we evaluated the antibacterial and mineralization responses of piezoelectric
composites in vitro. We observed a significant reduction in biofilm growth (up to 90%) and the formation of thick and dense layers
of calcium phosphate minerals in piezoelectric composites compared to control groups. The antibacterial mechanism was also
revealed. Additionally, we developed a unique approach evaluating the bond strength of dentin−adhesive−composite interfaces
subjected to simultaneous attacks from bacteria and cyclic mechanical loading operating in synergy. Our innovative bioactive
multifunctional composite provides an ideal technology for restorative applications using a single filler with combined long-lasting
nonrechargeable antibacterial/remineralization effects.

KEYWORDS: antibiofilm, antibacterial, multifunctional, resin composite, barium titanate, calcium phosphate, biofilms, dental caries,
nanoparticles, bioactive, nanofillers

1. INTRODUCTION

The oral cavity is a harsh and complex environment that poses
significant challenges to the clinical success of dental
restorations.1 Secondary caries is considered as one of the
leading causes of failure of resin composite restorations,2,3

which is currently the most used restorative biomaterial.4 The
clinical service life of composite restorations is less than 10
years, with more than 50% of procedures requiring
replacement.3 With the phase-down mandate of dental
amalgams,5 the number of composite restorations is expected
to grow. Thus, it is necessary to find novel approaches that
improve the durability of composite restorations.
Dental resins are degraded by enzymes sourced from saliva

and bacteria1 and by acids produced by bacteria.6 In addition,
bacterial activity is upregulated by the release of unreacted
monomers.7 Collagen in dentin is degraded by the activation of
collagenase matrix metalloproteinases (MMPs),8 and calcium
phosphate minerals are eroded after acid exposure.9 Also, the
bonded interface can be weakened by repetitive masticatory

forces,10 thermal cycling,11 and the elastic mismatch of bonded
materials.12 These factors could work in synergy to degrade the
restoration bond’s strength, which may facilitate the pro-
gression of secondary caries and induce restoration failure.2

Besides, there is a lack of experimental approaches to evaluate
the bonding strength of restorations simulating the problem-
atic bacteria- and enzyme-rich environment working in
synergy, which impedes the elucidation of disease mechanisms
and the assessment of new materials, especially bioactive ones.1

Reducing the acid attack on the biomaterial surfaces at the
bonded interfaces is necessary to prevent composite
restorations’ early failure. The addition of antibacterial and
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(re)mineralization bioactive agents has been proposed as the
relevant strategy to address this challenge.13,14 Removing
pathogenic bacteria inhibits the production of bacterial acids/
enzymes, while the formation of new minerals may enable the
healing of gaps/defects at the bonded interface. Existing
antibacterial/antibiofilm agents include leachable compounds
(e.g., chlorhexidine), polymerizable monomers (e.g., quaternary
ammonium methacrylate, zwitterion, and ester-free resins),
antibacterial peptides (AMPs), and filler nanoparticles (e.g.,
silver and zinc).1,15,16 Two major limitations of current
antibacterial technologies include the short duration of the
antibacterial effect due to the exhaustion of antibacterial agent
release and the inability to regenerate the loss of mineral
content from the hard dental tissue damage.
On the other hand, multiple (re)mineralizing agents have

been proposed,17 including nanofillers (e.g., amorphous
calcium phosphates and calcium fluoride) and cationic
monomers (e.g., pyromellitic glycerol dimethacrylate).18,19

Common limitations of remineralizing technologies include
the need for a base mineral as a seeding site and the slow
growth rate of new minerals.20 Recently, multifunctional dental
composites, including both antibacterial and remineralizing
agents, have been proposed to overcome some limitations of
individual formulations.21,22 Despite their extraordinary
potential, these materials are generally expensive, with complex
synthesis and formulations limiting the tunability of bioactive
properties for clinical use.
Piezoelectric materials generate electric charges in response

to an applied mechanical load. This class of materials has been
successfully used in different biomedical applications, including
bone regeneration, drug delivery, and tissue engineering.23

Dentistry has not yet fully benefited from the different
therapeutical effects offered by piezoelectric materials. Our
recent work showed that piezoelectric charges offer bioactivity
by forming mineral layers proportional to the electrical
charge.24 Dentistry will benefit from this technology since
certain piezoelectric materials produce sustained electrical
charges for more than 12 million cycles of mechanical loading/
unloading,25 which would correspond to ∼24 years of clinical
service, assuming an average of 500k mastication cycles per
year.26 Recent work showed that the electrical polarization of
piezoelectric materials could offer antibacterial effects.27−30

Little is known about the antibacterial effects of piezoelectric
charges and piezoelectric materials for dental applications.
These combined antibacterial and mineralization therapies are
ideal for improving the bond of composite restorations by
concomitantly removing pathogenic bacterial species and
forming new minerals for extended periods of time at the
restoration margin.
The aim of this study is twofold: to systematically investigate

the antibacterial and mineralization effects of piezoelectric
dental composites and to evaluate the bond strength of
piezoelectric composites after being challenged by the synergy
of bacterial attacks and cyclic loading. We characterized the
mechanical/physical properties, evaluated the antibacterial/
antibiofilm and remineralization effects, and assessed the bond
strength.

2. MATERIALS AND METHODS
2.1. Fabrication of Piezoelectric Composite Samples. The

piezoelectric resin composite was fabricated by mixing standard dental
resins with nanoparticles of BTO (US Nanomaterials US3830, 200
nm) and silanized barium boroaluminosilicate glass fillers (median

diameter of 1.4 μm, Dentsply Caulk).22 Briefly, bisphenol A diglycidyl
dimethacrylate (Bis-GMA) (Sigma 494356) and triethylene glycol
dimethacrylate (TEGDMA) (Sigma 261548) resins were mixed in a
1:1 ratio by weight using a magnetic stirrer at 60 °C for 30 min.
Camphorquinone (CQ) (Sigma 124893) and ethyl 4-dimethylami-
nobenzoate (4E) (Sigma E24905) were added as the initiator and co-
initiator in proportions of 0.2 and 0.8 wt % of the resin, respectively.

The blend was mixed with 70% (wt/wt) fillers, defined as the
maximum packing fraction. This value was kept constant among all
groups to avoid inconsistencies in the resin/filler ratio. Fillers were
distributed between BTO nanoparticles in different ratios including
1% (which renders a final concentration of 0.2% Ti and 0.6% Ba),
10% (1.8% Ti−5.35% Ba), and 60% (7.7% Ti and 22% Ba) (wt/wt)
and complemented by the barium borosilicate glass filler.

The control group was prepared without BTO fillers. Mixing was
conducted using a planetary mixer (Thinky ARE-310) for 1 min at
2000 rpm. The liquid mixture was then poured into a mold with the
desired sample shape. The mixture was light-cured with a LED unit
(Cure TC-3, Spring Health Products). The mold’s top and bottom
surfaces were irradiated for 1 min on each side, resulting in a total
radiant exposure of 166 J/cm2 (equivalent to 1 min at 980 mW/cm2).
After curing, the average roughness of the surfaces was verified as <0.2
μm (see Supporting Information-1). To align the electric dipole and
increase the electrical conversion, samples were subjected to a high
electric field (20 kV/mm) at 140 °C for 40 min (poling).31 Then,
samples were stored in distilled water for 24 h at 37 °C for the release
of unreacted monomers before testing.

2.2. Piezoelectric Composite Characterization. A thorough
characterization of the piezoelectric composite properties was
conducted, including the morphological and chemical composition
(Supporting Information-2), mechanical response (Supporting
Information-3), electromechanical (piezoelectric) performance (Sup-
porting Information-4), degree of conversion (DC) (Supporting
Information-5), water sorption/solubility (Supporting Information-
6), and dimensional change (Supporting Information-7).

2.3. In Vitro Biofilm Model. 2.3.1. Bacterial Strain and Culture.
We developed a single-species biofilm in vitro model to evaluate the
piezoelectric composite’s antibacterial activity.22,32 Streptococcus
mutans was selected due to the bacteria’s high association with dental
caries and virulence. This caries-related pathogen can utilize dietary
carbohydrates (sucrose) to synthesize extracellular polysaccharides
(EPS). Its acidogenic and aciduric properties inhibit commensal
species and degrade resin composites via hydrolysis.33 The strain
(ATCC 25175) was plated in a brain−heart infusion (BHI) agar plate
and incubated at 37 °C for 24 h. A single colony was harvested and
incubated overnight in fresh BHI stirred at 130 rpm. The solution was
diluted in fresh BHI to obtain OD600 = 0.1 (∼106 cfu/mL) (Figure
2a). The final solution was supplemented with 2% sucrose to
represent a low sugar diet.34 Rectangular beams (5 × 1 × 18 mm3)
were sterilized with a 15 min immersion in 70% ethanol and air-dried
inside a biological safety cabinet during UV light exposure.

The beams were submerged in 3 mL of the diluted liquid culture
with the negatively charged surface oriented upward (i.e., compression
side). To allow bacterial adhesion to the material surfaces, samples
were incubated statically at 37 °C for 2 h. The samples were then
gently washed (3×) with phosphate-buffered saline (PBS) to remove
unattached cells. Samples were placed in a 3-point bending fixture
(span: 15 mm) with new media. Repetitive (cyclic) loading was
initiated at 2 Hz throughout the incubation period. The load
magnitude was adjusted to resemble a stress range found in clinical
settings for dental restorations (∼40 MPa).35 The medium was
removed after the incubation period (24 h). The tension side and
borders of the beams were gently cleaned using a cell scraper. Samples
(N = 7 per group per evaluation) were gently rinsed with PBS to
remove unattached cells and utilized to evaluate the biofilm−
biomaterial interactions.

2.3.2. Biofilm Biomass and Metabolic Activity. To assess the
biomass and metabolic activity of the biofilms, crystal violet (CV) and
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide]36 assays were employed, respectively. For biomass measure-
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ments, samples were stained with 1 mL of 0.1% CV (Sigma V5265) at
room temperature for 20 min. As a de-staining solution, acetic acid
30% (v/v) (Ricca Chemical 1383032) was added to the samples and
shaken by hand at room temperature until the biofilm was dissolved.
For MTT measurements, samples were incubated with 0.5 mg/mL
MTT solution (Thermo Fisher Scientific V13154) at 37 °C. After 2 h,
the MTT solution was replaced with an equal amount of dimethyl
sulfoxide (DMSO) (Sigma BP231100) and shaken by hand in the
dark until all formazan crystals were completely dissolved. For both
tests, aliquots (125 μL) were transferred to a 96-well plate.
Absorbances at 550 nm (A550) and 540 nm (A540) were measured
for the quantification of biomass and metabolic activity, respectively,
(BioTEK Synergy HTX). The absorbance values were normalized to
the compression side of the samples (the surfaces where the biofilms
were studied). Biofilms cultured inside an empty well filled with 3 mL
of the diluted bacteria culture were defined as positive controls. This
standardization is recommended as routine practice.36 The
absorbance values were normalized to the surface area of the 12-
well plate. The biofilm biomass and metabolic activity were expressed
as a percentage of the positive control group as36

= ×% Control 100

A

A

sample
surface area for biofilm growth

positive control
area of the bottom surface of the well

550

550

i

k

jjjjjjjjj

y

{

zzzzzzzzz
(1)

2.3.3. Colony-Forming Units. The bacterial viability was assessed
by counting the number of colony-forming units (cfu). To detach the
biofilm from the biomaterial surface (compression side), samples were
sonicated for 1 min at 40 kHz and then vortexed for 30 s in 1 mL of
PBS. Six 10-fold serial dilutions were prepared, and 50 μL of each
solution was plated on BHI agar plates and incubated for 24 h at 37
°C. The number of colonies was then counted manually and
normalized with the positive control and the sample’s surface area for
bacterial growth (see eq 1).
2.3.4. Live/Dead Fluorescent Microscopy. S. mutans biofilms were

observed using confocal laser scanning microscopy (CLSM)
(Olympus Corporation, FV1200). Cells were stained using a LIVE/
DEAD BacLight bacterial viability kit (Thermofisher Scientific
L7007) according to the manufacturer’s instructions. A solution of
fluorescent stain was prepared by mixing 3 μL of SYTO9 and 3 μL of
propidium iodide (PI) in 1 mL of ultrapure water. Aliquots (200 μL)
of the staining solution were applied to the sample surface and
incubated in a dark room for 20 min. Samples were gently rinsed with
filter-sterilized water to remove the excess dye. A dry 10× objective
was used to visualize the biofilms. The laser was set at 488 nm
(excitation wavelength), while the emission was observed at 528 nm
for SYTO9 (green) and 645 nm for PI (red). Confocal images with a
resolution of 1024 × 1024 pixels were taken on the compression side
of the beam. All images and stacks were captured with identical
pinholes and gain settings. Biofilms were reconstructed using Image J
with the 3D viewer plug-in. The biofilm volume was quantified using
Comstat2.
2.3.5. Reactive Oxygen Species. Reactive oxygen species (ROS)

production was evaluated to assess the potential antibacterial
mechanism of piezoelectric charges.37 To detect oxidative stress,
samples (N = 3 for each group) were stained with 5 μM CellROX
Green reagent (Thermo Fisher Scientific C10444) and incubated at
37 °C for 30 min according to the manufacturer’s instructions.
Samples were then carefully rinsed with PBS. ROS accumulation was
quantified using a fluorescence plate reader at excitation/emission
485/535 nm wavelengths (BioTEK Synergy HTX).
2.4. Mineralization Model. To evaluate the formation of new

minerals on piezoelectric composites from calcium-saturated media,
an in vitro model was developed as described.24 Rectangular beams (5
× 1 × 18 mm3) of piezoelectric composites (N = 3 per group) were
submerged in calcium-saturated solutions with a composition of
calcium ions similar to that found in body fluids (e.g., dentinal fluid).38

A 10 times concentrated simulated body fluid (10× SBF) was
prepared by dissolving reagent-grade NaCl, NaHCO3, KCl, MgCl2·
6H2O, CaCl2·2H2O, and NaH2PO4·H2O (all from Sigma-Aldrich) in

deionized water38 (for details, see Supporting Information-8).
Samples maintained in SBF were subjected to repetitive loading (3-
point bending at 2 Hz, span 15 mm) at 37 °C (Figure 3a). The 10×
SBF solution was refreshed every two days to replenish the calcium
ions. Two simulated body solutions were utilized, including 1× SBF
for 14 days and 10× SBF for 7 days (Supporting Information-8).38

After the incubation period, samples were immersed overnight in
deionized water to remove soluble inorganic ions. The quantity,
morphology, and chemistry of the formed minerals on the negative
side of the beam were characterized. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) were utilized
to visualize and evaluate the mineral’s constituting elements. A
contact profilometer (Surfcorder SE 1700) was used to quantify the
step height (thickness) of the new mineral layer formed. The step
height (Ry) was measured by calculating the difference between the
peaks and valleys of the surface profile after masking the sides of the
material surface. Several lines were measured along with different
locations of the mineral layer.

2.5. Synergistic Degradation of the Bonded Interfaces.
2.5.1. “Twin-Interface” Sample Preparation. To study the
degradation of the dentin−adhesive−composite interfaces, twin-
interface samples (Figure 4a) were prepared, as described
previously.22 Noncarious extracted molars (20 years < age < 33
years) were obtained from the Kornberg School of Dentistry clinic.
The teeth were sectioned (Leco VC-50) to obtain dentin blocks (2 ×
2 × 2 mm3). The sections were consistently derived from the mid-
coronal region to avoid tubule density and mineral/collagen ratio
variations. Dentin blocks were transferred to a mold with the occlusal
surface facing upwards, so that composites were bonded on the mesial
and distal sides (Figure 4a). The etch-and-rinse technique was
employed to bond dentin with an adhesive/composite system,
mimicking clinical procedures.

First, the mesial and distal proximal sides of dentin were etched
with 32% phosphoric acid for 15 s and rinsed with water for 10 s.
Then, one layer of adhesive (3M Scotchbond Universal Adhesive)
was applied over the etched surface, followed by air drying for 5 s and
light curing for 20 s (following the manufacturer’s instructions). After
applying the adhesive layer, the resin composite (“bulk”) was added in
1 mm layers; each layer was irradiated for 40 s. Four layers of the
composite were required on each side of the dentin block. The bulk
resin was prepared for the control group by mixing Bis-GMA/
TEGDMA with 70% wt of the boroaluminosilicate glass fillers
(Section 2.1). The adhesive was added with 5% wt BTO (US Nano
US3835, 50 nm) and the bulk resin was added with 10%wt of BTO
(Nano US3830, for the piezoelectric group 200 nm). Before tests,
samples were immersed in Hank’s balanced salt solution (HBSS) for
24 h.

2.5.2. Model for the Synergetic Degradation of the Bonded
Interfaces. To replicate the oral conditions and adequately elucidate
the antibacterial and remineralization effects of the piezoelectric
charges on the bonding strength, media that included bacteria and
calcium ions were prepared. Media with these characteristics have
been previously used.39 The media were prepared by combining
liquid media of S. mutans (Section 2.3.1) and 10× SBF (Section 2.4)
in ratios of 35% and 65% v/v, respectively, to a final volume of 45 mL.
This combination did not affect the metabolic activity of the bacteria
(Supporting Information-9). The media were supplemented with 5%
sucrose and contained ∼3.5 × 105 cfu/mL, corresponding to the
average number of S. mutans found in saliva.40 A 2 h bacterial
adhesion period was allowed before cyclic loading was initiated. The
dentin−adhesive−composite interfaces were challenged by bacterial
attacks and cyclic mechanical loading working in concert for 6 days.
Twin-interface beams were loaded in a 4-point bending configuration
(span: 20 mm) at 2 Hz and a stress ratio of R = 0.1.41 The stress
amplitude (σa) was set to 2 MPa, which is 25% of the endurance limit
(6.5 MPa) reported for this degradative configuration.22 The test was
conducted for ∼1 M cycles, pulsing 1 mL of a 5% sucrose solution
three times a day to represent dietary intake.39 The media were
replaced every 24 h, and the pH levels were measured every 15 min.
After the challenge, the beam was removed, and the residual bond
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strength was immediately measured under quasi-static conditions
(Supporting Information-3). To visualize bacterial penetration along
the biointerfaces, confocal microscopy (Section 2.3.4) was performed
on the fracture surface.
2.6. Statistical Analysis. For all evaluations, statistical differences

were obtained using one-way ANOVA with a significance of 0.05. The
ANOVA assumption of normal distribution was assessed by Shapiro−
Wilk’s test, and the assumption of homoscedasticity was done by
Levene’s test. The Tukey post-hoc test was used for multiple
comparisons with a 95% confidence level. All statistical analyses were
completed using STATGRAPHICS Centurion XVII.

3. RESULTS

3.1. Piezoelectric Composite Characterization. Piezo-
electric fillers were observed to be evenly distributed along
with the resin matrix in small agglomerates (Figure 1a).
Elemental analysis confirmed the presence of barium and

titanium corresponding to the composition of the BTO and
peaks of Si and Al corresponding to the boroaluminosilicate
fillers’ composition (see Figure 1b). Overall, the addition of
BTO resulted in a decrease in the mechanical properties
compared to the control (Figure 1c,d). The average flexural
strength of the piezoelectric composites with 1 and 10% BTO
was similar (∼65 MPa) and higher than that for composites
with 60% BTO (∼26 ± 4.4 MPa); the flexural strength of all
piezoelectric composites was statistically lower (p ≤ 0.05) than
that of the composite control (74 ± 5.2 MPa). The flexural
modulus of piezoelectric composites ranged between ∼2 and
3.8 GPa and was significantly lower than that of the control
(∼4.1 ± 0.6 GPa). The charge density (electrical charge per
surface area) was proportional to the amount of the
piezoelectric filler (Figure 1e). A more detailed electro-
mechanical characterization is presented in Supporting
Information-4. As expected, no electrical charge was
measurable in the control composite (no BTO filler). The
DC values of all evaluated composites were statistically
indistinguishable with an average of 83% (p > 0.05) (Figure
1f).

3.2. Biofilm−Biomaterial Interactions. The biofilm−
biomaterial interactions were evaluated by measuring the
biofilm biomass and the metabolic activity by counting the
number of viable cells and reconstructing the biofilm volume.
First, we explored whether the polarization of the piezoelectric
composites had antibacterial effects (samples under no cyclic
loading). All parameters studied (biomass, metabolic activity,
and cfu) of the control and piezoelectric composites were
statistically similar in the absence of cyclic loading (Figure 2b).
A uniform biofilm layer (∼30 μm thick) was observed for the
control composite, whereas dispersed agglomerations of
bacteria were observed for the piezoelectric composites (Figure
2c). The quantity (volume) of the biofilm for both groups was
similar.
Second, we explored the effects of piezoelectric charges on

the antibacterial effect by applying cyclic loading to the
samples throughout the culture period. All the above-
mentioned parameters (biomass, metabolic activity, and cfu)
for the piezoelectric composites with 10% BTO at 3.2 pC/cm2

of electrical charge were statistically lower than those for the
control group (p ≤ 0.05) (Figure 2d). Importantly, no biofilm
layer was formed at the surface of the piezoelectric composite
(Figure 2e). By contrast, a uniform and thick biofilm layer was
formed in the control group under mechanical loading, similar
to that of the no-load group.
Third, we evaluated the effects of the concentration of the

BTO filler and the magnitude/polarization of electrical charges
on the observed antibacterial effects of our composites (Figure
2f). Overall, a lower magnitude of charge and BTO content
elicited increased antibacterial effects. With a fixed magnitude
of electrical charge (Q = 1.2 pC/cm2), a higher BTO content
showed increased metabolic activity, but this was still
significantly lower than the positive control [Figure 2f(1)].
With a fixed amount of BTO (60%), a lower magnitude of
electrical charges yielded a decreased metabolic activity
(improved antibacterial effect) [Figure 2f(2)]. The opposite
was found for composites with 1% of BTO. The highest
metabolic activity (least antibacterial effect) was evident when
bacteria were grown on the positively charged surface yielding
a 50% reduction compared with the positive control [Figure
2f(3)]. Moreover, the intracellular levels of ROS produced by
the biofilms (indicative of oxidative stress) were significantly

Figure 1. Characterization of piezoelectric composites. (a) Micro-
graph of the fracture surface of a 10% BTO composite. Yellow arrows
show piezoelectric fillers. (b) Representative EDS spectrum of the
fracture surface of a 10% BTO composite showing peaks
corresponding to barium and titanium of the BTO, while the Si
and Al peaks reflect the composition of the boroaluminosilicate filler.
The spot marked in (a) corresponds to the location where the EDS
spectrum was taken. (c) Flexural strength of the piezoelectric and
control dental composites. (d) Flexural modulus of the piezoelectric
and control dental composites. (e) Electrical charge density (charge
per area) of resin composites after being subjected to a three-point
bending cyclic load of 5 N at 2 Hz. (f) Degree of conversion (DC) of
composites evaluated by attenuated total reflection Fourier transform
infrared spectroscopy (ATR−FTIR). N = 5 for each evaluation.
Horizontal lines correspond to the minimum, mean, and maximum
values. Means with different letters are significantly different from
each other (p ≤ 0.05).
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higher for the piezoelectric composites when compared to the
control (Figure 2g).

3.3. Mineralization. Overall, calcium phosphate minerals
were preferentially formed on the piezoelectric composites’
negative surface after cyclic loading was engaged throughout
the incubation period (Figure 3b). A 11.6 ± 4.1 μm-thick
mineral layer was formed on the piezocomposites with 60%
BTO at a charge of 1.2 pC/cm2 after 7 days in 10× SBF. The
mineral layer thickness was on average ∼5 μm for the control
and piezoelectric composites in the absence of cyclic loading. It
appears that both the higher magnitude of electrical charges
and BTO content favored mineralization (increased quantity
of formed minerals) (Figure 3c). A charge of 3.2 pC/cm2

yielded a mineral layer of 23.1 ± 3.7 μm thickness for 60%
BTO.
Moreover, mineralization was independent of the calcium-

saturated media (Figure 3d). After being submerged in 1× SBF
for 14 days, a mineral layer of 22.6 ± 6.2 μm thickness was
measured for the loaded piezoelectric composites with 60%
BTO (Q = 3.2 pC/cm2), which is similar to the quantity of
minerals formed after 7 days in 10× SBF. No statistical
difference was found in the mineral height between the
positively charged surface of the piezoelectric composite and
control groups. Micrographs revealed a distinctive dense layer
of minerals formed on the negative surface of loaded
piezoelectric composites (Figure 3e). The elemental analysis
confirmed the presence of calcium phosphate minerals with a
Ca/P ratio of 1.86 (Figure 3f), as expected for highly
concentrated solutions (i.e., 10× SBF).42 Differently, minerals
deposited on the control/loaded groups are dispersed spheroid
particles with a diameter of up to 1 μm (Figure 3g) and a Ca/P
ratio of 1.64 (Figure 3h), indicating less mineralization
capability.

3.4. Bonding Strength of Degraded Biointerfaces.
Bacterial penetration and bonded interfaces subjected to
simultaneous degradative challenges were assessed by visual-
izing live/dead bacteria on the fractured surfaces. Cyclic
loading enabled bacteria to access and colonize the adhesive/
dentin interface in the control group (Figure 4b). A higher
concentration of microorganisms was observed in the tensile
stress region (Figure 4b). On the contrary, no significant
number of bacteria penetrated the adhesive−dentin interface
of piezoelectric composites (Figure 4c). The bacterial
penetration for samples with no loading is presented in
Supporting Information-10. The bacterial load covering the
fracture surface was calculated for all tested groups (Figure
4d). Overall, a significantly higher bacterial growth was found
in the control groups than in the piezoelectric composites
under both loading conditions. The highest bacterial coverage
(70% of the fracture surface) was observed under cyclic
loading for the control group samples. The least bacterial
coverage (14%) was observed in the piezoelectric composite
samples under cyclic loading.
The residual bonding strength of composites of both groups

before and after the degradation challenges is presented in
Figure 4e. The highest bond strength (∼33 MPa) was
observed in both groups for samples right after preparation
(no degradation challenges). However, after the 6-day
challenge in bacterial load and/or cyclic mechanical loading,
the bonding strength was significantly reduced by ∼30% for all
groups. No statistical differences were observed after
comparing the samples subjected to combined bacterial and
cyclic loading with those only subjected to bacterial challenges.

Figure 2. Single-species biofilm−biomaterial interactions. (a)
Schematics of the in vitro model developed to cultivate biofilms on
samples subjected to simultaneous liquid bacteria and repetitive
mechanical loading. (b) Biofilm−biomaterial evaluations for the
control and piezoelectric composites with 10% filler content without
repetitive loading, including biofilm biomass, metabolic activity, and
viable cell numbers. (c) Representative CLSM images of S. mutans
biofilms on control and piezoelectric composites with 10% filler
content without repetitive loading. Samples in (c) and (e) were
stained with Syto-9 (green) and propidium iodide (red) to indicate
live and dead bacteria, respectively. (d) Biofilm−biomaterial
evaluations for the control and piezoelectric composites with 10%
filler content under repetitive loading. As a positive control, biofilms
cultivated inside an empty well were used. (e) Representative CLSM
images of S. mutans biofilms on control and piezoelectric composites
with 10% filler content and under repetitive loading. Tests were made
applying a mechanical load of 5 N at 2 Hz, which corresponds to a
generated electrical charge of 3.2 pC/cm2. (f) Metabolic activity of S.
mutans biofilms on samples with different amounts of BTO,
magnitudes, and signs of electrical charge. (g) CellRox fluorescence
intensity measured in S. mutans biofilms exposed to repetitive loading
at 2 Hz. The electrical charge generated was 1.2 pC/cm2 for each
sample. The fluorescence intensity is proportional to the amount of
intracellular ROS. N = 3−7 samples for each evaluation. Horizontal
lines correspond to the minimum, mean, and maximum values. Means
with different letters are significantly different (p ≤ 0.05).
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The metabolic activity of the biofilms on the tension side is
presented in Figure 4f. The lowest activity was measured for
the piezoelectric composite group under cyclic loading. In
addition, changes in the media’s pH level during the 6-day
challenge are presented in Figure 4g. After 24 h and the first
change of media, both groups’ pH decreased rapidly below 5.0
and remained near this value until the following medium
change. The pH value was below 6.5 and 5.5 for 96 and 78 h,
respectively.

4. DISCUSSION

In this work, we revealed for the first time that piezoelectric
charges could be used as a novel material to remove
pathogenic bacteria and form new calcium phosphate minerals
over dental resin composites. Our findings unlock novel
functionalities of piezoelectric materials for biomedical
applications. These materials offer several advantages such as
long-term delivery of therapeutic effects, no concern over the
increased bacterial resistance to drugs, no leaching of the
compounds, biocompatibility,43 low cytotoxicity44 (Supporting
Information-11), and white coloring for aesthetics. Our work
shows that a single compound can exert combined
therapeutical effects and explored using a novel framework to
show the effect of these functionalities on the bond strength of
dental interfaces. The proposed approach enabled us to study,
for the first time, the degradation of the bonded interfaces
attacked in synergy by different chemical, biological, and

mechanical sources, which will bring the field one step closer
to having in vitro models representing clinical cases.

4.1. Antibacterial Effects of Piezoelectric Resin
Composites. The antibacterial effects elicited by different
ferroelectric/piezoelectric biomaterials such as BTO, zinc
oxide, and PVDF against both Gram-positive (Staphylococcus
aureus) and Gram-negative (Pseudomonas aeruginosa and
Escherichia coli) bacteria have recently been explored.27,45

The surface charge provided by the inherent electrical
polarization of the materials has been shown to kill bacteria
by destroying the cell wall upon contact. These materials
showed a reduction in bacterial load of up to 70% over
surfaces28 and up to 99% in the planktonic state.29 This
reduction of bacterial activity depends on the bacterial strain
and bacterial cell membrane type.30 Previous studies solely
relied on polarized surfaces to generate the antibacterial effect
or used stimulation provided by mechanical vibration or
ultrasound. They did not consider direct low-frequency
mechanical stimulation that could be harvested from human
movements such as mastication or ambulation, depending on
the material’s biomedical application.
For the first time, our work shows the effect of piezoelectric

charges on bacterial reduction using low frequencies that can
be found or harvested from natural human motion. We
conducted a systematic evaluation showing the relationship
between the magnitude of the electrical charges and the
amount of BTO on the bacterial reduction. Our results showed
that piezoelectric charges offered a reduction in bacterial load

Figure 3. Mineralization effects of piezoelectric resin composites. (a) Schematics of an in vitro model to grow and measure minerals on samples
subjected simultaneously to supersaturated solutions of simulated body fluid and repetitive mechanical loading. (b) Height of the minerals formed
on the surface of the different groups tested. Tests were made applying a mechanical load that corresponds to an electrical charge of 1.2 pC/cm2.
(c) Height of minerals formed on samples with different amounts of BTO and magnitudes of electrical charges. (d) Effect of the media used (1×
SBF or 10× SBF) and charge sign on the height of minerals on top of piezoelectric composites. N = 3 samples for each group; several measures
were made along with different locations of the mineral layer. Horizontal lines correspond to the minimum, mean, and maximum values. Means
with different letters are statistically different (p ≤ 0.05). (e) Representative SEM micrograph of the minerals formed on the surface of the control
composite. (f) EDS analysis obtained from a randomly selected region of the minerals formed on the control samples. (g) SEM micrograph of the
minerals formed on the negative surface of a piezoelectric composite filled with 60% BTO. (h) EDS analysis of a randomly selected region of the
mineral layer formed on the surface of a piezoelectric composite filled with 60% BTO and tested under mechanical loading.
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of up to 90% over biomaterial surfaces, which is higher than
that obtained by polarized surfaces (∼70%) without cyclic
mechanical stimulation.28

Our work also shows an optimal antibacterial efficacy that
may be achieved with concentrations of BTO between 1 and
10% and when the generated electrical charge is lower than 3.2
pC/cm2. The antimicrobial effect was not observed in samples
without mechanical stimulation of the piezoelectric fillers due
to the matrix’s high electrical insulating properties (BisGMA/
TEGDMA) (Figure 2b,c). However, once the piezoelectric
fillers are activated (i.e., charges generated), the antimicrobial
activity is observed regardless of the amount of BTO (1−
60%), magnitude, or sign of electrical charges (Figure 2d−f).
The observed reduction in the biofilm ranged between 50% for
the positive surface and 90% on the opposing surface in
samples filled with 10% BTO. These results confirm and
extend previous studies regarding electrical charges on
bacterial viability and biofilm formation.46 Both positive and
negative electrical charges offer an antibacterial effect on
Gram-positive and Gram-negative bacteria.47 It has been
reported that piezoelectric ceramics have an antibacterial ratio
of almost 100% on positively charged surfaces with positive
charges against S. aureus.48

Electrostatic forces are among the earliest interactions that
influence bacterial cells’ attachment onto surfaces.49 Bacteria
can adhere to a surface by direct adhesion with the cell wall or
binding through the extracellular matrix.50 The antimicrobial
mechanism of electrically charged surfaces is supposedly
derived from positive and negative electrical charges with
negatively charged sites on the bacterial membrane. The
bacterial inactivation may be due to the electrolysis of
molecules on bacterial cells’ surface, which gives rise to toxic
substances such as H2O2, chlorine molecules, and oxidizing
radicals.51 Our results suggest that the antimicrobial mecha-
nism of piezoelectric charges is similar. At the onset of
mechanical stimulation, piezoelectric charges are generated on
the surface of the composite that will create electrostatic
interactions, resulting in the repulsion of bacteria and
prevention of further adhesion, which eventually inhibits the
biofilm growth. These electrical charges also promote ROS
generation in the cells that could adhere to the material
(Figure 2g). ROS such as superoxide anion (O2

−), hydrogen
peroxide (H2O2), hydroxyl radicals (OH−), lipid hydro-
peroxides, and singlet oxygen (O2

1) are species of oxygen
produced in all aerobic cells as products or byproducts of
metabolic redox reactions.52

An increase in ROS that exceeds the cell’s antioxidant
capability produces oxidative stress within the bacteria,
damaging lipids, proteins, and DNA and eventually causing
cell death.52 S. mutans is a facultative anaerobe with limited
tolerance to ROS and oxidative stresses.53 Its tolerance to ROS
has been reported to depend on the bacterial strain and its
specific phenotypic characteristics.54 The amount of ROS
production (mainly hydroxyl radicals and superoxide anions in
the CellROX test) by S. mutans biofilms cultivated on loaded
piezoelectric composites was significantly higher than that in
control samples (Figure 2g). The maximum ROS production
was observed for composites filled with 10% BTO, which
agrees with the maximum reduction of the metabolic activity
(Figure 2f). This result suggests that the antibiofilm response
of the piezoelectric composites depends on the combination of
BTO concentration and magnitude of electrical charge. The
antibacterial-mediated killing of bacteria involves oxidative

Figure 4. Synergistic model to evaluate the bonding strength of dental
composites. (a) Schematic diagram showing the preparation of twin-
interface samples and material testing for bonding strength. (b)
Representative CLSM image of the fracture surface of a selected
control composite under mechanical loading showing bacterial
penetration. (c) Representative CLSM image of the fracture surface
of a composite filled with 10% BTO under mechanical stimulation.
5% BTO was added to the dental adhesive. Samples were stained with
Syto-9 (green) and propidium iodide (red) to indicate live and dead
bacteria, respectively. (d) Quantification of the surface coverage by
bacteria in control and piezoelectric composites under bacterial
attacks (no loading) and bacterial attacks and concomitant cyclic
mechanical loading (cyclic loading). (e) Comparison of the residual
bond strength for samples subjected to different challenges, including
bacterial attacks (no loading), and concomitant bacterial attacks and
cyclic mechanical loading (cyclic loading). Values are compared with
samples measured after preparation. All samples were challenged for a
6-day period (∼1 M cycles). (f) Metabolic activity of S. mutans
biofilms on twin-interface samples of composites under bacterial
attacks (no loading) and concomitant bacterial attacks and cyclic
mechanical loading (cyclic loading). N = 3 samples for each group
and evaluation. Horizontal lines correspond to the minimum, mean,
and maximum values. Means with different letters are significantly
different (p ≤ 0.05). (g) Change in the pH over time during the
biofilm challenge for control and piezoelectric composite samples.
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stress by accumulating superoxide anions and reactive oxygen
species. The production of toxic substances [e.g., ROS or
reactive chlorine species (RCSs)] has been previously
described as the mechanism of action for the bactericidal
effect of negative and positive electrical charges.55 For example,
an increase in the ROS levels of S. aureus caused by
polarization charges has an antibacterial ratio of nearly 100%
on the surface of piezoelectric ceramics.56 However, additional
studies regarding the effect of positive and negative electrical
charges on ROS production are required.
4.2. Mineralization Effects of Piezoelectric Resin

Composites. Negatively charged surfaces accelerate the
nucleation and growth of apatite from saturated solutions.57

Electrostatic interactions attract oppositely charged ions (such
as Ca2+ and PO4

3−) onto the surface to induce mineralization
(heterogeneous nucleation).57 Different surfaces treated with
anionic functional groups (e.g., carboxyl), charged amino acids,
and phospholipids have been used for mineralization.58 Our
recent work utilized this powerful mechanism to create
materials with self-stiffening properties.24 This work aimed to
utilize piezoelectric charges in a new resin system for
remineralization and bond strength improvement.
Overall, increased mineralization was found for the samples

with a higher BTO content and surface charge. The
piezoelectric resin composite rendered, on average, a mineral
growth rate of ∼3.3 μm/day for 10× SBF solutions. This rate
doubles the one observed by Yamashita et al. (1.7 μm/day).59

We also found that higher concentrations of calcium in SBF
(10× SBF) resulted in faster mineral formation (∼3.3 μm/
day) compared to less-concentrated solutions (1×) (∼1.6 μm/
day), as previously reported.24 In the absence of piezoelectric
charges (not loaded piezoelectric composites and control
samples), there were minerals deposited on the surfaces as
dispersed spheroid particles with a diameter up to 1 μm. This
mineral morphology is a characteristic of minerals nucleated/
precipitated from the bulk SBF solution (not at the material
surface).60 This spontaneous precipitation of calcium phos-
phates is known as homogeneous nucleation.60

Mineral formation using SBF solutions is governed not only
by the material’s surface chemistry but also by the parameters
of the immersion liquid, such as the composition and
concentration of the SBF, ionic strength, pH, temperature,
and immersion time.61 The spontaneous precipitation of
minerals precedes the apatite phase’s formation with higher
Ca/P ratios and lower levels of HPO4

2−.62 Elemental analysis
of the minerals formed on the piezoelectric composites
exhibited a Ca/P molar ratio of 1.86. Higher Ca/P
corresponds to higher substitutions of carbonate for phosphate
groups in the precipitated apatite.63 Negative charges provide
more nucleation sites for the positively charged Ca2+ ions than
surfaces without any charge. As the Ca2+ ions accumulate, the
material surface becomes positive and can attract and combine
with the negatively charged PO4

3− ions of the SBF, forming a
layer of calcium phosphate minerals64 (Figure 3e). Metastable
calcium phosphates in SBF transform into a crystalline
structure, usually hydroxyapatite and α- or β-tricalcium
phosphates.65

4.3. Synergetic Degradation of the Bonded Inter-
faces. Assessing the bond strength of resin composites to
dental hard tissues is a known challenge with multiple
approaches developed over the years.66 A major concern is
that bond strength tests conducted in the laboratory (i.e., in
vitro) do not accurately predict the actual clinical performance

of dental restorations.12,67 In addition, there is no model
available to study the performance of dental restorations in
vivo.68 Thus, developing novel approaches to study restoration
performance in vitro is necessary. The main reason is that
replicating the complex bacteria- and enzyme-rich environment
in combination with cyclic mastication forces in lab settings
remains difficult.1 In the oral cavity, multiple degradative
challenging factors may be present concomitantly and
contribute synergistically to the degradation process of the
bonded interfaces. Mimicking these realistic biodegradative
synergisms in a laboratory setting has been challenging and is
rarely attempted.12 Current approaches to evaluate the effects
of chemical, biological, and mechanical degradation factors on
the bond strength commonly study each factor in sequence,
independently or separately.10,32,41,69 In this work, we utilized a
dynamic biofilm−fatigue simulator to evaluate, for the first
time, the degradation of dentin/adhesive/composite interfaces
under the simultaneous attacks from cyclic mechanical loading
and bacterial biofilms.
Our results indicate that cyclic loading enabled bacteria to

penetrate and cover the bonded interface in the control
composites (Figure 4b and Supporting Information-10).
Bacteria covered 65 and 50% of the biointerface following
cyclic loading or nonloading, respectively. These findings are in
agreement with similar studies.70 Cyclic mechanical loading
facilitates bacterial penetration at the dentin restoration
margin, which may be due to a hydraulic pumping effect
(interface closes/opens repetitively, helping to bring bacterial
cells and media inside the interface) and/or demineralization
of dentin that facilitates the generation of gaps that fill with
media and cells. The antimicrobial effect of piezoelectric
charges is evident since only insignificant amounts of bacteria
penetrated the biointerface, occupying only ∼15% of the
fracture surface in the cyclic loading sample.
Despite the absence of bacteria at the interface, the residual

bond strengths of the piezoelectric composite and controls
during the simultaneous cyclic loading and bacterial attacks
were essentially similar. To explain this similarity, we checked
the bacterial metabolic activity at the interface (Figure 4f).
Piezoelectric composites reduced the metabolic activity of the
bacteria at the tension side of the sample. However, the
reduction (35%) was not as high as for bulk 10% BTO
composites (Figure 2d), presumably due to the tension stresses
activating the piezoelectric (antibacterial) charges. The
reduction in the metabolic activity in combination with the
live/dead staining on the fracture surface (Figure 4c) confirms
that the antibacterial effect operates at the interface.
However, the media’s pH was <5.5 for 55% of the duration

of the experiment and <6.5 for 68% (Figure 4g). Regardless of
whether they were cyclically loaded or not, samples were
submerged in this medium, and such low pH values may cause
demineralization at the outer surfaces of dentin. As a result, the
dentin−adhesive area/interface may be externally debilitated
by gaps and demineralization and made unnecessary by the
bacteria at the bonded interface.71 Additionally, the cyclic
mechanical stress magnitude was 75% lower than the
endurance limit for this degradative configuration.22 As a
result, the potential damage and contribution of mechanical
stress to reduce the bond strength in this scenario may be
insufficient to yield a significant bond strength reduction.
The media used in these experiments were replenished with

5% sucrose three times a day. This formulation was chosen to
represent an extreme highly cariogenic diet to ensure a faster
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degradation of the bonded interface.72 Higher concentrations
of sucrose lead to prolonged decreases in pH, enhanced
demineralization rates, the shift of the plaque microflora to a
more cariogenic one, and enhanced cariogenic potential of S.
mutans (increased acidogenicity and concentrations of
extracellular polysaccharides).73 Sucrose concentrations >5%
could upregulate gene expression related to EPS formation,
acid production, and tolerance on S. mutans biofilms.74 We
conducted additional preliminary fatigue/biofilm tests utilizing
higher stress amplitudes (σa = 4 MPa) and sucrose
concentrations (20 and 10% five times a day) for faster
degradation (see Figure SI-12). However, in this case, the
degradation rates were significantly faster, and beams failed at
∼400k cycles for 20% sucrose and ∼722k when 10% sucrose
was added. These data indicate a strong correlation between
the stress magnitude, sucrose concentration, and pulsation and
the reduction in the bond strength that warrants further
investigation.
Overall, the flexural modulus and stiffness of the 10% BTO

piezoelectric composites (σy = 65 MPa, E = 2.5 MPa) were
significantly lower than those of the control composites (σy =
74 MPa, E = 4.1 MPa). Despite these differences, the bond
strength of the dentin−adhesive composites for both groups
was similar (∼33 MPa) after sample preparation. The adhesive
used in the piezoelectric composite group employed a 5% BTO
filler. This quantity was selected based on the influence of the
adhesive filler quantity on bond strength (see Supporting
Information-13). This verifies that by tuning the bioactive filler
quantity in the adhesive and bulk composite, it is possible to
obtain bond strength tests comparable to commercial/
benchmark values. Future investigations should consider
optimizing the mechanical properties of the bulk composite
by employing nanoparticle surface treatments (i.e., silaniza-
tion), varying the particle size and shape, or improving
nanoparticle dispersion into the matrix. For example, our
supporting work showed that by improving the dispersion of
the piezoelectric fillers, the mechanical properties were
increased by 30% (see Supporting Information-14).
Despite the significant and exciting results, this study still has

limitations. First, the antibacterial effect of 10% BTO
composite samples was evaluated for 24 h under continuous
cyclic loading stimulation. Clinically, the stimulus derived from
mastication for piezoelectric fillers may be stochastic and
random. Second, the low pH of the media for prolonged times
in the bonding strength tests may be driving the degradation of
the dentin−adhesive−composite interfaces more than the
bacteria themselves or the cyclic mechanical loading. We
believe that this is why we do not see a significant
improvement in the bond strength for the antibacterial
composites. In future experiments, the sucrose needs to be
provided in an external container to prevent the media from
having acidic drops in the pH that do not represent clinical
cases. Third, the degradation and mineralization rates of the
bonded interface have different time scales. Bacterial
degradation rates occur in a couple of days, whereas significant
mineralization takes weeks. Thus, the duration of the
experiment needs to be adjusted for the bioactive therapies
to be fully operative.
Finally, an ideal antibacterial material should only kill

pathogenic bacteria and not commensal species and mamma-
lian cells. Previous studies suggested that piezoelectric
materials can have antibacterial responses without affecting
mammalian cell viability.49 However, an excessive increase in

ROS and oxidative stressa result of the antibacterial
mechanismcan trigger an inflammatory response in the
cells, which eventually can lead to changes in proliferation and
differentiation (Supporting Information-11). Further studies
regarding the effects of piezoelectric charges on cellular
processes are required.

5. CONCLUSIONS

In this study, we incorporated, for the first time, piezoelectric
nanoparticles (BaTiO3) into dental resins and investigated the
ability of these composites to suppress pathogenic biofilm
growth, promote mineral formation at the dentin−adhesive−
composite interfaces, and affect the bond strength. The
resulting composite material showed an antibacterial and
antibiofilm effect, as evidenced by a substantial reduction in
the biofilm biomass, metabolic activity, and several viable
bacteria compared to control composites. The best antimicro-
bial effect was found for lower amounts of BTO (<10%) and
small electrical charges (<3.2 pC/cm2). However, the
antibacterial response of the composite can be tuned by
varying the filler content and applied mechanical load.
Furthermore, the piezoelectric composite showed reminerali-
zation capabilities evidenced by the formation of calcium
phosphate layers with thicknesses ranging 5−23 μm for
mechanically stimulated composites in 7 days. We established
an in vitro model that subjects bonded interfaces (dentin with
adhesive/resin composites) to repetitive loading while being
submerged in cultures of microorganisms (i.e., pathogenic
bacteria). After a 6-day biofilm/cyclic loading challenge, the
incorporation of piezoelectric fillers in the dental−adhesive
composites prevented the bacterial penetration on the bonded
interface. These results indicate that our new composite has
the potential to be used as a dental restorative material with
antibiofilm and remineralization capabilities for long-term
applications. In terms of a broader impact, the use of
piezoelectric nanoparticles as antibiofilm/regeneration bio-
materials, first shown in this study, could be translated to other
medical fields where the eradication of biofilms on implants is
a challenge.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c06331.

Characterization of the piezoelectric composites includ-
ing roughness measurements, morphological and chem-
ical characterization, mechanical properties (flexural
strength and modulus), electromechanical character-
ization, degree of conversion (DC), water sorption,
solubility, and dimensional change tests, simulated body
fluid (SBF) preparation method, metabolic activity of
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