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ABSTRACT: Periodontal disease is a multifactorial, bacterially induced | ght curable Antimicrobial ~ Tissue
g 908 3 q g Regeneration
inflammatory condition characterized by the progressive destruction of ' O
periodontal tissues. The successful nonsurgical treatment of periodontitis ‘ - N o
requires multifunctional technologies offering antibacterial therapies and e N \
promotion of bone regeneration simultaneously. For the first time, in this ‘[ . < ]

™

study, an injectable piezoelectric hydrogel (PiezoGEL) was developed after
combining gelatin methacryloyl (GelMA) with biocompatible piezoelectric Injectable
fillers of barium titanate (BTO) that produce electrical charges when

stimulated by biomechanical vibrations (e.g., mastication, movements). We

harnessed the benefits of hydrogels (injectable, light curable, conforms to

pocket spaces, biocompatible) with the bioactive effects of piezoelectric

charges. A thorough biomaterial characterization confirmed piezoelectric

fillers” successful integration with the hydrogel, photopolymerizability,

injectability for clinical use, and electrical charge generation to enable bioactive effects (antibacterial and bone tissue regeneration).
PiezoGEL showed significant reductions in pathogenic biofilm biomass (~41%), metabolic activity (~75%), and the number of
viable cells (~2—3 log) compared to hydrogels without BTO fillers in vitro. Molecular analysis related the antibacterial effects to be
associated with reduced cell adhesion (downregulation of porP and fimA) and increased oxidative stress (upregulation of oxyR)
genes. Moreover, PiezoGEL significantly enhanced bone marrow stem cell (BMSC) viability and osteogenic differentiation by
upregulating RUNX2, COL1A1I, and ALP. In vivo, PiezoGEL effectively reduced periodontal inflammation and increased bone tissue
regeneration compared to control groups in a mice model. Findings from this study suggest PiezoGEL to be a promising and novel
therapeutic candidate for the treatment of periodontal disease nonsurgically.

Adheres t Biocompatible
: Biodegradable
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1. INTRODUCTION

Periodontal disease (PD) is a major oral disease affecting half
of adults in the United States." PD is caused by pathogenic
microflora in the biofilm that forms adjacent to the teeth.” The
bacterial infection induces an inflammatory response that
triggers the progressive destruction of the periodontal tissues
and, finally, the loss of teeth.”> The clinical treatment of PD

reach pockets with greater depths, limited regeneration of
periodontal tissues, limited reduction of the pocket size, and
frequent reapplication and long-term use of adjuvants, which
raises concerns regarding antibiotic resistance.””'' The
regeneration of periodontal tissues remains challenging,
especially via nonsurgical treatments with moderate/severe
conditions and noncompliant patients.'>'* If nonsurgical
treatment is ineffective, surgery may be indicated via bone

frequently begins with a nonsurgical approach that includes
scaling and root planning (SRP) in combination with the
administration of adjuvants (local or systemic antibiotics).”
The aim of nonsurgical treatment of PD is to halt the
progression of the disease, control infection, and restore gum
health without the need for invasive surgical procedures.’
Nonsurgical treatments are typically the first line of defense in
managing PD. However, the clinical success of nonsurgical
treatment is only 39%, with major reported inconsistencies,
dependence on patient compliance, smoking status, tooth
location, and disease severity.”® The SRP plus adjuvant
approach has several limitations, including the difficulty to
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grafting, guided bone tissue regeneration membranes, and
scaffolds that deliver bioactive molecules.'*™"”

Injectable dental biomaterials have gained popularity for the
nonsurgical treatment of PD because of their conformability
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and facile flowability into the periodontal pocket.'®™*!

Specifically, hydrogels are excellent candidates because of
their biocompatibility, adhesion, biodegradation, affordability,
and simple chemistry.””** Gelatin methacryloyl (GelMA) is a
common biomedical hydrogel that has been incorporated with
different antimicrobial agents, including zinc, quaternary
ammonium, and antibiotics (e.g., ciprofloxacin) for PD
treatment.”*™** Hydrogels enable long-term leaching of the
agents with fewer reapplication cycles.””*° However, some
limitations still exist, including uncontrolled and rapid drug
release, microbial resistance build-up, and a lack of complete
periodontal tissue regeneration.’’ Ideal hydrogels for PD
treatment are expected to not only inhibit bacterial activity to
control the inflammatory response but also foster tissue
regeneration. The use of multifunctional hydrogels loaded with
antibacterial, antioxidant, and/or tissue regeneration agents
have been proposed recently.”> The goal of this approach is to
deter bacteria, reduce the imbalance in the redox system,
prevent bone resorption, and foster tissue regeneration in the
periodontium. For example, a gelatin-chitosan thermosensitive
hydrogel was loaded with aspirin and erythropoietin to exert
anti-inflammation and tissue regeneration effects, respec-
tively.” Periodontal pathogens produce and release chemicals
that activate the innate immune system to release proin-
flammatory cytokines contributing to the progression of the
disease.”™”> To terminate alveolar bone resorption and resolve
PD, simultaneous antibacterial and tissue regeneration effects
are required. To the best of our knowledge, this approach is
limited in the existing nonsurgical treatment options for PD.

Piezoelectric materials produce electrical charges in response
to external vibrations and mechanical stimulation.’® These
materials have been extensively used for energy harvesting
devices, sensors, and medical applications.‘%(”37 For example,
piezoelectric polymers have been used for orthopedic bone
tissue regeneration by promoting osteogenic proliferation and
differentiation due to their electromechanical properties.’®
Barium titanate (BaTiO; BTO) is a biocompatible piezo-
electric ceramic that has gained substantial interest in recent
years due to accepted biocompatibility, high dielectric
constant, excellent ferroelectric properties, and the possibility
of nanoparticle fabrication.””*’ These qualities have pushed
BTO as a prime candidate for the development of biomedical
technologies and wearable bioelectronics. Piezoelectric materi-
als have recently been used in dentistry for antimicrobial,
remineralization, and tissue engineering applications.”""** For
example, we developed a piezoelectric resin composite after
mixing BTO fillers with a standard resin matrix. This material
prevented the formation of carries-related biofilms after
showing a 3 log reduction on the bacterial load.” In a different
study, BTO fillers were added into PMMA to enable antifungal
effects that prevented denture-related pathogenic biofilms.*’
These studies attributed the antimicrobial mechanism to
reactive oxygen species (ROS) production and oxidative stress.
Despite the many advantages of BTO, the antimicrobial effects
against periodontal pathogens and periodontal tissue regener-
ation have not been elucidated.

In this study, we developed an injectable multifunctional
piezoelectric hydrogel incorporated with BTO fillers (Piezo-
GEL) for the nonsurgical treatment of PD. The new
biomaterial offers a unique combination of antibacterial and
bone tissue regeneration effects. Using a minimally invasive
probe, PiezoGEL can be locally injected into an infected
periodontal pocket and light-cured to form a graft in situ.

PiezoGEL is a minimally invasive treatment that removes
pathogens from the periodontal pocket without using drugs. In
addition, the same biomaterial system promotes alveolar bone
tissue regeneration in the periodontium. Particularly, in this
study, we evaluated both the antibacterial and bone tissue
regeneration effects for periodontal disease treatment, both in
vitro and in vivo.

2. MATERIALS AND METHODS

2.1. Fabrication of Piezoelectric Hydrogels. PiezoGEL was
fabricated by mixing 200 mg/mL GelMA (Advanced Biomaterials,
5208) with 9 mg/mL silanized particles of BTO (US Nanomaterials,
US3830, 200 nm) and sterile phosphate-buffered saline (PBS) (SI-1
in Supporting Information). This filler size offered an appropriate
balance between the injectability and electrical charge generation.
Increasing this particle size would increase the hydrogel viscosity and
injection force and lower the degradation rate. The photoinitiator
lithium phenyl-2,4,6-trimethylbenzoyl phosphonate (LAP) (Ad-
vanced Biomaterials, 5269) was added at a proportion of 0.35% wt
of the solubilized GelMA. Lyophilized GelMA and PBS (70 °C) were
mixed using a vortex mixer (Daigger Vortex-Genie) until GelMA was
fully solubilized. BTO particles were added during the continuous
shaking of the mixture. Subsequently, LAP was dissolved in 100 L of
warm PBS (70 °C) and mixed with the dissolved GelMA/BTO
mixture. Control hydrogels were prepared without BTO filler
(GelMA). The mixture was poured into a 6 mL polypropylene
syringe, which was used as a mold for the uncured solution. After
placing in the syringe, a 405 nm visible light was positioned at 1 cm of
the solution and irradiated for 2 min, resulting in a total radiant
exposure of 24.5 J/cm? After curing, the samples were carefully
demolded, cut into cylinders (12 mm diameter and 6 mm thickness),
and stored in DI water for 24 h at 4 °C for the release of unreacted
monomers. The hydrogels were prepared inside a biological safety
cabinet and sterilized using a UV lamp (254 nm) for 15 min before
each test. Samples were placed 30 c¢m from the UV source.

2.2. Physical, Mechanical, and Electromechanical Charac-
terization of Hydrogels. We evaluated the physical, mechanical,
and electromechanical properties of PiezoGEL, including the surface
pore size (SI-2), surface roughness (SI-3), rheology, injectability, and
biodegradation.

Rheological properties of the hydrogels were assessed using a
Rheological StressTech HR rheometer (ATS RheoSystems) with
parallel plate geometry (25 mm diameter and 1 mm gap) and samples
maintained at 37 °C.'* The storage and loss moduli of the cured
hydrogels were measured by conducting a strain sweep from 0.01% to
500% at S Hz with a conditioning time of 3 s, sampling time of 3 s,
and 10 points/decade. This is the standard protocol for measuring the
theology of hydrogels for clinical applications.** To determine the
curing time, rheological tests were performed with 200 uL of uncured
GelMA while the liquid mixture was cured using a lamp. Changes in
the storage modulus during polymerization were measured as
previously described.***

Injectability was measured by placing S00 uL of a liquid mixture of
GelMA or PiezoGEL in a disposable syringe (1 mL) connected to a
20-G'/, tip without air bubbles. The syringe was placed in a rig
coupled to a universal testing machine (Electroforce $500).* The
machine cross-head was used to push the syringe plunger and
simulate an extrusion flow rate of 2 mL/h (cross-head of 0.45 mm/s).
The force applied to the plunger during injection was recorded.

Hydrogels’ voltage/electrical charge generation was measured by
placing electrodes (thin copper sheets) on the top and bottom
surfaces of the cured hydrogels. The electrodes were connected to a
piezoelectric amplifier (TE Connectivity Piezo Film Lab Amplifier) to
measure the open-circuit voltage. The hydrogels were then cyclically
loaded using a universal testing machine, following a sinusoidal
waveform (3 N, 2 Hz). The voltage was recorded during the
stimulation.

The degradation of the hydrogels was performed after preparing
the disks (12 mm diameter and 6 mm thickness) and placing them in
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DI water for 24 h. Subsequently, the disks were dried under a vacuum
until they reached a constant weight and then submerged in PBS (pH
7.4) for 14 days at 37 °C. The medium was refreshed every day. Dry
weight loss was monitored as a function of time (0, 7, and 14 days).
Weight loss (AW%) was calculated as the change in weight (initial —
final)/ (initial).*” For all evaluations, three samples from independent
batches were evaluated.

2.3. Antibacterial Evaluation in Vitro. 2.3.1. P. gingivalis
Biofilm Model. To evaluate the antibacterial effects of the hydrogels,
we used a single-species biofilm model following our established
protocols.** P. gingivalis was used as the test bacterium because it is
the most important pathogenic bacterium in chronic PD.***’ This
pathogen produces lipopolysaccharides that induce proinflammatory
cytokines/chemokines that cause bone loss.”® The strain ATCC
33277 was plated on prereduced sheep blood agar supplemented with
hemin (5.0 g¢/mL) and menadione (0.5 g/mL) and incubated under
anaerobic conditions (5% H,, 5% CO,, 90% N,) for 4 days at 37
°C.>' To create the bacterial liquid culture, a single colony was
harvested and incubated anaerobically overnight in reduced/stirred-
supplemented brain heart infusion (BHI). The solution was diluted in
BHI to obtain OD 600, = 0.1 (~1 X 10® cells/mL). Sterile-cured
hydrogels were submerged in 3 mL of bacterial culture and subjected
to cyclic loading (Cell Scale MechanoCulture TX) throughout the
incubation period (24 h). During the experiment, the load magnitude
was adjusted from —0.5 to =3 N, resembling the clinical stress in the
periodontium (~0.90 MPa, frequency of 2 Hz).>>** Static hydrogels
were also used. After incubation, the top and bottom of the hydrogel
were cleaned with a blade. Samples (N = 3 per group per evaluation)
were gently rinsed with PBS to remove unattached cells and used to
evaluate biofilm formation.

2.3.2. Microbiological Biofilm—Biomaterial Evaluations. To
assess the biomass, metabolic activity, and a number of viable cells
in the biofilms, crystal violet (CV), [3-(4,5-dimethylthiazol-2-y1)-2,S-
diphenyltetrazolium bromide] (MTT) assay and counting of colony-
forming units (CFU) were performed according to previously
established protocols.*”** To visualize and quantify live and dead
bacteria on the hydrogels, the cells were stained by using the LIVE/
DEAD BacLight viability kit (Thermo Fisher L7007). Briefly, the
hydrogels were placed in 1 mL of PBS and vortexed for 1 min to
detach the biofilm. Cells were collected by centrifugation (12 g for S
min at room temperature) and stained with a fluorescent stain
composed of 3 uL of SYTO9 and 3 uL of propidium iodide (PI)
dissolved in 1 mL of ultrapure water (final concentration 6 uM for
SYTO 9 and 30 uM for propidium iodide). Aliquots (50 uL) of the
stain were applied to the bacterial pellets, and the pellets were
incubated in the dark for 20 min. The bacterial pellet was gently
rinsed with filter-sterilized water to remove excess dye. The cells were
imaged using a confocal laser scanning microscope (CLSM)
(Olympus Corporation, FV1200). Five experimental images were
obtained for each sample. All intensities were corrected for
background fluorescence and captured using identical settings. The
numbers of live and dead bacteria were quantified using Image]
software (SI-4).

2.3.3. Molecular Biofilm—Biomaterial Evaluations: RNA Extrac-
tion and Gene Expression Assays. Total RNA was extracted from
biofilms after 24 h of incubation using the RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instructions. The RNA
yield and quality were assessed using a NanoDrop instrument
(Thermo Fisher Scientific). cDNA synthesis was performed using the
RT? First Strand Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. For cDNA synthesis, 100 ng of RNA was
used. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR) was performed by using a Bio-Rad CFX96 thermocycler
(Bio-Rad, USA) and an iTaq Universal SYBR Green Supermix (Bio-
Rad, USA). Gene-specific primers associated with pathogenicity and
biofilm formation were used, including fimA, porP, and oxyR (Thermo
Fisher Scientific)®® (SI-5). 16s rRNA was used as the housekeeping
gene.”® RT-qPCR was performed as follows: initial denaturation at 95
°C for 30 s, followed by 40 thermal cycles at 95 °C for 10 s and 60 °C
for 30 s. Gene expression was normalized using the comparative C,

(AAC,) method.”” Each experimental group and gene primer were
analyzed in triplicates.

2.4. Bone-Tissue Regeneration Evaluation in Vitro. 2.4.1. Cell
Culture and Seeding. Bone marrow-derived mesenchymal stem cells
(BMSCs) were purchased from ATCC (PCS-500-012) and cultured
in stem cell basal medium (PCS-500-030) supplemented with stem
cell growth medium (PCS-500-040), penicillin, streptomycin, and
amphotericin (PCS-999-002). BMSCs were used because they are the
most common cell source for bone tissue regeneration and have
demonstrated the ability to regenerate periodontal tissue.”® The cells
were incubated at 37 °C and 5% CO, in a humidified incubator. In
this case, static hydrogels were cured directly in 12-well plates (22.5
mm diameter and 1 mm thickness). The cells were passaged at an
80% confluence. At passage three, cells were seeded at a density of
50000 cells/cm* in 3 mL of media. The hydrogels were then
incubated, and cyclic loading (—0.5 to —3 N at 2 Hz) was initiated for
the duration of the test (as presented in section 2.3.1). A group of
cells were supplemented with an osteocyte differentiation toolkit
(PCS-500-052) and used as the positive control (SI-6). A group of
cells was seeded in the well plate without hydrogel as a reference. The
medium was changed every 48 h. After 7 and 14 days of culture, the
cells were evaluated for viability, gene expression, and mineralization.

2.4.2. Cell Viability Test. Cellular metabolic activity was assessed
using alamarBlue (Invitrogen A50100).%° After 7 and 14 days of
incubation, the medium was removed (N = 3 samples per group), and
10% (v/v) alamarBlue was added. The plates were incubated for an
additional 4 h. Next, aliquots of the solution (100 uL) were
transferred to a 96-well plate. Absorbance at 570 nm (Agy, to detect
oxidized alamarBlue) and 600 nm (A4 to detect reduced
alamarBlue) was measured to calculate the reduction of alamarBlue
as instructed by the manufacturer.®” To estimate the cell viability, the
alamarBlue reduction values were normalized by the readings
obtained from wells containing only cells as a baseline measure-
ment.*

2.4.3. Molecular Evaluation of Bone Regeneration: RNA
Extraction and Gene Expression Assays. The hydrogels with the
cell monolayer were transferred to a SO mL centrifuge tube. Direct cell
lysis was performed using 600 uL of RTL buffer containing 1% (v/v)
p-mercaptoethanol (RNeasy Mini Kit, Qiagen), followed by vortexing
for 1 min.®’ RNA was extracted from the resulting cell lysate, followed
by cDNA synthesis and RT-qPCR analysis as described in section
2.3.3. Gene-specific primers associated with osteoblast differentiation
were analyzed, including ALP, COL1AI, and RUNX2. GAPDH was
used as the internal control®* (SI-7). Gene expression was normalized
using the comparative C, (AAC,) method.”” Each experimental group
and gene primer were measured in triplicates.

2.4.4. Mineralization Assay. Mineralization was measured on day
14. First, the cells were fixed with 4% formalin for 15 min at room
temperature and stained with Alizarin Red S (ARS) (40 mM, pH 4.2)
(ScienCell), followed by incubation at 37 °C for 10 min.®> The
stained samples were diluted with 800 yL of 10% (v/v) acetic acid
and neutralized with 200 L of 10% ammonium hydroxide for 30 min.
Optical density was measured at 405 nm (A,s) using a Multiskan
SkyHigh spectrophotometer. Before the experiment, a calibration
curve was constructed to validate ARS measurements®* (SI-8). The
absorbance results were normalized to the cell growth area within the
hydrogels, and each experimental group was evaluated in triplicates.

2.5. Periodontal Bone-Tissue Regeneration and Inflamma-
tory Evaluations in Vivo. 2.5.1. Animals and Procedures. The
treatment of PD using PiezoGEL was evaluated using an established
ligature-induced mice model.***>*® All animal experiments were
reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) at Temple University (Protocol S063) and
complied with institutional, state, and federal policies. Female
CS57BL/6 mice (N = 20) (Charles River Laboratories, Malvern,
USA) weighing approximately 25 g (8—12 weeks of age) were
obtained. To induce PD and bone loss, animals were anesthetized
with 4% (v/v) isoflurane. A 5—0 silk ligature (Roboz Surgical
Instrument, SUT151) was tied around the left maxillary second molar
for 8 days”’ (Figure 4a). To initiate treatment, animals were
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Figure 1. Characterization of GelMA and PiezoGEL hydrogels. (a) Storage modulus and (b) loss modulus of cured hydrogels as a function of
strain. (c) Injection force required for the uncured hydrogel to be extruded through a 20-G'/, tip. (d) Storage modulus of GelMA hydrogel as a
function of the time. Indication of polymerization. Measurements were performed at 37 °C. (e) Voltage per surface area generated after being
subjected to a cyclic compression load of 3 N at 2 Hz. (f) Biodegradation profiles of hydrogels placed in phosphate buffered saline (PBS) for 14
days at 37 °C. Mean values with different letters are significantly different from each other (p < 0.05).

anesthetized with 4% (v/v) isoflurane. Clinical examination was
performed by measuring the probing pocket depth using a Williams
probe. Five mice were randomly assigned to each experimental group,
positive control (Healthy), PiezoGEL, GelMA, and SRP. Four
animals were included in the no treatment group. Before treatment,
SRP was performed inside the defect using a dental Gracey Curette
(Micro Mini Five #18). The hydrogels were carefully injected into the
periodontal defect using a micropipet containing approximately 10 uL
of the uncured hydrogel. Then, the hydrogel was cured for 20 s using
a 405 nm visible light positioned at 1 cm from the material (total
radiant exposure of 3.1 J/cm?). After one month of treatment, the
mice were euthanized by CO, inhalation. Collected tissue samples
were fixed in 10% formalin for 24 h at 4 °C and subsequently
transferred to 80% ethanol for further analysis according to
established protocols.*®

2.5.2. Periodontal Bone-Tissue Regeneration Assessment. Two
methods were used to assess the bone tissue regeneration perform-
ance. First, the probing pocket depth (PPD) was measured before and
after treatment by using a periodontal probe. The change in pocket
depth was calculated by subtracting the before and after treatment
measurements and normalized to the initial defect depth (day 0).
Second, microtomography (micro-CT) was used to obtain a 3D
reconstruction of periodontal hard tissues and measure the changes in
bone tissue. Briefly, the fixed maxillae were scanned using a scanner
(Bruker Skyscan 1172 XR) operated at an accelerated potential of 65
kV, a beam current of 156 pA, an exposure time of 430 ms, and an
imaging resolution of 18 ym. All scans were aligned along the sagittal,
transverse, and coronal planes, ensuring that all images had a
consistent orientation (Data Viewer software). The scanned DICOM
images were reconstructed into a 3D image (Nrecon software).
Micro-CT reconstruction was analyzed according to established
protocols.®® The brightness and contrast of all images were adjusted
through histogram standardization (0.00—0.15) to enhance accuracy
and enable automated algorithmic analysis and image comparison.®”
To assess the amount of regenerated bone tissue, the standard
distance between the CE] and ABC between M1 and M2 (defect
location) was measured.”® To assess the regenerated bone tissue
volume, we measured the percentage of bone tissue in selected areas
over four planes spaced by 90 pm along the occlusal/apical
direction.”® Each selected area (100 X 300 ym?) was consistently
analyzed between M1 and M2. The percentage of bone tissue of each

area and plane was added. A healthy mouse with no defect or disease
was considered as 100% for comparison.

2.5.3. Histological Assessment. The maxillae were decalcified in
25% formic acid for 48 h after fixation. Samples were embedded in
paraffin, and S ym thickness sections perpendicular to the long axis of
the teeth were obtained. Histological sections were stained with
hematoxylin—eosin (H&E) and examined by light microscopy (Nikon
Eclipse S0i microscope). The slides were digitally scanned using the
ScanScope CS system (AperioScan Technologies, Vista, CA, USA)
and ImageScope viewing software. Histological measurements
included blood vessel count, erythrocyte count, epithelial length
(S1-9), lymphoplasmacytic infiltration, and congestion”"”* (SI-10).

3. STATISTICAL ANALYSIS

For all evaluations, statistical differences were determined
using one-way analysis of variance (ANOVA) with a
significance level of 0.05. The ANOVA assumption of normal
distribution was assessed by the Shapiro—Wilk test, and the
assumption of homoscedasticity was assessed using Levene’s
test. Tukey’s post hoc test was used for multiple comparisons
with a 95% confidence level. Statistical analyses were
performed using GraphPad Prism 9 software (GraphPad
Software, California, USA). Samples for three different batches
were used for experimentation.

4. RESULTS AND DISCUSSION

4.1. Hydrogels Characterization. Overall, the rheological
evaluations showed that adding BTO to GelMA did not
significantly affect the loss and storage modulus (Figure 1a,b).
Shear-thinning behavior was observed for the two formulations
(GelMA and PiezoGEL). Such behavior is ideal for clinical
application since it facilitates the manipulation and delivery of
the hydrogel into the periodontal pocket. A similar storage
modulus (10* Pa) was measured for both hydrogel
formulations in the linear region of the curve (Figure la).
For the loss modulus, at lower strain rates, the incorporation of
BTO did not affect the viscous behavior (10° Pa). At higher
strain rates, PiezoGEL exhibited a higher loss modulus
compared to GelMA (Figure 1b). A storage modulus of 10*
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Figure 2. Antibacterial evaluation of GelMA and PiezoGEL hydrogels against Porphyromonas gingivalis in vitro (a) Schematics of the model used to
cultivate biofilms on hydrogels subjected to cyclic mechanical loading and static (no load). Microbiological evaluations measuring (b) biofilm
biomass, (c) metabolic activity, and (d) cell viability (or colony forming units (CFU)). (e) Representative CLSM images of P. gingivalis. Cells were

stained with Syto-9 (green) and propidium iodide (red) to indicate live and

dead bacteria, respectively. Changes in the expression of selected genes

related to P. gingivalis biofilm formation: (f) porP encoding biosynthesis of cell-surface polysaccharides and biofilm growth, (g) fimA related to the

adhesion of host—pathogen interactions, and (h) oxyR regulator of oxidative

stress. The relative gene expression was normalized to 16S rRNA levels

(housekeeping). Mean values with different letters are significantly different (p < 0.05).

Pa offers a hydrogel with proper mechanical support and
stability to periodontal tissues, while a loss modulus of 10° Pa
can absorb mechanical forces aiding tissue healing and
reducing stress concentration.”” To further explore the
injectability, we measured the force required to push the
plunger of a syringe and extrude the material. Using a syringe
connected to a 20-G tip, we observed that GelMA and
PiezoGEL hydrogels had an average injection force of 8.5 N
(0.9 kgf) and 12 N (1.2 kgf), respectively (Figure 1c). The
increase in injection force with the addition of BTO was
expected because the ceramic fillers increase the viscosity of
the solution and add restriction during needle extrusion.'”
Nonetheless, the injection force for PiezoGEL is acceptable for
the clinical use (<3 kgf).'® Real-time photorheological tests

were performed to determine the curing times of the
hydrogels. Appropriate polymerization reduces cytotoxicity
due to the leaching of unreacted monomers or residual
photoinitiators and guarantees mechanical stability.”* The
change in the storage modulus with time of PiezoGEL is
presented in Figure 1d. Results showed a typical polymer-
ization curve with a step increase in the first 50 s and reaching
a plateau after 120 s of light exposure.”> We also evaluated the
voltage produced by the hydrogels after stimulation with cyclic
mechanical loading, which is necessary to produce electrical
charges and enable the bioactive effects. The PiezoGEL
produced ~10 mV/mm?” under a stimulation of 0.9 MPa
(Figure le), which is a stress magnitude found in a clinical
setting. As expected, no voltage was produced in the control
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GelMA (Figure le). Furthermore, the biodegradation of the
hydrogels under physiological conditions (PBS) was also
evaluated. Hydrogels used for PD treatment must degrade to
“open up” space for the re§eneration of new tissue and the
reduction of the pocket size.”” The degradation profile showed
a maximum degradation of ~40% for both formulations after
14 days of evaluation (Figure 1f). No significant differences
were observed between the groups on days 7 and 14. Since the
quantity of BTO with respect to GelMA is small, the
biodegradation profiles are expected to be similar. The
degradation profile of GelMA can be influenced by different
media types, including aqueous solutions, enzymatic solutions,
and simulated body fluids.”® Enzymatic solutions, such as
collagenases, provide accelerated degradation rates, whereas
simulated body fluids can provide a more realistic assessment
of the hydrogel’s stability and degradation rate in vivo.”*””
4.2. Antibacterial Evaluation in Vitro. The antibacterial
activity of PiezoGEL was assessed against P. gingivalis, a crucial
pathogen involved in the development of PD. For these
evaluations, hydrogels were subjected to static (no load) and
cyclic (repetitive) loading to enable electrical charge
generation during the incubation period (Figure 2a). The
hydrogel—bacteria interactions were evaluated by measuring
biofilm biomass and metabolic activity and by counting the
number of viable cells (CFU). For biofilm biomass, no
significant differences were observed in the GelMA hydrogels
regardless of the loading condition and the static PiezoGEL
(Figure 2b). However, PiezoGEL stimulated with cyclic
loading showed the lowest biofilm biomass. Similar results
were obtained for the metabolic responses of the biofilms
(Figure 2c). The lowest reduction was observed in the cyclic
PiezoGEL group. These findings suggest that when PiezoGEL
activates the electrical charge production via cyclic loading,
antibacterial effects are enabled. Regarding CFU, our results
showed that most bacteria were found in the GelMA groups
(Figure 2d and SI-11), suggesting that GelMA did not have
any antibacterial effect. A significant reduction in viable cells
was observed for static PiezoGEL (~1log reduction).
However, PiezoGEL stimulated by cyclic loading (charge
regeneration) resulted in a 2—3log reduction (Figure 2d).
Regardless of the mechanical loading conditions, PiezoGEL
exhibited a reduction of the bacterial load. These findings were
validated by imaging live and dead cells attached to hydrogels
(Figure 2e). The highest number of live cells (green) was
observed in the GelMA groups (66—73%). Conversely, cyclic
PiezoGEL treatment resulted in the highest number of dead
cells (~79%) and the lowest number of live cells. Our results
confirm and extend previous findings showing the antimicro-
bial effect of piezoelectric charges on oral pathogens.””**””
To reveal the antibacterial mechanism and understand
changes in biofilm formation, we measured the expression of
genes related to adhesion, biofilm formation, and virulence.
First, we measured the expression of porP, which encodes the
biosynthesis of cell-surface polysaccharides, biofilm growth,
and gingipain translocation.”® Our results showed that porP
was significantly downregulated for the cyclic PiezoGEL
compared with the other groups (Figure 2f). It is known
that under normal biofilm growing conditions, porP is
upregulated”® suggesting that cyclic PiezoGEL altered the
adhesion potential to biomaterial surfaces. Second, we
measured the relative gene expression of fimA, a gene
responsible for encoding the major subunit protein of fimbriae.
fimA is related to bacterial colonization and adhesion, and its

primary role is to promote bacterial attachment to oral
surfaces.”® Under normal growth conditions, P. gingivalis
expresses high levels of fimA, optimizing adherence to available
substrates.”” Our results show a significant downregulation of
fimA in the PiezoGEL group regardless of the loading
condition (static or cyclic) (Figure 2g). Previous studies
have associated decreased expression of fimA with inhibition of
the initial attachment of P. gingivalis to the tooth surface and,
therefore, the subsequent formation of biofilm and matura-
tion.”® The downregulation of fimA in PiezoGEL indicates a
reduced amount of biofilm, which is consistent with micro-
biological findings, such as the reduced cell count (CFU)
(Figure 2d). Third, we evaluated changes in oxyR since this
gene has been associated with an oxidative stress regulator
sensitive to hydrogen peroxide.*”®' OxyR is crucial for P.
gingivalis’ aerotolerance and plays a significant role in
regulating other vital virulence factors such as biofilm
formation.*> Previous studies have proposed ROS as the
antibacterial mechanism triggered by (piezo)electric charges.*
During the normal respiration of obligatory anaerobes, ROS
are produced in the respiratory electron transport chain and
cytoplasm.** Without an ideal redox balance, overproduced
ROS can damage essential biological macromolecules,
including lipids, proteins, RNA, and DNA.*> Our results
showed a significant increase in the expression of oxyR in the
cyclic PiezoGEL group compared with the other hydrogel
groups (Figure 2h). This suggests ROS as the antibacterial
mechanism of PiezoGEL. This finding agrees with our similar
studies regarding the antimicrobial mechanism of piezoelectric
charges.*”*** As expected, the lowest expression of oxyR was
observed in GelMA hydrogels, since no electrical charges are
produced. The highest expression of oxyR in the cyclic
PiezoGEL agreed with the maximum reduction in metabolic
activity and the number of viable cells (Figure 2c,d).

Overall, the results of this study indicate that the electrical
charges produced by PiezoGEL enable antibacterial effects
against P. gingivalis. We observed a significant reduction in
biofilm biomass (~41%), metabolic activity (~75%), and the
number of viable bacteria in the biofilm (~2—3log) compared
to hydrogels without charges and BTO fillers. Molecular
changes in specific genes suggest that the reduction in biofilm
formation and cell viability is related to diminished cell
adhesion (i.e,, downregulation of porP of fimA) and oxidative
stress (i.e., upregulation of oxyR). In this work, we used a
single-species model to show the antibacterial effects. Studies
have shown that removing virulence factors of P. gingivalis from
periodontal pockets can significantly reduce the inflammatory
response and promote bone regeneration, leading to improved
periodontal health.®” The toxin (lipopolysaccharide) induces
the production of proinflammatory cytokines/chemokines that
trigger bone resorption.87 Thus, removing P. gingivalis may
stop the inflammatory response leading to tissue destruction.”
While the potential efficacy of PiezoGEL against other dental
pathogens is promising, it is essential to recognize the need for
further studies to validate its effects against various species
commonly associated with oral infections. Future studies
should evaluate the efficacy of PiezoGEL in periodontal red
complex pathogens such as Treponema denticola, and
Tannerella forsythia, to have a better understanding of possible
microbial dynamics and microbiome changes derived from the
biomaterial.

4.3. Bone-Tissue Regeneration Evaluation in Vitro. To
explore the bone tissue regeneration of PiezoGEL, we
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evaluated cell viability, osteogenic differentiation, and mineral
formation after BMSCs were cultivated in hydrogels under
static and loaded conditions for 7 and 14 days (Figure 3a).
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Figure 3. Osteogenic differentiation evaluation of GelMA and
PiezoGEL hydrogels in vitro. (a) Schematics of the model developed
to evaluate bone tissue regeneration on hydrogels subjected to cyclic
mechanical loading and static (no loading). (b) Cell viability
measured with alamarBlue reduction (%) and normalized with cells
cultivated in an empty wells. Changes in the expression of selected
genes related to osteoblast differentiation. (¢) RUNX2, encoding runt-
related transcription factor 2 required for intramembranous and
endochondral bone development. (d) COL1AI, coding collagen type
I (e) ALP, encoding alkaline phosphatase. The relative gene
expression was normalized to GAPDH (housekeeping). (f)
Normalized absorbance values of Alizarin Red S staining of the
formed ECM minerals formed after 14 days of cell culture. Mean
values with different letters are significantly different (p < 0.05).

Overall, we observed a positive increase in cell viability of both
hydrogel groups, indicating no cytotoxicity of these bio-
materials (Figure 3b). The normalized reduction of alamarBlue
>100% for all hydrogels (GelMA and PiezoGEL) indicates
superior viability compared to that of the cells cultured in the
empty well (reference used in normalization). Our results
showed that the viability of PiezoGEL was significantly higher

than that of GelMA for all evaluated days and loading
conditions (Figure 3b). The results suggest that the addition of
BTO positively affects cell proliferation. Interestingly,
PiezoGEL under static conditions shows the highest viability.
To explain this, we hypothesize that the cyclic mechanical
stimulation of the PiezoGEL speeds up the biodegradation
process due to the continuous movement forcing the
additional leaching of BTO fillers, which reduces the electrical
charge production (SI-12).

Looking into the expression of early markers of osteogenic
differentiation, we examined relevant BMSC genes, including
RUNX2, COL1A1, and ALP. The gene RUNX2 is considered a
master regulator of osteogenesis. It plays a crucial role in
initiating the osteogenic differentiation process.”® This gene
was significantly upregulated by PiezoGEL on day 7 with a
downregulation on day 14 (Figure 3c). The early expression of
RUNX2 indicates the quick degree of commitment and
differentiation of BMSCs toward the osteoblast lineage and
suggests the activation of other osteogenic genes and signaling
pathways necessary for premature bone formation.*” Interest-
ingly, the static PiezoGEL group (no piezoelectric charge
generation) also showed early expression of RUNX2. It is
known that BTO particles alone accelerate osteogenesis.”’
Similar to cell viability, the leaching of BTO particles in loaded
PiezoGEL can influence the early differentiation process. In
future studies, we need to deconvolute the effective effect of
piezoelectric charges and BTO fillers on osteogenic differ-
entiation. Overall, hydrogels of GeIMA did not significantly
upregulate RUNX2. However, GelMA under cyclic loading for
14 days showed a significant upregulation. Cyclic loading of
biomaterials has shown to induce osteogenic differentiation of
BMSCs via Wnt/f-catenin signaling pathway,”"”> which
stimulates the expression of ALP and RUNX2.”* A similar
trend was observed in the expression of COLIAI and ALP.
COL1AL1 is the major component of the ECM in bone. Its early
expression is upregulated during osteogenic differentiation and
is crucial for bone matrix synthesis.”* Under both static and
cyclic loading conditions, PiezoGEL demonstrated early
differentiation of COLIAI within 7 days (Figure 3d),
indicating the production of the initial extracellular matrix
(ECM) essential for bone formation. The upregulation of
COLIAI in PiezoGEL is a downstream effect of the RUNX2
activation, which triggers genes involved in osteoblast
differentiation.”” Notably, the upregulation of COLIAI at
day 7 from the cyclic PiezoGEL was significantly lower than
that from the static group. It appears that the electrical charge
generation from the cyclic loading accelerated the upregulation
of early osteogenic gene expression. Genes analysis at early
time points (days 1 and 3) could explain this phenomenon.
ALP is an enzyme that is highly expressed during osteogenic
differentiation, and its expression increases as BMSCs
differentiate into preosteoblasts and osteoblasts. ALP is
involved in mineralization.”* The gene expression trend
between ALP and RUNX2 is similar. For PiezoGEL, there is
higher upregulation at day 7, whereas there was no regulation
for GelMA (Figure 3e). ALP expression on day 7 suggests early
osteoblast maturation and bone formation. However, as the
bone formation process progresses, the activity of ALP may
decrease as osteoblasts mature and mineralize the bone matrix.

Taken together, PiezoGEL induced the early expression of
critical markers of bone formation, suggesting a quick
osteogenic differentiation. Both piezoelectric charges and
BTO fillers may be contributing to these responses. BTO
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Figure 4. Periodontal bone tissue regeneration evaluations in vivo. (a) Schematic representation of the ligature-induced model in mice. A 5—0 silk
ligature was tied around the maxillary second molar for 8 days to induce periodontitis. Bone regeneration was evaluated after 30 days of treatment.
Treatment groups included scaling and root planning (SRP) as clinical reference, and SRP followed by the injection of both GelMA or PiezoGEL
hydrogels. (b) Change of periodontal pocket depth calculated by measuring the before and after. (c) Change in cementum-enamel junction (CEJ)
to alveolar bone crest (ABC) distance (yellow line). (d) Change in bone volume measured between molars 1 and 2 (ligature location) and
quantified along several cut planes along the apical/occlusal direction. (e) Reconstructed 3D micro-CT images of the maxillary alveolar bone
viewed from the lingual direction in all groups. Mean values with different letters are significantly different (p < 0.05).

. . . 97
generates electrical charges in response to mechanical stress.

This electrical charge stimulates BMSC to differentiate,
proliferate, and form new bone tissue. Electrical charge can
also stimulate angiogenesis necessary for bone regeneration.”
Electric charges are known to affect cell behavior, including
growth, migration, and differentiation.”” These charges can
stimulate the differentiation of stem cells into specific types of
cells, such as bone-type cells, by influencing the flow of ions
across the cell membrane, which activates signaling pathways
involved in cell differentiation.”®”® This is the first attempt to
use piezoelectrical charges for periodontal bone tissue
regeneration. BMSCs have been studied extensively for
periodontal bone tissue regeneration due to the multilineage
differentiation potential, are easily accessible, and exhibit a
higher growth capacity than PDL cells.'”

To study late-stage markers of bone formation, we evaluated
the ECM mineralization at day 1490 A significant amount of
mineral was noted for all of the hydrogels (Figure 3f).
Specifically, cyclic PiezoGEL hydrogels exhibited the highest
level of ECM mineralization, followed by the cyclic GelMA
group. The lowest ECM mineralization was measured for the
static GelMA group. These results are consistent with those
showing the expression of ALP (Figure 3e), indicating that
hydrogels under cyclic strain induced an early expression. In
addition, ECM mineralization from PiezoGEL explains why
the expression of RUNX2, COLIAI, and ALP on day 14 was
not upregulated since it is possible that the peaks in expression
occurred prior. In addition, ECM of interest, GelMA exhibited
ECM mineralization which is consistent with previous
reports.102

4.4, Periodontal Bone Regeneration and Inflamma-
tory Evaluations in Vivo. PD and bone loss were
successfully induced in mice after placing a ligature around
the molars for a week. An initial clinical evaluation for bleeding
and PD confirmed the induction of the disease for all the
groups. Healthy and diseased pocket depths were 0.2 and 0.55
mm, respectively. In addition, micro-CT evaluation showed a

distance between the CEJ and ABC for healthy and diseased
animals of 0.18 mm and 0.60 mm, respectively (SI-13). Our
results agree with previous studies showing that the pocket
depth after 1 week of ligature-induced PD is ~0.60 mm. ** No
adverse reactions, such as local/systemic toxic symptoms or
weight loss, were observed during treatment. After 1 month of
treatment, we evaluated changes in pocket depth, bone tissue,
and inflammation. PiezoGEL showed the highest change in
pocket depth among all other evaluated groups (Figure 4b).
The final pocket size obtained for PiezoGEL after treatment
was 0.2 mm, which is comparable to that under healthy
conditions (SI-13). The pocket depth changes for GelMA,
SRP, and no treatment were similar. These results are expected
since no bioactive therapies were provided in these groups.
The robust immune response and natural regenerative abilities
of mice may explain why the no treatment group rendered
similar pocket depth change.'”* Looking into the CEJ to ABC
distance, again, PiezoGEL showed the highest change among
other groups (Figure 4c). In other words, more bone tissue
was regenerated after treatment. These results indicate that
increased bone tissue regenerated by PiezoGEL helped reduce
the size of the pocket and, thus, rendered a bigger change after
treatment. GeIMA, SRP, and no treatment groups showed a
similar amount of regenerated bone and 50% less than
PiezoGEL. Looking into the regenerated bone tissue volume,
PiezoGEL showed the highest change among the other groups
(Figure 4d). The no treatment group showed the lowest bone
volume (20%), indicating the lowest amount of bone
regeneration. The SRP and GelMA groups showed a similar
amount of regenerated bone volume (55%), which was higher
than no treatment but lower than PiezoGEL. Taken all
together, these results indicate that PiezoGEL can augment
bone tissue around the periodontium and reduce the pocket
size without the need of surgery, bone grafts, or guided
membranes. The 3D reconstruction of the maxilla for all
groups confirmed previous observations (Figure 4e). Improved
bone tissue quality and regeneration were observed for
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Figure 5. Histological evaluation of animal periodontal tissues. (a) Hematoxylin and eosin (H&E) images of periodontal tissue sections between

the maxilla’s first and second molars with magnification inset. (b) Number of blood vessels and (c) erythrocytes quantified in the regenerated area.
The red arrow corresponds to epithelium detached from cement. Yellow arrows correspond to indicate blood vessels. Green and blue arrows

correspond to erythrocytes and neutrophils, respectively.

PiezoGEL around M1—M2 (location of the defect). These
qualities are comparable to those in healthy conditions. No
treatment and GelMA showed the poorest bone tissue quality.
Different studies have used GelMA as a carrier of bioactive
biomaterials for periodontal bone tissue regeneration, includ-
ing ZIF8,”” hydroxyapatite,'” bioactive glass'”, and BMP2
(bone morphogenetic protein 2).'”> These biomaterials
establish a suitable microenvironment around the periodontal
tissues and enable the delivery of bioactive therapy to promote
bone regeneration.

Histological sections stained with H&E were used to
evaluate the inflammatory response, cell infiltration, and
morphological changes in periodontal tissues caused by
PiezoGEL. Histopathological changes were used to evaluate
the effectiveness of PiezoGEL in reducing bacterial load and
infection in the tissue. The results of H&E staining supported
the trends observed by micro-CT (Figure S). In general, PD
shows changes in epithelial detachment, epithelial hyperplasia,
disorganization of collagen fibers, and erythrocyte density.'*’
We looked for these features in all of the evaluated groups.
Significant tissue destruction associated with chronic inflam-
mation was observed in the GelMA and no treatment groups,
while PiezoGEL and healthy groups showed, in general, a
junctional epithelial union (red arrow, Figure Sa). Additionally,
PiezoGEL and healthy groups showed decreased epithelial
length (SI-9), inflammatory assessment, and lymphoplasmic
infiltrate (SI-10a). The inflammatory response was quantified
by counting the number of blood vessels (yellow arrows) and
erythrocytes (green arrows) in the infected area between M1
and M2 (insets in Figure Sa). A higher number of blood vessels
was counted in the no treatment group (~160 blood vessels/
mm?), followed by GelMA (~120 blood vessels/mm?*) (Figure
5b). Lower blood vessel count was found in the healthy (~40
blood vessels/mm?) and PiezoGEL groups (73 blood vessels/
mm?). A higher number of blood vessels is associated with an
ongoing inflammatory process in which new blood vessels are
formed to supply oxygen and nutrients to the affected area.'”’”

In PD, the increased number of blood vessels is often
accompanied by the influence of immune cells such as
neutrophils (blue arrows in insets of Figure Sa), which
exacerbate the inflammatory response and lead to tissue
destruction.'”® Dogs with PD showed an average number of
blood vessels per mm?* of 128, whereas it was 63 for treated
(cured) tissues.'”” These counts agree with our current
findings. Similar to the number of blood vessels, a low number
of erythrocytes is associated with healthy periodontal tissues.
In this study, lower erythrocyte counts were observed in the
healthy and PiezoGEL groups (Figure Sc). Higher counts of
erythrocytes were observed in the untreated group. A higher
red blood cell count indicates increased vascular permeability
and blood flow in the affected area, which can result from an
inflammatory response and tissue damage.'”” Overall, our
results indicated that PiezoGEL was able to decrease
inflammation compared to healthy tissues. PiezoGEL success-
fully achieved clinical attachment level by improving pocket
depth and recovering lost bone volume. Evaluation of these
parameters is known to determine the success of periodontal
regenerative therelpy.m5

The current standard of care for the nonsurgical treatment
of PD includes SRP in combination with adjuvants (i..,
antibacterial agents).''”''" However, clinically SRP fails to
reduce the pocket size owing to insufficient antibacterial effects
and the lack of natural regeneration of periodontal tissues.''”
Additionally, surgical approaches due to their high cost and
invasiveness are limited to severe periodontitis. Recently,
hydrogels have been used to treat PD because of their ability to
encapsulate and release therapeutic agents in a controlled
manner.""* However, one of the major challenges for these
hydrogels in treating PD is the need to effectively deliver
combined antibacterial agents and regenerative therapies to the
site of infection. Our hydrogel exhibits unique advantages as a
single-use material in reaching periodontal defects and
adapting to its shape, while providing dual antibacterial and
regenerative effects. Bioactive therapies are provided using
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nonleaching technologies, which can overcome the limitations
of current technologies. There are several advantages of
PiezoGEL over the current standards of care. First, the
technology is fundamentally different from existing adjuvants
and treatments for PD since it offers a drug-free antibacterial
treatment without raising concerns regarding bacterial anti-
biotic resistance. Second, PiezoGEL has a simple formulation
with only three ingredients: GelMA (a common hydrogel
approved for medical use),'"’ piezoelectric fillers, and a
photoinitiator. We harness the benefits of hydrogels (inject-
able, light curable, conforms to pocket spaces, and biocompat-
ibility) for delivery into the periodontal pocket. Third,
PiezoGEL offers bone tissue regeneration without surgery,
which is a novel concept in the nonsurgical treatment of PD.
Some of the potential limitations of PiezoGEL are the possible
short residency if the adhesion is poor and the control of the
electrical charges to elicit therapies. The surgical treatment of
PD from a biomaterials perspective relies on bone grafts,
guided tissue regeneration (GTR), and tissue engineering with
controlled delivery of drugs or growth factors.''' Surgical
approaches are invasive, technically challenging, with a high
cost, and usually recommended when nonsurgical approaches
are exhausted.

Findings from this work begin to pave the way for the
clinical use of PiezoGEL in treating periodontitis. To translate
the technology, future studies should consider additional
biocompatibility tests based on ISO-10993, including oral
toxicity, systemic toxicity, oral mucosal irrigation, and USP
pyrogen. In addition, studying the adhesion of the hydrogel
inside the pocket in vivo to determine the number of
applications required for treatment is warranted. Also,
additional degradation tests in vivo are required to explore
the range of applications necessary for various patient
populations and the severity of PD. Overall, PiezoGEL
represents a significant advancement in PD treatment and
holds great promise for improving patient outcomes in
periodontal regenerative medicine.

5. CONCLUSIONS

In this study, we successfully developed an injectable
piezoelectric hydrogel (PiezoGEL) for the nonsurgical treat-
ment of periodontal disease by combining GelMA with barium
titanate fillers. PiezoGEL exhibited remarkable antibacterial
and bone-regeneration effects both vitro and in vivo. For
antibacterial evaluations, PiezoGEL demonstrated a significant
reduction in biofilm formation and viable cells against P.
gingivalis compared to GeIMA hydrogels in vitro. Moreover,
PiezoGEL upregulated the expression of osteogenesis-related
genes (RUNX2, COLI1AI, and ALP) and promoted early ECM
mineralization. In vivo, PiezoGEL relieved inflammation,
promoted alveolar bone tissue regeneration, and reduced the
periodontal pocket depth after 1 month of treatment. Results
from both our in vitro and in vivo investigations strongly
supported the efficacy of PiezoGEL as a promising bioactive
material for the treatment of periodontal disease by combining
antibacterial properties, osteogenic potential, and the ability to
reduce inflammation.
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