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ABSTRACT 

 

Background: In the last decade there is an increasing evidence of implant failure. Thus, 

there has been huge emphasis in the prevention, management, and treatment of peri-

implantitis. Nonsurgical and surgical intervention with adjunctive use of antimicrobials 

disinfection to treat peri-implantitis are not always successful in complete decontamination 

of the pathogens. Thus, there is a need to develop minimal invasive therapies that remove 

pathogens and promote the regeneration of periodontal tissues. Currently, the Smart 

Biomaterials Lab is developing a piezoelectric hydrogel incorporated with barium titanate 

(BTO) fillers that offers antibacterial effects. The light curable hydrogel can be injected in 

the periodontal/peri-implant pockets to provide antimicrobial effects against periodontal 

pathogen. Objective: The aim of this study is to evaluate the antimicrobial effects of 

piezoelectric hydrogel against P. gingivalis for the treatment of peri-implantitis.  

Materials and methods: Two groups of biomaterials were tested. Group 1 consisted of BTO 

(GelMA hydrogel with piezoelectric fillers), Group 2 consisted of GelMA only (hydrogel 

without fillers), and control group (biofilms were grown in an empty well). Hydrogel 

samples were tested under two conditions including static and cyclic loading (1 N and 2 

Hz) to activate the antibacterial effects. The antibacterial activity was evaluated by 

measuring metabolic activity (via MMT) and colony-forming units (CFU).  

Results: The mean metabolic activity showed no statistically significant difference between 

BTO, GelMA and control groups under static and cyclic loading conditions. Similarly, the 

CFU of the 3 groups showed similar results under static and cyclic loading condition. 
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Conclusions: With the limitations of this study, there was no antimicrobial effect of BTO 

against P. gingivalis at magnitude 1 N and frequency of 2 Hz. Further studies will be 

conducted to investigate the antimicrobial effect of BTO against P. gingivalis when the 

magnitude of the load is 2 N and frequency is 10 Hz for improved piezoelectric charge 

production. 
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CHAPTER 1 

INTRODUCTION 

In the last few decades, the demand for dental implants has increased significantly. From 

1999 to 2000, the prevalence of individuals receiving dental implants was 0.7% 1). In 2016, 

the prevalence increased to 5.7%, and by 2026 it’s been predicted to be 23% (1). 

Improvements in public health over the past 200 years has increased the life expectancy 

worldwide. For example, in 2019 life expectancy in the United States at birth was increased 

78.8 years (2). People are living longer and have an increased consciousness of esthetics, 

are more socially active, and, with age-related tooth loss, have a higher need for tooth 

replacement (3). Replacement of missing teeth can be achieved through conventional fixed 

partial bridges, conventional removable partial or complete dentures, or dental implants. 

Conventional partial and complete dentures exhibit short- and long-term complications 

such as loss of retention and irritation of oral soft tissues, which could be difficult for 

patients to tolerate (4). Implants can restore a patient’s function, esthetics, comfort, and 

speech, similar to that provided by a natural tooth with 96.4% survival rate and 90% 

success rate (5, 6). As a result, the need for dental implants for single tooth replacement or 

for full mouth rehabilitation has increased.  

 

Despite the high success and survival rates of dental implants, mechanical and biological 

complications of dental implants do occur, which may lead to implant failure and eventual 

loss (7). One of the major biological implant complications is peri-implantitis. Peri-

implantitis is defined as a plaque-associated pathological condition causing bone loss 

around dental implants. It is characterized by inflammation of the soft tissue surrounding 
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the dental implant, with subsequent progressive loss of supporting bone (8). It is one of the 

most common causes for implant failure, with prevalence of 21% and 34% on the implant 

level and patient level, respectively (9). Peri-implantitis can be diagnosed clinically by the 

presence of soft tissue inflammation (bleeding on probing and/or suppuration), increased 

probing depths ³ 6 mm, and radiographic bone loss ³ 3 mm. Failure to diagnose and detect 

peri-implant diseases early can lead to complicated and unpredictable treatment and could 

eventually lead to failure of the dental implant (10). History of periodontitis, diabetes 

mellitus, smoking, lack of proper oral hygiene and regular maintenance are risk factors for 

peri-implantitis (8).  

 

Plaque biofilm is currently suggested as the primary etiological factor of peri-implantitis 

and periodontal diseases. Similar to periodontal diseases in the natural dentition, 

periodontal pathogens such as Porphyromonas gingivalis and Prevotella 

intermedius/nigrescens are often detected in peri-implantitis sites (11). Specifically, 

Porphyromonas gingivalis is one of the major periodontal pathogens that plays a role in 

the etiology and progression of peri-implant diseases (12). Porphyromonas gingivalis (P. 

gingivalis) is non-motile, Gram-negative, obligately anaerobic bacteria, that inhabits in 

deep periodontal and peri-implant pockets. It has the ability to invade the epithelial tissues 

causing direct and indirect tissue destruction. The presence of specific virulence factors 

such as capsules, fimbriae, lipopolysaccharide, haemagglutinins, lipoteichoic acids outer 

membrane proteins and vesicles, help this pathogen overcome and evade the host’s 

protective defense mechanisms, and colonize the periodontal tissues (13). Thus, local, or 

systemic antimicrobial therapy in conjunction with mechanical debridement may be 
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necessary to eliminate P. gingivalis from periodontal and peri-implant soft tissues, to 

prevent further infection and progression of disease. 

 

Literature has shown many treatment modalities for peri-implantitis, including non-

surgical and surgical approaches (14-16). Non-surgical approaches utilize mechanical 

debridement of the biofilm with the aid of curettes, air-abrasive devices, ultrasonic devices, 

and lasers (14). Er: YAG lasers has been shown to be effective in treatment of peri-

implantitis due to its antimicrobial and ablation properties (15). However, studies have 

shown that the non-surgical treatment of peri-implantitis alone, cannot treat the disease 

effectively and there is a tendency for its recurrence (16).  

 

Surgical treatment of peri-implantitis includes flap surgery to gain access to the implant 

surface, implant surface debridement using titanium brushes, titanium curettes, or air-

abrasive devices, placement of a bone graft or utilization of several other regenerative 

surgical techniques (17). Studies also have shown that surgical regenerative surgery may 

result in elimination of inflammation and improvement in the clinical and radiographic 

outcomes (18). On the other hand, a recent consensus report has also shown that non-

regenerative surgical approaches are also successful in reducing the inflammation, bleeding 

on probing and pocket depth (19). The soft tissue can be apically positioned without any 

regeneration of the defect, in order to expose and give easier access to the implant surface 

for cleaning (20). 
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Adjunctive use of antimicrobial products, including systemic antibiotics, local antibiotics 

and local antiseptics, has been proposed to enhance the effectiveness of the nonsurgical 

and surgical therapies (21). Systemic antibiotics have the added advantage of reaching the 

pathogens that are residing within the gingival tissues. Microbial testing is recommended 

to identify the specific pathogens and their antibiotic susceptibility in order to determine 

the concentration, dose, and the length of treatment course (22). The disadvantages of 

systemic antibiotics include the risk of developing antibiotic-resistance, superinfection 

from opportunistic pathogen due to the repeated courses of systemic antibiotic therapy, 

lack of patient compliance in completing the prescribed antibiotic regimen, interactions 

with other drugs (23) and various side effects such as developing Clostridium difficile-

associated pseudomembranous colitis (24). On the other hand, professionally applied local 

antibiotics may overcome patient compliance issues if a slow-release system is used. These 

usually present with drug concentrations 100-fold higher than the subgingival 

concentration of systemically administered antibiotics (25). For example, ATRIDOX â 

(10% doxycycline hyclate), contains an antibiotic within a biodegradable gel that when 

applied into the periodontal/ peri-implant pocket, solidifies when it comes in contact with 

the gingival crevicular fluid. Over a period of 7 days, the doxycycline hyclate is then slowly 

released (26). Using ATRIDOX â as adjunctive therapy for peri-implantitis led to positive 

effects of clinical parameters (27). 

 

Despite the advances in surgical and non-surgical treatment options, studies have failed to 

show any superiority of one approach (surgical or non-surgical) over another (19). Because 

there is no consensus for peri-implants treatment, it is important to search for novel, 
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alternative therapies to treat peri-implantitis by simultaneously removing the pathogens 

causing infection and promoting the regeneration of the tissue that has been lost with 

minimally invasive therapies.  

 

Recently, injectable hydrogels have been proposed in the fields of medicine and dentistry 

for different applications including cell delivery and tissue regeneration, as they resemble 

the biological and structural characteristics of the natural extracellular matrix (28). Gelatin 

methacryloyl (GelMA), is polymerized with a lithium acylphosphinate photo-initiator 

(LAP) and cured with visible light (commonly utilized in dental curing lights). The use of 

this photo-initiator in GelMA enables a particle use in dental clinics since it uses the same 

tools/procedure commonly used for composite restorations. GelMA has multiple 

applications in medicine including in tissue engineering of cartilage, bone, skin, muscles, 

cardiac, vascular, and neural tissues, as well as gene/drug/ growth factor delivery (Figure 

1) (29).  

 

Figure 1. GelMA hydrogel as a platform for regenerative medicine and dentistry (29) 
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Typically, GelMA has been used as a carrier for the delivery of regeneration therapies in 

dentistry (29). GelMA is typically incorporated with molecules/drugs/cell ladens for 

delivery of the therapy. For example, Monteiro et al. optimized the formulation of the 

GelMA hydrogel after encapsulation with a cell laden (Figure 2) (30). The team investigated 

the use of photopolymerized GelMA encapsulated with odontoblast-like cells utilizing 

different irradiances and photo-curing times. This hydrogel formulation was tailored to be 

delivered and polymerized in dental care.  

 

Figure 2. GelMA hydrogel in regenerative endodontics (30) 

GelMA hydrogels can also be combined with other therapeutic agents such as chitosan, 

nitric oxide, aluminosilicate nanotubes, chlorohexidine, ciprofloxacin. Gel-MA combined 

with ciprofloxacin (CIP)-eluting short nanofibers have been shown to be effective in 

limiting the growth of Gram-positive Enterococcus faecalis due to its localized yet 

sustained antibiotic release (Figure 3) (31).  
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Figure 3. GelMA hydrogel with ciprofloxacin as antimicrobial against E. faecalis (31) 

When investigating nerve regeneration in large gap peripheral nerve injuries, Luo, et al 

combined 10% GelMA hydrogel with recombinant human basic fibroblast growth factor 

and dental pulp stem cells as a nerve regeneration conduit. It was found that the nerve 

regeneration conduit could regenerate several cells, including nerve tissue-like neurons, 

Schwann cell-like cells, and myelinated nerve fibers (32). Moreover, highly biocompatible, 

and biodegradable injectable chlorhexidine-loaded nanotube-modified Gel-MA hydrogels 

have been developed as antimicrobial agent to eliminate oral infection (Figure 4) (33). 
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Figure 4. GelMA hydrogel with chlorhexidine as antimicrobial therapy for oral infection 

elimination (33) 

The development of drug-free antimicrobial agents may be an excellent alternative to 

overcome the drawback of using adjunctive systemic and local antibiotics. Piezoelectric 

nanoparticles made from Barium Titanate (BaTiO3) (BTO thereafter) may be utilized. BTO 

is a biocompatible, chemically, and mechanically stable ceramic, with ferroelectric 

properties (34). It has applications as a biomedical scaffold, filters for air and water 

sterilization, medical clothing, amongst others (35). BTO is also piezoelectric, producing 

electrical charges after activation through vibrations. These vibrations could be induced by 

mastication forces, speech, and body vibrations. Montoya et al. recently showed that resin 

composites fabricated with BTO exhibited an antibacterial effect against a gram-positive 

oral pathogen Streptococcus mutans (36). The electrical charges produced by the BTO 

prevented formation of the oral biofilm and induced the oxidative stress necessary for 

bacterial cell disruption. 
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CHAPTER 2 

AIM 

 

With the excellent biomedical properties of a GelMA scaffold, and the antimicrobial effects 

of piezoelectric nanofillers, developing a new hydrogel that incorporates both may offer 

positive and sustained antibacterial effects when injected into the periodontal pocket of an 

implant with peri-implantitis, thus, providing an additional non-surgical treatment solution. 

The aim of this project is to evaluate the antimicrobial effects of an injectable, light curable 

hydrogel (GelMA) containing BTO nanofillers against P. gingivalis.  
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CHAPTER 3 

MATERIALS AND METHODS 

Sample Preparation (Hydrogels) 

Piezoelectric hydrogels were prepared by mixing GelMA and BTO fillers under aseptic 

condition inside the biosafety cabinet. The GelMA matrix was commercially purchased 

(Advanced Biomatrix #5272) utilizing biocompatible and non-toxic lithium 

acylphosphinate (LAP) salt as a photoinitiator. GelMA hydrogel of 20% (w/v) 

methacryloyl was prepared following manufacturer recommendations with minor 

adaptations for the addition of the BTO fillers. The BTO fillers were commercially 

purchased (US Nano) with a size of 200 nm based on similar previous work (23). GelMA 

matrix and BTO (9 mg/mL) filler were mixed before the curing process. The liquid mixture 

was poured in a circular mold (10 mm diameter and 1 mm height) and exposed to UV 

radiation (365 nm, 90 s, 1000 mW/cm2) for curing. After, hydrogels were immersed in DI-

water to wash-out any unreacted monomers and photoinitiator for 24 hours. The 

comparative group was defined as the hydrogel (GelMA) without BTO fillers. Figure 5 

shows the hydrogel samples used in this study. 
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Figure 5. Hydrogel Samples 

 

Cell Culture 

P. gingivalis (ATCC W83) strain was used in this study and maintained in freeze-dried 

form under -80° C before use. All liquid media and plates were placed in anaerobic 

conditions (10% H2, 85% N2 and 5% CO2) for at least 12 hours prior to the experimentation 

to ensure no residual oxygen remained. P. gingivalis was transferred from the freezer to 

the anaerobic chamber (10% H2, 85% N2 and 5% CO2) to thaw. With a sterile inoculation 

loop, P. gingivalis was streaked on brucella blood agar supplemented with 10% 

defibrinated sheep blood, hemin (5 ug/mL) and menadione (1 ug/mL). The plates were 

wrapped with parafilm and stored at 37 °C in the anaerobic chamber for 5-7 days as shown 

in Figure 6. 

GelMA 

BTO+GelMA 
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Figure 6. Inoculation of P. gingivalis on brucella agar plate 

After 7 days, P. gingivalis colonies were obtained in the brucella blood agar plate (Figure 

7). One colony was transferred to 5 mL of brain heart infusion (BHI) broth medium 

supplemented with 2.5 mg/mL of menadione and 5 mg/mL of hemin and cysteine 

hydrochloride (5 μg/mL), and subsequently placed under anaerobic at 37 °C for 24 to 48h.  

 

 

Figure 7. P. gingivalis colonies after 7 days of incubation. 
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After one colony was in the liquid medium for 24 hours, a small amount of the inoculated 

medium was added to 36 mL of fresh BHI broth medium supplemented with 2.5 mg/mL 

of menadione and 5 mg/mL of hemin and cysteine hydrochloride (5 μg/mL). This liquid 

culture was adjusted until the optical density at 600 nm wavelength (OD600) was 0.1, 

which corresponds to 1 million cells (Figure 8). 

 
 
 

 
Figure 8: Inoculation of liquid culture and incubation for 48 hours and preparation of 

culture media of OD600= 0.1 

 

Groups of Samples 

Two groups of biomaterials along with a control group were tested. Group 1 consisted of 

BTO+GelMA (BTO, hydrogel with piezoelectric fillers), Group 2 consisted of GelMA 

only (hydrogel without fillers), and the control group consisted of biofilms grown in an 

empty well (called Empty well). All groups were tested under static and cyclic loading 

conditions (see Section 3.4 and Section 3.5). 
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Conditions for Experimental Testing (Static) 

The first condition for testing the hydrogels was without vibrations/cyclic loading (static). 

Under this condition, hydrogels were held static in well plates without any stimulation (no 

electrical charge production). BTO+GelMA (BTO) and GelMA hydrogels were placed in 

12-well plates as shown in Figure 9. Three mL of the calibrated liquid culture were added 

to each well. Two 12-well plates were prepared (one for MTT tests and the other for CFU 

tests) and placed in the anaerobic chamber at 37 °C for 2 hours for the adhesion period. 

Note that 3 wells were used to the Control group (empty well).  The wells were washed 3 

times with sterile phosphate-buffered saline (PBS) to remove unattached cells. Three mL 

of fresh BHI supplemented medium was then added in each well then placed back in the 

anaerobic chamber at 37 °C for 24 hours. Three samples (N=3) were tested per group for 

each evaluation (MTT and CFU). 

 

 

 

Figure 9. Distribution of samples for static experiment 

 

Incubation in the anaerobic 
chamber for 24 hours 

Liquid media with 1 
million cells of P. 

gingivalis 

12-well plate with the BTO+ 
GelMA and GelMA samples 
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Conditions for Experimental Testing (Cyclic Loading) 

A second condition for testing the hydrogels was used. Samples were subjected to 

repetitive (cyclic) forces using an actuator (Figure 10) mimicking mastication pattern. 

Hydrogels were subjected to these repetitive forces throughout the incubation period. The 

employed force was 1 N at a frequency of 10 Hz. These loading conditions aimed to 

represent masticatory conditions, and where necessary to produce the electrical charges 

necessary for the antibacterial effect. 

 

 

Figure 10. Actuator used for cyclic loading 

 

To test the hydrogels under these cyclic loading conditions, BTO+GelMA (BTO) and 

GelMA hydrogels were placed in 24-well plates as shown in Figure 11. The 24-well plate 

was necessary to fit the size of the actuator. Three mL of liquid culture with 1 million cells 

was then added to each well and placed in the anaerobic chamber at 37 °C for 2 hours for 

the adhesion period. An empty well was also used a control group. The samples/wells were 

Actuator 

Load cell 

Sample 
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washed 3 times with sterile phosphate-buffered saline (PBS) to remove unattached cells. 

Next, the actuator was placed in the BTO+GelMA (BTO), GelMA, and control group wells 

to produce cyclic loading for the incubation period. One mL of BHI medium was then 

added in each well and placed back in the anaerobic chamber at 37 °C for 24 hours. MTT 

and CFU tests were conducted to determine the metabolic activity and colony forming units 

for both experimental conditions (static and cyclic loading). These evaluations were 

necessary to determine the potential antimicrobial effect of the hydrogel. Three samples 

(N=3) were tested per group for the MTT assay, and one sample (N=1) were tested per 

group for CFU evaluations. 

 

 

          

 

Figure 11. Distribution of samples for cyclic loading experiment 

 

 

 

Liquid media with 1 million 
cells of P. gingivalis 

 

Adding 3 mL of inoculum 
to the BTO, GelMA and 

empty well 

Hydrogel sample under 
the repetitive forces 
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Metabolic Activity Via MTT Assay 

After culture in the anaerobic chamber, samples were washed with 1 mL of PBS 3 times to 

remove the unattached (dead) cells. The P. gingivalis biofilm was harvested by placing 

each BTO+GelMA (BTO) and GelMA hydrogels in 1 mL of MTT in tubes and then placed 

in the anaerobic chamber for 3 hours at 37°C. MTT was removed from samples and 1 mL 

of DMSO was added for 20 minutes and then vortexed for 10 seconds. The staining process 

was conducted in a dark room. One hundred μL of each sample was transferred to a 96-

well plate for the spectrophotometer reading at a wavelength of 540 nm. 

Since biofilms were grown on the hydrogel surface (hydrogel or empty well surfaces), it 

was necessary to only measure the metabolic activity and CFU over those locations. To 

accomplish this, the MTT and CFU data was normalized based on the surface area of the 

hydrogel. The surface area of the empty wells (Figure 12) was calculated as follows: 

• Surface area for empty well = 2π*r*h + πr2  

o For 12-well plate= 2 x 3.14 x1.15 x 0.72 + 3.14 x 1.152 = 9.35 cm2 

o For 24-well plate= 2 x 3.14 x 0.78 x 0.52 = 2.5 cm2  

where r is the radius and h the height of the empty well. 

 

Figure 12. Schematic of surface area for 12- and 24-wells. 
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To calculate the surface area of the hydrogels, both for the BTO+GelMA and GelMA 

(Figure 13), we utilized the following equations: 

• Surface area static condition = 2π*r*h + πr2 = 2 x 3.14 x 0.361 x 0.3 + 3.14 x 0.32= 

1.09 cm2 

• Surface area cyclic condition = 2π*r*h = 2 x 3.14 x 0.361 x 0.3 = 0.68 cm2 

where r is the radius and h the height of the hydrogel. Figure 13 shows a schematic of the 

hydrogels placed in the wells for both static and cyclic loading testing conditions. The red 

color depicts the surface area used to analyze the biofilm activity. Note that for the 

hydrogels placed under cyclic loading conditions, the top face of the hydrogel was not 

considered in the calculations since that area was covered by the actuator to apply the load 

which would affect biofilm growth. 

 

 

Figure 13. Surface area of hydrogels to be calculated in the experiments under static and 

cyclic conditions 

 

 

 

h 
= 

0.
3 

cm
 

h 
= 

0.
3 

cm
 

r= 0.36 
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Colony Forming Units (CFU) 

After incubation, samples were washed with 1 mL of PBS 3 times to remove the unattached 

(dead) cells. P. gingivalis biofilm was detached from hydrogels by placing each 

BTO+GelMA (BTO) and GelMA hydrogels in 1 mL of BHI supplemented media and 

vortexed for 10 seconds. Following this, three 10-fold serial dilutions were prepared as 

shown in Figures 14 and 15. Fifty μL of each solution were then plated on brucella blood 

agar plates and incubated for 48 hours at 37 °C. The number of colonies was manually 

counted and normalized by the volume and surface area as described above as follows: 

log (CFU/mL) = 𝑙𝑜𝑔 $#	#$	%#&#'()*∗,#,-&	.(&/,(#'	$-%,#0
1#&./3)	#$	%/&,/0)	4&-,).

%  (1) 

log (CFU/mL)/cm2= 
567	(!"#$% )

%3&       (2) 

 

Figure 14. Schematic of a10-fold serial dilutions 
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Figure 15. Three 10-fold serial dilutions for BTO, GelMA and empty well 

 

Statistical Analysis 

Results from metabolic activity (MTT) and CFU were presented as mean ± standard 

deviation. Statistical analysis and comparison of groups was conducted by one-way 

ANOVA (p-value < 0.05 for a confidence level of 95%) with Tukey post-hoc tests. 

Statistical calculations were conducted using STATGRAPHICS Centurion XVII. 
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CHAPTER 4 

RESULTS 

 

Metabolic Activity Results 

Table 1 shows the metabolic activity of hydrogels under static and cyclic conditions. The 

mean metabolic activity was 0.11 for BTO, 0.10 for GelMA and 0.11 for control. There 

was no statistically significant difference between BTO and GelMA (p=0.43), BTO and 

control (p=0.82) and GelMA and control (p=0.76) under static conditions. 

Under cyclic loading the mean metabolic activities of BTO, GelMA and control were 0.15 

and 0.19 and 0.08, respectively. There was no statistically significant difference between 

BTO and GelMA (p=0.66), BTO and control (p=0.32) and GelMA and control (p=0.12) 

under cyclic loading. Figures 16 and 17 show the metabolic activity of BTO, GelMA and 

the control under static and cyclic loading conditions. 

 

         

 

Figure 16. MTT assay for a) static, and b) cyclic loading conditions 

 

a) b) 
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Figure 17. a) Metabolic activity of BTO, GelMA and control under static condition. b) 

Metabolic activity of BTO, GelMA and control under cyclic loading conditions. p> 0.05 

for all groups. 

Colony-Forming Unit Results 

Figure 18 shows the CFU assay for BTO, GelMA and control under static and cyclic 

conditions 48 hours after incubation.  
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Figure 18. CFU for BTO, GelMA and empty well under static and cyclic conditions. 

Under static condition, CFU were 7.22, 8.39 and 8.15 (CFU/mL/cm2) for BTO, GelMA 

and empty well (control) respectively. There was no statistically significant difference 

between these 3 groups under static conditions. For cyclic loading conditions, CFU for 

BTO, GelMA, and empty well were 8.62, 7.68, and 8.30 (CFU/mL/cm2), respectively. 

When comparing groups under static and cyclic condition, there is no difference between 

all groups (Figure 19). 
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Figure 19. a) CFU of BTO, GelMA and control under static condition. b) CFU of BTO, 

GelMA and control under cyclic loading condition.  
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CHAPTER 5 

DISCUSSION 

Antimicrobial effect of piezoelectric biomaterials has attracted more attention recently. 

This study investigated for the first time the antimicrobial effect of BTO against P. 

gingivalis. Contrary to the expectations, this study did not show the antimicrobial effect of 

BTO against P. gingivalis. The absorbance measurement MTT and CFU concentrations 

showed a consistent growth rate of P. gingivalis (1 million cells every 48 hours), indicating 

that the piezoelectric material BTO had no antimicrobial effect. These results differ from 

Montoya’s et al where they have found a significant antimicrobial effect of BTO 

nanocomposite against S. mutans when the cyclic loading magnitude was 5 N, and the 

frequency was 2 Hz corresponding to 3.2 pC/cm2 that generated electrical charges 

activating the BTO fillers (36). This discrepancy in the results could be attributed to the low 

magnitude and frequency of the cyclic loading used. In this study, the magnitude was 1 N 

and frequency was 2 Hz, which corresponds to electric charges of <1 pC/cm2 and may not 

have been enough to generate the charges needed to activate the BTO fillers. 

  

Some recent studies have evaluated the antimicrobial effect of BTO against some Gram-

negative bacteria and Gram-positive bacteria. For example, Wu et al. developed a 

piezoelectric nanocomposite containing BTO and Au (Au@BTO) and evaluated its 

antimicrobial effect against Gram-negative bacteria (E. coli) and Gram-positive bacteria 

(S. aureus) using ultrasound irradiation (1.5 W cm−2, 1 MHz) for activation of the 

piezoelectric nanoparticles. They found that the piezoelectric nanocomposite (Au@BTO) 
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has high (99.23%) antimicrobial effect against Gram-negative and Gram-positive bacteria 

(37). While in this study the BTO was supposed to be activated by dental light cure device 

to generate the electric charges for the antimicrobial effect. This difference in the type of 

activator raises the speculations of the superiority of ultrasound irradiation over dental light 

cure device. Another study by Singh and Dubey evaluated the antimicrobial effect of 

piezoelectric and non-piezoelectric biomaterial ceramics used for orthopedics implants 

against Gram-positive and Gram-negative bacteria using BTO nanofillers among others 

and they found a significant reduction of the viability of E. coli and S. aureus. They used 

corona poling unit to polarize BTO at 20 kV voltage and temperature of 500° C (38). 

However, this method of polarization of BTO is not applicable in dental clinics.  

 

In the work by Montoya et al., the antibacterial mechanism effect of piezoelectric BTO 

nanofiller against the Gram-positive bacteria (S. mutans) relied on the generation of toxic 

reactive oxygen species (ROS) by piezoelectric charges. These ROS led to cellular 

oxidative stress, protein dysfunction, lipid peroxidation and DNA damage inducing 

bacterial cell death (39). However, in this study we investigated the antimicrobial effect of 

BTO against Gram-negative bacteria (P. gingivalis) which differs from Gram-positive 

bacterial by having outer membrane -surrounds the cell wall- contains lipopolysaccharide 

molecules (LPS) that protect the bacteria from any harm in their surrounding environment 

(40). These differences between the cell membrane of Gram-negative and Gram-positive 

may affect the bacterial cell’s susceptibility to the antimicrobial effect of the BTO. 
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Limitations 

There are some limitations in this study. The first limitation was the small samples size and 

lack of the repetition for the CFU assay. It’s been impossible to obtain mean and standard 

deviation for one-way ANOVA therefore impossible to obtain conclusive result of CFU 

assay. Another limitation was the chance of error in conducting the experiments which may 

affect the results. Lastly, this was the first time this lab has utilized P. gingivalis. This lack 

of prior experience also translated to difficulties in bacterial culture, which in turn may 

have resulted in experimental errors. 

 

Future Studies 

This was preliminary pilot in vitro study to test the antimicrobial effect of BTO hydrogel 

against P. gingivalis with a loading magnitude of 1 N and frequency of 2 Hz. Additional 

studies are needed and will be completed to study the antimicrobial effect of BTO hydrogel 

against P. gingivalis under cyclic loading at an increased load of 2 N and a frequency of 

10 Hz. This loading magnitude is expected to increase the electrical charge production and 

thus enable the antibacterial effect. In addition, it is important to consider larger sample 

sizes with adequate repetitions to obtain sufficient data to run the appropriate statistical 

analyses. 
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CHAPTER 6 

CONCLUSIONS 

In this project we developed antimicrobial hydrogel BTO by mixing GelMA hydrogel with 

piezoelectric nanofiller BTO to evaluate its antimicrobial effect against P.  gingivalis. After 

applying cyclic loading with magnitude of 1 N and frequency of 2 Hz we did not observe 

any antimicrobial effect of BTO+GelMA against P. gingivalis. Further studies will be 

conducted to investigate the antimicrobial effect of BTO against P. gingivalis when the 

magnitude is 2 N and frequency is 10 Hz for piezoelectric charge production. 
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APPENDIX A 

CFU RESULTS (BRUCELLA BLOOD AGAR PLATES) 

 

Figure 20. CFU of BTO under static condition. 

 

Figure 21. CFU of GelMA under static condition 
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Figure 22. CFU of P. gingivalis in control group 

 

Figure 23. CFU of BTO under cyclic loading 
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Figure 24. CFU of GelMA under cyclic loading 

 

Figure 25. CFU of P. gingivalis in control group 
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APPENDIX B 

CFU RESULTS UNDER STATIC AND CYCLIC LOADING 

CONDITIONS 

Table 1. One-Way ANOVA of MTT under static and cyclic loading conditions 

 BTO GelMA Empty Well 

Static condition means 0.11 0.10 0.11 

Cyclic loading means 0.15 0.19 0.08 

P value NS NS NS 

 

Table 2. Number of colonies for CFU under static conditions 

Static 1 x 10-4 1 x 10-5 

BTO 91 10 

   

GelMA 601 133 

   

Empty Well  4.18 
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Table 3. Number of colonies for CFU under cyclic loading conditions 

 

Cyclic 

Loading 

1 x 10-4 1 x 10-5 

BTO 692 141 

   

GelMA 162 52 

   

Empty Well 816 152 
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APPENDIX C 

NORMALIZED SURFACE AREA 

Table 4. Normalized MTT per surface area under static conditions 

Static Radius Height Surface 

Area 

MTT MTT/ surface area 

BTO 1 0.361 0.3 1.09 0.121 0.11 

BTO 2 0.361 0.3 1.09 0.125 0.11 

BTO 3 0.361 0.3 1.09 0.122 0.11 

      

GelMA 1 0.361 0.3 1.09 0.122 0.11 

GelMA 2 0.361 0.3 1.09 0.119 0.11 

GelMA 3 0.361 0.3 1.09 0.100 0.09 

      

Empty 

Well 1 

1.15 0.72 9.36 0.611 0.065 

Empty 

Well 2 

1.15 0.72 9.36 0.691 0.074 

Empty 

Well 3 

1.15 0.72 9.36 0.627 0.067 
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Table 5. Normalized MTT per surface area under cyclic loading conditions 

Cyclic 

Loading 

Radius Height Surface 

Area 

MTT MTT/ surface area 

BTO 1 0.361 0.3 0.68 0.077 0.11 

BTO 2 0.361 0.3 0.68 0.355 0.52 

BTO 3 0.361 0.3 0.68 0.120 0.17 

      

GelMA 1 0.361 0.3 0.68 0.102 0.15 

GelMA 2 0.361 0.3 0.68 0.291 0.43 

GelMA 3 0.361 0.3 0.68 0.151 0.22 

      

Empty 

Well 1 

0.78 0.52 2.55 0.054 0.021 

Empty 

Well 2 

0.78 0.52 2.55 0.121 0.048 

Empty 

Well 3 

0.78 0.52 2.55 0.181 0.071 
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Table 6. Normalized CFU per surface area under static conditions 

Static Radius Height Surface 

Area 

CFU Log (CFU/ mL) 

BTO  0.361 0.3 0.68 1.82 x 109 9.26 

      

GelMA  0.361 0.3 0.68 2.66 x 108 8.43 

      

Empty 

Well  

1.15 0.72 5.20 8.36 x 108 8.92 

 

Table 7. Normalized CFU per surface area under cyclic loading conditions 

Cyclic 

Loading 

Radius Height Surface 

Area 

CFU Log (CFU/ mL) 

BTO  0.361 0.3 0.68 2.8 x 108 8.45 

      

GelMA  0.361 0.3 0.68 3.24 x 109 9.51 

      

Empty 

Well  

0.78 0.52 2.55 3.04 x 108 8.48 
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APPENDIX D 

STATISTICAL ANALYSIS 

Table 8. One-Way ANOVA of MTT under static conditions 

 

 

Table 9. One-Way ANOVA of MTT under cyclic loading conditions 
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Table 10. One-Way ANOVA of MTT under static and cyclic loading conditions 

 

 


