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Preface 

The contemporary era is marked by an exponential expansion of multidisciplinary 
information encompassing all branches of dentistry. Clinicians are inundated daily with 
developments from the biological, chemical, technological, and related sciences. Such a 
continuous influx of information often disrupts professional routines and prompts critical 
reflection: Are we sufficiently up to date? Have we provided the highest standard of care? 
Do the techniques in which we are trained and proficient still represent the state of the 
art? Two domains within restorative dentistry that have witnessed particularly notable 
advances are periodontology and implant-supported rehabilitation. Periodontal therapy has 
evolved through innovative regenerative techniques grounded in cutting-edge biological 
discoveries that parallel advancements in other medical disciplines. Implant therapy, in 
turn, has benefited from substantial technical, metallurgical, digital, and even electronic 
innovations. 

Printed literature, by its nature, cannot compete with the continuously expanding body 
of electronic information. The enduring value of scientific literature, in general, and 
textbooks, in particular, lies in their ability to compile, structure, and critically assess accu-
mulated knowledge in a coherent, logical manner, while emphasizing rigorously selected, 
evidence-based information that has stood the test of time. 

Although natural dentition and dental implants are both anchored within the jaws and sur-
rounded by similar osseous and soft tissues, their biological behaviour differs profoundly. 
Despite being affected by diseases that appear analogous, and that have even been assigned 
parallel terminology (periodontitis and peri-implantitis), the only well-established com-
mon denominator is the presence of a similar bacterial biofilm accompanied by an acute or 
chronic inflammatory response in the adjacent tissues. Nevertheless, given that natural teeth 
and implants serve comparable functional, phonetic, and aesthetic purposes, and share the 
same anatomical environment within the alveolar ridges, it is both logical and advantageous 
to address them within a single volume. 

This is not a traditional book, nor is it confined to a single topic within periodontology 
or implantology. Rather, it comprises a curated compendium of chapters, some of which 
delineate the current state of knowledge, while others explore emerging developments 
that are still in the process of research and formation. 

I believe that these contributions will stimulate curiosity and foster the pursuit of subsequent 
advancements, clinical, experimental, and philosophical alike. 

Haim Tal 
Department of Periodontology and Oral Implants, 

Tel Aviv University School of Dental Medicine, 
Tel Aviv, Israel 
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Chapter 1

Cultivated Coral Grafts for 
Treatment of Bone and Focal
Osteochondral Defects: Clinical and
Preclinical Observations
Haim Tal and Eyal Amar

Abstract 

Bone grafts are an integral component of most oral rehabilitation treatment pro-
grams. The similarity between the characteristics of bones and natural coral in terms of 
composition, structure, strength, and resorption qualities, has led to the widespread use 
of coral-derived materials in orthopedics and dentistry, particularly for bone augmen-
tation. The use of coral-based xenografts allows circumventing some of the inherent 
complications associated with the use of autogenous grafts and allografts. Recently, it 
has been shown that under certain circumstances, coral grafts may also have the poten-
tial to induce cartilage growth in some affected sites. This chapter describes the unique 
qualities of natural cultivated coral skeleton that grows in an optimal artificial environ-
ment, making it an ideal biomaterial for bone and cartilage substitutes. This chapter is 
divided into three parts: Part I relates primarily to augmentation of bone following bone 
loss due to tooth loss, periodontal disease, trauma and other pathological conditions in 
the oral environment; this part is based on clinical and histological observations. Part II 
presents a multicenter clinical study carried out in three denta l centers on 160 partici-
pants comparing CoreBone® – a coral bone substitute (experimental) to TCP Curasan
AG® (control). Part III relates to preliminary results of an ongoing pilot study investi-
gating healing of cartilage defects created by experimental surgical injuries in ovine
joints, using a novel coral product, CoreTlage®.

Keywords: periodontitis periimplantitis, bone regeneration, xenograft, coral,
cartilage

1. Introduction

1.1 Coral-based bone substitutes

Natural coral skeleton is morphologically and chemically similar to native bone. 
Porous coralline granules derived from natural corals have several attributes that 
render them a suitable biomaterial for bone substitution in bone augmentation pro-
cedures, while bypassing some of the inherent complications associated with the use
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of autogenous grafts or allografts. Coral bone substitute (CBS) is an 
osteoconductive material, designed to serve as a scaffold for bone growth and bone
maturation. In addition, CBS does not evoke inflammatory infiltrate or fibrous
encapsulation [1, 2]. 

Since they were first developed in the 1980s, coral (coralline) grafts have been 
successfully used worldwide to treat a variety of orthopedic, craniofacial and oral 
bony defects, and to support osseous augmentation procedures. Numerous
preclinical and clinical studies, including longitudinal follow-ups have demonstrated
successful augmentation using natural coral skeleton, indicating that both natural
coral and coralline hydroxyapatite are biocompatible, osteoconductive and resistant to
infections [1, 3]. Several studies have shown that calcium carbonate-rich grafts 
(BioCoral®, France) induced new bone formation after maxillary sinus augmentation
[2, 4–6]. A study that compared maxillary sinus augmentation responses to tissue-
engineered bone graft obtained by a culture of autogenous osteoblasts seeded on 
polyglycolicpolylactic scaffolds (Oral Bone®, BioTissue®, Germany) versus calcium
carbonate (BioCoral®, France), showed that the mean new bone in the grafted area
was 37 and 55%, respectively [5]. A clinical follow-up of socket preservation pro-
cedures using CBS in the posterior maxilla and mandible demonstrated successful 
support of dental implants with no need for additional augmentation procedures. 
Hence, in successful sites, coral granules can spare residual ridge atrophy and resorp-
tion, obviating the need for additional augmentation aids and reducing treatment and
costs (Figure 1). 

Figure 1. 
(a) Radiographic view of an extraction socket site of tooth #25, 4 months after being grafted with CoreBone® 
1000. The radio-opaque area shows new bone and graft particles. (b) Radiographic view 5 months after the
extraction showing two implants placed at sites #25 and #26.

Histological analyses of core specimens harvested during implant placement in sites 
that were previously treated with coral grafts, revealed no foreign b ody reaction to coral
grafted particles [1]. Histochemical analysis showed no presence of osteoblasts positive 
for alkaline phosphatase, and mineralized tissue analysis (von Kossa stain) demon-
strated a mature and highly mineralized bone around the grafted particles [7]. Figure 2 
demonstrates a sample of computerized histometric analysis of a typical non-decalcified 
histological section harvested from a xenograf t augmented antral sinus floor.

The fact that almost all grafted particles were in contact with mature bone, sup-
ports the claim that this biomaterial is highly osteoconductive. Notably, no fibrous
tissue encapsulation was observed [7, 8].
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Figure 2. 
Histological section of a core harvested from an antral sinus floor augmented with CBS particles. (a) Almost all
grafted particles are in contact with new bone. (b) Computerized histometric analysis further supports the
microscopic observation.

1.2 Cultivated coral bone substitute: Production and quality

As mentioned above, the bonelike properties of natural coral, in terms of qualities, 
composition, structure, strength and resorption, have led to their popular use in dental 
and orthopedic procedures. However, in the last decade, corals have been declared 
endangered species, and their quality has deteriorated mainly owing to sea pollution. 
These were among the main reasons to develop CoreBone® as a biomimetic CBS
composed of pure coral minerals. This product consists of over 95% calcium carbonate
crystals in the form of aragonite, enriched with silicium, strontium, and other non-
organic substances. The three main elements – calcium, silicium and strontium – play
an important role in bone mineralization and activation of enzymatic reactions in
osteogenic cells (Figure 3). 

Figure 3. 
Scanning electron microscope images showing similarity between (a) CoreBone ® coral porous structure and
(b) human bone mineralized tissue.

Table 1 presents the ultimate tensile strength of different bone substitutes. 
Silicium and strontium contribute to the strength of the CBS, which is up to five times
higher than that of synthetic or cancellous bones.
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Ultimate tensile strength (MPa, Mega Pascal) Type of bone substitute

22–17 CoreBone 

8–3 Sea corals of different makers

7–3.5 Spongiosa bone 

5–2 Synthetic bone 

Table 1. 
Ultimate tensile strength of different types of bone substitute materials.

Figure 4. 
(a) Micro computed tomography (CT) 3D view of a cylindrical core harvested from a canine extraction socket 
grafted with core bone®. (b) Cross section at the middle of the core taken 8 weeks after the extraction shows dense,
well organized cancellous bone filling the socket.

The CBS comprises a combination of coral types which mimic cortical and cancel-
lous bones and allow optimal bone growth and remodeling using osteoclasts. Its
porous structure enables vascular ingrowth and the formation of new bone
(Figure 4). 

Unlike previous products, CoreBone® CBS is produced from corals that are grown 
in a closed, controlled aquatic system (aquarium) that is fed by proprietary technol-
ogy laboratory-made sea water enriched with bioactive nutrients. This coral growing
technology allows utilizing the bone-like properties of corals while avoiding sea
pollution-related risks (Figure 5). 

Since the structure of corals is affected by its environment (e.g., salinity, minerals, 
and temperature), the controlled aquatic system enables growing various types of 
corals, with each type having specific porosity, strength and shape; these may be used
for a different indication in dentistry and orthopedics.

Following tooth extraction, various intra-alveolar and extra-alveolar processes – 
mainly bone resorption – take place in the alveolar ridge and the alveolar process of
bone [9, 10]. This pathological bone loss may decrease significantly if graft material is
placed in the fresh extraction socket.
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Figure 5. 
Cultivated coral aquariums. (a) CoreBone® aquarium provides sea-like water, bioactive enriched with nutrients.
(b) Natural growth of cultivated corals in an artificial controlled environment.

The introduction of immediate implant placement, especially at sites in which 
post-extraction bone resorption is prominent, has made bone augmentation proce-
dures a frequent and integral part of most treatment plans, especially if implant
placement is included [11, 12]. Therefore, the use of osseo-integrated oral implants 
required the establishment of suitable bony contours of the jaw by increasing the bone
volume at the implant sites.

The gold-standard treatment for bone defects is bone transplantation, which not 
only provides physical support to the affected bone but also promotes bone regenera-
tion [13]. There are four types of bone graft materials available, including autologous 
bone, allogenic bone grafts, artificial bone materials, and xenogeneic bone [14]. 
Autologous bone is regular bone tissue taken from the patient’s body to repair the 
damaged area. Its main advantage is that it does not cause rejection reactions [15]. 
However, obtaining the implanted autologous bone requires additional surgery, which
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can increase patient pain, blood loss, surgical infection rate, and long-term hospitali-
zation costs [16]. 

Allogeneic demineralized freeze-dried bone cannot fill large bone defects due to 
the loss of some mechanical properties during the demineralization process [17]. 
Synthetic materials are better at controlling product quality and can avoid the risk of
infection through complete artificial synthesis [18]. However, synthetic materials 
typically lack the natural porous structure, strength and resorption of autologous or
allogeneic bone grafts, leading to slower bone growth [19]. Some materials also have 
certain toxicity, which can lead to chronic poisoning in patients [20]. 

Coral exoskeletons are excellent substitutes for bone grafts as they are biocompatible,
osteoconductive, and biodegradable [9]. They are derived from marine madreporic corals 
and have been used for dental applications since 1929 [2]. Coral bone has been available as 
a medical material since the late 80s [9] and has been used in hundreds of thousands of 
dental and orthopedic implantations without any reported safety issues [2, 21]. The exo-
skeletons are rich in calcium carbonate, which allows for cell attachment, growth,
spreading and differentiation [22]. Coral exoskeletons are made up of calcium carbonate 
and various trace elements such as magnesium, strontium, fluorine and phosphorous, all
of which play a crucial role in bone mineralization [23, 24]. 

Coral materials are bioinert and have an affinity for regenerated bone to grow
directly on their surface [25]. The pore dimensions and configuration of coral exo-
skeletons make them ideal for bone ingrowth [26, 27]. The type of bone regenerated in 
these implants depends on the location of the implant [28]. In humans, implants 
degrade at different speeds depending on the location and surrounding soft tissue
[29]. Coral implants can improve clinical attachment levels, reconstruct defects, and
have similar risks compared to bone grafting [30]. 

Corebone® graft is a type of bone graft substitute derived from the calcium carbon-
ate exoskeleton of coral. Available in various forms and sizes, Corebone® is intended for 
use in a range of applications. The coral used in the process is sourced from an O.K. coral 
farm, which employs a closed system with online monitoring. Coral growth is carefully 
monitored in an aquarium to ma intain optimal water quality and growth conditions,
minimizing the risk of coral contamination and enhancing product safety.

The following are three clinical examples of cases in which CBS was used for 
augmentation of different bony defects in the jaws. These will be followed by a
prospective double blind, cohort clinical study that relates to augmentation of fresh
tooth extraction sockets.

Finally, Part III will deal with an ongoing study using a novel experimental product
that is presently being experimented on ovine (sheeps).

2. Part I: Clinical case reports

2.1 Case 1: Socket preservation and immediate implant placement after extraction 
of the right mandibular first molar (#46) in a 24-year-old woman

Due to a longitudinal crack of the distal root of a right mandibular first molar tooth
an atraumatic extraction was performed (Figure 6). The extraction socket presented
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Figure 6. 
Immediate implant placement supported by peripheral CBS particles of 600–1000 μm.

bone contours and volume which were suitable for immediate implant placement. An 
implant, 5 mm in diameter, was placed with the shoulders 1–2 mm below the extrac-
tion socket’s margins (Figure 6a). The space between the alveolar bone proper and the 
implant surface was filled with CBS particles 600–1000 μm. (Figure 6b), and covered 
with a resorbable collagen membrane. The socket was covered with released coronally 
positioned gingival flaps. After 6 months, a periapical radiograph presented clinical
osseointegration between the newly bone growth and the Implant’s surface
(Figure 6c). The implant was exposed and restored with a zirconia crown
(Figure 6d). 

2.2 Case 2: Augmentation of large bony defect in the right posterior maxilla, 
following enucleation of a periapical cyst and a sinus floor augmentation
procedure

CoreBone 1000® with granule size 600–1000 μm was used (Figure 7).

79



Periodontics and Implants – Contemporary Scientific and Clinical Perspective

Figure 7. 
Case description. Local swelling at the buccal aspect of the upper first right premolar tooth (#14). (b) A 
longitudinal CT section shows bony defects associated with the first and missing second premolar teeth (#14, #15). 
(c) Cross CT sections of the upper right posterior maxilla indicate bone loss in the molar region, resulting in a thin 
(1–2 mm) sinus floor and periapical defect associated with the first premolar. (d) A 3D image of the upper right 
posterior maxilla showing severe bone loss in the molar region and a periapical defect associated with the first 
premolar. (e) A surgical view of the upper right posterior maxilla shows severe bone loss in the posterior maxillary
crest of bone (molars and second premolar teeth) and an extraction socket and periapical defect associated with the
second and first premolars. The bony defects were grafted with CoreBone® 600–1000 um stabilized with collagen
membranes. (f) Five months after surgery: a panoramic view shows successful healing of the augmented defects and
sinus floor augmentation. (g) Eight months after sinus floor augmentation, the augmented jaw was followed by
placement of 4 implants and 5 months after implants placement a panoramic view shows restoration of an
implant-supported fixed prosthesis.
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2.3 Case 3: Implant placement following extraction sockets preservation 
procedure in the upper jaw esthetic zone

A 56-year-old woman was scheduled for extractions of the upper central incisors 
due to a hopeless diagnosis owing to increased mobility (class II+) and surrounding
loss of the attachment apparatus with buccal and interproximal probing depth mea-
suring 10–12 mm (Figure 8a). Extracted teeth demonstrated soft tissue remnants 
adherent to the root surfaces leaving wide extraction sockets (Figure 8b) with no 
sufficient apical bone to stabilize immediate implants.

Two dental implants were placed slightly palatal to the original teeth; these 
were X-rayed after 5 months. Periapical radiograph confirmed successful
osseointegration (Figure 8 j). placement of two dental implants in the grafted region. 
Final prosthetic restoration at 1 year fulfilled both functional and esthetic criteria
(Figure 8k).
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Figure 8. 
(a) Preoperative periapical radiograph of the maxillary central incisors reveals increased mobility and surrounding 
granulation tissue with signs of inflammation. (b) Clinical image of the extracted teeth, demonstrating soft tissue 
remnants adherent to the root surfaces. Ridge preservation procedure was carried out using (CoreBone®). The grafted 
sockets (c, d) were sealed with connective tissue grafts (e, f). (c–f) Clinical presentation of the socket preservation 
procedure. (b) Intraoral view of the post-extraction sockets (upper left) (d) Post-ridge preservation image following 
grafting with coral-bone 1000 (upper right). (e) Connective tissue grafts taken from the palate designed to seal the socket 
orifices and stabilize the particulate graft material (lower left). (f) Final sealing of the extraction sites using free gingival 
grafts, serving both to protect the grafted areas and to augment the keratinized mucosa through autogenous soft tissue
augmentation. Satisfactory soft tissue healing was observed at 6 months post-surgery (g). Radiographic follow-up one at
1 m demonstrates successful replacement of the graft material with newly formed native bone (h). This is further
confirmed 3 months later (i).
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3. Part II: Comparative clinical study analyzing the differences between 
Corebone® and CTP Curasan AG® as bone substitute materials in
socket preservation procedures

Unlike most coral-based products, Corebone® keeps natural form of the coral with-
out any coating or treatments such as HA coating or heat treatment, preserving the 
pore structure and microscopic rough surface of the coral to better support osteogenesis. 
This part presents the results of a multicenter, open-label, randomized, parallel-
controlled non-inferiority trial aimed at estimating the safety and efficacy of 
Corebone® compared to the in-market product, TCP Curasan AG®. This study is a 
crucial step in evaluating the potential of Corebone as a bioresorbable bone graft sub-
stitute. The trial’s primary objective is to demonstrate non-inferiority in safety and 
efficacy of Corebone® compared to Curasan®. The use of a novel natural coral in the 
Corebone® product line seeks to maximize th e retention of the coral’s unique proper-
ties, facilitating optimal healing outcomes. The results of this study provide a promising
outlook for Corebone® as a safe and effective alternative for bone grafting procedures.

3.1 Study design

The study was carried out as a multicenter, open, randomized, parallel-controlled 
clinical trial conducted at three medical institutions: Peking University Third Hospital, 
Peking Union Medical College of the Chinese Academy of Medical Sciences, and Beijing 
Friendship Hospital affiliated with Capital Medical University. Due to the appearance 
differences between the test and control products, it was not possible to achieve 
blinding. Therefore, an open experimental design was used. Random enrollment was 
conducted to reduce trial bias caused by sampling errors. For random sampling, random 
letters were assigned to the screened qualified cases. After opening the random letters, 
each group was given the corresponding treatment, with each random number not 
indicating the patient’s gr oup and treatment. The control product used was dental bone
powder produced by Curasan AG (Curasan®). The qualified subjects were randomly
divided into experimental and control groups for clinical evaluation.

3.2 Participants 

The trial was planned to recruit 168 subjects (1:1 male and female). In this report, 
participants who had finished follow-up before 28th Feb 2024 were included. The 
study requires participants between the ages of 18 and 65, who voluntarily provide 
their consent. Candidates are required to have good oral hygiene habits and require 
tooth extraction. The surgical wound must be capable of being entirely closed with 
tight suturing. Prospective participants with a history of osteoporosis and receiving 
bisphosphonate treatment or those who have undergone radiation therapy and che-
motherapy in the maxillofacial, nasopharyngeal, and cervical regions within the past 5
years are prohibited from participating. Individuals with severe degenerative diseases,
locally infected areas, and severe systemic diseases are also excluded. Furthermore,
individuals with systemic or local bone diseases such as bone cysts, bone tuberculosis,
osteoarthritis, and bone tumors, pregnant or lactating women, those with a pregnancy
plan within the next 6 months, and people on long-term use of special drugs such as
hormones or anticoagulants are not eligible. Prospective participants with mental
illness, psychological disorders, and neurological disorders like epilepsy, endocrine
and metabolic disorders, hematological disorders, and uncontrolled cardiovascular
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diseases are also prohibited from participating. Additionally, individuals who smoke 
more than 10 cigarettes per day, have poor oral hygiene habits, severe bone defects, or 
diabetes, and those with a severe allergic constitution are also excluded. Researchers 
believe that other factors may also render an individual unsuitable for participation in
the study. All participants are required to provide written informed consent. Addi-
tional details regarding inclusion/exclusion criteria are available in the supplementary
information section.

3.3 Randomization 

This clinical trial was executed utilizing a randomized enrollment approach 
to mitigate the potential bias introduced by sampling errors. The statistical 
department provided random numbers for each subject, which were generated 
through the PLAN process of SAS 9.2 on an electronic computer. The subjects 
were then assigned to either the test or control groups in a 1:1 ratio, following
predetermined rules. It is noteworthy that this randomization process is
reproducible and that the parameters utilized in the process, such as the length
of the block group and the initial seed parameter of the random number, are
recorded in the randomization table.

The specific method employed for randomizing the subjects entails the assignment 
of random letters in sequential order to the screened cases. These random letters are 
subsequently revealed to determine the group to which the subject belongs, and the
appropriate treatment is dispensed accordingly. It is pertinent to note that each ran-
dom number, in isolation, does not suggest the patient’s group or treatment.

3.4 Procedures 

The purpose of this study was to perform minimally invasive socket preservation 
using local anesthesia (ativanacaine) after tooth extraction in eligible patients. After the 
extraction, granulation tissue present within the socket was removed, whereas the alveo-
lar socket was filled with Corebone bone graft in the test group or β-tricalcium phosphate 
artificial bone from Corusan AG in the control group. Following this, both groups were 
covered with Geistlich Bio-Gide, a resorbable biofilm (membrance) from Geistlich Phar-
maceuticals AG, Switzerland, and the extraction wounds were tightly closed with silk
sutures. Postoperative antibiotics were administered to prevent infection.

A cone-beam computed tomography (CBCT) was conducted immediately after the 
procedure to determine the height and width of the alveolar ridge bone. The vertical
height is the distance from the top of the alveolar ridge to the lowest horizontal plane
of the jawbone.

Width reference point, the horizontal width of the alveolar bone 5 mm along the 
vertical direction toward the root from point e is width. Adverse events and 
corresponding clinical responses were noted, along with any instrumentation
defects and the documentation of medication combinations. However, anesthetics
and hemostatic drugs used during surgery were not considered as combined
medications.

CBCT was utilized to record the bone morphology of the implant area 180 days after 
surgery to determine the alveolar ridge bone height and width at 6 months postopera-
tively, as well as to calculate the change in alveolar ridge bone height and width. Any
adverse events and corresponding clinical responses were recorded, along with the pres-
ence of instrumentation defects and the documentation of medication combinations.
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3.5 Outcomes 

The primary outcome is the change in alveolar ridge bone height immediately after
surgery and at 6 months post-op.

3.6 Patient and public involvement

In order to prevent trial bias and data sampling, it is imperative that researchers 
adhere strictly to the inclusion and exclusion criteria. Moreover, it is recommended 
that they undertake the following measures: carefully review the instruction manual 
before employing the product, attend a CoreBone product training session or watch a
demonstration video, meticulously inspect the product before use, and prepare sup-
plementary products. These procedures should be carried out solely by trained and
qualified physicians, and the assessment of outcomes must be consistent throughout
testing and evaluation by trial outcome assessors.

3.7 Statistical analysis

The evaluation methods for the trial to determine non-inferiority are based on the 
Guidelines for clinical trials of bone substitute materials for repairing alveolar bone 
defects in China. To be considered non-inferior, the lower limit of the 95% confidence 
interval difference of ΔHFBT (ΔHFBT (Corebone group) - ΔHFBT (Curasan group)) at
6 months after surgery should be greater than -0.35 mm [31]. A non-parametric test 
was used to compare the alveolar bone height and alveolar bone horizontal width 
between Corebone and Curasan on day 2 after surgery and 6 months after surgery [31]. 

3.8 Results 

3.8.1 Participants 

A total of 168 subjects were involved in this study (84 subjects treated with 
Corebone, and 84 subjects treated with Curasan). By now, 160 of them have completed 
the final examinations. The participant’s profile is summarized below. There was no 
significant different in age or gender between Corebone and Curasan group (Figure 9). 

3.8.2 Primary outcome

On the first day following the surgical procedure, a cone beam computed tomography 
(CBCT) scan was performed to evaluate the surgical outcomes of the Corebone and 
Curasan groups. The primary objective was to determine whether any dissimilarities 
existed between the two groups and to assess the reliability of the baseline. Findings from
the initial postoperative CBCT results revealed no significant differences between the
Corebone and Curasan groups (Figure 2). Similarly, no significant variance was observed 
in the postoperative alveolar bone height and horizontal alveolar bone width among the
groups, which indicated the dependability of the baseline for both groups (Figure 10). 

The height and width of alveolar bone after implant bone graft (Corebone or 
Curasan). All the patients used bio-membrane to cover the wound after implant bone 
graft. There was no difference between Corebone and Curasan after 1 day of surgery.
An unpaired nonparametric test was used for the statistics analyzed. P < 0.05 was
considered a significant difference. V2:1 day after surgery (Figure 10).
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Figure 9. 
Subject involvement and exclude situation of the trial.

Figure 10. 
The height and width of alveolar bone 1 day after surgery of Corebone and Curasan treatment.

A secondary cone beam computed tomography (CBCT) scan was performed 180 days 
post-surgery to evaluate the stability and efficacy of Corebone, in comparison to Curasan, 
a well-established market product renowned for its efficacy and stability. The results of 
the study indicated that Corebone was not inferior to Curasan in terms of stability and
efficacy. The majority of subjects who underwent surgery with Corebone and Curasan
experienced no changes in alveolar bone height and alveolar bone horizontal width after 6
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months. The alveolar bone dimensions did not d iffer significantly between Corebone and
Curasan (Figure 3). These findings demonstrate that Corebone is a robust and effective 
long-term solution. As per the “Guidelines for Clinical Trials of Bone Substitute Materials 
for Repairing Alveolar Bone Defects” in China, Corebone has an IC 95% lower limit of
0.0368 mm, which is higher than the non-inferior requirement of-0.035 mm (Tables 2 
and 3). These results confirm that Corebone is non-inferior to Curasan ’s product
(Figures 11 and 12). 

Group Corebone Curasan p value 

Subjects involved 81 79 

Gender Female 52 (64%) 51 (55%) 0.914 

Male 29 (36%) 28 (45%) 

Age Average 29.05 (year) 27.89 (year) 

20 30 73 (90%) 66 (86%) 0.439 

31 ~ 40 5 (7%) 9 (12%) 

41 ~ 50 1 (1%) 2 (1%) 

51 60 1 (1%) 0 (0%) 

61 70 1 (1%) 2 (1%) 

Table 2. 
Brief summary of enrollment subjects’ distribution.

Figure 11. 
Comparison of alveolar bone height and width at 1 day after surgery and 180 days after surgery. Comparison of 
alveolar bone height and width at 1 day after surgery and 180 days after surgery. There is no significant difference 
between V2 and V180 after surgery in Corebone or Curasan group. Unpaired nonparam etric test was used for the
statistic analyzed. P < 0.05 was considered significant difference. V2: 1 day after surgery. V180: 180 days after surgery.

Figure 12. 
Comparison of alveolar bone height and width at 180 days after surgery.
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4. Part III: Evaluation of cultivated coral implants for regeneration of
focal osteochondral defects in ovine model

4.1 Cartilage injuries and healing

Cartilage injuries present a significant clinical challenge. Lesions involving 
the femoral condyles or patellofemoral articular cartilage may result from 
overuse, direct trauma, malalignment, or malrotation. Such chondral defects
are frequently encountered during knee arthroscopy, with studies reporting
their presence in up to 36% of cases [32, 33]. Due to its avascular nature 
and limited chondrocyte population, articular cartilage has a poor intrinsic
regenerative capacity. However, fibrocartilage formation and symptom
stabilization may occur.

The most widely used surgical intervention remains microfracture surgery (mar-
row stimulation), which offers only a 30% improvement rate [33]. 

Without treatment, even minor lesions can grow in size to more substantial lesions 
and may progress to widespread joint degeneration and osteoarthritis. Current treat-
ments (microfracture, chondroplasty, autograft/allograft transplantation, ACI, etc.)
are often staged, require cell harvesting/expansion, or yield mechanically inferior
repair tissue.

4.2 Preclinical study overview

An ovine (sheep) study was conducted to evaluate the safety and effectiveness of
the CoreTlage® implant in repairing critical-size osteochondral defects.

CoreTlage is made from cultured coral, specifically cultivated for this indication, 
and includes a patented central channel to enhance cells migration toward the carti-
lage layer (Figure 13). 

In each sheep knee, cylindrical defects (6 mm x 8 mm) were surgically drilled into 
the load-bearing medial femoral condyle. Each defect was immediately treated in a
single-stage procedure by press-fitting a CoreTlage® implant flush with the sur-
rounding bone (Figure 14). 

Figure 13. 
Coral plug with through vertical channel.
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Figure 14. 
Scaffold flush with the subchondral bone.

The study consisted of eight animals in total:

. Two animals were followed for 4.5 months post-operatively for preliminary
evaluation.

. Six animals were followed for 6 months post-operatively,

Postoperative care and monitoring were conducted according to standard proto-
cols for large-animal cartilage studies, including unrestricted weight-bearing, analge-
sia, and daily welfare observations. At the designated endpoints, animals were
humanely sacrificed and the knees harvested for gross, micro–CT, and histological
analyses.

Outcomes included clinical monitoring, gross/macro scoring (e.g., ICRS criteria), 
high-resolution micro-computed tomography (micro-CT) of the explanted joints, and 
comprehensive histology (hematoxylin-eosin, Masson’s trichrome and safranin-O/fast 
green staining) of the repair sites. Histological slides were semi-quantitatively graded
for tissue reaction (0 = normal to 4 = severe) and cartilage morphology by board-
certified pathologists.

4.2.1 Safety and biocompatibility results

Throughout the study, animals showed normal recovery with no adverse reactions. 
At explant, no signs of joint irritation. Most importantly, no chronic inflammation or 
foreign-body response was observed in any CoreTlage®-treated joint. Histopathology
consistently noted “very clean” tissue fields. Bone and cartilage around the implants
were free of inflammatory infiltrates or necrosis.

Natural bone was observed growing directly onto and into the coral-based mate-
rial. No signs of thick fibrous encapsulation or giant cells were seen around any
implant. In all samples, no residual coral fragments were found. These findings sug-
gest that the coral matrix is well-tolerated in the joint environment.
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4.2.2 Macroscopic and imaging outcomes

4.2.2.1 Gross morphology

At the post-procedure analysis, all CoreTlage®-treated defects appeared well-
healed. The repair sites were flat or slightly convex, blending with surrounding carti-
lage. According to blinded gross scoring, all implants evaluated at 6 months achieved
Grade I-II (nearly normal) in texture, color, and defect fill (Figure 15). In plain view, 
the cartilage covering the implant looked continuous and smooth. As noted in the 
study report, the treated defects were described as “smoothly contoured, well-filled,
and flush with the adjacent cartilage,” which we see as encouraging preliminary
outcomes.

4.2.3 Micro-CT analysis

High-resolution micro-CT scans performed at 4.5 months post implantation
(Figure 16). The coral scaffold was completely encased by new bone, restoring an 
anatomically normal subchondral bone structure. In cross-section images, the implant 
(light gray) was interspersed with dark-gray newly formed trabeculae, yielding a
uniform appearance. Importantly, no radiolucency or implant displacements were
observed, underscoring excellent osseointegration.

4.2.4 Bone regeneration efficacy

Micro-CT at sacrifice demonstrated that all defects had become densely filled with 
new trabecular bone, seamlessly integrating the implant. In cross-section, the coral 
(high X-ray attenuation) was indistinguishable from host bone, with continuous bony
trabeculae spanning the former defect boundary. No gaps were observed between
implant and host. By 6 months, the repaired subchondral region was essentially
remodeled into normal-appearing bone.

Histological analysis revealed that new bone tissue had filled nearly the entire 
defect area beneath the joint surface. Masson ’s trichrome staining showed thick,
mineralized bone trabeculae (red) interdigitating with the coral matrix as shown in

Figure 15. 
Gross appearance of a treated osteochondral defect at 18 weeks post-implantation. The yellow circle highlights the 
defect region, which is completely filled with cartilage-like repair tissue that is smooth and level with the
surrounding native cartilage.
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Figure 16. 
Micro-CT cross-sectional image of an explanted femoral condyle treated with a CoreTlage® implant (center of 
image). The coral scaffold (lighter gray) is fully integrated with the surrounding host bone. New trabecular bone
formation is evident within and around the implanted scaffold, restoring the subchondral bone structure beneath
the defect.

Figure 17. As the evaluating pathologist noted: “the area of implantation is filled with 
new bone trabeculae that are wide and massive including mineralization.”

Across samples, the subchondral plate and trabecular architecture were rebuilt to 
near-normal geometry. Bone bridges often thickened across the defect. Histology 
noted a thickened trabecular network underlying the new cartilage. Grossly, the 
articular surface was supported by a solid bony foundation: all CoreTlage® defects
were described as “well-filled” and flush with the native subchondral plate. In sum,
CoreTlage® proved highly osteoconductive, guiding new bone formation to
reestablish the subchondral bone stock.

4.2.5 Cartilage regeneration efficacy

4.2.5.1 Hyaline-like cartilage formation

A hallmark finding was the regeneration of cartilage at the defect surface. By 
6 months, histology consistently revealed a continuous cartilage layer covering the 
CoreTlage®. Staining with Safranin-O/Fast Green revealed rich proteoglycan content
within the new matrix—shown by bright red staining—suggesting the presence of
glycosaminoglycans similar to those found in healthy natural cartilage (Figures 14 and 
15). The superficial cartilage surface was smooth and unbroken, and chondrocytes 
were organized in columns similar to native tissue in the deeper zones. In top-
performing implants, the tidemark (interface) between new cartilage and underlying 
bone was clear, mimicking a normal osteochondral junction. It was also encouraging to
see that cartilage formation was localized to the defect area, with seamless integration
into surrounding host tissue and no signs of osteophytes or ectopic cartilage formation.

4.2.5.2 Matrix quality

Overall, the repair cartilage tended toward hyaline character. Immunostains 
showed predominantly type II collagen, and the semi-quantitative scores for
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proteoglycan staining were high. However, pathologists did note that the new carti-
lage was not always perfectly hyaline. In some cases the matrix was somewhat more
fibrous than native cartilage (Figures 17–19). Overall, CoreTlage® supported the 
formation of hyaline-like cartilage that was structurally and functionally superior to 
untreated healing, and no adverse degeneration of adjacent cartilage was seen in any
sample.

Figure 17. 
Safranin-O/Fast Green–stained section of a treated defect at 6 months post-implantation. A layer of hyaline-like 
cartilage (red staining at top) has regenerated over the defect, with proteoglycan-rich matrix and a smooth articular 
surface. Underneath, the fast green stain highlights the regenerated subchondral bone (green), demonstrating 
reconstitution of the bo ne-cartilage interface. No notable gaps or inflammatory tissue are present at the implant site.

Figure 18. 
Safranin-O/fast green-stained section 6 months after implantation reveals formation of hyaline-like cartilage at 
the articular surface with appropriate proteoglycan content. No significant inflammatory response at the implant
interface. (4x magnification).
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Figure 19. 
Histological section of a CoreTlage®-treated defect~6 months post-surgery (Masson’s Trichrome stain). The defect space 
is being filled with regenerated tissues: new bone (red-stained trabeculae, bottom) is present within the coral scaffold, 
and a layer of nascent cartilaginous matrix (blue staining) is extending over the surface of the new bone (see inset). This
indicates progressive osteochondral healing, with cartilage formation emerging from the underlying bone.

Statistic Standard ErrorΔHFBT 95% confidence interval

ΔHFBT Mean value .1381 0.04105 

95% confidence interval of the average value Lower limit .0368 

Upper limit .2114 

5% mean after clipping .1141 

Median .0000 

Variance .151 

Standard deviation .37204 

Minimum -.50 

Maximum 1.80 

Range 2.30 

Quartile distance .25 

Table 3. 
Adverse events.

5. Discussion 

Coral has been used as a bone substitute graft material for many years. Several 
FDA and CE approved products for dental and orthopedic indications have shown 
good ability in promoting bone regeneration in the treatment of bone defects. How-
ever, most coral-based products on the market are made from marine harvested coral,
which is at risk of contamination from the sea and its environment. To address this
issue, high-temperature calcination is used, which can cause changes in the micro-
structure of the coral and create a dense surface of the pores. These changes may
reduce the effectiveness of bone regeneration.
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Corebone graft is a type of bone substitute material made from the calcium 
carbonate exoskeleton of coral. It is available in different forms and sizes for 
various application scenarios and is bioresorbable, meaning it is absorbed by the 
body over time. The coral used is grown in the company Coral farm, which is a
closed system with online monitoring to ensure water quality and growth
conditions are continuously monitored. This reduces the possibility of coral
contamination and improves product safety. Corebone process ensures the
retention of the pore structure and microscopic rough surface of the coral, which
better supports osteogenesis.

The results of the multicenter, open-label, randomized, parallel-controlled non-
inferiority trial to estimate the safety and efficacy of Corebone compared to Curasan 
have shown no significant difference between the two products after surgery or after 
finishing the follow-up. This suggests that Corebone has similar effect as Curasan in 
promoting bone growth in repairing bone defects in the jaw. The trial involved three 
medical institutions, Peking University Third Hospital, Peking Union Medical College of 
the Chinese Academy of Medical Sciences, and Beijing Friendship Hospital affiliated
with Capital Medical University, and included a significant number of participants.

An important limitation of the present study lies the relatively short follow-up 
time (12 months); after 12 months, we do not know if the radiographic and clinical
parameters remain stable.

Based on these findings, it may be concluded that Corebone is as effective as 
Curasan in repairing bone defects in the jaw. This is significant as it provides an 
alternative option for patients who require bone grafting. The use of Corebone can 
potentially reduce the need for additional surgeries to obtain autologous bone, which 
may increase patient pain, blood loss, surgical infection rate, and long-term hospital-
ization costs. Additionally, being produced from corals grown in a safe and monitored
environment, the use of Corebone avoids the risk of infection. Overall, the results of
this trial demonstrate that Corebone is a safe and effective option for promoting bone
regeneration in the repair of bone defects in the jaw.

Orthopedics: Coral grafts designed for treating focal osteochondral defects -
CoreTlage have shown promising healing including chondral growth within the injury 
sites. The key findings of the present study demonstrate that the CoreTlage implant 
provides a highly effective environment for the repair of critical-size osteochondral 
defects in a large weight-bearing ovine model. At the 6-month follow-up, the treated 
defects achieved near-normal macroscopic appearances, consistently reaching high
macroscopic scores. Histological analysis revealed the formation of hyaline-like carti-
lage characterized by a smooth articular surface, rich proteoglycan content as
evidenced by intense Safranin-O staining, and the presence of predominantly Type II
collagen. Crucially, the subchondral bone was fully restored, with the biphasic scaf-
fold facilitating a seamless transition between the regenerated bone and the overlying
cartilaginous layer.

The biocompatibility and safety of the CoreTlage implant were evidenced by the 
total absence of chronic inflammation, foreign-body giant cell reactions, or joint 
irritability across all subjects. This observation is particularly significant given the 
dynamic, load-bearing environment of the ovine stifle joint. The direct integration of
host bone with the implant interface, without intervening fibrous tissue, confirms the
high osteoconductivity of the cultivated coral material. These findings are supported
by Pountos & Giannoudis [26] who identified coral-derived substitutes as highly 
biocompatible and effective in bone repair. Furthermore, the long-term safety and
bone-forming capacity of coral-derived materials are well-established, with studies by
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Piattelli et al. [1] and Demers et al. [2] highlighting successful bone augmentation and 
resorption characteristics in both orthopedic and dental applications.

When compared to current clinical standards, CoreTlage offers several 
distinct advantages. As noted by Liao et al. [34], many current treatments remain 
palliative and fail to restore the native structure and function of the joint. 
Traditional marrow-stimulation techniques, such as microfracture, frequently result in 
the formation of mechanically inferior fibrocartilage (Type I collagen), which lacks 
durability and often leads to clinical decline. While autografts provide healthy tissue, 
they are limited by supply and a high risk of donor-site morbidity—reported in up to 
50% of cases. Cell therapies like ACI address some of these issues but are hindered by 
high costs, staged surgeries, and the risk of chondrocyte dedifferentiation. CoreTlage 
addre sses these deficiencies as a single-stage, off-the-shelf solution. A notable perfor-
mance benchmark is the multilayer collagen scaffold described by Levingstone et al.
[35]; while that scaffold required 12 months for maturation in a caprine model, 
CoreTlage achieved robust bone fill and cartilage maturation within only 6 months. 
Overall, CoreTlage demonstrated a significantly accelerated rate of tissue maturation 
and superi or structural integration compared to existing biphasic constructs.

The success of this biphasic implant provides further mechanistic support for 
coral-derived aragonite in joint preservation. These results align with the biological 
rationale behind established platforms like Agili-C. CoreTlage incorporates a full-
length central canal, extending the concept of mechanical modification described by
Kon et al. [36]. In that study, 1–2 mm deep drilled channels were shown to be essential 
for facilitating nutrient supply and the recruitment of Mesenchymal Stem Cells 
(MSCs) from the subchondral bone marrow. Our findings demonstrate that the 
regenerative outcomes of the CoreTlage system measure up to these established 
benchmarks, achieving comparable hyaline-like cartilage formation and robust bone 
fill within a similar timeframe. This suggests that the biphasic aragonite structure,
particularly when modified with a central canal to enhance biological access, serves as
an effective “homing device” for osteochondral regeneration. Furthermore, our find-
ings extend this evidence to a large weight-bearing model, confirming that the specific
porosity and mineral composition of the cultivated coral scaffold are suited for simul-
taneous bone and cartilage regeneration.

Despite of these promising results, several limitations must be acknowledged. 
This study utilized a relatively small sample size (n = 8), and the 6-month follow-up 
period may not fully capture the long-term durability of the regenerated tissue under
years of physiological loading. Additionally, human clinical translation involves com-
plexities such as varying age, activity levels, and potential degenerative changes in
the joint.

The preclinical evidence presented suggests that cultivated coral-derived 
CoreTlage scaffolds can support coordinated regeneration of subchondral bone and 
hyaline-like cartilage in a large animal model without eliciting adverse inflammatory 
responses. Future research should focus on longer-term studies and randomized clin-
ical trials to confirm the efficacy and durability of CoreTlage in treating focal
osteochondral lesions in human patients.

6. Conclusions 

1 Coral has been used as a bone graft material for many years with several FDA
and CE approval as a bone graft substitute for oreal and orthopedic indications.
.
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2 The results of this trial demonstrate that cultivated Corebone products are safe 
and effective option for promoting bone regeneration in the repair of bone
defects in the jaw.

.

3 Corebone process ensures the retention of the pore structure and microscopic 
rough surface of the coral, which better supports osteogenesis.
.

4 A clinical multicenter, open-label, randomized, parallel-controlled has shown 
similar safety and efficacy of Corebone compared to Curasan.
.

5 Evaluation of cultivated coral implants for regeneration of focal osteochondral 
defects in an ovine model have shown promising healing including chondral
growth within the injury sites; these findings need further animal and human
trials.

.

6 While further in human validation is required, this strategy represents a 
promising paradigm shift toward single-stage, acellular osteochondral
regeneration driven by biomimetic scaffold design.

.

7 CoreTlage implant provides a highly effective environment for the repair of 
critical-size osteochondral defects in a large weight-bearing ovine model.
.
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Abstract

Pulsed electromagnetic fields (PEMFs) represent a revolutionary non-invasive 
therapeutic modality that has gained significant recognition across medical and den-
tal disciplines. This technology utilizes precisely controlled electromagnetic pulses 
to interact with biological systems at the cellular and molecular levels, influencing 
fundamental processes including DNA synthesis, gene expression, cell migration, and 
tissue regeneration. The therapeutic applications of PEMFs span from pain manage-
ment and inflammation reduction to enhanced bone healing and antimicrobial 
effects. In dentistry, PEMFs have demonstrated remarkable potential in improving 
dental implant stability, promoting osseointegration, and managing peri-implant 
diseases. The introduction of miniaturized electromagnetic devices represents an 
innovation in implant dentistry, offering targeted therapy that may improve treat-
ment outcomes and reduce complications. This chapter provides a comprehensive 
examination of PEMF technology, exploring its underlying mechanisms, clinical 
applications across medical fields, basic research foundations, and specialized dental 
applications, with particular emphasis on recent advances in implant therapy and 
antimicrobial effects.

Keywords: pulsed electromagnetic fields, PEMF therapy, dental implants, 
osseointegration, tissue regeneration, antimicrobial effects, non-invasive treatment, 
microbiome modulation

1. �Introduction

The intersection of physics and medicine has yielded numerous therapeutic
innovations, with pulsed electromagnetic fields (PEMFs) emerging as one of the 
most promising non-invasive treatment modalities of the modern era. PEMF technol-
ogy harnesses the fundamental properties of electromagnetic radiation to influence 
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biological systems. Evidence indicates it may promote healing, reduce inflammation, 
and enhance cellular function under certain conditions. The growing body of evi-
dence supporting PEMF applications has led to its integration into diverse medical 
specialties, with particularly notable advances in orthopedics and dentistry [1–3].

The therapeutic potential of electromagnetic fields was first recognized in the 
nineteenth century, building upon the foundational work of Michael Faraday and 
James Clerk Maxwell in electromagnetism.1 However, it was not until the mid-twenti-
eth century that systematic investigation into the biological effects of electromagnetic 
fields began to reveal their therapeutic applications. The discovery of the piezoelectric 
effect in bones by Yasuda in 1957 marked a pivotal moment, demonstrating that bone 
tissue could respond to electromagnetic stimulation by generating electrical poten-
tials that influence bone formation and repair processes [2].

Modern PEMF therapy represents a sophisticated evolution of these early dis-
coveries, incorporating precise control over field parameters including frequency, 
intensity, pulse duration, and treatment protocols. The technology’s non-invasive 
nature, combined with its proven safety profile and broad therapeutic applications, 
has positioned it as an attractive alternative to pharmacological interventions for 
numerous conditions. The development of miniaturized electromagnetic devices 
has further expanded the clinical utility of PEMF therapy, particularly in dental 
applications where targeted, localized treatment can significantly enhance outcomes 
(Figure 1) [3].

2. �Technology overview: Principles and mechanisms

2.1 Fundamental principles

Pulsed electromagnetic fields comprise synchronized magnetic and electric field 
components that interact with biological tissues through well-defined physical prin-
ciples. Unlike static magnetic fields, PEMFs are characterized by their time-varying 
nature, which enables them to induce electrical currents within biological tissues 

Figure 1. 
A cross-sectional view of the Miniaturized Electromagnetic Device (MED) healing abutment (Courtesy of 
Magdent Ltd.).
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according to Faraday’s law of electromagnetic induction. This property allows PEMFs 
to penetrate deeply into tissues, making them particularly effective for treating condi-
tions affecting deeper structures that are difficult to access with other non-invasive 
modalities [1, 2].

The therapeutic effectiveness of PEMF therapy depends on several critical 
parameters. Frequency selection typically ranges from extremely low frequencies 
(1–300 Hz) to higher frequencies approaching the radio frequency spectrum, with 
different frequency ranges demonstrating optimal efficacy for specific therapeutic 
applications. Low frequencies (1–10 Hz) are commonly employed for pain manage-
ment and sleep enhancement, while medium frequencies (10–100 Hz) show effec-
tiveness in anti-inflammatory applications. Higher frequencies (100–1000 Hz) are 
frequently utilized for bone healing and tissue regeneration applications [4].

Field intensity represents another crucial parameter, typically measured in Gauss 
or Tesla units. Low-intensity fields (1–10 Gauss) are effective for chronic pain and 
inflammatory conditions, while medium-intensity fields (15–30 Gauss) demonstrate 
optimal results for bone healing applications. The pulse characteristics, including 
pulse width, rise time, and duty cycle, further influence the biological response, with 
shorter pulses often providing more targeted cellular effects [2, 5].

2.2 Cellular and molecular mechanisms

The biological effects of PEMF therapy result from complex interactions at 
multiple levels of biological organization, from molecular to systemic. At the cel-
lular level, PEMFs exert their primary effects through the modulation of ion channel 
activity and membrane potential. The oscillating electromagnetic fields cause forced 
vibration of free ions on cell membrane surfaces, potentially leading to alterations in 
ion channel gating and disruption of transmembrane protein equilibrium [5].

These membrane-level changes trigger cascades of intracellular signaling 
events that ultimately influence cellular behavior. PEMF exposure affects the 
entire signal transduction pathway, altering both cell surface receptor expression 
and downstream signaling cascades. Key signaling pathways influenced by PEMF 
therapy include the mitogen-activated protein kinase (MAPK) pathway, cyclic 
adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway, and the 
Wnt/beta-catenin signaling system [5, 6].

The MAPK pathway, including ERK, JNK, and p38 components, plays a crucial 
role in mediating PEMF effects on cell proliferation, differentiation, and apoptosis. 
PEMF stimulation can activate these pathways, leading to both pro-survival and pro-
differentiation responses depending on the cellular context and field parameters. The 
modulation of nuclear factor-kappa B (NF-kappaB) activity by PEMFs contributes 
to their anti-inflammatory effects by reducing the expression of pro-inflammatory 
cytokines [2].

Calcium signaling represents another fundamental mechanism through which 
PEMFs influence cellular function. PEMF exposure enhances Ca2+ influx through 
voltage-gated calcium channels and affects intracellular calcium release from stores. 
This calcium signaling modulation is particularly important for osteoblast function, 
where calcium plays essential roles in bone matrix synthesis and mineralization 
processes [7].

Adenosine-related signaling intersects with osteogenesis; A2A receptor activation 
triggers Akt signaling and enhances nuclear localization of beta-catenin in osteoblasts, 
supporting a mechanistic rationale relevant to PEMF-responsive pathways [8, 9].
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3. �Medical applications and clinical evidence

3.1 Orthopedic applications

The orthopedic applications of PEMF therapy represent some of the most exten-
sively studied and clinically validated uses of this technology. The FDA approval of 
PEMF devices for bone healing in the 1970s provided official recognition of their 
therapeutic value and paved the way for broader clinical adoption. PEMF therapy 
has demonstrated clinically meaningful results in treating fracture non-unions, with 
success rates often exceeding those of conventional treatments [1, 2].

Osteoporosis management represents another significant application area where 
PEMF therapy has shown considerable promise. The technology’s ability to stimulate 
osteoblast activity while inhibiting osteoclast function makes it particularly well-
suited for addressing the bone density loss characteristic of osteoporotic conditions. 
Clinical studies have demonstrated that regular PEMF treatment can improve bone 
mineral density and reduce fracture risk in osteoporotic patients [4].

The treatment of osteoarthritis with PEMF therapy has gained substantial clinical 
support, with numerous controlled studies demonstrating significant improvements in 
pain levels, joint function, and quality of life measures. The anti-inflammatory effects of 
PEMF therapy contribute to reduced joint inflammation and improved cartilage health, 
making it an attractive non-pharmacological option for arthritis management [10].

3.2 Pain management and inflammation

PEMF therapy has established itself as a valuable tool in pain management across 
various clinical contexts. The analgesic effects of PEMF treatment appear to involve 
multiple mechanisms, including modulation of pain signaling pathways, reduction 
of inflammatory mediators, and enhancement of endogenous pain control systems. 
Clinical applications range from acute post-operative pain management to chronic 
pain conditions [11].

Interstitial cystitis/bladder pain syndrome represents a specific pain condition 
where PEMF therapy has demonstrated particular efficacy. Both full-body and 
targeted treatment protocols have shown promising results in reducing pain intensity 
and improving bladder function in affected patients. The non-invasive nature of 
PEMF therapy makes it particularly attractive for conditions where conventional 
treatments may have limited effectiveness or significant side effects [12].

The anti-inflammatory properties of PEMF therapy extend beyond pain manage-
ment to encompass broader inflammatory conditions. PEMF treatment can promote 
the production of anti-inflammatory mediators while reducing pro-inflammatory 
cytokine expression. This dual anti-inflammatory action contributes to improved 
tissue healing and reduced chronic inflammation [2].

3.3 Wound healing and tissue regeneration

The wound healing applications of PEMF therapy have shown remarkable clini-
cal potential, particularly in challenging cases such as diabetic ulcers and chronic 
wounds. PEMF treatment enhances multiple aspects of the wound healing process, 
including angiogenesis promotion, collagen synthesis enhancement, and acceleration 
of epithelialization. The technology’s ability to improve circulation and reduce tissue 
hypoxia contributes to its effectiveness in wound healing applications [2, 13].
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Diabetic wound healing represents a particularly challenging clinical scenario 
where PEMF therapy has demonstrated significant benefits. The impaired healing 
response characteristic of diabetic patients can be substantially improved through 
PEMF treatment, which enhances myofibroblast activity and collagen fiber produc-
tion, leading to accelerated wound closure and improved healing quality [14].

Neurological applications of PEMF therapy have shown promise in conditions 
such as stroke recovery, Parkinson’s disease, and multiple sclerosis. The neuropro-
tective effects of PEMF treatment, including reduction of neuronal necrosis and 
enhancement of neuroplasticity, contribute to improved functional outcomes in 
neurological conditions [15].

3.4 Comparative effectiveness

The comparative effectiveness of PEMF therapy versus other treatment modalities 
has been extensively studied across various applications. When compared to low-level 
laser therapy (LLLT) for conditions such as diabetic foot ulcers and myofascial pain, 
PEMF therapy has demonstrated superior outcomes in several clinical parameters. 
The dual heating and molecular resonance effects of PEMF treatment have been sug-
gested to contribute to muscle relaxation and improved circulation compared to laser 
therapy, although further validation is required [16].

However, the optimal approach often involves understanding the unique advan-
tages of each modality and potentially combining treatments for synergistic effects. 
Laser therapy demonstrates particular strengths in wound regeneration through pho-
tobiomodulation mechanisms, while PEMF therapy excels in deeper tissue penetra-
tion and broader systemic effects. The combination of PEMF and laser therapy has 
shown potential for enhanced therapeutic outcomes in certain clinical scenarios [17].

The long-term effects of PEMF therapy require careful consideration in clinical 
practice. While most applications demonstrate excellent safety profiles, prolonged 
exposure to high-intensity fields may produce oxidative stress effects in some biologi-
cal systems. However, clinical studies of long-term PEMF use have generally shown 
positive outcomes with minimal adverse effects when appropriate treatment protocols 
are followed [18].

4. �Basic research: In vitro and in vivo studies

4.1 Cellular response mechanisms

The foundation of PEMF therapy’s clinical effectiveness lies in its profound effects 
on cellular function demonstrated through extensive in vitro research. Cell cycle 
regulation represents one of the most fundamental areas where PEMF treatment 
exerts significant influence. Exposure to precisely controlled electromagnetic fields 
can modulate cell cycle progression, with specific parameters promoting proliferation 
in regenerative contexts while potentially inducing apoptosis in pathological condi-
tions [5].

The osteogenic differentiation of mesenchymal stem cells under PEMF stimula-
tion has been extensively studied, revealing the involvement of multiple signaling 
pathways including transforming growth factor-beta (TGF-beta), bone morphoge-
netic proteins (BMPs), and the mechanistic target of rapamycin (mTOR) pathway. 
These pathways collectively contribute to enhanced osteoblast differentiation and 
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bone matrix synthesis, providing the mechanistic basis for PEMF therapy’s effective-
ness in bone healing applications [19].

4.2 Molecular pathway modulation

The molecular mechanisms underlying PEMF therapy effects involve complex 
interactions among multiple signaling pathways. The Wnt/beta-catenin signaling 
system plays a central role in mediating PEMF effects on bone formation, with elec-
tromagnetic field exposure leading to beta-catenin accumulation and nuclear trans-
location. This pathway activation results in enhanced expression of genes involved in 
osteoblast differentiation and bone matrix synthesis [6].

Adenosine-related signaling represents another crucial axis influenced by PEMF-
related biology. PEMF-relevant studies indicate that activation of A2A receptors can 
trigger Akt signaling and enhance nuclear localization of beta-catenin in osteoblasts. 
This intersects with broader osteoanabolic pathways relevant to bone repair and 
regeneration [8, 9].

The interaction between PEMF therapy and growth factor expression extends 
beyond IGF to include other critical factors such as BMP and TGF-beta. These growth 
factors work synergistically to promote tissue regeneration and repair, with PEMF 
treatment enhancing their synthesis and biological activity. The coordinated regula-
tion of multiple growth factor systems contributes to the broad therapeutic effective-
ness of PEMF therapy [2, 19].

4.3 Antimicrobial effects and biofilm modulation

Recent research has revealed significant antimicrobial properties of PEMF ther-
apy, particularly relevant for preventing and treating biofilm-associated infections. In 
vitro studies using polymicrobial biofilm models demonstrated that PEMF treatment 
can significantly alter bacterial colonization patterns and reduce total bacterial loads. 
These effects are particularly pronounced for problematic species commonly associ-
ated with implant-related infections (Figures 2 and 3) [20].

The antimicrobial mechanism of PEMF therapy appears to involve multiple pathways, 
including direct effects on bacterial cell membrane integrity and indirect effects through 
enhancement of host immune responses. PEMF treatment can reduce the colonization 
of pathogenic species such as Streptococcus anginosus, Fusobacterium nucleatum, and 
Streptococcus mutans, while promoting more favorable microbial environments [21].

The ability of PEMF therapy to modulate biofilm formation represents a sig-
nificant advantage in clinical applications, particularly in implant dentistry where 
biofilm-associated infections pose substantial challenges. The technology’s capacity 
to reduce initial bacterial colonization while promoting healing responses makes it an 
attractive adjunctive treatment for implant-related infections [21].

4.4 In vivo validation studies

In vivo studies have provided crucial validation for the cellular and molecular 
mechanisms identified through in vitro research. Animal studies using rat models 
have demonstrated that PEMF treatment can significantly improve tissue perfusion 
through enhanced arteriolar dilation and improved capillary blood flow. These vascu-
lar effects contribute to reduced tissue hypoxia and enhanced healing responses [22].
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The translation of PEMF effects from cellular studies to whole organism responses 
has been particularly well demonstrated in bone healing applications. Studies 
using rabbit tibia models with titanium implants have shown that PEMF treatment 
enhances the expression of osteogenesis-related genes at the implant-bone interface, 
leading to improved osseointegration outcomes. Micro-computed tomography and 
histomorphometric analysis have confirmed the superior bone formation achieved 
with PEMF treatment [23].

Neurological applications of PEMF therapy have shown promising results in ani-
mal models of stroke and neurodegenerative conditions. The neuroprotective effects 
of PEMF treatment, including reduced inflammation and enhanced neuroplasticity, 
translate into improved functional outcomes in animal studies [24].

Figure 2. 
In vitro polymicrobial biofilm formation under pulsed electromagnetic field (PEMF) exposure, assessed by 
checkerboard DNA–DNA hybridization for 40 bacterial species linked to implant-related infections. (A) 
Mean ± SD bacterial counts (×105) in pulse (activated PEMF) vs. control (non-activated) groups. (B) Bacterial 
proportions by periodontal microbial complexes (Actinomyces -blue, yellow, green, purple; secondary colonizers 
- orange; late colonizers - red). (C) Fold change (control/pulse) for key pathogenic species associated with tissue 
damage. Indicates significant difference (p < 0.05, t-test).

37



Periodontics and Implants – Contemporary Scientific and Clinical Perspective

8

5. �Dental applications: Revolutionizing oral healthcare

5.1 Dental implant stability and osseointegration

The application of PEMF therapy in dental implantology represents one of the 
most significant advances in implant treatment protocols. The primary challenge in 
implant dentistry involves achieving reliable osseointegration, particularly in patients 
with compromised bone quality or systemic conditions that impair healing. PEMF 
therapy addresses these challenges by enhancing the biological processes that govern 
implant-bone integration (Figure 4) [23].

The miniaturized electromagnetic device (MED) represents a breakthrough 
innovation in implant therapy, providing targeted PEMF treatment directly at the 
implant site. This device, constructed from titanium alloy and incorporating sophis-
ticated electromagnetic field generation capabilities, can be screwed directly into the 
implant in place of conventional healing abutments (Figure 1). The localized delivery 
of PEMF therapy maximizes treatment effectiveness while minimizing systemic 
exposure [3].

Clinical studies evaluating the effectiveness of MED therapy have demonstrated 
significant improvements in implant stability quotient (ISQ ) measurements, particu-
larly during the critical early healing period. Resonance frequency analysis has shown 
that PEMF-treated implants achieve superior stability values compared to conven-
tional healing protocols, with benefits becoming apparent as early as two weeks 
post-implantation and continuing throughout the osseointegration period [25].

Figure 3. 
Scanning electron microscopy micrographs of both groups after 72 h of biofilm formation. The circles and yellow 
lines represent microbial (streptococcal) aggregates or mixed-species aggregation on the surface. * Indicates 
statistical difference (p < 0.05) by t-test.
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The radiographic evidence supporting PEMF therapy in implant treatment 
includes improved bone density around implant surfaces and enhanced bone-
to-implant contact ratios. These improvements are particularly pronounced in 
challenging cases involving type IV bone or patients with systemic conditions that 
compromise healing. The enhanced bone formation achieved with PEMF therapy 
can significantly reduce the time required for implant loading, improving treatment 
efficiency and patient satisfaction (Figure 4) [23].

5.2 Histological and molecular evidence

Histological analysis of implants treated with PEMF therapy reveals enhanced 
osseointegration characterized by increased direct bone-to-implant contact and 
improved bone quality around the implant surface. Ground sections of retrieved 
implants show evidence of enhanced osteogenesis, with more rapid and complete 
bone formation compared to conventional healing protocols. These histological 
improvements are particularly evident in challenging bone types where conventional 
osseointegration may be compromised [23].

The molecular mechanisms underlying improved osseointegration with PEMF 
therapy involve the upregulation of key osteogenic genes and proteins. Enhanced 
expression of Runx2, osterix, and collagen type I contributes to accelerated osteoblast 
differentiation and bone matrix synthesis. The activation of the Wnt/beta-catenin 
signaling pathway further supports osteogenesis, leading to improved bone formation 
around implant surfaces [6].

Growth factor expression is significantly enhanced by PEMF therapy, with 
increased levels of bone morphogenetic proteins (BMPs), transforming growth 
factor-beta (TGF-beta), and insulin-like growth factors (IGFs). These growth 
factors work synergistically to promote osteoblast recruitment, proliferation, and 
differentiation, ultimately leading to enhanced bone formation and implant inte-
gration [19].

5.3 Peri-implantitis management

Peri-implantitis represents one of the most challenging complications in implant 
dentistry, with conventional treatment approaches often providing limited long-term 
success [26–28].

Figure 4. 
Increased bone volume density after 30 days of pulsed electromagnetic field at implant site.
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PEMF therapy offers a novel nonsurgical approach to peri-implantitis manage-
ment that addresses both the infectious and regenerative aspects of the condition 
(Figure 5) [21]. Clinical studies of PEMF therapy for peri-implantitis have demon-
strated significant improvements in clinical parameters including probing depth 
reduction, bleeding on probing improvement, and crestal bone preservation. A ran-
domized controlled trial testing the effectiveness of nonsurgical treatment for peri-
implantitis management using PEMFs as an adjunctive measure for 30 days recorded 
greater bone defect fill at 3 months and a decrease in the levels of interleukin-1beta at 
2 weeks following mechanical debridement [29].

The long-term follow-up data for PEMF therapy in peri-implantitis management 
shows sustained improvements in clinical parameters over 12–26 month observation 
periods. Extended follow-up studies have demonstrated that PEMF therapy maintains 
clinical benefits over time, with patients showing continued improvements in probing 
depth reduction and bone level maintenance [30].

The mechanism of action in peri-implantitis treatment involves multiple path-
ways, including direct antimicrobial effects, enhanced immune system function, 
and promotion of tissue regeneration. PEMF therapy has been shown to increase the 
expression of anti-inflammatory cytokine IL-10 while reducing the expression of 
pro-inflammatory cytokine IL-1, contributing to improved tissue health and reduced 
disease progression. The modulation of inflammatory mediators creates an environ-
ment more conducive to healing and tissue regeneration around affected implants 
(Figure 6) [21, 29].

5.4 Antimicrobial and microbiome effects

Recent advances in understanding the oral microbiome have revealed the 
complex bacterial communities associated with implant health and disease. PEMF 
therapy has demonstrated remarkable ability to modulate these microbial com-
munities, promoting more favorable bacterial populations while reducing patho-
genic species. This microbiome modulation represents a significant advancement 
in implant therapy, addressing one of the fundamental challenges in long-term 
implant success (Figures 2 and 3) [21].

The antimicrobial effects of PEMF therapy extend beyond simple bacterial 
reduction to include sophisticated modulation of biofilm formation and maturation. 
Studies have shown that PEMF treatment can significantly alter the composition of 
multispecies biofilms, with reductions in pathogenic species such as Porphyromonas 

Figure 5. 
Clinical and radiographic outcomes of MED treatment in advanced peri-implantitis.
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gingivalis, Tannerella forsythia, and Prevotella intermedia. These changes in biofilm 
composition contribute to improved implant health and reduced risk of peri-implant 
disease [20, 31].

The emerging understanding of biofilm resistance mechanisms has highlighted 
the importance of treatments that can effectively penetrate established biofilms and 
disrupt bacterial communication systems. PEMF therapy appears to affect bacterial 
quorum sensing and biofilm matrix integrity, making it particularly effective against 
mature biofilms that are resistant to conventional antimicrobial treatments [32].

5.5 Clinical applications and treatment protocols

The integration of PEMF therapy into clinical dental practice requires careful 
consideration of treatment protocols and patient selection criteria. The miniatur-
ized electromagnetic device has been specifically designed to integrate seamlessly 
into existing implant workflows, requiring minimal changes to established surgical 
and prosthetic procedures. The device activation and monitoring protocols ensure 
consistent treatment delivery while maintaining patient safety [3].

Patient selection for PEMF therapy should consider factors such as bone quality, 
systemic health status, smoking history, and diabetes status. Patients with compro-
mised healing capacity may derive particular benefit from PEMF therapy, as the 
treatment can partially compensate for impaired biological responses. The therapy 
has shown effectiveness across diverse patient populations, including elderly patients 
and those with systemic conditions that complicate healing [29].

Figure 6. 
A 54-year-old systemically healthy patient presented 1.5 years after placement of the definitive prosthetic crown, 
reporting pain and localized swelling around the implant site. Clinical examination revealed probing depths 
of 6 mm circumferentially, with bleeding on probing. A periapical radiograph demonstrated crestal bone loss 
involving the coronal third of the implant. The prosthetic crown was removed, and mechanical debridement 
with deep curettage of the affected peri-implant tissues was performed. Subsequently, a Magdent MED healing 
abutment generating Pulsed Electromagnetic Field (PEMF) was applied for a period of 60 days as a non-surgical 
therapeutic intervention. At the 60-day follow-up, radiographic evaluation showed new bone apposition at the 
previously resorbed coronal region, accompanied by complete resolution of inflammation and pocket reduction to 
physiological levels. The outcome demonstrates a favorable peri-implant bone regeneration and soft tissue healing 
response following adjunctive PEMF therapy.
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The treatment duration and field parameters for dental applications have been 
optimized through clinical research to maximize therapeutic effectiveness while 
ensuring patient safety. Typical treatment protocols involve continuous or intermit-
tent field application over periods ranging from several weeks to several months, 
depending on the specific clinical indication and patient response [2, 33].

5.6 Future directions and emerging applications

The rapid advancement of PEMF technology in dentistry has opened new avenues 
for clinical application and research. Emerging applications include the treatment of 
temporomandibular joint disorders, acceleration of orthodontic tooth movement, and 
enhancement of oral wound healing. These expanding applications demonstrate the 
broad therapeutic potential of PEMF technology in oral healthcare [33, 34].

The development of next-generation PEMF devices with enhanced precision 
and control capabilities promises to further expand the clinical utility of this 
technology. Advanced field shaping and targeting capabilities may enable more 
sophisticated treatment protocols tailored to specific anatomical and pathological 
conditions [34].

The integration of PEMF therapy with other advanced treatments represents 
an exciting frontier in dental medicine. Combination approaches involving PEMF 
therapy with regenerative techniques such as growth factor therapy, stem cell treat-
ments, and advanced biomaterials may provide synergistic benefits that exceed the 
effectiveness of individual treatments [32, 33, 35, 36].

6. �Conclusions

Pulsed electromagnetic field (PEMF) therapy is increasingly recognized as a 
non-invasive modality with relevance across medicine and dentistry. Experimental 
and clinical data indicate that PEMF can modulate key cellular processes, including 
proliferation, differentiation, and tissue repair. These properties make it particularly 
relevant in conditions where healing is compromised or inflammation plays a central 
role. The body of research, extending from basic laboratory studies to controlled 
clinical trials, provides a scientific basis for further clinical application.

In dental medicine, PEMF has gained attention primarily in the field of implant 
therapy. Here, it has been investigated as a means to enhance osseointegration and 
improve implant stability. The development of miniaturized devices adapted for 
intraoral use represents an important step, enabling direct clinical translation. 
Current evidence points to dual benefits, namely, stimulation of bone formation and 
modulation of the peri-implant microbiota, both of which are critical determinants of 
implant success.

The reported safety profile of PEMF is favorable. Adverse events are uncommon, 
and patients generally tolerate the therapy well. Its non-invasive nature provides an 
alternative to pharmacological or surgical interventions, which is of practical impor-
tance for patients who cannot undergo more aggressive treatment.

Beyond clinical outcomes, potential economic implications have been discussed. If 
PEMF contributes to reduced complication rates, lower medication use, or improved 
implant survival, it may yield meaningful savings at both patient and healthcare 
system levels. These aspects are particularly relevant in light of the shift toward value-
based models of care.
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Looking ahead, there is growing interest in tailoring PEMF parameters to indi-
vidual patient characteristics. Advances in diagnostic technologies and biomarker 
discovery may allow for more precise treatment adaptation. In parallel, computational 
approaches such as artificial intelligence and machine learning are being explored as 
tools to refine treatment protocols and monitor patient response.

Finally, while the primary focus remains on bone healing and implantology, 
ongoing research is expanding into other domains, including neurodegenerative and 
autoimmune conditions, as well as regenerative medicine more broadly. Although 
many of these applications remain preliminary, they underscore the potential versa-
tility of PEMF as a therapeutic tool.

In conclusion, PEMF has progressed from an experimental concept to a modality 
with demonstrated clinical utility in selected areas. For implant dentistry, in particu-
lar, it offers a scientifically supported approach to improve outcomes by addressing 
both biological integration and microbial challenges. Continued clinical research, 
especially long-term and multicenter studies, will be essential to establish its role 
more firmly within evidence-based dental practice.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Peri-Implantitis Therapy: From 
Conventional Methods to 
Innovative Solutions
Liat Chaushu, Gavriel Chaushu and Haim Tal

Abstract

Peri-implantitis is one of the most challenging biological complications in 
contemporary implant dentistry. It is characterized by peri-implant mucosal inflam-
mation and progressive bone loss that may ultimately lead to implant failure. The 
condition represents a multifactorial breakdown of host-implant homeostasis, influ-
enced by microbial biofilms, host immune dysregulation, and biomechanical factors. 
Despite significant progress in preventive strategies and surface decontamination 
techniques, achieving a long-term resolution of peri-implantitis and predictable re-
osseointegration remains challenging. This chapter provides a comprehensive over-
view of the current understanding of peri-implantitis, spanning its pathophysiology, 
diagnostic principles, and therapeutic approaches. It critically evaluates both conven-
tional treatment modalities—mechanical and chemical debridement, antimicrobial 
protocols, laser and photodynamic therapy, and regenerative interventions. Particular 
attention is given to novel implant-surface renewal strategies, which may enable 
minimally invasive, prosthesis-preserving management of advanced peri-implantitis. 
In addition, the chapter examines the evolving role of systemic and molecular bio-
markers in disease monitoring and precision risk assessment. By integrating current 
clinical evidence with experimental advances, this chapter outlines the transi-
tion of peri-implantitis management from conventional decontamination toward 
regenerative, biomarker-guided, and implant-design-driven paradigms, offering a 
forward-looking perspective on the future of personalized peri-implant therapy.

Keywords: peri-implantitis, biomarkers, implant design, re-osseointegration, systemic 
inflammation, regenerative therapy

1. �Introduction

The advent of dental implants has redefined restorative dentistry, achieving
exceptional success rates and offering durable functional and esthetic rehabilitation 
of edentulous sites. However, with increasing implant use, peri-implant diseases, 
particularly peri-implantitis, have emerged as significant biological complications. 
Peri-implantitis is characterized by inflammation of peri-implant mucosa and 
progressive bone loss, which may ultimately lead to implant failure [1]. The disease 
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shares features with periodontitis but presents unique clinical and histopathological 
dynamics [2–4]. Peri-implantitis is a multifactorial inflammatory condition typi-
cally initiated by a dysbiotic biofilm at the implant–mucosa interface. Its onset and 
progression depend on host susceptibility and modifying factors, as well as implant/
prosthetic design and biomechanical loading. Risk factors include poor oral hygiene, 
history of periodontitis, smoking, systemic diseases (e.g., diabetes), and genetic pre-
disposition [5, 6]. The disease typically begins as peri-implant mucositis, progressing 
to peri-implantitis if left untreated. Clinical signs include redness, swelling, bleeding 
on probing, suppuration, and increased probing depths. Radiographically, the disease 
is characterized by vertical or crater-like bone loss around the implant. Histologically, 
peri-implantitis lesions exhibit a dense inflammatory infiltrate, osteoclastic bone 
resorption, and disorganization of the collagen matrix [7].

This chapter outlines the current understanding of peri-implantitis etiology, 
diagnosis, and treatment, with a focus on recent evidence and novel modalities. The 
discussed innovations include systemic biomarker assessment and a newly designed 
two-piece implant system with a replaceable titanium sleeve, which holds potential 
for advancing peri-implantitis management.

2. �Pathogenesis and diagnosis of peri-implantitis

Recent diagnostic studies [1, 8] have included the use of biomarkers in gingival 
crevicular fluid (GCF) and peri-implant sulcular fluid (PISF), providing non-invasive 
options for disease detection and monitoring. Biomarkers such as interleukin-1β (IL-1β), 
tumor necrosis factor-α (TNF-α), and matrix metalloproteinases (MMPs) have shown 
elevated levels in peri-implant disease and may provide early warning signs.

In particular, IL-1β is a pivotal pro-inflammatory cytokine that orchestrates 
leukocyte recruitment and stimulates osteoclast differentiation through the RANK/
RANKL/OPG pathway, thereby promoting bone resorption and connective-tissue 
degradation. Its concentration rises significantly in both peri-implant mucositis and 
peri-implantitis, correlating positively with disease severity and marginal bone loss 
[9]. Following successful therapy, whether mechanical, surgical, or regenerative, 
IL-1β levels typically decrease, reflecting resolution of inflammation and stabilization 
of bone metabolism. This bidirectional change makes IL-1β a valuable biomarker not 
only for diagnosis but also for monitoring treatment response [10].

The use of multiplex assays and high-throughput analysis has enhanced the capac-
ity to detect multiple biomarkers simultaneously, increasing diagnostic sensitivity. 
Multiplex platforms allow simultaneous measurement of key inflammatory mediators 
(e.g., IL-1β, RANKL, MMP-8, TNF-α, and specific miRNAs), which are strongly 
correlated with early peri-implant tissue breakdown and bone loss. These biomarkers 
form a self-amplifying inflammatory–destructive cycle in peri-implant tissues. The 
bacterial biofilm induces the release of IL-1β and TNF-α, which promote RANKL 
expression and osteoclast activation, leading to bone resorption. Simultaneously, 
MMP-8 degrades collagen and soft tissue, exposing further bacterial and host 
antigens that sustain cytokine production and chronic inflammation. Dysregulated 
miRNAs modulate this cascade, preventing resolution and favoring continuous tissue 
destruction. Together, these mediators explain the strong correlation between their 
elevated levels and early peri-implant tissue breakdown [9].

High-throughput proteomic and molecular analyses further enhance diagnostic 
precision by identifying complex biomarker profiles associated with disease activity 
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and progression. For instance, diagnostic kits, such as aMMP-8 point-of-care tests, 
provide immediate results during the clinical visit, facilitating real-time assessment 
of tissue-destructive activity. This enables clinicians to detect subclinical inflam-
mation before irreversible loss occurs [11]. Moreover, the development of chairside 
diagnostic kits now enables the rapid and cost-effective identification of peri-implant 
inflammation, allowing for timely and minimally invasive intervention before bone 
loss occurs [12].

Beyond biochemical markers, advances in imaging technologies, such as cone-
beam computed tomography (CBCT) and fluorescence-based probes, provide addi-
tional insights into disease progression and the extent of bone destruction [13, 14]. 
These tools, when integrated with clinical and biomarker data, contribute to a more 
comprehensive and individualized diagnostic approach. However, their clinical utility 
in peri-implantitis is still under investigation and not yet standard practice [15].

Collectively, these diagnostic tools underscore the transition toward precision 
medicine in implant dentistry, where early detection, risk profiling, and personal-
ized treatment plans have become standard components of peri-implant disease 
management.

3. �Conventional treatment approaches

Current therapeutic modalities aim to reduce bacterial load and halt disease 
progression. These include mechanical debridement, chemical disinfection, systemic 
and local antibiotics, and surgical intervention, such as open flap debridement. These 
approaches are essential for reducing the initial bacterial load but are often insuf-
ficient alone for advanced disease [16].

Mechanical debridement methods include curettes, ultrasonic devices, and air-
polishing. However, the complex microtopography of rough surfaces harbors bacteria 
deep within microgrooves and pits, making it difficult for mechanical methods. As a 
result, complete decontamination of the rough implant surface remains challenging, 
and long-term success is unpredictable [17].

Clinical and microbiological evidence indicate that when mechanical debridement 
is used alone in peri-implant sites, microbial recolonization may begin as early as 2 to 
3 weeks post-treatment. As a result, more virulent pathogenic species can repopulate 
the niche rapidly [18]. This rapid recolonization highlights the limited durability of 
mechanical therapy when used alone and underscores the need for adjunctive modali-
ties, such as antimicrobial agents, laser-assisted decontamination, or photodynamic 
therapy, to achieve more sustained suppression of the peri-implant biofilm [19]. 
Implant surface decontamination using adjunctive chemical agents (e.g., chlorhexi-
dine and local antibiotics) as well as physico-chemical methods, such as photody-
namic therapy, has also been investigated [20, 21].

However, their clinical efficiency was not superior. Systemic antibiotic regimens, 
including metronidazole and amoxicillin, have been used in conjunction with 
mechanical treatment. The combination of amoxicillin and metronidazole is com-
monly employed. Systemic antibiotics can provide additional short-term clinical 
improvements, especially in terms of probing depth and bleeding on probing; how-
ever, concerns about compliance, together with concerns about resistance and limited 
long-term benefits, restrict their routine use [15]. Meta-analyses indicate greater odds 
of treatment success and reduced bleeding and suppuration on probing in the first 
1–2 years post-surgery [22]. However, no substantial long-term benefits (≥3 years) 
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have been demonstrated, and the need for additional surgical intervention is not 
significantly reduced by adjunctive antibiotics [23]. The Academy of Osseointegration 
and American Academy of Periodontology consensus states that adjunctive systemic 
antibiotics do not consistently improve surgical outcomes [24].

Laser therapy, particularly Er:YAG and diode lasers, has been proposed as a less 
invasive method with promising results in reducing bacterial loads on implant sur-
faces. Even though laser therapy has been found to be, in some studies, effective and a 
less invasive treatment for peri-implantitis [25], current evidence indicates that these 
modalities do not consistently outperform conventional mechanical debridement in 
terms of clinical outcomes or long-term disease control. Clinical trials and meta-anal-
yses confirm that Er:YAG laser therapy can reduce inflammation and bacterial load. 
However, the improvements in clinical parameters are comparable to those achieved 
with mechanical debridement alone. Moreover, there is no significant advantage in 
preventing crestal bone loss or achieving long-term disease resolution [26].

In the management of advanced peri-implantitis [27], regenerative surgical tech-
niques using bone grafts and barrier membranes are well-documented procedures. 
Clinical improvements, such as reduction in probing depth, bleeding on probing, and 
radiographic bone fill, were achieved. However, in terms of re-osseointegration, the 
results remain elusive. Most studies report only partial bone regeneration, with long-
term success rates for disease resolution and implant survival. Other studies have also 
documented cases requiring retreatment due to disease recurrence or progression over 
time. The extent of bone fill and clinical improvement is influenced by defect morphol-
ogy, implant surface characteristics, and the disease severity at baseline. No specific 
biomaterial or protocol has demonstrated clear superiority. The addition of reconstruc-
tive procedures to access flap surgery does not consistently yield better outcomes in 
terms of probing depth or bleeding on probing at long-term follow-up [1, 28].

4. �Systemic biomarker response and disease monitoring

Recent studies have highlighted the systemic impact of peri-implant infections 
[29, 30]. An experimental peri-implantitis was induced in a dog model. Mechanical 
debridement was performed using titanium implant curettes (HU-FRIEDY, Chicago, 
IL, USA). No clinically apparent macroscopic damage to the implant surface was 
observed during the procedure; however, microscopic surface alterations cannot be 
excluded.

Blood count was assessed before and after treatment. The authors found altered 
complete blood count (CBC) values, including increases in WBC, RBC, hemoglobin, 
MCHC, and platelets, prior to treatment. These changes returned to baseline follow-
ing surgical debridement, suggesting a reversible systemic inflammatory response 
linked to local peri-implant pathology (Figure 1) [29].

Complementing this, biochemical analyses revealed elevated serum inflammatory 
and hepatic markers (total protein, albumin, ALT, AST), which normalized post-
treatment (Figure 2) [30].

These findings underscore the bidirectional relationship between peri-implant 
health and systemic status, supporting the concept of peri-implantitis as not solely a 
local but a systemic disease.

Therefore, monitoring hematological and biochemical parameters before and after 
therapy may provide valuable insights into disease activity, severity, and treatment 
response.
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5. �A novel implant design: Two-piece implant with replaceable sleeve

Traditional implants have a single-body or two-part configuration with fixed 
surfaces, which complicates decontamination once peri-implantitis sets in. A novel 
two-piece implant system (NGI100; Implant B, NGT, Israel) addresses this issue with 
a detachable coronal titanium sleeve (4.2 mm height, 0.2 mm thick), allowing for the 
mechanical removal and replacement of the contaminated surface (Figure 3).

This pre-assembled design facilitates the surgical procedure while preserving 
prosthetic components. During peri-implantitis treatment, the sleeve can be removed 
using a specialized trephine and replaced with a sterile one, restoring a pristine 
surface conducive to re-osseointegration. By replacing only the outer sleeve, removal 
of the entire implant is avoided, preserving osseointegration at the apical portion and 
minimizing patient morbidity.

Moreover, this approach provides a practical and cost-effective solution for both 
clinicians and patients, as it minimizes surgical invasiveness, preserves existing 
prosthetic structures, and allows for chairside intervention. The procedure could 
potentially be integrated into regular peri-implant maintenance programs.

Figure 1. 
RBC dynamics (cells per microliter of blood × 1000).

Figure 2. 
Albumin concentration (g/dL) dynamics.
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In a controlled dog study [31], seven dogs were included. Each received both a con-
ventional rough surface implants and a two-piece with a replaceable sleeve implants. 
Experimental peri-implantitis was induced using a ligature-based model. After the 
establishment of peri-implantitis, during peri-implantitis treatment, mechanical 
debridement was carried out using titanium implant curettes (HU-FRIEDY, Chicago, 
IL, USA), which are preferred over stainless-steel instruments due to their reduced 
risk of implant surface alteration. No obvious macroscopic surface damage was 
observed following debridement.

The implants were treated according to the assigned decontamination and resur-
facing protocol in the four study groups:

•	 E1: Sleeve removed, implant decontaminated, new sleeve inserted

•	 E2: Sleeve removed, implant decontaminated, no sleeve replacement

•	 C1: Sleeve not removed, only decontamination

•	 C2: Standard implant, decontaminated

Histological analysis revealed the lowest inflammatory infiltrate in Group E2, 
followed by E1, C2, and C1. These findings suggest that removing the contaminated 
sleeve, with or without replacement, is more effective than decontamination alone. 
Moreover, turned surfaces (Group E2) were associated with better outcomes than 
roughened ones (Group C1) (Figure 4).

Additional findings indicated that the mesio-distal regions of the implants dem-
onstrated more severe inflammation than the bucco-lingual aspects, possibly due 
to reduced access for decontamination tools. These anatomical insights could guide 
clinical strategies for flap design and debridement techniques.

Another important conclusion showed that conventional dental implants com-
plicate the decontamination process in peri-implantitis primarily due to their surface 
roughness, thread geometry, and microstructural features. Biofilm adheres more tena-
ciously to the roughened surfaces, and even advanced decontamination protocols often 
fail to achieve complete removal, leaving residual bacteria and organic debris [17].

Future studies should focus on slow-release materials on the implant surface that 
may enhance osseointegration on one hand and reduce the risk for peri-implantitis.

Figure 3. 
A two-piece dental implant comprising a replaceable thin titanium sleeve.
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6. �Re-osseointegration potential

Re-osseointegration refers to the re-establishment of a direct, functional con-
nection between bone and the previously contaminated implant surface, following 
disease resolution and surgical intervention. Achieving true re-osseointegration after 
peri-implantitis has long been a challenge in implant dentistry due to persistent bacte-
rial contamination, altered surface topography, and chronic inflammation.

While many studies report bone fill or radiographic stability after treatment [32], 
only a limited number have demonstrated histological evidence of re-osseointegration 
characterized by intimate bone-to-implant contact on a previously diseased surface. 
These cases are rare, and the regenerative outcomes have often been partial or unpre-
dictable, particularly on rough implant surfaces that are more susceptible to bacterial 
colonization and more difficult to decontaminate effectively [33–34].

These findings suggest that, unlike traditional one-piece implants, the novel 
two-piece system may suggest a more predictable and minimally invasive solution for 
the management of peri-implantitis. It is particularly in cases where preserving the 
implant and its prosthetic restoration is critical [31].

7. �Clinical implications and future directions

These findings propose a paradigm shift in peri-implantitis treatment: instead of 
merely attempting to decontaminate, clinicians may now consider physically remov-
ing the infected surface. Two-piece implant with a removable sleeve system enables a 
minimally invasive, prosthetic-preserving intervention with the potential to improve 
long-term outcomes.

Additionally, systemic monitoring via CBC and serum biomarkers could be inte-
grated into diagnostic and follow-up protocols, offering insights into disease severity 
and therapeutic efficacy.

Future clinical trials are warranted to confirm these preclinical findings and assess 
the long-term stability, cost-effectiveness, and patient satisfaction associated with 
the novel implant system. Furthermore, the development of adjunctive agents that 

Figure 4. 
The area apical to the sleeve implant junction in group E2 showed rare signs of residual inflammatory reaction. 
BT-bone tissue; IPJ-inflammatory pocket epithelium at sleeve to implant junctions; PMNS-polymorphonuclear 
cells (predominant); S-sleeve FI-Fibrosis.
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enhance the decontamination and re-osseointegration process, such as antimicrobial 
peptides, growth factors, or nanocoating, may further improve outcomes.

8. �Conclusion

Peri-implantitis presents a significant challenge in implant dentistry. Current 
treatment modalities often fall short in achieving complete disease resolution. Recent 
innovations, including systemic biomarker analysis and a replaceable sleeve implant 
design, offer promising avenues for both diagnosis and therapy. By combining local-
ized treatment with systemic monitoring and regenerative strategies, peri-implant 
disease management may enter a new era of precision and predictability.

© 2026 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Effectiveness of Health Belief 
Model on the Compliance of 
Periodontal Patients with Plaque 
Control: A Randomized Control 
Trial
Zahra Mustafa Juma Al Lawati and Latfiya Al Harthi

Abstract

The study aims to evaluate the effectiveness of the Health Belief Model (HBM) on 
patients’ plaque control and periodontal condition compared with generic counseling and 
oral hygiene instructions. This Randomized Control Trial was tested in the “Periodontal 
Department of the Military Dental Center of the Armed Forces Medical Services”, Oman. 
The control and experimental groups were the subjects referred to the Department of 
Periodontology from the Outpatient Dental Department [OPD]. They were examined 
and recruited from September 2020 to September 2021. At 12 months of follow-up, 
Bleeding on Probing (BOP) was substantially reduced in the experimental group in con-
trast to the non-experimental group (p < 0.001). At 12 months of monitoring, a substan-
tial change was found in the plaque percentage between the two groups (p < 0.001). Both 
groups showed nearly no change in Clinical Attachment Level (CAL) at the 12-month 
evaluation, with the experimental group scoring CAL at 1.85 mm, while the CAL for the 
control group was 1.93 mm (p = 0.095). The study provided valuable knowledge on the 
impact of HBM on patients with periodontal diseases and their adherence to oral hygiene 
practices. Furthermore, this study found that self-efficacy plays an important role in 
improving compliance behavior.

Keywords: periodontitis, clinical attachment loss, health belief model, dental plaque, 
health belief model

1. �Introduction

The two most common diseases related to oral health are “dental caries” and
“periodontal diseases”, which both can be prevented in early stages [1]. According to 
the World Workshop on the Classification of Periodontal Diseases and Conditions 
in 2017, periodontal diseases were classified into gingival and periodontal health, 
periodontitis, and other conditions affecting the periodontium [2, 3]. Periodontitis is 
a chronic inflammatory disease that leads to gingival inflammation and loss of bone 
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caused by the bacteria in the dental plaque. The composition of the dental plaque 
consists of 80% water and 20% solids, and according to the area of the location, it is 
classified into supragingival and subgingival plaque. It is the sixth most predominant 
disease globally, and it is linked with affecting the quality of life, masticatory dys-
function, and an increase in the cost of dental health treatment [4]. In addition to its 
effect on the health of the oral tissue, periodontitis has a direct impact on multiple 
general diseases such as diabetes mellitus (DM) [5, 6], cardiovascular disease (CVD) 
[5, 6], and preterm low birth weight [6, 7]. Globally, the burden of severe periodonti-
tis is approximately 11% [4]. In Oman, the burden of severe periodontitis was esti-
mated to be about 36% of the study population [8], which is higher than the reported 
prevalence globally.

Oral hygiene maintenance is the key to controlling plaque accumulation [9]. 
Establishing success after non-surgical periodontal therapy can be a challenge. 
Individuals with periodontitis require a high standard of oral hygiene to maintain 
periodontal health. This needs effective methods to encourage adherence to the oral 
hygiene instructions, as it is a chronic disease [3]. A study by Axelsson et al. has 
shown that patients who clean their teeth well have less dental caries and periodon-
titis compared with those who do not perform well cleaning [10]. Different studies 
reported on compliance with plaque control in the periodontitis group. These studies 
have noted that compliance is one of the challenging parts of the treatment of patients 
with periodontitis [1, 3].

Successful treatment of periodontitis involves the quality of the debridement, 
patients’ compliance with plaque control, and their dental visits [11]. This is chal-
lenging if quality debridement is not achieved and the compliance of the patient 
toward plaque control through proper brushing and the use of interdental aids is not 
optimal [12]. Moreover, a study by Tonetti et al. reported that patients’ compliance 
with long-term maintenance is fundamental to this success [12]. Many reasons have 
been reported in the literature for the lack of compliance. Some studies have found a 
positive relationship between socio-economic status and self-efficacy and brushing 
or flossing behaviors [13, 14]. Further studies have shown that multiple psychological 
constructs related to self-efficacy, attitudes, and dental coping beliefs are positively 
related to self-reported oral health behavior [15, 16]. Therefore, different methods 
should be used to improve the patient’s compliance. However, these studies did not 
clarify which methods were used to improve patient compliance.

There are many psychological theories and models explaining how to change 
behaviors in improving own beliefs, aiming for better and more successful treatment. 
The most used are the Health Belief Model (HBM) [17], Self-Efficacy Model (SEM) 
[18], and Social Learning Theory (SLT) [18].

HBM is one of the most elaborate models. It was introduced in the 1950s to explore 
why some individuals are more interested in healthcare services while others neglect 
them. The primary variables of HBM include perceived susceptibility, benefits, sever-
ity, challenges, cues to action, and self-efficacy [19]. The susceptibility factor of the 
HBM indicates that when a patient is literate enough to know the severity of the dis-
ease, they willingly follow the suggested oral hygiene practices [20]. One of the most 
important applications of HBM is behavioral guidance, which assesses and recognizes 
health-related attitudes and includes preventive dental habits. Early diagnosis of the 
oral disease helps prevent future progression of the illness [21].

Current advancements have been included in preventive dentistry, focusing 
on behavioral models to recognize patients’ psychology and enhance self-care and 
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compliance with suggested dental treatments [22]. Dental fear is one of the most 
important causes of the progression of the disease. Several factors, including past 
dental trauma, specific personality traits, and depression in adults, lead to the devel-
opment of dental anxiety in adults. The prevalence rate of dental phobia in adults 
is 9.4–19% [23]. According to HBM, the combined effect of perceived seriousness, 
susceptibility, advantages, barriers, cues to action, and self-efficacy helps to identify 
whether an individual takes preventive measures to stop the disease progression, 
go for screening, or improve health-related behavior. HBM significantly promotes 
self-care and healthy habits, and as per different studies, perceived behavior and self-
efficacy were dominant parameters in oral health behavior [24, 25].

Few studies have explained if they used the full cycle of HBM in assessing the 
compliance of periodontal patients with plaque control [26, 27]. Newton et al. in 
a meta-analysis study found that two studies [26, 27], concluded that HBM has a 
small effect in predicting the related behavior to the oral hygiene of individuals 
with periodontitis [28]. In Kuhner’s and Retzek’s study, they used HBM to assess the 
compliance of patients with periodontitis during the treatment phase by measuring 
the bleeding index. From baseline to reevaluation appointments, the mean score 
of BOP decreased, and the average improvement was 51.2%. They assumed that 
health beliefs play a significant role in the determination of health-related behavior. 
Therefore, this chapter aims to evaluate the effectiveness of the HBM on patients’ 
plaque control and periodontal condition compared with generic counseling and oral 
hygiene instructions.

2. �Methodology

2.1 Research design and methods

This is a randomized controlled trial [RCT], single-blinded with two arms. RCT 
is a scientific study used to test a specific intervention or treatment. The subjects 
are divided into two groups: A control group receiving a standard treatment and an 
experimental group receiving an investigational intervention. In a single-blinded 
RCT, subjects are unaware of their group division, but the researchers are aware of it.

2.2 Study population

This RCT study was tested in the “Periodontal Department of the Military Dental 
Center of the Armed Forces Medical Services”, Oman. The control and experimental 
groups were the subjects referred to the Department of Periodontology from the 
Outpatient Dental Department [OPD]. The subjects were recruited from the same 
medical center’s OPD. OPD is when a patient undergoes treatment without any surgi-
cal procedure. They were examined and recruited from September 2020 to September 
2021. RCT usually follows fixed recruiting periods to ensure data is gathered within a 
specific timeframe.

2.3 Eligibility criteria

The following criteria were considered to determine the subjects’ eligibility.
Inclusion Criteria
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•	 The inclusion criteria for the RCT were:

•	 Both genders included from 18 years to 70 years.

•	 Patients are referred to the periodontal department.

•	 Patients capable of traveling and attending all the study visits.

•	 Patients with stage I to III Periodontitis.

•	 A minimum of 20 teeth must be present in the oral cavity.

Exclusion Criteria:

•	 The exclusion criteria for the RCT were:

•	 Advanced Periodontal Disease (stage IV).

•	 Uncontrolled chronic systemic diseases (diabetes and immunocompromised) 
[29–33].

•	 Patients having an increased risk of tuberculosis.

•	 Patients with a history of bleeding disorders.

•	 Pregnant or lactating females.

•	 Subjects showing unavailability issues.

•	 Need antibiotic cover.

•	 Patients who took antibiotics 1 month before the start of the process.

•	 Specialist periodontal treatment in the previous 6 months.

Study Outcome Measures:
The following key indicators of progression of periodontal disease were evaluated,

•	 Changes in plaque index and bleeding on probing [BOP].

•	 Clinical attachment level [CAL].

Changes in plaque index and [BOP] were included in the study measures to assess 
the subjects’ oral hygiene and gingival health status. Dental plaque biofilm indicates 
the oral hygiene status and the risk of developing gum disease or carious lesions. BOP 
occurs when there is an underlying inflammation of the soft tissues, indicating gingi-
vitis or periodontal disease [34]. CAL was evaluated to test the severity of the peri-
odontal disease and the treatment outcome. CAL is the area between the periodontal 
pocket base and the exact point on the tooth, which shows the attachment loss 
between the gingiva and the teeth. A deeper pocket indicates extensive attachment 
loss between the gums and the teeth. Examining the changes in these measurements 
over time gives beneficial information about the successful outcomes of periodontal 
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treatments. Therefore, in assessing these outcome measures, the study intended to 
completely evaluate the intervention’s impact on periodontal health.

2.4 Randomization

Patients referred to the periodontal department were randomized to one of two 
groups using a simple randomization method. The randomization was performed 
using sealed envelopes. Concealment of allocation was achieved using a sealed 
envelope containing the allocated intervention arm for the patient. An equal number 
of labels were divided into Letter A, which referred to the control group, and Letter B, 
which referred to the experimental group. This was opened immediately before ZAL 
conducted the clinical examination.

Figure 1 shows the randomization process and how the patients referred to the 
OPD were allocated into two groups. An equal quantity of labels was used, with “A” 

Figure 1. 
CONSORT flow diagram for a randomized controlled trial.
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indicating the control group and “B” indicating the experimental group, promoting 
equal allocation. The envelopes were opened right before the clinical evaluation, 
ensuring that the allocation remained hidden until the last minute, protecting against 
potential biases and preserving the integrity of the study’s conclusions.

2.5 Masking

Masking, or blinding, is a strategy used in the study to prevent bias by keeping the 
participants ignorant of the important aspects of the study. In this study, participants 
were unaware of the intervention provided under investigation and the allocation of 
the groups. The researcher gathered and analyzed the clinical data and masked it into 
group divisions using anonymized coded samples. Data entry was performed by ZAL, 
who was the only one who had access to all the stored data. The masked researcher 
analyzing the data was ignorant about the group allocation throughout the data entry.

Masking is a crucial technique used in the study to reduce bias and improve the 
authenticity of the study outcomes. It prevents any influence of the subject’s knowl-
edge on their behavior or reactions by keeping them unaware of essential characteris-
tics of the research, such as the intervention under investigation and group allocation. 
This strategy eliminates any possibility that their expectations would impact the 
findings.

2.6 Participant dropout

Dropout criteria were followed based on the non-availability of the participants. 
Suppose the participant became ineligible, possibly due to an alteration or improve-
ment in their overall periodontal health. Some participants withdraw their consent 
to participate. Therefore, they were removed from the study. This indicates that the 
involvement of the patients in the study was voluntary, and participants could leave 
the study whenever they wanted.

The participants’ willingness was included in the ethical guidelines of the research 
because it ensures the rights of the participants in decision-making regarding whether 
to continue with the study or leave without their treatment being affected.

3. �Study procedure

Study Schedule: The study’s timeframe begins with the screening of the patients, 
recording baseline data, and providing treatment. Subsequently, participants were 
followed up at 3, 6, and 12 months.

3.1 Screening visit

Patients were referred from the OPD to the periodontal department. It was based 
on the basic periodontal treatment [BPE] scores. A BPE score of 3 or 4 warranted a 
referral for assessment and management. Zal screened all the participants using rou-
tine clinical procedures, including medical history, and examined them to see if they 
fit the study’s eligibility criteria. ZAL explained the study to the eligible participants, 
and the participants who decided to be part of the study filled out a written consent 
form. After that, they were asked to complete a validated questionnaire.
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3.2 Baseline visit

It refers to the initial evaluation of the patients before the start of intervention or 
recommendation of ant treatment. It offers the baseline characteristics and health 
status of the participants. Clinical assessment of the patients was performed by 
LAH, including plaque score, bleeding from the gingiva, gingival pocket depth, and 
gingival recession. The plaque score was measured according to O’Leary et al. [35]. 
A disclosing agent was applied to the teeth’ surfaces to assess the plaque’s presence. 
A periodontal probe was used to run circumferentially around each tooth within the 
gingival sulcus or pocket depth to evaluate the bleeding from the gingiva. The follow-
ing sites of the tooth were used to check the gingival bleeding score: MB, B, DB, MP, 
P, and DP. The pocket depth and recession of the gingiva were measured at six sites 
on all erupted teeth, excluding wisdom teeth, and performed using a mirror and a 
periodontal probe (CC Williams Probe 10 mm). OPG was taken for all the patients to 
assess the level of bone resorption. ZAL did the counseling according to the random-
ization. After completing the examination, the hygienist NAM completed periodontal 
treatment according to the prescription given by LAH.

4. �Treatment visits

4.1 Initial visit

Control Group: Generic counseling and oral hygiene instructions that include 
brushing and flossing techniques were delivered to participants with the aid of mod-
els while the participants were sitting on the dental chair without using the Health 
Belief Model [HBM]. NAM carries out the periodontal treatment if needed. Incentives 
such as toothbrushes and interdental brushes were distributed to participants.

Experimental group: Participants received specific counseling according to the 
HBM and tailored oral hygiene instructions. Tailored oral hygiene was done by 
showing them the correct technique of tooth brushing in front of the mirror using 
a toothbrush with soft bristles (Swedish brand TePe, Malmo, Sweden), which was 
done in three steps. First, I will watch them systematically or randomly. After that, 
they evaluated which technique they were using while brushing their teeth. Finally, 
they were assessed to see if they looked at the mirror while brushing. Then, ZAL 
repeated all the steps with an explanation of the correct brushing technique in front 
of the mirror. If the patient had interdental spaces, the proper size of the interdental 
brush(Tepe brushes) with the correct diameter was given.

Moreover, dental floss (dentotape, Johnson & Johnson, Sollentuna, Sweden) was 
recommended for patients with narrow interdental spaces. A leaflet was distributed 
to the patients with all the information given, and the action plan agreed upon. Then, 
NAM completed the periodontal treatment, which was done based on the guided bio-
film therapy that encompasses the use of air polishing devices, followed by selective 
scaling using the EMS system. Incentives such as toothbrushes, interdental brushes, 
and dental floss were also distributed. All patients were given a manual toothbrush 
(Tepe brushes) to standardize self-performed plaque control at home.

Three- and six-month follow-up:
Control group: LAH re-examined the participant’s oral health, and NAM per-

formed the regular maintenance procedures previously performed.
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Experimental group: LAH re-examined the participant’s overall periodontal 
health. ZAL re-counseled the patients according to HBM, and NAM performed the 
periodontal maintenance.

Twelve-month follow-up:
Both groups were asked to complete a second questionnaire similar to the one done 

at baseline. LAH re-examined both groups. ZAL counseled all of them according to 
the HBM and tailored oral hygiene instructions. Treatment was provided if required. 
Incentives such as toothbrushes and interdental brushes were distributed to them. 
Then, they were given review appointments in the dental hygiene department.

Figure 2 is a graphic illustration of the study process, which provides the outline 
of the methods followed during the patients’ initial visits, followed by 3, 6, and 
12 months follow-up for both the control and experimental groups. During the initial 

Figure 2. 
Control and intervention plan.
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visit, participants were given counseling based on HBM. The goal was to improve the 
participant’s attitude toward oral health. On 3- and 6-month follow-ups, re-examina-
tion and treatment were performed in the control group, and counseling and therapy 
were conducted in the experimental group. On the 12-month follow-up, a question-
naire was filled out along with examination and treatment if required.

5. �Data collection and analysis

5.1 Sample size calculation

Sample size calculation determines the number of participants to evaluate the 
significant effect of the study. The calculated sample size is 128 (64 in each group). 
The estimate was based on the anticipated effect size of 0.50 (medium), alpha error of 
5%, and power of 80%. The effect size represents the degree of difference between the 
two groups. The allocation ratio considered is 1:1 to reduce the bias and maintain the 
balance between the two groups. To overcome the attrition bias (anticipating 15%), 
the sample size increased to 148 (74 in each group). Attrition refers to the dropping 
out of participants. G*Power version 3.1.9.2 was used to calculate the sample size.

5.2 Statistical analysis

Continuous elements were summarized using mean and standard deviation. 
Frequency and percentages were reported for categorical elements. Pearson’s correla-
tion coefficient was applied to determine the relationship between two continuous 
variables. An unpaired t-test is used to compare the means of two individual groups. 
A paired test was performed to compare the pre-post mean score. A chi-square test 
(Fisher’s exact/likelihood ratio) was applied to determine the relationship between 
two categorical variables. A two-way mixed ANOVA was used to evaluate the main 
and interaction effects of the type of intervention and time on the outcome variables. 
A p-value of 0.05 was considered statistically significant. All the analyses were done 
using IBM SPSS version 28.0.

6. �Results

6.1 Patient baseline characteristics

The 115 participants received individual standard treatment, with 58 individu-
als in the intervention and 57 in the non-intervention group. Table 1 shows the 
independent t-test to assess the mean ages between the control and the experimental 
groups, represented as Group A and Group B, respectively. The mean age of group A 
is 29.81 years, with a standard deviation of 8.808. Group B shows a mean age of 29.95 
with a standard deviation of 7.473. The p-value is 0.926, greater than 0.05, indicating 
no statistically significant difference in the mean ages between Group A and Group 
B. Additionally, no significant difference between the genders was observed between 
the groups (p = 0.85). This result is analyzed using Fisher’s exact test, which identifies 
whether two categorical variables are related, as illustrated in Table 1.

Table 2 compares control and experimental groups at initial evaluation and 
12 months across different variables: susceptibility, severity, benefits, barriers, and 
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self-efficacy. There was no significant difference between the groups at the initial assess-
ment, 12 months. P-values are above 0.05, indicating any observed difference is likely 
due to random chance. Therefore, both groups are comparable at both time points.

The present study collected data from 115 participants: 58 from the group under 
intervention and 57 from the non-intervention group. From the diagnostic results, all 

Group Statistics

Group N Mean Std. Deviation P-value

Susceptibility – initial Control 57 7.16 1.461 0.955

Experimental 58 7.17 1.313

Susceptibility – 12 months Control 57 8.02 1.541 0.744

Experimental 58 8.10 1.266

Severity – initial Control 57 11.16 2.548 0.948

Experimental 58 11.19 2.685

Severity – 12 months Control 57 12.33 2.107 0.712

Experimental 58 12.47 1.709

Benefits – initial Control 57 8.46 2.010 0.153

Experimental 58 8.93 1.485

Benefits – 12 months Control 57 8.30 1.908 0.131

Experimental 58 8.79 1.565

Barriers – initial Control 57 30.09 4.505 0.618

Experimental 58 29.67 4.410

Barriers – 12 months Control 57 24.53 3.728 0.545

Experimental 58 24.09 4.045

Self-efficacy – initial Control 57 8.07 1.568 0.679

Experimental 58 8.19 1.515

Self-efficacy – 12 months Control 57 9.00 1.309 0.941

Experimental 58 8.98 1.162

Test: Independent samples t-test.

Table 2. 
Comparing control and experimental groups at initial evaluation and 12 months across different variables.

Variable Group P-value

Experimental Control

n (%) n (%)

Age, mean ± SD 29.95 ± 7.47 29.81 ± 8.81 0.926

Sex

Male 29 (50.0) 27 (47.4) 0.853

Female 29 (50.0) 30 (52.6)

Test: Independent samples t-test, Fisher’s exact test.

Table 1. 
Baseline characteristics of the study participants.
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subjects had periodontal disease, including stage I, stage II, and stage III periodonti-
tis. During the 3-month follow-up, four participants from the control group and one 
from the experimental group dropped out during the study period. One participant 
from the experiment group withdrew due to transportation problems. In the control 
group, four participants decided to discontinue treatment. Two moved temporar-
ily from the country; one female participant got pregnant, and the last changed his 
mobile number, which could not be reached. In 6 months of follow-up, two partici-
pants were lost. One female from the experimental group got pregnant, and the other 
participant from the control group had business commitments. In a 12-month follow-
up, only one participant was lost due to a car accident.

The HBM is a theoretical framework emphasizing risk perception and behavior 
assessment, as shown in Figure 3. Threat perception depends on two principles: per-
ceived vulnerability to an illness or medical condition and the severity of its adverse 
effects. HBM also considers factors such as the quality of the dentist-patient relation-
ship, previous therapy experiences, and the influence of family and peers.

In the HBM survey, no considerable change was found in all HBM arms, includ-
ing self-efficacy, between the experimental and control groups. The oral hygiene 
practices of the participants were assessed according to the HBM survey, as well as 
their beliefs and attitudes toward their health. Most individuals brushed their teeth 
two times daily (71.3%), and 25.2% flossed their teeth once a day. About 96.2% used 
a manual toothbrush to clean their teeth, while 3.8% preferred electrical brushes. 
Moreover, 21.2% of the participants used interdental brushes, and 22.6% reported 
using tongue brushes.

In the final HBM survey, measuring scales were also included to assess the HBM 
parameters: perceived susceptibility, perceived severity, perceived benefits, per-
ceived barriers, and perceived self-efficacy, which are highlighted in Table 3. The 
responses were in Likert Scales with options ranging from 1, strongly disagree to 5, 
strongly.

Susceptibility was calculated through questions, assessing the perceived conse-
quences of the disease and susceptibility. The scale showed no change between the two 
groups (p = 0.744). In the research, the severity was calculated using three questions, 
where the respondents were asked about the perceived consequences of the disease. 
On the severity scale, no significant difference was found (p-value = 0.712). Two items 
were used to measure the benefits: brushing and flossing. The results imply that the 
scale was insignificant, with a p-value of 0.131. The eight-item scale was used to assess 
the barriers to cleaning and flossing. However, the scale was significant, with a p-value 

Figure 3. 
HBM.
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of 0.545. Two self-efficacy questions for brushing and flossing were used to evaluate 
the self-efficacy. At a p-value of 0.941, the scale was found to be insignificant.

Table 3 shows the findings of a one-way ANCOVA analysis that compared the 
variables between the experimental and control groups 12 months after adjusting for 
the covariate effect of baseline (initial) measurement. The table compares the experi-
mental and control groups regarding susceptibility, severity, obstacles, advantages, 
and self-efficacy. Estimated marginal means (EMM) and standard error (SE): These 
figures show the estimated mean scores and standard errors for each variable in the 
experimental and control groups. The F value is generated from ANCOVA, which 
compares the variables between the experimental and control groups after 12 months. 
The F values in the table correspond to various variables, including susceptibility, 
severity, barriers, advantages, and self-efficacy. The analysis shows no substantial 
change between the non-experimental and experimental groups in susceptibility 
(EMM = 8.02 vs. 8.101, p = 0.744), severity (EMM = 12.332 vs. 12.467, p = 0.706), 
barriers (EMM = 24.399 vs. 24.211, p = 0.721), benefits (EMM = 8.473 vs. 8.622, 
p = 0.505), and self-efficacy (9.013 vs. 8.970, p = 0.851) at 12 months.

Table 4 shows the independent samples t-test analysis findings that compared the 
variables between the experimental and control groups at each follow-up time point.

6.2 Change in bleeding on probing

Initially, at baseline, the participants in the control group had a mean of about 
33.96% of bleeding on probing sites, while the experimental group participants had 
about 34.77%. After 3 months of review, the experimental group showed reduced 
bleeding on probing by approximately 50%, with only 19.76% on probing sites. In 
comparison, the control group percentage of BOP reduced to 24.63% with a reduc-
tion of 9.3% of total probing sites. Six months after the initial visit, the results of the 
BOP in the control group showed an increase in the mean value of 27.23%, while the 
experimental group showed a reduction of about 4%. At 12 months of follow-up, 

Variable Experimental 
group

Control group F Partial Eta 
Squared

P-value

EMM SE EMM SE

Susceptibility 
at 12 months

8.101 0.173 8.02 0.175 F (1, 112) = 0.107 0.001 0.744

Severity at 
12 months

12.467 0.251 12.332 0.253 F (1, 112) = 0.143 0.001 0.706

Barriers at 
12 months

24.211 0.368 24.399 0.371 F (1, 112) = 0.128 0.001 0.721

Benefits at 
12 months

8.622 0.156 8.473 0.157 F (1, 112) = 0.447 0.004 0.505

Self-efficacy at 
12 months

8.970 0.158 9.013 0.159 F (1, 112) = 0.036 0.001 0.851

Test: One-way ANCOVA, EMM – Estimated Marginal Means, SE – Standard Error, Covariates adjusted: 
Susceptibility_initial, Severity_initial, Barriers_initial, Benefits_initial, Self-efficacy_initial.

Table 3. 
Comparing HBM factors between experimental and control groups.
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BOP was substantially reduced in the experimental group in contrast to the non-
experimental group (p < 0.001).

6.3 Change in plaque

At baseline visits, plaque scores for control and experimental groups were 71.04 and 
69.29%, respectively. At 3 months follow-up, there was a 23% change in plaque score 
in the intervention group, dropping to 46.45%, while the control group’s plaque score 
showed a 16.63% change, decreasing to 54.42%. During the 6-month review, the plaque 
percentage dropped by about 33% from the initial visit, with 38.04% in the experimen-
tal group and about a 16.42% change in the control group, demonstrating a consider-
able difference from the 3-month review. At 12 months of monitoring, a substantial 
change was found in the plaque percentage between the two groups (p < 0.001).

6.4 Change of CAL

The CAL measured at the initial assessment was 2.1 mm for the experimental and 
2.3 mm for the control group. At 3 months of evaluation, the change in CAL in the 
experimental group was about 0.3 mm, and in the control group, there was about 
a 0.4 mm reduction in CAL. In 6 months of evaluation, the change in CAL in the 
experimental group and control was statistically significant (P < 0.001).

Both groups showed nearly no change in CAL at the 12-month evaluation, with the 
experimental group scoring CAL at 1.85 mm, while the CAL for the control group was 
1.93 mm (p = 0.095).

Table 5 shows that at the end of 12 months of follow-up, the experimental group 
showed lower bleeding levels on probing, lower plaque accumulation, and clinical 

Variable Experimental group Control group P-value*

Mean ± SD Mean ± SD

Bleeding – Initial (%) 34.77 ± 19.58 33.96 ± 17.73 0.818

Bleeding – 3 months (%) 19.76 ± 14.55 24.63 ± 16.00 0.091

Bleeding – 6 months (%) 15.96 ± 11.60 27.23 ± 17.56 <0.001*

Bleeding – 12 months (%) 17.72 ± 13.64 29.10 ± 14.96 <0.001*

Plaque – Initial (%) 69.29 ± 14.83 71.04 ± 15.41 0.535

Plaque – 3 months (%) 46.45 ± 20.40 54.42 ± 24.21 0.059

Plaque – 6 months (%) 38.04 ± 18.54 54.63 ± 25.53 <0.001*

Plaque – 12 months (%) 35.69 ± 22.77 52.87 ± 17.08 <0.001*

CAL – Initial 2.19 ± 0.30 2.31 ± 0.35 0.054

CAL – 3 months 1.87 ± 0.27 1.97 ± 0.28 0.066

CAL – 6 months 1.83 ± 0.27 2.00 ± 0.26 <0.001*

CAL – 12 months 1.85 ± 0.20 1.93 ± 0.29 0.095
*Statistically significant, CAL – Clinical Attachment Level, Test: Independent samples t-test.

Table 4. 
Comparison between the experimental group and control group at each follow-up time point.
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attachment loss compared to the control group (p < 0.05). This indicates that the 
experimental intervention had beneficial effects.

7. �Discussion

According to the 2017 World Workshop Classification of Periodontitis, the diagno-
sis focuses on the several risk factors contributing to the disease’s development along 
with the physical symptoms. Factors involved in the patient’s past experiences with 
the disease and their response to the therapies [36]. Based on the location, the clini-
cal health of the gingiva depends on the intact and reduced periodontium. Staging 
is based on four classes: clinical attachment loss, bone height, depth of the pocket, 
vertical bone defect, and loss of tooth. Three-level classification consists of grade A: 
low risk, grade B: moderate risk, and grade C: high progression risk [37].

Among all health behavior theories, HBM, suggested by Rosenstock in 1974, is 
the earliest and most broadly applied theory. The author discusses the connection 
between the opinions and behavior of an individual. The risk belief of the progression 
of the disease influences an individual’s attitude [38]. In another study based on a 
descriptive-analytical study, 300 students underwent random selection. A conven-
tional questionnaire for health beliefs was used to gather data, and the mean health 
attitude was moderate among students [22].

In a 2019 study by Lee C et al., action and coping planning greatly influence a 
person’s behavior toward periodontal disease. Planning should be done in person 
or written form, and the individuals must specify how, when, and where they floss. 
Alternate attitudes should also be considered to prevent them from flossing [39]. 
Another study illustrated that experiments based on the social and cognitive structure 
help promote dental hygiene practices, leading to a healthy periodontal status. The 
structure comprises aims, planning, self-evaluation, and feedback [40].

Individuals who show no compliance with dental treatments are often observed 
to have depression incidents in life. The first response of a patient to a periodontal 
treatment depends on their public and empathetic skills. A greater degree of nervous-
ness and reduced attention are linked to non-compliant attitudes. Therefore, dental 
practitioners must be able to recognize nervousness and agreeableness, leading to a 
non-compliant attitude [41, 42].

The HBM is an analytical structure that maintains the perception and attitude of 
an individual toward health. The study highlights that removing perceived barriers 
is necessary to encourage oral health behavior. Self-efficacy was an essential point 

Variable Experimental group Control group F Partial Eta Squared P-value

EMM SE EMM SE

Bleeding 21.798 1.715 30.291 1.781 F (1, 104) = 11.801 0.102 <0.001*

Plaque 47.857 1.915 60.840 1.989 F (1, 104) = 22.108 0.175 <0.001*

CAL 1.938 0.031 2.052 0.032 F (1, 104) = 6.666 0.060 0.011*

*Statistically significant, Test: Two-way mixed ANOVA, EMM – Estimated Marginal Means, SE – Standard Error, 
CAL – Clinical Attachment Level.

Table 5. 
A two-way mixed ANOVA analysis to examine the difference between the experimental group and the control 
group.
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of reference for brushing and flossing. Self-efficacy refers to an individual’s self-
confidence to carry out a task properly. This study suggests that higher self-efficacy 
is associated with improved compliance with plaque control attitudes. The study 
showed varying self-efficacies and perceived benefits of practicing plaque control 
measures. Adapting to behavior results in the person’s concept of self-efficacy due to 
a sense of success that the behavior can be accomplished. These cognitive frameworks 
help to modify an individual’s personality to follow the suggested dental hygiene 
instructions, therefore enhancing an individual’s confidence.

The study assesses the principles of HBM in positively influencing individuals 
with periodontal disease to perform oral health practices. The results showed that the 
HBM structure has the potential to impact health-related behavior. The findings also 
focus on oral health practices and how it is hard to brush and floss. This indicates the 
significant effect on a person’s behavior in complying with an oral hygiene routine. 
Individuals with increased self-efficacy were shown to be compliant with plaque 
control habits and willingly followed oral health routines. The outcomes of the results 
also highlight the altering relationship between cognitive framework and attitudes 
in altering an individual’s behavior toward oral care habits. By revamping the treat-
ment strategy per the individual’s beliefs regarding susceptibility, severity, benefits, 
barriers, and self-efficacy, the practitioner can establish a stimulating atmosphere for 
longer-term alteration in the attitude.

The effects of an experiment on periodontal health have also been discussed 
through BOP, plaque accumulation, and CAL for 12 months. The baseline character-
istics illustrated that about 34% of the areas showed BOP. After 3 months, bleeding 
reduced to 50% in the group undergoing intervention and 24.62% in the non-exper-
imental group. Six months after the treatment, the BOP in the non-experimental 
group increased to 27.22%, whereas in the experimental group, it remained 4% lower. 
A constant regression in BOP in contrast to the control group (p < 0.001), was seen at 
12 months in the experimental group. Plaque measurements follow the same pat-
tern as BOP. Initially, each group showed an increased plaque level (>69%). At the 
end of 3 months, a significant regression of 23% was observed in the experimental 
group. At 6 months, plaque measurement reduced to 38.04%. The measurement of 
plaque accumulation in both groups stayed significant, indicating the positive effect 
of therapy at 12-month follow-up. The results on CAL demonstrate the experiment’s 
potential in treating periodontal disease. At first assessment, CAL was lesser in 
the non-experimental group, about 2.3 mm, in contrast to the experimental group 
2.1 mm. A better change was observed after 3 months, with a 0.3 mm regression in 
the experimental group and a 0.4 mm regression in the non-experimental group. A 
significant reduction in the CAL (P < 0.001) was seen, indicating that the experiment 
proved effective with an increase in time.

Despite using the HBM to encourage adherence to healthy behaviors as a profes-
sional recommends, there is a lack of research on periodontal patients’ compliance 
with plaque control measures. Previous research may have evaluated chronic diseases 
of oral health. Still, fewer studies are performed on the effect of the components of 
HBM, like perceived severity, susceptibility, benefits, and barriers, on the behaviors 
and self-efficacy of periodontal patients. Also, there is a lack of high-quality RCT data 
that investigates the effectiveness of HBM-based interventions.

Several limitations include a small sample size and the inability to track long-term 
compliance with oral healthcare recommendations. It is important to highlight the 
significance of objective parameters, including clinical records and tests, since data 
alone provided by the patients is not enough and causes errors.
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8. �Conclusion

The study concludes a statistical increase in enhancing the plaque management 
routine and periodontal health in the group undergoing intervention. Individuals in 
the experimental group significantly decrease PI and GI scores. The study provided 
valuable knowledge on the impact of HBM on patients with periodontal diseases and 
their adherence to oral hygiene practices [43]. Furthermore, this study found that 
self-efficacy plays an important role in improving compliance behavior, revealing that 
participants with higher levels of self-efficacy complied with the suggested oral care 
schedule.
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Chapter 5

Treatment of Peri-Implant Disease: 
Current Knowledge
Alexandre Perez and Tommaso Lombardi

Abstract

Peri-implant diseases represent serious complications after dental implant treat-
ment, affecting both the surrounding soft and hard tissue. Regular, specific check-ups 
with the assessment and elimination of risk factors are effective precautions, and 
various conservative and surgical approaches are available for the treatment of peri-
implant diseases. Early detection of clinical signs diseases and timely treatment are 
important for the success of dental implant treatment. Dentists must be familiar with 
the radiological and clinical characteristics of both conditions to make an accurate 
diagnosis and determine the appropriate treatment. The purpose of this chapter is to 
provide advice on the diagnosis and prevention of peri-implant disease for practitio-
ners and to offer an overview of current knowledge on the treatment of peri-implant 
diseases.

Keywords: peri-implantitis, peri-implant mucositis, treatment, dental implants, 
periodontal disease

1. �Introduction

Clinically, peri-implant mucositis is characterized by bleeding on gentle probing
(<0.25 N), erythema, swelling, and/or suppuration [1–3]. As plaque is the primary 
etiological factor, effective treatment relies on mechanical plaque removal and ongo-
ing plaque control, which can lead to significant improvement or complete resolution 
of the condition [4, 5]. The primary clinical endpoint in such interventions is the reso-
lution of inflammation, typically assessed by the reduction or elimination of bleeding 
on probing, evaluated 2–3 months posttreatment [6, 7]. However, it is important to 
recognize that the development of peri-implant mucositis and its progression to peri-
implantitis represent a pathological continuum. This dynamic may influence treat-
ment outcomes and lesion responsiveness, particularly when distinguishing between 
short- and long-standing lesions [3].

Causative peri-implant mucositis treatment ideally comprises a combina-
tion of professionally administered mechanical or physical plaque removal and 
patient-administered plaque control [8, 9]. Professional nonsurgical treatment of 
peri-implant mucositis can be provided by dental hygienists, general dentists, and 
specialists [10]. While various treatment approaches are routinely employed in 
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clinical practice, a universally accepted standard of care, apart from submarginal 
instrumentation, to treat peri-implant mucositis remains pending [2].

Professionally administered plaque removal (PAPR) aims to reduce soft tissue 
inflammation by removing inflammatory hard and soft deposits from the implant 
surface and/or superstructure [9]. Modalities and instruments that prevent damag-
ing the smooth transmucosal components, potentially aggravating future plaque 
accumulation (e.g., implant collar, abutment), should be chosen [11]. Commonly 
used instruments and modalities include ultrasonic scalers with plastic or carbon 
fiber tips, air-polishing, plastic, carbon, or titanium curettes, rotating brushes, and 
lasers [12]. There is limited evidence to support or refute the effectiveness of repeated 
PAPR procedures in improving clinical parameters related to peri-implant mucositis 
[13]. Clinicians may also consider modifying the restorative contours, verifying the 
absence of excess cement, or motivating patients to cease smoking as part of the 
overall treatment strategy [10, 14, 15]. Furthermore, systematic reviews evidence low 
effectiveness of professional adjunctive photodynamic therapy, NaOCl, or chlorhexi-
dine use as part of PAPR, while the administration of systemic antibiotics, whilst 
proving efficient, remains unjustifiable [10, 16, 17]. Although peri-implant mucositis 
is generally considered a reversible condition, complete resolution is rarely achieved 
across treatment modalities. Despite significant reductions in bleeding on probing 
and clinical signs of inflammation, residual signs of the disease frequently persist, 
highlighting a recurring limitation of current therapeutic approaches [4, 9, 18].

In addition to professional plaque removal, it is essential to implement and 
reinforce patient-administered plaque control (PAPC) routines [8]. The importance 
of PAPC has been illustrated within studies, demonstrating that peri-implant muco-
sitis can be induced by oral hygiene routine suspension. In contrast, re-institution 
of oral hygiene has been shown to reverse disease after a period of >3 weeks [4, 19]. 
Individual routines comprise mechanical plaque removal using manual or powered 
toothbrushes, potentially in combination with oral irrigators or interdental brushes; 
chemical plaque control with adjunctive delivery of antimicrobials or probiotics, and 
triclosan-containing toothpaste. The application and combination of individual rou-
tines show great variability, without pronounced evidence to support a consensus for 
a single, specific standard of care, except for brushing [2, 8]. Some of the more recent 
reviews support the general additional benefit of adjuncts, comprising, for example, 
probiotics or oral irrigators as part of PAPC [18].

A recurring finding in peri-implant mucositis treatments is that complete disease 
resolution is unlikely to be achieved [2, 18]. This finding reinforces the importance 
of strict and periodic recall programs to ensure early detection and treatment to 
prevent disease progression [9, 18]. Patients may further benefit from individual oral 
hygiene instructions tailored to the individual patient profile and type of restoration 
to prevent plaque accumulation.

2. �Treatment of peri-implantitis

The treatment of peri-implant pathologies remains a significant clinical challenge. 
While numerous studies have reported favorable outcomes, there is currently insuf-
ficient evidence to determine the most effective therapeutic modality or to define a 
universally accepted “gold standard” protocol [10, 20, 21]. Treatment approaches, 
techniques, and outcomes remain highly variable, reflecting the multifactorial and 
heterogeneous nature of peri-implantitis. This chapter aims to provide clinicians with 
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a structured overview of current treatment strategies, modalities, and diagnostic 
criteria to support evidence-based decision-making.

2.1 General approach to peri-implantitis treatment

Despite distinct differences in treatment response, the treatment of peri-implan-
titis typically follows a stepwise approach, mirroring established protocols from 
periodontal therapy [22–24]. Initial causative, nonsurgical therapy aims at reducing 
the infection and peri-implant inflammation. This phase is—if indicated—followed 
by a corrective surgical therapy to reduce probing depths, restore tissue homeostasis, 
and improve access for maintenance. The third treatment phase consists of supportive 
Peri-Implant Therapy (SPIT). This phase represents the cornerstone of secondary 
prevention to ensure regular examination, professional hygiene, and reinforcement of 
oral hygiene routines to reduce the risk of disease recurrence (Figure 1) [10].

2.2 Phase I causative nonsurgical therapy

Initial-phase therapy mainly focuses on preserving the implant-supported restora-
tion when clinically feasible. Its primary aim is to control infection and inflammation, 
manage potential risks, and ensure patient compliance before potentially escalating 
into more invasive interventions [22, 25, 26]. Initial nonsurgical therapy should 
also serve as an opportunity to identify, reassess, and manage existing and newly 
recognized risk factors. This includes correcting local contributing factors—such as 
removal of excess cement or modification of plaque-retentive prosthetic features—
and reinforcing patient-related behavioral changes, including improved oral hygiene 
practices and support for smoking cessation. Additionally, systemic risk factors 
should be addressed, for example, by optimizing glycemic control in diabetic patients 
or initiating concurrent periodontal treatment in individuals with poorly controlled 
periodontitis [20, 22, 25–30].

The therapeutic principles of causative nonsurgical therapy are very similar 
to those applied during peri-implant mucositis treatment. Among available 
interventions, submucosal debridement using mechanical instrumentation—with 
or without adjunctive therapies—remains the most evidence-based approach. 

Figure 1. 
Schematic overview of the stepwise treatment approach for peri-implantitis, comprising Phase I (causative 
therapy), Phase II (surgical corrective therapy), and Phase III (supportive peri-implant therapy, SPIT).
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Adjuncts may include antiseptics, antibiotics, or laser applications, though 
current evidence suggests limited additional benefits compared to submarginal 
instrumentation alone [31]. Current treatment guidelines discourage the use of 
lasers [10]. While effective in biofilm disruption, air-polishing systems have been 
associated with a higher incidence of adverse effects, such as pain and subcuta-
neous emphysema, and should be used with caution [32–35]. Furthermore, the 
effect of adjunct systemic antibiotics has proven statistically significant and clini-
cally meaningful, and may be carefully considered to improve treatment outcomes 
of nonsurgical therapy in severe cases [36, 37].

Clinical endpoints for nonsurgical peri-implantitis therapy should be assessed 
6–12-weeks posttreatment and comprise the resolution of inflammation (absence of 
bleeding on probing and suppuration), the reduction in probing depths (ideally to 
≤5 mm), improved plaque control and oral hygiene, and satisfactory cleanability of 
the prosthesis [20, 22, 25, 26]. While the complete resolution of the disease may not 
be achieved at this stage, stabilization of the condition, risk factor adjustment, and 
preparation for potential surgical intervention are key objectives of this treatment 
phase. In general, nonsurgical therapy may be effective in treating peri-implant 
mucositis and early-stage peri-implantitis while lacking efficiency in treating severe 
peri-implantitis [10, 24, 38–40].

2.3 Corrective surgical therapy

Refractory sites presenting with an increased probing depth of ≥5 mm, as well as 
persistent signs of inflammation, that is, BoP and suppuration, are indicated for cor-
rective surgical therapy [10, 30]. This second phase of therapy comprises access flap 
surgery, potentially followed by reconstructive or resective procedures. Specifically, 
surgical therapy primarily aims to provide access to the implant surface to facilitate 
defect debridement, that is, removal of inflamed granulation tissue, as well as 
cleaning and decontaminating the implant surface from any bacterial deposits and 
calculus to achieve complete resolution of the inflammatory lesion [30]. Procedures 
may include tissue resection and/or augmentation of peri-implant osseous defects. 
They may vary based on the use of techniques and adjuncts for surface decontamina-
tion, the use of biomaterials, biologics, and their combination, and local or systemic 
adjunctive antibiotics and antimicrobials [10, 39] .

A reduction in probing depth to ≤5 mm and the absence of bleeding on probing 
(BoP) at 6 months post-surgery, along with the absence of progressive bone loss as 
assessed by radiographs at 12 months postoperatively, represent generally accepted 
clinical endpoints of surgical therapy [41, 42]. Notably, ensuring adequate compli-
ance with oral hygiene procedures is essential before commencing intervention [24]. 
Clinicians should also be aware that, despite considerable improvement of clinical 
and radiographic parameters that may be achieved after surgical therapy, a consider-
ably high rate (32–44%) of disease recurrence and a considerable rate (14–21%) of 
implant loss within 5 years posttreatment were reported [30, 41, 43, 44].

2.3.1 �Anatomic factors affecting treatment outcomes: Peri-implantitis defect 
classifications

Attempts have been made to classify peri-implant osseous defects to describe 
disease severity and to estimate peri-implant-treatment effectiveness [44–46]. The 
most widely accepted peri-implant defect classifications differentiate between purely 
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infraosseous (Class I), purely supracrestal, that is, horizontal (Class II), or combined 
defects, that is, presenting a horizontal and an infraosseous component (Class III). 
Furthermore, the infraosseous components are differentiated into buccal dehiscence 
(a-type), 2–3 defects (b-type), and circumferential saucer-shaped defects [47]. 
Finally, the defect depth extension below the implant neck, or the ratio of bone loss 
relative to the total length of the implant, may be used to differentiate between small 
(S) defects (3–4 mm), medium (M) (4–5 mm) to advanced (A) defect (≥ 6 mm) 
types (Figure 2).

Defect classification may help clinicians in guiding treatment decisions and 
estimating treatment prognosis. Small supracrestal Class II defects, for example, have 
shown to respond well to nonsurgical approaches or to access flap, resective surgery. 
Conversely, infraosseous Type Ic defects have responded better to guided bone 
regenerative approaches than buccal dehiscence defects (Class Ib) [46]. Advanced, 
i.e., > 7 mm deep defects, have been described as less responsive to surgical therapy 
(Figure 3) [48].

2.3.2 Peri-implant surface detoxification

Given the overwhelming evidence classifying peri-implantitis as a biofilm-
associated disease, effective implant surface disinfection and complete decontamina-
tion appear crucial to achieving disease resolution [1, 20, 38, 49, 50]. Seminal studies 
have demonstrated that re-osseointegration and defect fill following regenerative 
approaches, even after implant surface decontamination, remain incomplete—
highlighting the inherent challenge of achieving complete biofilm removal from 
contaminated implant surfaces [50–52]. Microroughened surface topographies, while 
established as the gold standard to promote osseointegration, may hinder effective 
decontamination further [53–55].

Figure 2. 
Peri-implantitis defect type (left) and severity classification (right). Defect types are categorized by defect 
morphology: buccal dehiscence (a), 2–3-wall (b), and circumferential (contained) (c) defects and by the presence 
of infraosseous and/or supracrestal components (Class I–III). Defect severity is based on the vertical extension 
between the implant shoulder and the lesion’s apex.
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A multitude of mechanical, chemical, and physical methods, with or without 
adjunctive local application of antiseptics or antibiotics, have been proposed [10, 39, 
56, 57]. In contrast to nonsurgical approaches with limited access and visibility, open-
flap mechanical instrumentation has been demonstrated as effective in removing 
plaque and calculus deposits [58]. Individual methods include scaling with metallic 
and nonmetallic scalers and rotating brushes or air powder abrasion. Implantoplasty 
using rotary instruments may be applied to remove the coronal implant threads and 
smooth the implant surfaces to prevent future plaque accumulation as part of apically 
repositioned flaps (APF) or guided bone regenerative (GBR) procedures [38, 59–61].

Residual biofilm following instrumentation has been described as common after 
mechanical debridement. The release of titanium particles remains a general concern 
[58, 62, 63]. Clinicians often complement mechanical methods with a second chemical 
or physical technique to improve surface decontamination [57, 58]. Physical methods 
include, for example, photodynamic therapy, laser-assisted techniques, or electrolytic 
methods. In contrast, chemical strategies may include rinsing with saline, application 

Figure 3. 
Peri-implantitis defect type III (> 7 mm deep defects) and treatment (explantation).
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of hydrogen peroxide, ethylenediamine tetra acetate (EDTA) or local antibiotics or 
antiseptics, for example, tetracycline or chlorhexidine [57, 58, 64]. Despite consider-
able efforts to enhance implant surface decontamination as a prerequisite for re-
osseointegration, evidence supporting the efficacy of individual techniques—or their 
combinations—in improving key clinical outcomes of surgical regenerative or resec-
tive approaches remains limited, except for modest support for the use of titanium 
brushes [39, 50, 57, 65, 66]. Notably, this finding may partly reflect the complex and 
heterogeneous nature of peri-implantitis, involving a broad spectrum of contributing 
factors, notably treatment site characteristics, implant design, defect morphology, and 
patient-specific risk profiles, including genetic predisposition (Figure 4) [3, 27, 67].

2.3.3 Regenerative peri-implantitis treatment

While some evidence supports using apically positioned flaps (APF) in com-
bination with implantoplasty to restore peri-implant health, this approach may be 
unsuitable in esthetically sensitive areas [60, 61]. In such cases, regenerative surgi-
cal techniques are preferred to augment peri-implant lesions to support soft tissue 
contours [31, 68–70].

A wide range of biomaterials has been utilized to regenerate peri-implantitis defects 
across different healing modalities, including autologous bone, allografts, xenografts, and 
alloplasts, either alone or in combination with membranes and/or biologic or chemical 
agents [50, 68, 71]. High variability in outcome and high risk of bias have been reported 
throughout systematic reviews analyzing and comparing the effectiveness of regenerative 
procedures for peri-implantitis defects. This finding may be attributable to the complex 
and multifactorial nature of peri-implantitis, contributing to methodological heteroge-
neity, rendering it difficult to design low-bias, standardized comparative clinical trials 
[10, 31, 50, 68, 70]. There is currently no evidence suggesting that a specific material or 

Figure 4. 
Peri-implantitis at site 36, complex treatment: mechanical debridement, complex due to the hollow implant 
design, sectioning, and explantation of the implant.
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material combination might be superior to others [50]. For example, there is no conclu-
sion on the effectiveness of membranes in conjunction with bone grafts in augmenting 
peri-implantitis treatment. Experiments failed to show an increase in radiographic bone 
fill when using bone grafts with membranes compared to bone grafts alone [70, 72]. Also, 
there is currently no conclusion on the superiority of submerged vs. non-submerged 
healing as part of regenerative peri-implant therapy [68].

Compared to nonsurgical treatment, guided bone regeneration of peri-implantitis 
defects has been reported to result in 3.52 mm greater periodontal probing depth (PPD)  
reduction compared to nonsurgical therapy [31]. When comparing relative pocket depth 
(PD) reduction of individual approaches, values of 37.9% were reported for access flap 
and debridement, 33.4% for resective approach, 37.1% for augmenting with bone grafting 
materials, and 48.2% for GBR, suggesting marginal advantages of regenerative compared 
to non-regenerative approaches [70].

A mean PD reduction ranging from 2.0 to 4.5 mm and a mean reduction in BoP 
from 44.8 to 86% at 12 months post-therapy was recently reported for the regenera-
tive peri-implant therapy using bone grafts [68, 69]. The mean radiographic bone fill 
was reported to be 2 mm [70]. Despite encouraging results superiority of regenerative 
therapy over access flap surgery without regenerative therapy in terms of clinical and 
esthetic outcomes needs to be established [10, 68, 69]. Finally, defect classification 
may affect treatment outcomes, with circumferential contained defects showing a 
better prognosis [46]. Regenerative techniques may be preferably adopted at intraos-
seous defects with a depth of ≥3 mm [68].

In conclusion, the mixed and often inconclusive outcomes of regenerative therapy 
compared to open-flap debridement alone underscore the current limitations of 
regenerative approaches and emphasize the need for individualized, clinically driven, 
and patient-centered treatment planning.

2.4 Implant removal and reimplantation

In cases where surgical peri-implant therapy is deemed ineffective or the prognosis 
is unfavorable, clinicians may consider implant removal and reimplantation as viable 
alternatives. The decision to remove an implant should be based on defect severity 
and overall treatment prognosis, considering both functional, esthetic, and patient-
centered aspects.

Advanced peri-implantitis lesions affecting ≥50% of the implant length are rela-
tively common, occurring in over 40% of cases, and have been associated with poor 
outcomes following surgical therapy [45, 73, 74]. After explantation, two primary 
strategies exist [1]: Immediate placement of a wider or longer implant when anatomi-
cal and prosthetic conditions allow, or [2] delayed placement following alveolar ridge 
augmentation and healing.

Immediate reimplantation has shown success rates of approximately 94%, with 
acceptable marginal bone loss (~0.9 mm) in selected cases [75]. However, in moderate 
to advanced defects involving ≥25% of the implant length, this approach carries a 
higher risk due to advanced alveolar bone loss and is generally not recommended. In 
such cases, bone grafting at the time of implant removal may be considered to pre-
serve and restore ridge volume, with delayed implant placement typically planned for 
3–6 months following augmentation [76]. Implant removal may also offer an oppor-
tunity to address additional site deficiencies, such as insufficient keratinized mucosa 
or compromised esthetic soft tissue contours [77–80]. In esthetically demanding 
regions, staged augmentation procedures and delayed implant placement, allowing 
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for soft tissue conditioning, may be favored to achieve optimal esthetic outcomes. 
Systematic reviews report an implant survival rate of approximately 88% following 
delayed reimplantation over a mean follow-up of 40 months, with a ~ 15% reduction 
in survival rates observed in cases involving multiple reimplantation attempts [81].

From a procedural standpoint, the least invasive removal technique involves 
applying counter-clockwise torque with a removal tool compatible with the implant’s 
internal or external connection [82, 83]. In selected cases, resectioning 1–2 mm of 
crestal cortical bone may facilitate explantation. Trephine burs and elevators remain 
effective but are more invasive alternatives, typically reserved for cases in which 
conservative approaches fail. Corticotomies may enhance healing potential, as bone at 
previously infected implant sites often exhibits reduced vascularity.

In summary, implant removal followed by reimplantation offers a viable alterna-
tive to regenerative or resective peri-implant therapy. Treatment strategies should be 
tailored to the individual case, considering defect morphology and severity, anatomi-
cal limitations, soft and hard tissue conditions, and esthetic demands following 
explantation (Figure 5).

Figure 5. 
Implant removal of unstable implant 21, mechanical debridement, reimplantation with simultaneous guide bone 
regeneration.
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3. �Prevention of peri-implantitis: Supportive peri-implant therapy

Due to the severity, rapid progression, and lack of consolidated treatment strate-
gies, effective prevention of peri-implant diseases remains a cornerstone of implant 
therapy. Clinicians should recognize that prevention begins well before implant 
placement and extends throughout the lifetime of a prosthetic restoration [10, 38]. 
Prevention strategies target risk reduction at multiple levels—patient selection, 
treatment planning, surgical and prosthetic execution, and postoperative care. Once 
osseointegrated, supportive peri-implant care and therapy (SPIC, SPIT) play a critical 
role in maintaining peri-implant health. At the same time, secondary prevention aims 
at reducing the risk of disease recurrence after peri-implant treatment [10].

Primordial and primary prevention strategies aim to identify and manage modi-
fiable risk factors and prevent risk factor development before and after implant 
placement, respectively [84]. Preventive measures include early patient risk profiling 
but also patient education on the importance of supportive peri-implant care (SPIC) 
recalls and oral health routines [85]. Furthermore, modifiable risk factors, compris-
ing glycaemic control status, smoking but also the identification of parafunctional 
habits and bruxisms, are important at this stage [84]. From a treatment perspec-
tive, clinicians are advised to carefully plan and control ideal placement and deliver 
prosthetic designs that enable optimal hygiene routines and reduce the risk for plaque 
accumulation [86]. Finally, primordial prevention should also include the detection 
and treatment of any periodontal condition prior to implant placement [87].

SPIC and SPIT are regarded as crucial to prevent the onset or recurrence 
of peri-implant disease following successful implant integration and active or 
completed therapy, respectively [88–91]. Corresponding protocols should be 
individualized and regularly re-evaluated, with risk assessment tools available to 
guide patient-specific preventive strategies [92]. These protocols should include 
professional mechanical plaque removal at 3- to 6-month intervals, monitoring 
peri-implant health using gentle probing (0.2 N) and any signs of plaque accumu-
lation, and ongoing assessment and reinforcement of patient compliance with oral 
hygiene instructions [10, 27, 28]. Early detection of peri-implant disease to enable 
timely intervention and prevent progression to peri-implantitis is a key objective 
of SPIC [2, 90]. Baseline periapical radiographs obtained after initial physiologi-
cal bone remodeling serve as essential references for confirming disease presence 
and monitoring its progression over time [1].

Finally, secondary and tertiary prevention aim to reduce the risk of peri-implant 
disease recurrence and prevent complications in patients who have completed or are 
undergoing active treatment. Preventive measures are of paramount importance and 
remain integral to the long-term success and sustainability of implant therapy.
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Chapter 6

The Immunobiological and Dense 
Collagen Fibrous Connective Tissue 
Barriers: The Gate to Periodontal 
and Peri-Implant Health and 
Longevity
Itzhak Binderman, Michal Halperin-Sternfeld and 
Alberto Miselli

Abstract

Periodontal disease is the primary cause of alveolar bone loss and tooth loss, 
with pathogenesis rooted in microbial invasion and immune dysregulation. Despite 
advances in periodontal therapy and implantology, peri-implantitis has emerged as a 
significant clinical challenge due to the absence of natural protective barriers around 
implants. This chapter explores the structural and immunobiological roles of two key 
periodontal defense systems: the supracrestal gingival tissue (SGT) and the periodon-
tal organ (PO). The PO’s fibrous barrier, comprising collagen fibers and mechanically 
strained fibroblasts, is critical for maintaining periodontal health. Its degradation, 
mediated mainly by matrix metalloproteinases (MMPs), leads to compromised 
mechanical integrity, dysfunction of fibroblasts, adenosine triphosphate (ATP) 
release, and inflammatory bone resorption. In contrast, peri-implant tissues lack this 
organized fibrous attachment, relying instead on a vulnerable epithelial interface, 
making them highly susceptible to peri-implantitis. We describe novel strategies 
to mimic the fibrous attachment of natural dentition by bioengineering periosteal 
integration onto implant abutments. Additionally, we highlight emerging therapeutic 
approaches, including MMP inhibition and purinergic receptor blockade, to preserve 
soft tissue barriers and prevent bone loss. Overall, maintaining the structural and 
mechanobiological integrity of SGT and PO is essential for both periodontal and 
peri-implant health. Future therapies must target both the microbial and molecular 
pathways that compromise these barriers.

Keywords: immunobiological supracrestal barrier, collagen supraalveolar barrier, 
periosteum, periodontal organ, matrix metalloproteinases
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1. �Introduction

Periodontal disease remains the leading cause of alveolar bone loss and the subse-
quent loss of natural dentition. Although it is well established that the disease is initi-
ated by pathogenic bacteria colonizing the gingival crevices, current therapeutic and 
preventive strategies, while capable of slowing disease progression, are largely unable 
to halt or reverse the condition entirely. Replacement of extracted teeth by placing 
dental implants that enable esthetic and functional prosthetic restoration has become 
the state of the art in dentistry. Recently, it became apparent that peri-implant bone 
loss dramatically endangers prosthetic restorations, albeit it has become a major 
prognostic problem. This condition, known as peri-implantitis, is characterized by 
a chronic inflammatory response triggered either by bacterial invasion or a foreign 
body reaction that incites an immunoinflammatory cell population, ultimately lead-
ing to progressive bone loss around the implant.

In this chapter, we focus on two critical defense structures in the periodontium: 
the immunobiological barrier of the supracrestal gingival tissue (SGT) and the 
fibrous barrier of the periodontal organ (PO). While the PO dense fibrous barrier is 
created in tooth development, the SGT, composed of supracrestal soft connective tis-
sue and epithelial attachment, is established as the tooth erupts. Both form the initial 
line of defense against microbial biofilms. Dental implants, however, lack the PO; 
therefore, their defense depends solely on the SGT.

We emphasize the pivotal role of matrix metalloproteinases (MMPs), whose 
elevated enzymatic activity degrades the fibrous PO barrier and acts as a key driver 
of alveolar bone loss. Disruption of this barrier leads to a loss of physiological tensile 
strain, which in turn diminishes mechanical stimulation of fibroblasts aligned along 
collagen fibers. These fibroblasts respond by releasing ATP, a signal implicated in the 
pathogenesis of both alveolar and peri-implant bone resorption. Given the absence of 
a natural fibrous barrier in peri-implant soft tissues, we have developed a novel abut-
ment design that supports the biological attachment of the periosteum to its surface. 
This innovation facilitates the formation of a fibrous barrier, where collagen fibers 
and mechanically strained fibroblasts replicate the protective architecture found in 
natural dentition.

2. �Establishment of the periodontal organ (PO)

Tooth development in humans begins around the fifth week of gestation as epi-
thelial thickenings in the oral cavity, known as the dental lamina. These thickenings 
result from the ingrowth of oral ectoderm into the underlying neural crest-derived 
ectomesenchyme. Development proceeds through a sequence of epithelial-mesen-
chymal interactions that culminate in the formation of the tooth germ and support-
ing periodontium structures. Tooth buds develop from the dental lamina and are 
embedded within the jawbone, surrounded by mesenchymal progenitor cells that 
give rise to cementum, periodontal ligament (PDL), and alveolar bone. During root 
development, and even before tooth eruption, bundles of collagen and elastin fibers 
extend from the alveolar bone crest’s periosteum to insert into the cervical cementum, 
forming a dense fibrous barrier that determines and regulates the PO function and 
stability (Figure 1). This fibrous network is overlaid by a syncytium of fibroblasts 
and immune cells, connected via adherens junctions, and subjected to continu-
ous physiological tensile strain, termed “isometric tensile prestress” by Ingber [1]. 
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The periosteum has a dual function: an inner osteogenic layer adjacent to the alveolar 
bone and an outer fibrous layer that interfaces with the SGT (Figure 1). Also, trans-
septal fibers connect the cementum of neighboring teeth, maintaining the integrity 
of the dental arch. These components form a physical and immunological barrier 

Figure 1. 
A schematic illustration of collagen bundles inserted into the cementum (a) and a corresponding histological 
section showing the fibers and the strained cells along their course (b). In (a), the blue band represents the 
periosteum extending over the alveolar bone crest and papilla, forming the PO barrier as it inserts into the root 
cementum, features also visible in the histological section (b).

Figure 2. 
Histological section of the rat molar periodontium showing Sharpey’s collagen fibers emerging from the crest of 
the alveolar bone and extending toward the cervical root cementum (a). The boxed area in (a) is enlarged in (b), 
illustrating the Sharpey fibers and associated elongated fibroblasts aligned in the direction of fiber insertion into 
the cementum.
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essential for periodontal function. In addition, Sharpey’s collagen fibers, extend-
ing from the alveolar bone crest and inserted into the cementum, facilitate vertical 
alveolar bone growth during tooth eruption (Figure 2). Altogether, the barrier that 
protects the PO consists of dense layers of collagen fibers interlaced with fibroblasts 
and an innate immune cell system.

The collective unit of alveolar bone, PDL, cementum, and fibrous connective 
tissue forms the PO, a structural and immunological shield critical for oral health. As 
the tooth erupts, the SGT, composed of supracrestal soft connective tissue and epi-
thelial attachment, interfaces with the oral cavity, forming the initial line of defense 
against microbial biofilms (Figure 3).

3. �Establishment of the supracrestal gingival tissue (SGT)

Tooth eruption is a highly regulated process by which teeth traverse the oral 
mucosa to attain their final occlusal position. During this process, the reduced enamel 
epithelium transforms into the junctional epithelium, a nonkeratinized structure that 
adheres to the enamel surface and connects with the oral epithelium. The gingival 
sulcus is established between the enamel and the free gingiva. Upon complete erup-
tion, the SGT, which comprises the free marginal gingiva and the epithelial attach-
ment, forms a vital interface between the fibrous connective tissue of the SGT and the 
oral environment. Collagen fibers from the cementum extend into the free marginal 
gingiva, surrounded by vasculature, nerves, fibroblasts, and immune cells, all covered 
by basal lamina and stratified squamous epithelium. Due to its direct exposure to the 
biofilm, the SGT serves as a frontline immunobiological barrier. Its efficacy relies 
on sufficient tissue volume, robust blood supply, and the functionality of resident 

Figure 3. 
In the present histological section, the papilla and its connective tissue represent the SGT barrier. The alveolar 
bone crest (Acr), covered by periosteum (black arrows), shows periosteal fibers and cells inserted into the root 
cementum and root dentin, forming the PO barrier (D).
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immune cells. In healthy conditions, a coordinated population of T cells, neutrophils, 
and macrophages maintains mucosal immunity [2]. However, when the microbial 
challenge exceeds the immune capacity, dysregulation may occur, leading to chronic 
inflammation.

4. �Breakdown of physical and immune barriers

The SGT and its junctional epithelium are under constant microbial challenge in 
the narrow space between the oral epithelium and the tooth enamel surface. Their 
integrity depends on coordinated immune surveillance by T cells, neutrophils, and 
macrophages. When immune responses are overwhelmed, a persistent inflamma-
tory cascade ensues. Both resident and recruited inflammatory cells upregulate the 
production of MMPs, particularly collagenases, leading to the degradation of collagen 
fibers and extracellular matrix (ECM) components [3]. Degradation of ECM by 
MMPs can be derived from both bacteria in dental plaque and host cellular sources.

MMP activity is markedly higher in periodontitis compared to gingivitis. While 
gingivitis presents limited tissue degradation, periodontitis is characterized by exten-
sive breakdown of the collagen fibrous PO barrier and increased cytokine production 
[4]. Under physiological conditions, MMP activity is regulated by tissue inhibitors 
of metalloproteinases (TIMPs). An imbalance between MMPs and TIMPs promotes 
excessive degradation of collagen fibers, disrupting the SGT and PO barriers and 
leading to progression to periodontal disease [5, 6].

Our previous studies have demonstrated that surgical disruption of the periodon-
tal organ (PO) fibrous matrix, such as through elevation of a mucoperiosteal flap, 
can initiate molecular pathways leading to alveolar bone remodeling and resorption 
along the PDL aspect, similar to the enzymatic activity of matrix metalloproteinases 
(MMPs) observed in periodontitis [3, 7].

Under physiological conditions, fibroblasts and immune cells within the supracrestal 
gingival tissue (SGT) and PO exert traction forces through their interactions with 
fibronectin-collagen fibers via transmembrane integrins. These integrins are linked to 
the intracellular cytoskeleton through adhesion complexes, forming a dynamic molecular 
connectivity network essential for maintaining tensile strain. This ECM-cellular frame-
work, along with intercellular molecular communication, is critical for supporting the 
structural and functional integrity of the dentition and periodontium [1]. Such mechani-
cal connectivity enables the transduction of ECM-derived signals into cellular responses, 
including differentiation, migration, and immune activation [8, 9].

Disruption of this molecular architecture, whether due to inflammation, surgi-
cal intervention, or MMP activity, results in the abrupt loss of cellular tensile strain. 
This deformation induces the release of adenosine triphosphate (ATP) from affected 
cells, which then activates purinergic P2X and P2Y receptors on immune cells. This 
ATP-mediated signaling cascade promotes inflammatory responses and osteoclastic 
activity, ultimately leading to alveolar bone loss [10, 11].

This mechanobiological model aligns with systemic diseases characterized by 
impaired cytoskeletal function and reduced tensile strain. For example, osteoarthritis has 
been linked to ECM and cytoskeletal disorganization stemming from abnormal mechani-
cal loading [12, 13]. Similarly, we propose that adult periodontitis is a cytoskeletal disorder 
marked by a breakdown in cellular tension and loss of cytoskeletal integrity [11]. In this 
context, preserving the molecular tensile connectivity between cells and the ECM within 
the SGT and PO is critical for maintaining periodontal health.
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5. �Peri-implant SGT and residual bone crest tissue

The tissues surrounding implants differ completely from the structure of the PO of 
natural dentition. Implants are inserted into a residual bone ridge to attain maximum 
mechanical stability. The surface of their cervical part is in intimate contact with a 
dense matrix of cortical bone, while the rough surface of the implant body is integrated 
within the regenerating trabecular bone, providing optimal integration. The implant 
abutment’s smooth surface usually faces the oral epithelium, which covers soft con-
nective tissue, similar to SGT. The epithelium grows along the basal membrane until it 
reaches the cervical abutment surface, forming a kind of hemidesmosome attachment. 
It is, therefore, inevitable that the junctional epithelium, which separates the soft con-
nective tissue from the abutment surface, becomes a nesting space for bacteria.

In contrast to the dense fibrous and strained cellular attachment of periosteum to 
root cementum, the PO barrier of natural dentition, no such barrier is generated above 
the bone crest and the abutment. Then, the SGT immune system becomes the primary 
guard that can withstand challenging bacterial ingression. The immune response capac-
ity and integrity of SGT cellular immune populations are the only efficient antibacterial 
and anti-inflammatory system. It seems reasonable for clinicians to advocate to form a 
bed of soft connective tissue, at least 4 mm of SGT width facing the abutment surface, 
in order to increase the capacity and volume of antibacterial immune cell populations.

Risk factors such as poor oral hygiene, smoking, and inadequate maintenance 
must be systematically addressed to ensure long-term implant success [14]. 
Additionally, the design of implants and the type of implant-abutment connection 
have been shown to influence marginal bone preservation. Features such as platform 
switching, internal conical connections, and moderately rough implant surfaces help 
reduce crestal bone remodeling by minimizing micro-gaps and micromovements 
at the bone-implant interface. It is well-accepted that platform switching, internal 
conical connections, and moderately rough implant surfaces help minimize crestal 
bone remodeling by reducing micro-gaps and micromovements at the bone interface 
[15]. Precise three-dimensional implant positioning buccolingually, mesiodistally, 
and apicocoronally is critical for maintaining surrounding bone integrity. Improper 
placement can compromise the thin buccal plate, limit prosthetic flexibility, and 
contribute to early bone loss or soft tissue recession [16]. Maintaining the integrity of 
the supracrestal tissue complex, including the junctional epithelium and connective 
tissue zone attachment, is essential for establishing a stable biological seal. Repeated 
disconnection and reconnection of the abutment can disrupt this seal, leading to mar-
ginal bone remodeling [17]. Furthermore, an adequate band of keratinized mucosa 
and sufficient tissue thickness around implants provide a protective barrier against 
bacterial challenges and mechanical trauma. In cases of deficiency, soft tissue grafting 
may be indicated to increase volume and improve long-term stability [18].

6. �Management and therapies

The SGT and the PO form a dynamic, interconnected structure that is central 
to periodontal health. These structures not only provide mechanical support but 
also serve as immunological sentinels. Preservation of their integrity, particularly 
their fibrous, collagen-rich barriers and cellular strain networks, is critical in pre-
venting disease initiation and progression. Disruption of these systems by MMP 
activity or surgery leads to altered signaling, inflammatory responses, and eventual 
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alveolar bone loss. Local application of MMP inhibitors or blocking MMP activity 
can prevent or stop the degradation of collagen fiber barriers and prevent bone loss. 
Chlorhexidine has limited anti-collagenase activity. Additionally, N-acetylcysteine 
(NAC), an antioxidant, is also an anti-collagenase. Many more drugs should be used 
for this purpose. Another key factor is that extracellular ATP can be inhibited by 
blocking the P2X receptor for ATP. We have shown that blocking the purinorecep-
tors in a rat model where surgical disruption of the mucoperiosteum was performed 
significantly reduced alveolar bone resorption [19].

Since the peri-implant tissues lack a fibrous barrier, it becomes challenging to 
prevent peri-implantitis. Control of bacterial plaque and professional maintenance 
are critical in preventing mucositis and peri-implantitis, both of which are directly 
linked to progressive bone loss. Inflammatory cytokines such as IL-1β, TNF-α, and 
IL-6 have been associated with tissue destruction around implants when the host 
response is deregulated [20]. Additionally, implant surface characteristics and surgi-
cal trauma influence early immune cell behavior and healing potential [21], while 
the innate immune system’s activation through NLRP3 inflammasome pathways has 
also been implicated in chronic inflammation [22]. We have recently experimented 
the possibility of creating a periosteum extension that could be biologically bound to 
the abutment surface. We have shown that coating the abutment with biological glue 
and fibronectin generated a fibrous and cellular attachment directly to the abutment 
surface, thus mimicking the PO fibrous barrier (Figure 4).

In conclusion, we described here the basic epithelial and immune-biological 
barrier present in the supracrestal gingiva tissue (SGT) and the very specific dense 
collagen fibrous barrier of the periodontium organ: alveolar bone, PDL, and cemen-
tum (PO) present in the healthy periodontium, while in the peri-implant tissues, 
a poor epithelial barrier is present and no fibrous barrier. Therefore, peri-implant 
breakdown depends mainly on the immune-biological barrier capacity and volume in 
the SGT. Therapies should be developed to inhibit the enzymatic degradation of ECM 
and the signaling pathways of chronic inflammatory cytokines. It is a challenge to 
generate a biological attachment of fibrous tissue to the implant abutment.

Figure 4. 
Histological sections from a mini pig’s lower jaw demonstrate the placement of a dental implant with a conical 
abutment featuring a lateral extension (“shelf ”) positioned slightly below the alveolar crest and covered by 
mucoperiosteum (a). (b) shows the osseointegration up to the shelf level and periosteum with dense fibers 
attaching biologically to the abutment surface, as also demonstrated in (c). For the first time, a true biological 
attachment of connective tissue to the titanium surface of the abutment and its shelf, which was coated with glue 
and fibronectin. Strained fibroblasts are aligned along collagen fibers running into the titanium surface (SFN). 
This study was performed and funded by MIS Implants Technologies LTD, Israel.
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Chapter 7

Periodontal Pathogens and 
their Involvement in the Oral 
Carcinogenesis Process
Alexandra Roi, Ciprian Ioan Roi, Mircea Rivis, Ruxandra Luca, 
Simina Boia and Laura-Cristina Rusu

Abstract

Periodontal disease is a current pathology with a rising incidence among the 
population, being characterized by persistent, chronic inflammation that determines 
a progressive destruction of the soft tissue and, eventually, the alveolar bone. An 
important mechanism particular to the periodontal pathogens is their involvement 
and modulation of the immune response of the host. The development of periodontal 
disease depends on keystone microbial infections, and in recent years, it has been 
described that important genetic and immunological pathways, along with other risk 
factors, contribute to the pathogenesis of this pathology. The chronic inflammation is 
considered one of the main mechanisms that contributes to the initiation of the carci-
nogenesis process. Based on this fact, oral carcinogenesis is seen as a complex interac-
tion between multiple factors and the host immune system. The biofilms encountered 
in oral cancer are represented by anaerobic bacteria, highlighting their importance 
in the development of this malignancy. The characteristic microbial involvement and 
the triggered interactions determined by the periodontal disease reveal its potential 
involvement in the pathogenesis of oral cancer. The periodontal pathogens could 
be seen as important key factors, exhibiting a potential role of biomarkers for the 
development of oral cancer.

Keywords: periodontal disease, periodontal pathogens, oral cancer, 
chronic inflammation, oral dysbiosis, oral carcinogenesis process

1. �Introduction

Oral cancer is considered worldwide a major challenge for the healthcare sys-
tem, with the main histopathological form of oral squamous cell carcinoma. It was 
reported that this type of cancer is responsible for 2% of all diagnosed cancer cases, 
and the deaths related to this pathology represent 1.9% of all cancer deaths [1]. While 
discussing the major risk factors, research outlined the implications of alcohol and 
tobacco in most of the cases; the occurrence of oral cancer was observed in situations 
when these factors are not associated.
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The role of infectious agents has gained attention during the past years and 
has been linked to the occurrence, promotion, and progression of oral cancer. The 
microbial instability encountered in the oral environment and the changed dynamics 
between the bacterial species have direct repercussions on the cellular interactions 
and features [2]. One of the first study directions regarding bacterial infections and 
their possible implications in the carcinogenesis process was related to Helicobacter 
pylori [3], causing gastritis and a persistent inflammatory response as well, being 
known to be implicated in the occurrence of gastric cancer [3].

The existing studies describe the implications of the inflammatory response 
toward bacterial infections as being a main cause in the development of cancers. 
This aspect is explained by the fact that bacteria can directly target the host cell and 
influence its integrity, determining the tumor formation during the interactions that 
occur in different stages of the cellular development [4]. These pathological altera-
tions occur through the actions upon the surface molecules by the bacterial toxins 
and proteins that induce a deoxyribonucleic acid (DNA) change, which modifies the 
signaling pathways and favors the malignant cell development [5].

It was reported that approximately 15% of all cancers are determined by existing 
infections, and the implicated microorganisms determine the cancer initiation and 
progression through the inflammation they cause [6]. Taking into consideration the 
fact that periodontal disease is responsible for inducing a chronic inflammation [7], 
the specific oral periodontal pathogens may have a direct role in the development 
of oral cancer, progression, and prognosis [8]. Research has highlighted the link 
between chronic periodontitis and an increased risk of oral cancer, a meta-analysis 
describing a 2-fold increased risk of oral cancer in patients diagnosed with periodon-
tal disease [9]. Also, diagnosed cancer patients who are unable to maintain proper 
oral hygiene due to the chemotherapy or radiotherapy treatment side effects, a fact 
that can increase the gingival inflammation and determine further periodontal 
complications [10].

It appears that the oral biofilm of oral squamous cell carcinoma patients contains 
a high quantity of anaerobic bacteria that is encountered in periodontal disease 
[11]. The results of several studies have linked the poor oral hygiene status with the 
incidence of oral cancer, as well as the link between periodontal pathogens and the 
incidence of different cancer types, among which is oral cancer [12]. There has been 
identified an implication of the periodontal pathogen Fusobacterium nucleatum in the 
chemoresistance of colorectal cancer cells, by having an action upon the autophagy 
process [13]. Also, it was reported that Porphyromonas gingivalis contributes to and 
induces the invasiveness of oral cancer cells by promoting the secretion of IL-8 and 
controlling the regulation of the matrix metalloproteinases (MMPs) [14].

An important aspect that is related to the development of oral cancer is the impact 
of several risk factors upon the oral cavity and the existing predisposing agents like 
chemicals, pesticides, or heavy metals that have an impact upon the epigenetic altera-
tions and pro-oncogenic interactions, inducing oral cancer development [15, 16]. 
Nevertheless, among these factors the oral infections and dysbiosis are considered a 
key factor in the etiopathogenesis of oral malignant lesions [17].

There are over 600 bacterial species that form the oral microbiome, and until 
recently, with the help of sequencing technology, the identification of the bacterial 
communities that are encountered in the oral environment and have an implication 
in oral and general health was a difficult task [18]. Their identification and charac-
terization allowed the analysis of the interactions between different bacterial species 
and their involvement in multiple physiological processes [19]. There are results 
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that describe that the gut microbiota is involved in the incidence of different general 
pathologies, mainly represented by chronic degenerative disorders, neurovascular 
diseases, and malignancies [20–22]. From all malignancies, the relationship between 
oral cancer and the oral and gut microbiome has been intensively studied, and the 
results outline a direct involvement of these microbiomes in the incidence of this type 
of cancer. Studies reveal that among the most common oral pathogens associated with 
oral squamous cell carcinoma are Porphyromonas gingivalis, Prevotella intermedia, and 
Fusobacterium nucleatum, bacterial species that are linked to periodontal disease as 
well [22–24].

Oral bacteria determine changes that influence their impact upon the general 
health, causing multiple pathologies [18]. Studies have discussed the possibility that 
the oral pathogens could contribute to the initiation of oral squamous cell carcinoma 
(OSCC) by targeting the metabolism of the cells, promoting carcinogenesis. These 
metabolic changes are represented by alterations in the concentration of vitamins and 
nutrients, a fact that will induce the release of several cytokines that can be linked to 
the incidence of different pathologies [22].

There has been identified a link that reveals the role of the interaction between 
multiple oral bacteria and the incidence of the oral carcinogenesis process. 
Nevertheless, a direct causative relation cannot be established between only a certain 
oral pathogen and the occurrence of oral malignancy [22]. Moreover, there is a need 
to identify potential microbial biomarkers that could be linked to different stages of 
oral malignancy development [4].

Nevertheless, important interactions occur between the microbial communities 
and the oral homeostasis, influencing the general and local response of the host, a fact 
that will facilitate the repercussions upon the oral epithelium. Existing studies suggest 
that the periodontal pathogens can facilitate oral cancer progression, influencing the 
cell survival, the proliferation rate, the apoptosis and the invasion potential of the 
tumor. This action mechanism includes both direct bacterial effects and secondary 
inflammatory responses.

An important aspect that was highlighted was that the early undiagnosed cancer 
or precancerous lesions have the potential to enable the colonization and proliferation 
of the oral bacteria, with a direct action upon the tumor progression, suggesting the 
importance of constantly reviewing patients diagnosed with periodontal disease as 
having a high risk for oral malignancy development.

2. �Periodontal diseases and its pathogens

Periodontal disease is known for its chronic evolution, currently having an 
incidence among different age groups. It was reported that in Europe, the prevalence 
is 5–20% among the age group 35–44 years and 40% in the case of elderly patients 
belonging to the age group 65–74 years old [25]. Mainly, the etiology of the peri-
odontal disease is represented by an inflammatory response toward the pathogens 
of the dental plaque, as a prolonged accumulation of a bacterial community. Firstly, 
the inflammatory response is represented by the occurrence of gingivitis, which, as 
a pathological progression, can develop into periodontitis, with permanent destruc-
tion of the periodontal ligaments and bone structure [26]. The evolution toward 
periodontitis represents an individual susceptibility that has an important link to 
the immune response toward the microbial community, the existent dysbiosis, the 
oral hygiene status and other preexisting chronic diseases that could trigger the 
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immune-inflammatory response (Figure 1) [27, 28]. During the characterization 
of the periodontal disease, the predominant species are the gram-negative species, 
which determining a dysbiosis of the oral environment, promoting the evolution of 
this pathology [29].

Chronic periodontitis can be classified based on the involvement of the teeth, 
being localized or generalized, and the environmental and genetic factors play an 
important role in its incidence [30]. Severe periodontal disease is currently the 11th 
most prevalent condition, affecting 10% of the adult population. Based on the inci-
dence related to this age group, it could explain the higher cancer risk associated with 
this population [31]. Also, the inflammation caused by periodontal diseases seems 
to influence and increase the incidence of other systemic diseases or their associated 
complications [30]. The identified systemic diseases that are linked to the periodontal 
diseases are cardiovascular disease, Alzheimer’s disease, diabetes mellitus, rheuma-
toid disease, inflammatory pathologies, or several types of cancers [32].

The role of dental plaque as a main etiological factor of periodontal disease has 
been discussed, approved, and taken into consideration while assessing each clinical 
case. In the study performed by Loe et al. [33], where on a human cohort they induced 
an “experimental gingivitis” by having an abstinence from oral hygiene, determining 
an accumulation of dental plaque that induced an inflammation of the gingiva that 
led to the diagnosis of gingivitis. Reinforced the oral hygiene habits showing that the 
dental plaque is reduced, and the signs of gingival inflammation decrease [33].

The analysis of the composition of the dental plaque in these cases showed the 
evolution of the microbial community, from gram-positive cocci to gram-negative 
ones, containing a high amount of fusobacteria, spirochetes, and filaments. It appears 
that these changes in the microbial community occur during the mild gingivitis phase 
[34]. Describing the microbial community composition during the phase of gingi-
vitis and evolving to periodontal disease is an important step in acknowledging the 
implication of specific pathogens.

Figure 1. 
The characteristics of the evolution from gingivitis to periodontal disease.
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Periodontal disease is dependent on the composition of the subgingival biofilm that 
determines, in certain cases, severe destruction of the periodontal tissue. While ana-
lyzing the specific role of different periodontal pathogens, studies have outlined the 
essential bacterial triggers of this disease, specifically Aggregatibacter actinomycetem-
comitans, P. gingivalis, P. intermedia, T. forsythia and F. nucleatum were among the most 
identified species [35, 36]. Currently, their identification is possible by using specific 
DNA-based technologies that can target and validate specific microorganisms [37, 38]. 
The microbiological evaluation helps the clinician to implement the proper treatment 
and evaluate the treatment accordingly to the existing microbiological situation [39].

When an imbalance occurs in the oral microbial communities, it is referred to as 
an oral dysbiosis. Within this environment, researchers have established that there are 
several bacteria that, when combined, can determine specific changes of the entire 
microbiota, changes that are linked to a disease-inducing microbiota, by inducing 
a chronic inflammatory response [40]. In the areas where inflammation occurs, 
nutrients appear as a response to the tissue alterations, being constantly a further 
source for the pathogens that are linked to the inflammatory process, sustaining the 
continuous dysbiosis of the oral environment [41].

Studies have discussed the existence of a specific “keystone pathogen” that is 
represented by Porphyromonas gingivalis, which is apparently responsible for the 
inflammatory process in the periodontium, a condition that will continue to convert 
the symbiotic relationships between the existing microorganisms into dysbiotic ones. 
Taking into consideration this action, it is considered that Porphyromonas gingivalis 
is one of the main pathogens responsible for periodontal disease [42]. From several 
existing hypotheses regarding the initiation of the inflammatory process within 
the periodontal tissue and the implications of the bacterial community and plaque 
changes, several discussions highlight the presence of Porphyromonas gingivalis, 
suggesting that even a small amount could significantly alter the subgingival profile, 
sustaining the dysbiosis [42].

Nevertheless, there is evidence that the dysbiosis state associated with periodontal 
disease is determined by gram-negative bacteria, which become dominant over spe-
cies that are associated with a healthy environment [5]. Studies revealed the fact that 
the red-complex triad formed by Porphyromonas gingivalis, Tannerella forsythia, and 
Treponema denticola is frequently encountered in periodontal disease (Figure 2) [5, 
6]. The most common subgingival pathogens that were identified in patients diag-
nosed with chronic periodontal disease and are responsible for producing periodontal 
abscesses were reported to be Fusobacterium nucleatum, Prevotella intermedia/nigres-
cens, Porphyromonas gingivalis, and Aggregatibacter actino-mycetemcomitans [7, 8].

Additionally, the progress and persistence of periodontal disease leads to the 
development of a more diverse microbiota population, based on the fact that there is 
an increase in the variety of nutrients that are accessible to the bacterial community, 
as a consequence of the persistence of inflammation and an inefficient immunity 
response, fact that lead to an uncontrolled bacterial growth [5]. As a further response 
to the prolonged immune response [9], the tumor necrosis factor (TNF), cytokines 
IL-1, and prostaglandin E2 (PGE-2) will activate and stimulate the osteoclasts, 
encourage the initiation of bone loss [10] through the receptor activator of nuclear 
factor kappa-B ligand (RANKL) pathway (Figure 3).

The altered salivary levels of IL-1beta and PGE-2 appear to have a strong correla-
tion with the severity of the periodontal disease, making them potential biomarkers 
of the therapy efficiency [11]. Several diseases due to their immunocompromising 
actions, such as diabetes mellitus, exacerbate the progression of the periodontal 
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Figure 2. 
The microbial community associated with the subgingival plaque.

Figure 3. 
The interdependent events associated with periodontal disease.
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disease [9] having a negative impact on the aggressive evolution [8]. Also, patients 
who undergo chemotherapy or radiation therapy have the risk that their periodontal 
disease may exacerbate, needing to reinforce their oral hygiene practices and refer 
to a specialist for a check-up. Taking into consideration that radiotherapy affects 
the oral tissue and chemotherapy determines immunosuppression and xerostomia, 
these treatments can increase the incidence of periodontal disease and its severity in 
patients diagnosed with cancer [12].

Understanding the complete pathophysiology of the periodontal disease and the 
degree of inflammation that it produces allows the evaluation of its impact upon the 
incidence of the induced systemic inflammation [43].

In the etiology of periodontal disease multiple factors co-exist, factors that con-
tribute to the initiation and progress of this pathology. Among these factors the host 
environmental factors, the keystone periodontal bacteria and the host immunity 
are reported to play a crucial role. An essential contribution to this process is linked 
to specific genetic profiles that will determine an individual’s susceptibility to the 
development of inflammatory responses [44]. The oral microbiome and the dysbiosis 
encountered in periodontal disease can determine an increase in the level of proinflam-
matory mediators, such as many cytokines and C-reactive protein [45]. Nevertheless, 
in certain studies, these oral bacteria were identified in the atheromatous plaques, 
outlining the dissemination potential that can trigger and influence the severity of 
systemic pathologies [46, 47]. It is discussed that in the periodontal microcirculation, 
signaling molecules like interleukin-1, tumor necrosis factor, and interleukin-6 can be 
found in the bloodstream and migrate to other organs [48]. The chronic inflammation, 
similar to that encountered in periodontal disease, can induce the malignant transfor-
mation of various cells, which is known as a risk factor for cancer [49].

The periodontal pathogens induce an abnormal immune response, which will 
promote the pathogenic invasion and produce specific metabolites, such as lactic acid 
and valine [50]. All of the changes specific to the dysbiosis observed in periodontal 
disease can influence the processes that control cell replication and repair, and those 
that are responsible for the membrane transport and metabolism of amino acids and 
fatty acids [51, 52]. The pathogenic bacteria specific for the periodontal disease, which 
determines an inflammatory state that can be responsible for inducing DNA damage 
within the epithelial cell layer, being linked to cancer progression [53].

3. �Oral carcinogenesis process

The process that represents the shift from healthy oral tissue develops into malig-
nant tissue is known as oral carcinogenesis. The normal cellular functions, including 
cell division, differentiation, and cell death, are disrupted by this intricate and multi-
step process that involves multiple genetic and epigenetic changes. Carcinogenesis is 
very complex, being influenced by individual susceptibility and associated environ-
mental factors [54].

3.1 Genetic alterations

It appears that approximately 6–10 genetic events are implicated in the oral carci-
nogenesis process. Cell division, differentiation, and senescence are basic biological 
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processes that are governed by several regulators. An accumulation of alterations 
within different cellular pathways, which can occur at any level of a specific route, 
determines oral cancer. Tumor cells are able to divide more quickly, use the blood ves-
sels to fuel their growth, and delete or amplify signals to produce abnormal structural 
and functional changes. After these events, the cancerous cells have the potential to 
invade the surrounding normal tissue or to disseminate to distant sites [55].

The genetic alterations can be represented by:

•	 In case of well-differentiated tumors, the chromosomes 3p, 5q, and 9p were 
deleted with a 3q gain; in poorly differentiated tumors, chromosomes 4q, 8p, 11q, 
13q, 18q, and 21q were deleted with a gain in 1p, 11q, 13, 19, and 22q, indicating a 
possible correlation with tumor development [56].

•	 An allelic imbalance at chromosome 3p and 9p.

•	 The loss of heterozygosity and the presence of microsatellite instability at 
9p21–p22 [57].

•	 Chromosome breakpoints in centromeric regions of chromosomes 1, 3, 8, 14, 15, 
1p22, 11q13, and 19p13 [58].

•	 p53 gene mutations and inactivation.

Methylation is the primary epigenetic alteration encountered in the malig-
nant tumors of the oral cavity. In the development of cancer, both promoter 
hypermethylation and genome-wide hypomethylation are important. Epigenetic 
changes are crucial for the existing genomic processes that occur during car-
cinogenesis and are often linked to the loss of genetic expression. These types 
of changes can inactivate the DNA-repairing genes, allowing for the malignant 
process to develop.

A methylation-specific polymerase chain reaction (PCR) revealed in case of head 
and neck carcinomas samples aberrant hypermethylation patterns in the p16, meth-
ylguanine-DNA methyltransferase (MGMT), and death-associated protein kinase 
(DAP-K) gene methylation patterns [59, 60].

3.2 Stages of oral carcinogenesis

The process begins in a normal epithelium or already altered ones, such as oral 
potentially malignant disorder-leukoplakia, erythroplakia, leukoerythroplakia, 
erosive lichen planus, oral submucous fibrosis, or actinic keratosis [61].

Histologically, the lesion goes through many stages (preneoplastic damage) 
before eventually developing into a malignancy. Reactive epithelial alterations 
(like hyperkeratosis, hyperplasia, and acanthosis) or preneoplastic changes (like 
mild, moderate, and severe dysplasia) can be used in order to categorize lesions 
that occur in the epithelium throughout the carcinogenesis process before the 
invasive carcinoma [61].

The development of oral cancer begins as an epithelial dysplasia, which is charac-
terized by the abnormal growth of dysplastic squamous cells. This event leads to the 
degradation of the subepithelial basement membrane (BM). The local destruction of 
tissues and the metastasis are basically the consequence of BM degradation [62].
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3.2.1 Oral epithelial dysplasia

It is defined by cytological and architectural changes that represent the absence of 
the typical surface epithelium maturation and stratification pattern [63]. Removing 
the triggering stimuli may cause the dysplastic changes to return to normal. Also, the 
development of oral malignant tumors, followed by invasion and metastasis, is the 
result of multiple cumulative events, influenced by the genetic alterations known as 
carcinogenesis of the epithelium [64].

Although longitudinal studies indicate that this has minimal relevance in predict-
ing risk, clinicians could believe that the degree of dysplasia is proportionate to the 
chance of malignant transformation. It is not possible to correctly identify which 
instances of oral epithelial dysplasia may progress to cancer using the standard grad-
ing system of mild, moderate, and severe dysplasia [64].

3.2.2 Carcinoma in situ

In the early stage of oral cancer, also known as oral intraepithelial carcinoma, or 
oral squamous cell carcinoma in situ, occurs when the malignant cells are localized 
within the epithelium and have not yet affected the deeper tissues. It is frequently 
referred to as stage 0 oral cancer and is considered a precancerous stage [65]. 
Carcinoma in situ is not yet an invasive cancer, but if left untreated, it has a significant 
chance of developing into invasive oral squamous cell carcinoma (OSCC).

3.2.3 Invasive carcinoma

Malignant epithelial cells infiltrate the deeper tissues of the oral cavity, destroy-
ing the basement membrane that divides the surface epithelium from the connective 
tissue localized under it, a characteristic of invasive oral carcinomas. Based on their 
level of cellular differentiation, invasive carcinomas are histologically categorized 
from well-differentiated (looking like normal squamous epithelium) to poorly dif-
ferentiated (exhibiting profound cellular and nuclear atypia, with minimal similarity 
to normal tissue). There are two types of invasive patterns: Erosive (a wide, pushing 
front) and infiltrative (cell nests and cords) [66].

3.3 Risk factors

The chronic use of alcohol and tobacco is the main risk factor for the initiation 
and progression of oral cancer in case of Western nations. Although smoking and 
drinking are separate risk factors, if they are combined it will significantly raise the 
risk. A high incidence of oral cancer in Asian nations is caused by the use of smokeless 
tobacco products like gutkha and betel quid [54].

3.3.1 Tobacco

Tobacco consumption has a lot of forms, depending on the culture and social 
status of the patients. Since 1985, the International Agency for Research on Cancer 
(IARC) has classified tobacco in all of its forms—including smoke, snuff, and 
chew—as carcinogenic to humans (Group 1) [67]. The risk increases with daily 
cigarette use and duration of tobacco use, and it falls proportionately with the 
amount of time after quitting.
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The thickened, hyperkeratotic modification of the palatal mucosa is known as 
nicotine stomatitis, and it is most commonly linked to pipe smoking, while milder 
cases can also arise as a result of cigar smoking. Sometimes, the palatal mucosa 
develops a thick, fissured surface and becomes hyperkeratotic. Frequently, on this 
surface the inflammation of the minor salivary glands can occur determining the 
appearance of a red-centered area [68]. These lesions are areas of oral mucosa where 
the carcinogenic factors can determine changes. Tobacco is considered one of the 
main risk factors for recurrence and second primary occurrence, being also linked to 
a lower chance of survival.

3.3.2 Alcohol

Alcohol is also categorized as a category 1 carcinogen classified by the International 
Agency for Research on Cancer (IARC). By oxidizing ethanol into acetaldehyde, an inter-
mediate metabolite that interacts with DNA, the alcohol dehydrogenase (ADH) enzyme 
may be responsible for alcohol-associated carcinogenesis. In order to cause cancer, it either 
alters DNA or prevents its production. Additionally, many carcinogens use ethanol as a 
solvent, a fact that increases the amount of different chemicals that enter the oral cells [69, 
70]. Certain carcinogenic contaminants, such as nitrosamines and polycyclic aromatic 
hydrocarbons, are also present in alcohol.

3.3.3 Synergistic effect of tobacco and alcohol

Studies revealed that heavy smokers have the habit of drinking more compared 
to light smokers, and heavy drinkers smoke more than light drinkers. When alcohol 
and tobacco are consumed together, their effects will be synergic and multiply rather 
than add up. The combination of alcohol and smoke increases the formation of 
acetaldehyde, which could be the explanation for the synergy that has been identified. 
Additionally, ethanol may make mucosa's permeable to other carcinogens higher [71].

3.3.4 HPV infection

Particularly in those who do not have alcohol and tobacco as risk factors, human 
papillomavirus (HPV), specifically HPV type 16, may be the etiological factor.

Numerous processes determine HPV’s carcinogenicity, including cell immortaliza-
tion, genomic instability, a lack of DNA damage repair, and anti-apoptotic activity. 
One important process that takes part in the development of the viral oncogenes E6 
and E7 is the integration of HPV DNA into the host genome. E6 protein inhibits the 
anti-oncogenic function of p53 protein by attaching to it and preventing it from bind-
ing to the DNA [72].

4. �Mechanisms linking periodontal pathogens to carcinogenesis

By releasing substances with a carcinogenic potential, also interfering with the 
different cell signaling pathways, altering the eukaryotic cell cycle, and causing 
persistent local inflammation, periodontal infections can have an implication in the 
development of cancer. All of these processes have the potential to accelerate the 
growth and spread of local malignant tumors, outlining the importance and need for 
good oral hygiene in preventing cancer.
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4.1 Chronic inflammation

Chronic or dysregulated inflammation, identified as a crucial process in tumor 
formation, development, invasion, and metastasis, is determined by the implication 
of cytokines, chemokines, prostaglandins, and the accumulation of reactive oxygen 
and nitrogen radicals within the oral tissue microenvironment [73, 74].

Persistent inflammatory substances can stimulate cell proliferation and determine 
an increased cell survival by activating oncogenes and inactivating the tumor sup-
pressor genes. Periodontal pathogenic bacteria, especially Fusobacterium, Veillonella, 
Actinomyces, Clostridium, Haemophilus, and Enterobacteriaceae, sustain a persistent 
chronic inflammatory response, leading to the degradation of periodontal tissue 
and determining the development of oral cancer [75]. They also elevate the levels of 
numerous proinflammatory cytokines, including TNF-α, multiple interleukins, and 
matrix metalloproteinases (MMPs).

Inflammatory cells have a significant influence on tumor progression. In the first 
stages of neoplasia, these cells serve as potent tumor promoters, creating a specific 
environment for tumor proliferation, increasing genomic instability, and influenc-
ing angiogenesis. Within the tumorigenic process, neoplastic cells use inflammatory 
pathways to promote their dissemination and metastasis potential.

Despite the expectation that inflammatory responses should be anti-tumor, cancer 
patients often have deficiencies in these responses. In periodontitis, the immune 
response is initiated when an antigen reaches the epithelial surfaces. Antigens will 
ultimately interact with macrophages or certain other types of antigen-presenting 
cells, including B cells, monocytes, dendritic cells, and Langerhans cells [76].

Macrophages are cells that originate from the mononuclear phagocyte system, 
essential for antimicrobial immunity, tissue homeostasis, and organ development. 
The study of tumor stroma, as a vital mediator of cancer-related inflammation, iden-
tified tumor-associated macrophages (TAM) as a significant element of leukocyte 
infiltration in the majority of malignancies, influencing the disease prognosis [77, 78]. 
These cells are known to promote tumor growth, angiogenesis, and metastasis.

The tumor-associated neutrophils (TAN) are the first responders to inflammation 
and can also release factors that promote tumor growth and metastasis. Often found 
in tumors, they have been overlooked in the context of cancer-related inflamma-
tion, primarily due to their short lifespan and fully differentiated status. The role of 
neutrophils in tumor progression remains unknown, with evidence supporting both 
pro-tumoral and anti-tumoral functions [79, 80].

Mast cells play a complex and multifaceted role in oral cancer development and its 
progression. Increased microvessel density and mast cell density have been observed 
in OSCC, potentially contributing to a poor prognosis. The role of mast cells in tumor 
promotion is primarily attributed to their angiogenic properties. Studies utilizing 
various mouse models have demonstrated evidence of degranulation and angiogen-
esis associated with mast cells in premalignant conditions.

The interaction between cancer cells and their microenvironment is crucial for 
tumor progression and growth inhibition. Mast cells exhibit direct mitogenic activi-
ties on tumor cells and indirectly influence the microenvironment by enhancing its 
invasive potential. This phenomenon is primarily induced by heparin and TNF-α [81, 
82]. The density of mast cells and the presence of specific subtype are correlated with 
prognosis in oral cancer [83].

Eosinophils frequently represent the predominant inflammatory leukocytes 
infiltrating the sites of oral squamous carcinoma. Oral carcinomas secrete 
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prostaglandins, which may play a role in the eosinophil infiltration. Tumor-
associated tissue eosinophilia (TATE) is a well-established pathological charac-
teristic linked to oral squamous cell carcinoma (OSCC) [84]. Evidence suggests 
a favorable prognosis linked to eosinophil infiltration in grade II and III tumors. 
Nevertheless, in well-differentiated oral cancer of grades III and IV, the presence 
of TATE signifies a poor prognosis [85].

Activated T lymphocytes are essential in the immune response to oral cancer, 
especially oral squamous cell carcinoma (OSCC). Certain T cell subtypes, such 
as CD8+, T helper 1 cells, and NK cells, are linked to anti-tumor responses, while 
others, such as CD4+ T cells, including T helper 2 and regulatory T cells, may 
facilitate tumor progression. The balance and activation status of T cell popula-
tions in the tumor microenvironment (TME) significantly affect the progression 
and prognosis of OSCC [86, 87].

4.2 Interference with cell signaling pathways

Periodontal pathogens may disrupt various mechanisms that regulate the prolifer-
ative response in normal cells across OSCC. The activation of certain immunological 
and inflammatory responses in the host by P. gingivalis is regarded as the fundamental 
mechanism. Moreover, Porphyromonas gingivalis has been shown to infiltrate and 
enter several epithelial cells, allowing it to modify some genes in response to persis-
tent infection [88]. It is responsible for the initiation of a sequence of signaling cas-
cades and other molecular interactions, resulting in immune evasion, proliferation, 
invasion, metastasis, inflammation, and heightened aggressiveness of oral cancer 
cells. Porphymonas gingivalis stimulates the expression of B7-H1 and B7-DC receptors 
on host cells, resulting in immune evasion. It further facilitates OSCC proliferation by 
stimulating the expression of epidermal growth factor receptor (EGFR) and cyclin D1 
via the miR-21/PDCD4/AP-1 signaling pathway. P. gingivalis stimulates the produc-
tion of MMP-9 by activating the protease-activated receptor (PAR)-2/nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB), p38/heat shock protein 27 
(HSP27), and ERK1/2-Ets1 pathways, facilitating the invasion [89].

P. gingivalis has been demonstrated to activate both the JAK/Stat and PI3K/Akt 
pathways, thereby inhibiting the intrinsic apoptotic pathway by averting mitochon-
drial membrane depolarization and obstructing cytochrome c release. This is accom-
panied by the downregulation of pro-apoptotic genes (caspase 3, caspase 9, Bad, and 
Bax) and the upregulation of anti-apoptotic genes (survivin, Bcl-2, bcl-XL, and Bfl-1) 
in gingival epithelial cells (GEC) [90],

P. gingivalis, F. nucleatum, and T. denticola were shown to enhance migration, 
invasion, and stemness, hence fostering an aggressive phenotype of OSCC via the 
overexpression of integrin αV by TL4/MyD88-mediated stimulation [91].

F. nucleatum significantly influences cancer formation and progression by 
altering cellular signaling pathways that regulate cell proliferation and immu-
nological responses, hence facilitating tumor growth, metastasis, and immune 
evasion. F. nucleatum may activate oncogenes such as STAT3, JAK1, and myelo-
cytomatosis (MYC), which enhance cell survival, proliferation, and suppress 
apoptosis [92]. Another mechanism used by F. nucleatum is the promotion of 
epithelial-mesenchymal transition (EMT), a process where the cancer cells relin-
quish their epithelial properties and acquire mesenchymal ones, hence increasing 
their capacity for invasion and metastasis [93]. F. nucleatum may enhance the 
expression of matrix metalloproteinases (MMPs), enzymes responsible for the 
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degradation of the extracellular matrix, hence promoting cancer cell invasion 
and metastasis. Also, it may enhance cancer cell proliferation by elevating lactate 
synthesis via the GLUT1 transporter, hence facilitating tumor development [94].

4.3 Production of carcinogenic substances

Periodontal diseases may generate carcinogenic agents, such as reactive oxygen 
species (ROS), reactive nitrogen species (RNS), and volatile sulfur compounds 
(VSCs). These compounds may induce DNA damage, inflammation, and eventually, 
the onset of oral cancer. These highly reactive chemicals may inflict damage on DNA, 
proteins, and lipids, possibly resulting in cellular mutations and facilitating oral 
cancer progression.

Periodontitis elicits increased reactive oxygen species generation in periodontal 
tissue. Upon the onset of periodontitis, reactive oxygen species generated in the peri-
odontal lesion infiltrate the bloodstream, leading to the oxidation of blood molecules 
and the manifestation of circulating oxidative stress [95, 96].

Certain periodontal infections generate volatile sulfur compounds, such as hydro-
gen sulfide, methyl mercaptan, and dimethyl sulfide. Although mostly recognized for 
inducing halitosis, volatile sulfur compounds (VSCs) may also be detrimental to oral 
tissues and may foster an inflammatory milieu conducive to cancer progression [97].

5. �Clinical implications of periodontal pathogens in oral cancer

Multiple research studies that were conducted in the last 10 years have offered 
new insights regarding the link between different oral bacteria to the incidence of 
oral squamous cell carcinoma (OSCC). The correlations between OSCC and the oral 
pathogens were identified through the comparison of the oral bacterial DNA obtained 
from OSCC patients and the one obtained from normal participants, using 16S rRNA 
sequencing [98].

It is considered that a higher risk for the development of OSCC is linked to the 
existing periodontal pathogenic bacteria that studies encountered in high levels 
in the samples provided by these patients, identifying Campylobacter, Filifactor, 
Pseudomonas, Capnocytophaga, and Fusobacterium. As a consequence, the samples 
of the diagnosed cancer patients revealed higher levels of certain proinflammatory 
mediators, such as lipopolysaccharide, that are released by the periodontal pathogens 
[99]. Among all the periodontal pathogens, Fusobacterium nucleatum exhibited the 
most encountered changes linked to malignancy from all the microorganisms [100, 
101]. Nevertheless, it appeared that Fusobacterium was identified in high levels in 
those OSCC patients in stage four [102].

The role of Fusobacterium nucleatum has been intensively studied, and some 
researchers consider that it plays an important role in the bacterial interaction in the 
case of OSCC patients, based on its ability to adhere to other bacterial species and 
form a complex network that will promote inflammation and further changes in 
OSCC patients [103]. As other anaerobic bacteria such as Campylobacter, Parvimonas, 
and Peptostreptococcus have been associated with the development of colorectal cancer 
[104], the Capnocytophaga and Filifactor appear to be involved in the pathogenesis of 
lung cancer [105].

Furthermore, it is not completely known how these anaerobic bacteria contribute 
to the development of OSCC, and more research is required in order to establish the 
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exact interactions. Pseudomonas has important virulence characteristics that can 
determine the carcinogenesis process by damaging the epithelium, while Pseudomonas 
aeruginosa can induce DNA changes that target the epithelial cells [106, 107].

The implications of the periodontal pathogens are directly related to the composi-
tional shift existing in the tumor sites, being explained through their capacity, espe-
cially in the case of Fusobacterium nucleatum, to adhere and generate inflammation, 
causing DNA damage to the epithelial cells. Although different bacteria encountered 
in the oral environment can determine various alterations, the periodontal pathogens 
appear to be directly linked to OSCC. The studies reveal that a lower quantity of 
bacteria, such as Firmicutes, Streptococcus, and Actinobacteria, was found in the case of 
OSCC samples, compared to the healthy group [100, 103].

In case of OSCC, within the carcinogenesis process, it was observed that the 
early colonization of Streptococcus, while Fusbacterium nucleatum is a transitional 
bacterium that co-aggregates in the early and late stages of colonization [108, 
109]. Additionally, as a controversy, it appears that Streptococcus has the possibility 
to reduce the proinflammatory process that is induced by Fusobacterium nucleatum 
in the epithelial layer [110]. Also, the presence of Firmicutes and Actinobacteria 
was negatively associated with the precancerous stage, suggesting that their levels 
may change in the early stage of cancer development [111, 112]. Taking this into 
consideration, it could be stated that Firmicutes and Actinobacteria, in the case of 
the early stages of oral cancer, exhibit a lower percentage that is combined with a 
higher amount of Fusobacterium nucleatum, fact that can suggest the presence of a 
precancerous or a malignant state [113].

Several studies have encountered changes between the normal, precancerous, 
and cancerous lesions, as well as changes in the case of the periodontal pathogens 
identified, revealing that bacteria can play an important role as biomarkers of specific 
stages. Certain microbial combinations have been evaluated as possible biomarkers 
for OSCC, some of them showing a high specificity [111]. In their study, Zhao et al. 
[100] showed that Fusobacterium nucleatum has a high potential for predicting OSCC. 
Another study conducted by Yang et al. [102] reported that a certain combination of 
Porphyromonas pasteri, Fusobacterium periodonticum, and Streptococcus mitis could 
discriminate the OSCC patients in stage four from healthy controls.

The bacterial community suffers changes during the various stages of carcinogen-
esis, from the normal epithelial to the precancerous and eventually to the cancerous 
state. They will suffer changes and adapt in order to offer and sustain a proper tumor 
microenvironment that can provide the support for the further development. There is 
a sequence within the bacterial community, and the first step in generating the neces-
sary dysbiosis and environment for the carcinogenesis process is obtained through the 
production of specific products that damage the DNA and may cause oral cancer. This 
step is achieved by the so-called “drivers-passengers” theory, the “ drivers” being the 
first that appear in the early stages of oral cancer [114, 115]. Porphyromonas gingivalis 
could be considered a “driver” since it is present in the early stages of carcinogenesis, 
and the damage it produces can directly harm the DNA by producing lipopolysac-
charides that represent an important inflammatory chemical that promotes oral 
carcinogenesis [116]. The conducted studies that focused on the bacterial community 
and its changes observed an important shift in Porphyromonas gingivalis levels in the 
OSCC development, highlighting its most frequent implication in the early stages of 
OSCC [117].

The passengers are represented by the bacteria that are present in healthy condi-
tions, but in case of the occurrence of the dysbiosis, this community will benefit 
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from the newly developed tumor microenvironment [115]. This category of bacteria 
is responsible for the development and further spread of the malignant process. As 
studies have reported, it appears that Fusobacterium nucleatum could be an important 
bacterium in the “ passenger” category. Although it is present also in small amounts 
in healthy oral environments, it appears to be mostly encountered in OSCC patients 
[118]. The bacterial composition suffers changes in the different stages of the oral 
carcinogenesis, allowing the different processes to take place, such as the multiplica-
tion of the cancer cells, the invasion rate, and the metastasis occurrence [119–121]. 
Therefore, Fusobacterium nucleatum could be considered a marker for the malignant 
transformation of oral epithelial cells.

As an important step in the carcinogenesis, the aberrant cell proliferation is one 
of the most important processes that is disturbed and that can be controlled by the 
microbial agents. As a consequence, the periodontal pathogens can influence the 
different pathways that control the proliferation rate of the normal cells in most 
cancers. Porphyromonas gingivalis produces FimA, a protein that can accelerate the 
progress of the cell cycle, reducing at the same time the activity of the p53 tumor 
suppressor, and increasing the levels of phosphoinositide 3-kinase (PI3K) and of 
phosphoinositide-dependent protein-serine kinase 1 (PDK1) [122]. In a study con-
ducted by Behzadi et al. [123], the exposure of the epithelial cells to Porphyromonas 
gingivalis and Fusobacterium nucleatum triggers a specific receptor that activates the 
IL-6 production, which will further activate the STAT3, which will induce the OSCC 
cell multiplication. Also, Porphyromonas gingivalis decreases the level of p53, which 
will sustain the cell growth. Another implication of the pathogens is through the 
regulation of the β-catenin signaling that controls the tumorgenesis and proliferation, 
Porphyromonas gingivalis inducing its activation, determining important changes in 
the cell cycle [124].

Another impact of Porphyromonas gingivalis is upon the gene expression of α- 
defensins, those being responsible for the division process of the oral cancer cells 
through a direct control of the epidermal growth factor receptor (EGFR), activating 
the dermal keratinocytes [125]. Nevertheless, A. actinomycetemcomitans has been 
identified to control cell apoptosis, having an opposite effect upon the oral cancer cell 
and their proliferative characteristics [125]. Most of the existing studies outline the 
implication of Porphyromonas gingivalis in the cell proliferation process, contributing 
to the oral carcinogenesis initiation. There are studies that discuss the fact that this 
bacterium would suppress the cell proliferation in the G1 phase, inducing autophagy 
by the formation of reactive oxygen species [126].

The inhibition of cell apoptosis in oral cancer is an important mechanism that 
allows the tumoral growth and invasion. There is evidence that this process can be 
determined also by oral pathogens that will inhibit the apoptosis and promote the 
tumorigenesis. Porphyromonas gingivalis was identified as having an implication in 
activating the apoptosis through intrinsic mitochondrial pathways, enhancing the 
activity of the anti-apoptotic factors, and inhibiting the proapoptotic ones [127].

The periodontal pathogens can increase the survival of the tumor cells through 
several extracellular and intracellular approaches that will avoid the apoptosis 
process. The autophagy activity appears to be increased in patients diagnosed with 
periodontitis compared to healthy individuals [128]. It has been discussed that the 
autophagy process in a proper way sustains angiogenesis, protects the periodontal 
cells from apoptosis, and in the case of Porphyromonas gingivalis, it facilitates its 
escape from the host’s immune interaction [128]. There is evidence that shows that 
oral cancer cells can promote autophagy as a response to the bacterial invasion, 
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limiting in this manner the toxic environment and helping the malignant cells to 
survive [129]. The autophagy process is analyzed by Chen et al. [130], and they 
concluded that it could be a determining factor for the increased IL-1 production in 
the case of cancer cells that were infected with P. gingivalis.

The pathogenic bacteria specific for periodontal disease have an important immune-
regulatory action, controlling the cytokines, the growth factors, and chemokines, 
disrupting the normal immune response of the host [131]. This action allows the promo-
tion of carcinogenesis, the dissemination of the cancerous cells, while sustaining the 
multiplication of the periodontal pathogens [132]. Porphyromonas gingivalis has proven 
an intense immunosuppressive action through the activation of STAT3, a fact that will 
promote the production of immunosuppressive myeloid-derived tumor cells that will 
allow the proliferation of OSCC [133]. The immune control performed by the periodontal 
pathogenic agents, by reprogramming the immune cells, including the polymononuclear 
neutrophils, determines the continuous evolution of the gingival inflammation, a fact that 
can influence the development of OSCC [134].

Data from existing in vitro studies support the affirmation that the periodontal 
pathogens can promote the oral cancer progression. Extending the research by 
performing in vivo studies using an oral carcinoma mouse model, it revealed that 
Fusobacterium nucleatum exhibited the highest upregulation effect upon the onco-
genes and IL-8 secretion, while Porphyromonas gingivalis showed a direct effect upon 
the MMP1, MMP9, and MYC. Nevertheless, in the case of the combined infection 
with both periodontal pathogens, the results were potentiated, showing that the mice 
that were in contact with both pathogens had more oral lesions compared to the group 
of mice that interacted with only one pathogen separately [135, 136].

Over time, multiple studies aimed to identify and characterize the microbial com-
munity associated with OSCC, using the next-generation sequencing (NGS) method 
[50, 137, 138]. Among the first links that have been found was in the study conducted 
by Nagy et al. [139], where high levels of Porphyromonas and Fusobacterium were 
observed in the OSCC samples compared to the controls. Nevertheless, currently, 
with the help of NGS, a complete profile of the tumor-specific microbial community 
can be performed in order to identify the specific bacteria within the samples.

In case of periodontal disease, all the results point out the importance of the bacterial 
community as a pathogen and trigger of oral cancer. The promotion of oral cancer and its 
progression is influenced by Porphyromonas gingivalis and Fusobacterium nucleatum [140]. 
However, in certain conditions, the interaction of Porphyromonas gingivalis can be antago-
nized by Streptococcus gordonii [141]. Nevertheless, there are more antagonistic actions 
present within the oral microbiome, and an important one is the interaction between 
Lactobacillus plantarum, which is part of the healthy flora, and Porphyromonas gingivalis, 
inhibiting its growth and oral cancer development by inducing cell apoptosis [142].

All these interactions between the oral microbial community will, at a certain point, 
determine a dysbiosis, a fact that will facilitate the periodontal disease development and 
a prolonged chronic inflammation that will promote the carcinogenic changes specific to 
oral cancer. It appears that the metabolic activities of the oral bacteria exhibit a bigger role 
in the pathogenesis of a disease than the bacterial community composition.

6. �Conclusions

The presence of dysbiosis in the supra- and subgingival biofilm is an important 
trigger for chronic inflammation, contributing to the pathogenesis of periodontal 
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disease. The presence of these periodontal pathogens is an important factor that has 
been linked to multiple oral and systemic diseases, through the persistence of inflam-
mation, the modulation of the immune response, and the angiogenesis process.

The role of the periodontal pathogens has been acknowledged as a keystone, and 
numerous epidemiological studies discuss the link between periodontal disease and 
oral cancer. According to the results of multiple studies, periodontal pathogens could 
influence the development of cancer by controlling all the important mechanisms, 
such as proliferation, invasion, cell survival, and apoptosis, having a direct bacterial 
effect.

There are described certain combinations of different oral pathogens that have 
been proposed as indicators for the diagnosis of oral cancer. The development of 
OSCC is characterized by multiple processes, including abnormal cell proliferation, 
perturbed immune surveillance, a high invasion and metastasis capability, and a 
modified intrinsic cell apoptosis and angiogenesis process. It has been highlighted 
that certain oral bacteria, like Fusobacterium nucleatum and Porphyromonas gingivalis, 
are involved in the majority of the carcinogenesis pathways, sustaining the devel-
opment of OSCC. Therefore, the dysbiosis of the oral environment, the diagnosis 
of periodontal diseases should be seen as a complex interaction between the oral 
pathogens and the host immune system, an interaction that, under certain conditions, 
could represent a risk factor for the development of oral cancer.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 8

The Use of Bacterial Lysates, an 
Alternative in the Prevention and 
Treatment of Periodontitis
Diana-Larisa Ancuța and Cristin Coman

Abstract

The chapter explores the potential of bacterial lysates as innovative biotherapeutics 
for preventing and treating periodontitis. These bacterial fragments, with immuno-
modulatory properties, may offer multiple therapeutic advantages by stimulating 
innate and adaptive immune responses in the oral cavity, having the ability to modu-
late oral microbiome dysbiosis, and may reduce the expression of proinflammatory 
cytokines involved in the destruction of periodontal tissue while regulating tissue pro-
tective factors. The experimental and clinical results presented in this chapter suggest 
that the oral application of specific bacterial lysates may reduce clinical parameters 
(probing depth, attachment loss, and bleeding on probing), inflammatory processes, 
and contribute to the establishment of a favorable host-microbiome balance that may 
prevent the occurrence of periodontitis. Current evidence supports the use of bacterial 
lysates in managing periodontitis, and controlled studies (in vitro and in vivo) contrib-
ute to establishing optimal formulation, dosing regimens, and long-term efficacy.

Keywords: periodontitis, bacterial lysate, oral microbiome, immunomodulatory 
activity, inflammatory response

1. �Introduction

Bacterial lysates are substances obtained by mechanical or chemical lysis of
bacterial cells, resulting in a complex mixture of bacterial components with immu-
nomodulatory potential. These products were initially used with considerable success 
in the treatment and prevention of respiratory diseases, but their applications have 
gradually spread to other medical fields, including oral pathology [1].

Periodontitis is a chronic inflammatory condition caused by imbalances in the oral 
microbiome and aberrant host immune response, leading to progressive destruction 
of the supporting tissues of the teeth [2]. Despite significant advances in conventional 
therapies, including mechanical debridement, local or systemic antibiotic therapy, 
and surgical intervention, many cases remain refractory to treatment or frequently 
relapse [3]. This clinical reality emphasizes the need for the development of alternative 
therapeutic approaches, among which bacterial lysates represent a promising option.

The aim of this chapter is to analyze the potential use of bacterial lysates in the 
treatment of periodontitis, based on their demonstrated success in other conditions 
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and exploring the mechanisms by which they could positively influence the course of 
periodontal disease.

The use of bacterial lysates in medical practice dates back to the first half of the 
twentieth century, when the first preparations were developed for the treatment of 
recurrent respiratory infections [4]. The concept was based on the observation that 
exposure to bacterial antigens may stimulate the immune system and confer protec-
tion against subsequent infections.

The first bacterial lysates were obtained from bacterial strains commonly implicated 
in respiratory tract infections, such as Streptococcus pneumoniae, Haemophilus influenzae, 
Klebsiella pneumoniae, and Moraxella catarrhalis [5]. These preparations were initially 
administered as oral or sublingual vaccines to stimulate local and systemic immunity.

Numerous clinical studies have demonstrated the efficacy of bacterial lysates 
in reducing the frequency, severity, and duration of respiratory infections in both 
children and adults [6, 7]. A meta-analysis published by Cazzola et al. [6] showed that 
the administration of bacterial lysates reduced the risk of recurrence of respiratory 
infections in children by approximately 40% [8].

OM-85 (Broncho-Vaxom®), one of the most studied bacterial lysates, has demon-
strated efficacy in:

•	 Reducing the frequency of acute respiratory infections in children and adults [9],

•	 Decreasing the need for antibiotics [10],

•	 Reducing days of school absenteeism or work disability [11],

•	 Improved quality of life for patients with recurrent respiratory infections [1].

Bacterial lysates have also been shown to be useful in the management of chronic 
respiratory diseases such as chronic bronchitis, chronic obstructive pulmonary 
disease (COPD), and bronchial asthma. In patients with COPD, the administration 
of bacterial lysates has been associated with a reduction in the frequency of exacerba-
tions and improvement in symptoms [12].

The beneficial effects of bacterial lysates in respiratory diseases are mediated by 
multiple immunomodulatory mechanisms and consist of:

•	 Stimulation of innate immunity: Activation of dendritic cells and macrophages 
through the interaction of bacterial components with molecular pattern recogni-
tion receptors (PRRs) such as Toll-like receptors (TLRs) [13].

•	 Stimulation of acquired immunity: Induction of T and B lymphocyte response, 
with production of specific antibodies, including secretory Immunoglobulin A 
(IgA) in mucosal mucosa [14].

•	 Anti-inflammatory effects: Modulation of pro-inflammatory and anti-inflamma-
tory cytokine production, with restoration of a favorable balance [15].

•	 Barrier effect: Improve the barrier function of the respiratory mucosa and reduce 
bacterial adhesion [16].

•	 Effects on microbiome: Restoring a balanced microbiome in the airways [17].
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The success of bacterial lysates in respiratory diseases has stimulated research into 
their applications in other medical applications.

Bacterial lysates have been studied in various gastrointestinal disorders, demonstrat-
ing beneficial effects in inflammatory bowel disease (IBD) where probiotic lysates 
have shown potential in reducing intestinal inflammation and improving the intesti-
nal barrier in experimental models of colitis [18]. In irritable bowel syndrome, certain 
preparations have been shown to relieve symptoms and normalize the gut microbi-
ome [19], and in enteropathogenic infections, bacterial lysates have been shown to 
reduce the duration of acute diarrhea and prevent recurrences [20].

In dermatology, bacterial lysates have shown promising results in atopic dermatitis 
by reducing the severity of lesions and the frequency of exacerbations [21], in acne, 
where these preparations modulated the immune response to Propionibacterium acnes, 
and in chronic inflammatory skin diseases, demonstrating anti-inflammatory and 
immunomodulatory effects [22, 23].

In otorhinolaryngology, bacterial lysates have been useful in ear diseases, especially 
in reducing the number of acute episodes and antibiotic administration in recurrent 
otitis media. In chronic rhinosinusitis, they helped to relieve symptoms and reduce 
the frequency of exacerbations, and in chronic tonsillitis, bacterial lysates modulated 
the local immune response and reduced infectious episodes [24].

In oral pathology, the use of bacterial lysates has been extended to various dis-
eases such as recurrent aphthous stomatitis with a reducing effect on the frequency 
and severity of lesions [25], oral infections where bacterial lysates have acted as an 
adjuvant in the treatment of bacterial and fungal infections [26], and in patients with 
oral mucositis following chemotherapy, where it was possible to reduce the severity 
and accelerate healing [27].

2. �Bacterial lysates methods of obtaining and processing

The process of obtaining bacterial lysates starts with the careful selection of the 
bacterial strains relevant to the targeted pathology. In the case of preparations for 
respiratory conditions, common pathogenic strains of the respiratory tract are used, 
whereas for oral conditions, including periodontitis, species associated with the oral 
microbiome are selected [28].

To obtain lysates for periodontal therapy, bacterial strains may include:

•	 Primary or “red complex” periodontopathogens: Porphyromonas gingivalis, 
Aggregatibacter actinomycetemcomitans, Tannerella forsythia,

•	 Secondary periodontopathogens (“orange complex”): Prevotella intermedia, 
Fusobacterium nucleatum, Campylobacter rectus,

•	 Commensal species with immunomodulatory potential: Streptococcus salivarius, 
Streptococcus sanguinis, Veillonella spp., and so on.

There are several bacterial lysis methods for obtaining lysates, each with specific 
advantages and limitations.

Therefore, mechanical lysis can be achieved by ultrasonication of bacterial strains 
using ultrasonic waves that destroy cell walls. Other methods of mechanical lysis 
involve applying very high pressure to break the cell wall [29] or fragmenting the 
bacterial bodies using glass or ceramic beads [30].
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Chemical lysis involves the use of detergents (surface-active substances that 
solubilize cell membranes), organic solvents (allowing the extraction of cellular 
components by selective solubilization), or alkaline or acidic agents, the latter method 
hydrolyzing cellular structures under extreme pH conditions [31, 32].

Enzymatic lysis of bacteria is a complex process of cellular degradation mediated 
by specific enzymes that act synergistically to destroy structural and functional 
components of the bacterial cell. This process involves three main mechanisms:

•	 Lysozyme attacks peptidoglycan, the essential structural component of the bac-
terial cell wall. This enzyme catalyzes the hydrolysis of the β-1,4 bonds between 
N-acetylglucosamine and N-acetylmuramic acid in peptidoglycan chains. 
Damage to the cell wall compromises the structural integrity of the bacteria, 
making it susceptible to osmotic lysis and exposing the plasma membrane to the 
action of other lytic agents [33].

•	 Nucleases attack bacterial genetic material, fragmenting deoxyribonucleic 
acid (DNA) and ribonucleic acid (RNA) by hydrolyzing phosphodiester bonds 
between nucleotides. This action compromises the bacterium’s ability to replicate 
and synthesize essential proteins, leading to cessation of cellular functions and 
ultimately cell death [34].

•	 Together, these lytic enzymes create a cascade effect that compromises the 
structural integrity, metabolic functionality, and replicative capacity of bacteria, 
representing an important mechanism in the defense of host organisms against 
bacterial infections and being exploited in multiple biotechnological and 
therapeutic applications.

Of the methods described, the most used is the mechanical one, but combined 
methods can also be used to obtain these preparations, involving the application of 
osmotic shocks together with enzymatic treatments, correlation of freeze-thaw cycles 
combined with sonication or chemical treatments followed by mechanical lysis [35, 36].

After obtaining the crude lysate, it is subjected to processing steps to improve 
quality and stability. The first step is purification, which consists in the removal of 
undesirable components by centrifugation, filtration, or chromatographic techniques, 
followed by fractionation to separate the different components of the lysate accord-
ing to their physicochemical properties [10] and standardization, which ensures a 
constant content of active products in the final preparation [37]. The last step involves 
the formulation of bacterial lysates into pharmaceutical forms suitable for the route of 
administration, currently available as tablets, suspensions, or gels [38].

Before being marketed, bacterial lysate preparation undergoes rigorous quality 
control tests that include microbiological (to verify the absence of viable microorgan-
isms), biochemical (for protein content, nucleic acids, and other active components), 
immunological (to assess immunomodulatory activity in vitro), and stability (to 
assess the maintenance of properties during the shelf life) [39–42].

3. �Mechanisms of action of bacterial lysates in periodontitis

As described in Figure 1, bacterial lysates have immunomodulatory, anti-inflamma-
tory, and tissue regeneration actions, which together significantly improve clinical signs.
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3.1 Modulation of the local immune response

Bacterial lysates are complex biological preparations obtained by mechanical, 
chemical, or enzymatic lysis of selected bacterial cultures to preserve intact antigenic 
structures and remove potentially toxic components. In the context of periodontal 
pathology, these preparations exert pleiotropic effects on the local immune system, 
helping to restore immune homeostasis disrupted during periodontitis.

3.1.1 Effects on innate immunity

Bacterial lysates interact with dendritic cells (DCs) and gingival macrophages via 
PRRs, inducing their modulated activation. In contrast to living bacteria that induce 
excessive and persistent activation of these cells, bacterial lysates promote a con-
trolled activation phenotype characterized by:

•	 Moderate increase in the expression of co-stimulatory molecules (CD80, CD86) 
on the surface of dendritic cells, favoring efficient antigenic presentation,

•	 Induction of the production of Interlukin 10 (IL-10) and Transforming growth 
factor-beta (TGF-β) by gingival macrophages, mediators involved in limiting the 
excessive inflammatory response,

•	 Reduced secretion of pro-inflammatory mediators such as Interleukin 1β  
(IL-1β), and Tumoral Necrosis Factor α (TNF-α) involved in periodontal tissue 
destruction,

•	 Polarization of macrophages towards the regenerative and anti-inflammatory M2 
phenotype at the expense of the pro-inflammatory M1 phenotype.

Figure 1. 
A diagram of the mechanisms of bacterial lysis in periodontitis.
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This balanced activation contributes to the elimination of periodontal pathogens 
without exacerbation of the destructive inflammatory response [43].

In periodontitis, the expression and sensitivity of TLR receptors is significantly 
increased, leading to an exaggerated immune response to bacterial components such 
as lipopolysaccharides (LPS). Bacterial lysates intervene in this process by reduc-
ing TLR2 and TLR4 hypersensitivity in gingival epithelial and myeloid epithelial 
cells, contributing to the decrease in the excessive production of pro-inflammatory 
cytokines, inducing tolerance to LPS by modulating Myeloid differentiation primary 
response 88 (MyD88) and (TIR-domain-containing adapter-inducing interferon-β 
(TRIF)-dependent intracellular signaling pathways, and downregulating TLR9 
expression in gingival B cells, thereby decreasing the exaggerated response to bacte-
rial DNA and rebalancing the ratio of activator and inhibitory receptors of the innate 
immune response.

These effects lead to interruption of the inflammatory vicious cycle characteristic 
of periodontitis without compromising antimicrobial defense capacity [44].

Gingival epithelial cells are the first line of defense against periodontopathogenic 
microorganisms. Bacterial lysates enhance their antimicrobial activity by the induc-
tion of β-defensins expression (Human β-defensin 2—hBD-2, Human β-defensin 3—
hBD-3) in the gingival epithelium; the stimulation of LL-37 cathelicidin production, 
with direct bactericidal effect on periodontal pathogens; the increase of calprotectin 
and lipocalin secretion, with role in sequestering essential nutrients for bacteria (zinc, 
iron); and the amplification of bactericidal permeability-increasing protein (BPI) 
production, with specific effect on Gram-negative bacteria. All these mechanisms 
make bacterial lysates contribute to the control of the subgingival bacterial load, 
without inducing the bacterial resistance observed with conventional antibiotics [45].

3.1.2 Effects on acquired immunity

Bacterial lysates have an important role in inducing a balanced T lymphocyte 
response, so the imbalance between T lymphocyte subpopulations is essential in 
the pathogenesis of periodontitis. These changes contribute to the establishment of 
an immunologic microenvironment favorable to tissue regeneration and limit the 
progression of periodontal disease.

Secretory immunoglobulin A (sIgA) is the first line of humoral defense in the 
mucosa, including the gingival sulcus. Bacterial lysates amplify this protective 
mechanism by increasing the differentiation of IgA-producing plasma cells in gingival 
lymphoid follicles, stimulating the expression of the polymeric immunoglobulin 
receptor (pIgR) on epithelial cells (facilitating IgA transport into the gingival crevic-
ular fluid), inducing isotype switching of B lymphocytes towards predominant IgA 
production (under the influence of TGF-β and IL-10), and increasing the specificity 
of IgA antibodies to surface antigens of key periodontal pathogens (Porphyromonas 
gingivalis, Tannerella forsythia, Treponema denticola). Thus, bacterial lysates help to 
neutralize pathogens and prevent their adhesion to epithelial surfaces, limiting tissue 
invasion and systemic activation of the immune response [46].

B lymphocytes participate in the pathogenesis of periodontitis not only by anti-
body production but also by cytokine secretion and antigenic presentation. Bacterial 
lysates influence these functions by reducing the differentiation of B lymphocytes 
into IgG-producing plasmablasts involved in hypersensitive reactions and immune 
complex formation, decreasing the secretion of receptor activator of nuclear fac-
tor kappa beta (RANKL) by activated B lymphocytes (thus limiting osteoclast 
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activation), modulating the production of Interleukin 6 (IL-6) and TNF-α by B 
cells (cytokines with a central role in amplifying the local inflammatory response), 
inducing IL-10 expression by the regulatory B lymphocyte subset (contributing to 
the control of inflammation and promoting tissue regeneration), and limiting the 
formation of tertiary lymphoid structures in periodontal tissues, structures associ-
ated with severe forms of periodontitis. Through these complex effects, bacterial 
lysates contribute to restoring the local immune balance, facilitating the transition 
from a predominantly pro-inflammatory and destructive response to a regulated one, 
favorable to healing and tissue regeneration [47].

3.2 Molecular mechanisms of anti-inflammatory action in periodontitis

Periodontitis is a complex chronic inflammatory condition affecting the support-
ing structures of the teeth, characterized by an unbalanced immuno-inflammatory 
response to pathogens in the subgingival biofilm. Modern therapeutic approaches go 
beyond conventional mechanical treatment and focus on modulating the host response 
through targeted pharmacological interventions. Recent research has revealed multiple 
molecular mechanisms by which natural and synthetic therapeutic agents exert benefi-
cial anti-inflammatory effects in the treatment of periodontitis. These mechanisms can 
be classified into three main categories: modulation of cytokine production, effects on 
immune cells, and effects on structural cells of periodontal tissues.

3.2.1 Modulation of cytokine production

3.2.1.1 Reduction of pro-inflammatory cytokines

An essential component of the anti-inflammatory effect in periodontitis is the 
ability of therapeutic agents to modulate the balance between pro- and anti-inflam-
matory cytokines. Numerous bioactive substances have been shown to significantly 
reduce the levels of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, 
which play central roles in the initiation and perpetuation of the periodontal inflam-
matory response [48]. These cytokines are predominantly produced by macrophages 
and other immune cells in response to microbial stimuli and cause amplification 
of the inflammatory cascade by activating transcription factors such as NF-κB and 
AP-1 [49].

Recent studies by Bunte et al. [50] have shown that curcumin derivatives reduce 
TNF-α and IL-1β expression in gingival epithelial cells stimulated with bacterial 
lipopolysaccharide, suggesting the potential of these compounds in the management 
of periodontitis.

3.2.1.2 Stimulation of anti-inflammatory cytokines

Concomitant with the suppression of pro-inflammatory cytokines, a stimulation 
of the production of anti-inflammatory cytokines, in particular IL-10 and TGF-β, is 
observed, which exert protective effects on periodontal tissues [51]. IL-10 limits the 
excessive inflammatory response and promotes resolution of inflammation, while 
TGF-β facilitates the healing and tissue regeneration processes through its effects on 
fibroblasts and other cells involved in tissue remodeling.

Research by Sima and Van Dyke [51] showed that omega-3 fatty acids stimulate 
IL-10 production in tissue macrophages, contributing to the restoration of immune 
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homeostasis in periodontal tissues. Also, Kebschull and co-workers [52] demonstrated 
that some statins increase TGF-β expression in gingival fibroblasts and endothelial 
cells, suggesting beneficial effects beyond their known hypolipidemic action.

3.2.1.3 Inhibition of the NOD-like receptor protein 3 (NLRP3) inflammasome

A significant aspect of cytokine modulation is the inhibition of the activation of 
the NLRP3 inflammasome, a multi-protein complex involved in the pathogenesis of 
periodontitis [53]. Activation of the NLRP3 inflammasome leads to the processing 
and release of IL-1β and IL-18, amplifying the inflammatory response. Studies by 
Isola and co-workers [53] showed increased levels of NLRP3 inflammasome compo-
nents in periodontal tissues of periodontitis patients compared to healthy subjects, 
emphasizing the role of this complex in the pathogenesis of the disease.

Huang et al. [54] demonstrated that Ginkgo biloba extracts inhibit NLRP3 inflam-
masome activation in lipopolysaccharide- and ATP-stimulated macrophages, sug-
gesting a potential mechanism for the anti-inflammatory effects of these extracts 
in periodontitis. Similarly, Yamaguchi and co-workers [55] showed that resvera-
trol reduces NLRP3 inflammasome activation in gingival fibroblasts exposed to 
Porphyromonas gingivalis, contributing to attenuation of IL-1β release and limiting the 
destructive inflammatory response.

3.2.2 Effects on immune cells

3.2.2.1 Modulation of neutrophil activity

Imbalanced immune response is a defining feature of periodontitis. Anti-
inflammatory therapeutic agents exert complex effects on the immune cells involved 
in this pathology. An important effect is the reduced recruitment and activation of 
neutrophils in periodontal tissues [56]. Although neutrophils are the first line of 
defense against pathogens, their excessive and persistent activation in periodontitis 
leads to the release of proteolytic enzymes and reactive oxygen species that contribute 
to tissue destruction.

Serhan and co-workers [56] demonstrated that resolvins and protectins, special-
ized lipid mediators derived from omega-3 fatty acids, reduce neutrophil infiltration 
into periodontal tissues and promote their efflux from inflammatory sites, facilitat-
ing resolution of inflammation. Studies by Hasturk et al. [57] on animal models of 
periodontitis showed that treatment with resolvin E1 significantly reduces neutrophil 
influx and prevents alveolar bone resorption, suggesting the therapeutic potential of 
these mediators in the management of periodontitis.

3.2.2.2 Macrophage polarization

It has also been observed that many anti-inflammatory agents promote macro-
phage polarization towards the M2 phenotype, with anti-inflammatory and regenera-
tive properties [57]. M2 macrophages secrete anti-inflammatory growth factors and 
cytokines that facilitate resolution of inflammation and promote tissue regeneration, 
in contrast to pro-inflammatory M1 macrophages that amplify the inflammatory 
response and contribute to periodontal destruction.

Lam and co-workers [58] demonstrated that statin derivatives induce macrophage 
polarization towards the M2 phenotype in periodontal tissues, associated with 
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reduced expression of pro-inflammatory mediators and increased levels of IL-10 and 
arginase-1, characteristic markers of M2 macrophages.

3.2.2.3 Inhibition of osteoclastic activity

A crucial aspect in the prevention of periodontitis-associated bone resorp-
tion is the inhibition of osteoclast activity mediated by the RANKL/RANK/OPG 
system [59]. By reducing the expression of RANKL (receptor activator receptor 
kappa B ligand) and/or increasing osteoprotegerin (OPG) levels, anti-inflamma-
tory agents limit osteoclast formation and activation, thereby preventing alveolar 
bone resorption and maintaining the structural integrity of the dental supporting 
apparatus.

Graves and co-workers [59] demonstrated that bisphosphonates inhibit osteoclast 
differentiation and activity in experimental models of periodontitis, preventing 
alveolar bone resorption and tooth loss. Nakamura et al. [60] showed that probiotics 
reduce RANKL expression and increase OPG levels in periodontal tissues, helping to 
maintain the balance between bone resorption and bone formation. These findings 
emphasize the importance of modulating the RANKL/RANK/OPG system in the 
management of periodontitis and prevention of its complications.

3.2.3 Effects on structural cells

3.2.3.1 Modulation of matrix metalloproteinase production

In addition to modulating the immune response, anti-inflammatory agents exert 
direct effects on the structural cells of periodontal tissues, contributing to their 
protection and regeneration. An important action is to reduce the production of 
matrix metalloproteinases (MMPs) by gingival fibroblasts [61]. MMPs are proteolytic 
enzymes involved in the degradation of the extracellular matrix during periodontitis. 
By limiting the expression and activity of these enzymes, the degradation of collagen 
fibers and other extracellular matrix components is reduced, preventing loss of clini-
cal attachment and progression of periodontitis.

Studies by Ebersole and coworkers [61] showed that subantimicrobial doses of 
doxycycline inhibited MMP-8 and MMP-9 activity in the gingival crevicular fluid of 
periodontitis patients, this effect being independent of its antimicrobial action.

3.2.3.2 Epithelial cell protection

Anti-inflammatory agents also exert cytoprotective effects on gingival epithelial 
cells, protecting them against apoptosis induced by bacterial factors [62]. Maintaining 
the integrity of the epithelial barrier is essential in limiting bacterial invasion and the 
subsequent inflammatory response. By protecting epithelial cells, the barrier function 
of the gingival epithelium is maintained, reducing the exposure of underlying tissues 
to pathogens and their products.

Martins et al. [62] demonstrated that resveratrol protects gingival epithelial cells 
against apoptosis induced by Porphyromonas gingivalis by inhibiting the JAK/STAT 
signaling pathway, contributing to the maintenance of epithelial integrity. Similarly, 
Lee et al. [63] showed that curcumin reduces apoptosis of gingival epithelial cells 
exposed to bacterial lipopolysaccharides by modulating the production of reactive 
oxygen species and activating cell survival pathways.
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3.2.3.3 Stimulation of osteoblasts

Finally, numerous anti-inflammatory agents have been shown to stimulate the 
proliferation and differentiation of osteoblasts, the cells responsible for alveolar bone 
formation [59]. This effect, combined with the inhibition of osteoclastic activity, 
contributes to the rebalancing of bone remodeling processes in favor of new bone 
formation, facilitating the regeneration of lost bone tissue and the stabilization of 
teeth affected by periodontitis.

Chen et al. [64] demonstrated that vitamin D derivatives stimulate osteoblast 
differentiation and the expression of bone matrix proteins in cell cultures, suggesting 
a potential role in periodontal bone regeneration. Kobayashi et al. [65] also showed 
that statins increase the expression of vascular endothelial growth factor (VEGF) and 
bone morphogenetic protein-2 (BMP-2) in osteoblasts, promoting angiogenesis and 
osteogenesis in periodontal tissues.

4. �The use of bacterial lysates in preclinical studies regarding 
periodontitis

Bacterial lysates are an emerging category of biologically active products with 
therapeutic potential in various inflammatory pathologies, including periodontal 
diseases. In preclinical studies, their use has been explored to reduce inflammation, 
combat oral dysbiosis, and support the regeneration of affected periodontal tissues.

Several in vitro and in vivo studies have demonstrated the ability of bacterial 
lysates to modulate the local immune response and influence the composition of the 
oral microbiota. For example, an in vitro study showed that lysates from Lactobacillus 
plantarum and Lactobacillus rhamnosus GG reduce the expression of inflamma-
tory mediators induced by Porphyromonas gingivalis and inhibit the formation of 
Streptococcus mutans biofilm, thus supporting an anti-inflammatory and antibacte-
rial action [66]. In another study on the toxicity of lysates of Streptococcus oralis, 
Fusobacterium nucleatum, and Aggregatibcter actinomycetemcomitans, the lack of nega-
tive effects on cell cultures and even inhibition of bacterial growth was proven when 
the cultures were contacted with the mentioned bacterial lysates [67].

In an animal model of experimental periodontitis, the administration of bacterial 
lysates was comparable in efficacy to antibiotic treatments, leading to a reduction in 
gingival inflammation and a decrease in leukocyte counts, as well as the elimination 
of some pathogenic bacterial strains [68]. Other research has indicated that lysates 
can protect oral epithelial cells by stimulating the secretion of proinflammatory 
cytokines and strengthening the integrity of the epithelial barrier, suggesting a role in 
maintaining oral mucosal homeostasis [69].

In addition, the administration of lyophilized probiotics in the form of lysates, 
such as Lactobacillus paracasei and Bifidobacterium animalis, has demonstrated the 
ability to modulate the subgingival microbiota by reducing the prevalence of patho-
genic bacterial species involved in periodontitis, such as Fusobacterium spp. [70].

An important contribution to the literature is also the histological study conducted 
on rats with experimental periodontitis, in which the administration of bacterial 
lysates (Respibron) resulted in significant regeneration of periodontal tissues and a 
reduction in the severity of inflammation. Compared to a standard immunostimula-
tory agent (Imudon), the efficiency of the lysates was more than threefold superior in 
terms of the histological and morphometric parameters evaluated [71].
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Preclinical data suggest that bacterial lysates may constitute a promising therapeu-
tic strategy in the treatment of periodontitis, through immunomodulatory, anti-
inflammatory and probiotic actions, with the potential to support the regeneration of 
affected tissues and restore the balance of the oral microbiome.

5. �Research limitations and perspectives

The use of bacterial lysates in the treatment of periodontitis, although promis-
ing, faces several limitations that must be considered. First, the heterogeneity of 
the preparations represents a significant challenge. There is a great variety in the 
composition and methods of obtaining the lysates, which makes their standardization 
difficult. This variability may influence the effectiveness of the treatment and the 
comparability of the results between studies.

Second, the scientific evidence supporting the use of these preparations is still 
limited. The small number of long-term randomized clinical trials and the variabil-
ity of the administration and evaluation protocols emphasize the need for further 
research. It is essential to conduct comparative studies with standard therapies to 
truly evaluate the effectiveness of bacterial lysates in the treatment of periodontitis.

Finally, biological limitations cannot be ignored. Individual response to treatment 
can vary significantly, and the immunogenic potential of lysates may depend on the 
patient’s genetic profile. Also, the effectiveness of treatment may be reduced in severe 
or complicated cases, suggesting that not all individuals benefit equally from this 
therapeutic approach.

Although bacterial lysates are generally considered safe, it is important to 
consider certain safety aspects. Potential adverse reactions may include local 
irritation, discomfort, and taste changes, as well as rare systemic reactions such as 
transient fever or headache. In very rare cases, allergic reactions such as skin rash 
or bronchospasm may occur. There are also relative contraindications that must 
be observed. People with hypersensitivity to the components of the preparation, 
uncontrolled active autoimmune diseases, or severe immunodeficiencies should 
avoid the use of bacterial lysates. Special precautions are also necessary in case of 
pregnancy and lactation, as well as for children and adolescents, given that the 
available data are limited.

Future research will focus on improving bacterial lysates for periodontal applica-
tions. A promising direction is the targeted selection of bacterial strains, which could 
include the use of periodontal pathology-specific strains and optimized combinations 
of commensal and pathogenic species. Genetically modified strains with a superior 
immunogenic profile could also offer significant advantages. Advanced processing 
techniques will also play a crucial role. Lysis methods that preserve relevant antigenic 
determinants and fractionation of components with specific activity are essential for 
maximizing treatment efficacy. In addition, the use of nanotechnologies to improve 
the stability and bioavailability of preparations could revolutionize the way bacterial 
lysates are administered.

Personalized medicine represents a promising direction in periodontal therapy 
with bacterial lysates. Personalizing the treatment according to the patient’s microbial 
profile, through metagenomic analyses, can help identify specific dysbiosis and select 
appropriate lysates. Monitoring changes in the microbiome during treatment will 
allow adjusting therapeutic strategies to maximize efficiency. Also, personalization 
according to the patient’s immunological profile, including the determination of 
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genetic polymorphisms and the evaluation of inflammatory biomarkers, will contrib-
ute to the adaptation of treatment protocols. Combination therapy, which associates 
bacterial lysates with probiotics or host response modulators, could provide syner-
gistic and improved results. In addition to the treatment of periodontitis, bacterial 
lysates could have extensive clinical applications in the future. For example, their use 
in the prevention and treatment of peri-implant inflammation could improve the 
osteointegrity of dental implants. Also, as an adjuvant in guided tissue regeneration, 
bacterial lysates could be combined with biomaterials and growth factors to sup-
port the healing process. In addition, managing the oral manifestations of systemic 
diseases and reducing the impact of periodontitis on systemic conditions are other 
promising directions for the use of bacterial lysates in clinical practice.

6. �Conclusions

Bacterial lysates represent a promising therapeutic approach in the management 
of periodontitis, offering a valuable alternative or adjunct to conventional treatments. 
These complex preparations, obtained by controlled lysis of bacterial cells, exert 
multiple effects on the pathogenetic factors involved in periodontitis: they modulate 
the local immune response, reduce chronic inflammation, favorably influence the 
composition of the oral microbiome, and stimulate regenerative processes.

The clinical experience accumulated in the use of bacterial lysates in respiratory 
diseases, where their efficacy and safety have been amply demonstrated, has paved 
the way for applications in oral pathology. Clinical studies conducted to date in the 
field of periodontology, although limited in number and scope, have shown promis-
ing results: improvement of clinical parameters, reduction of local and systemic 
inflammation, and potentiation of the effects of conventional therapy. Compared 
to antibiotic therapy, the use of bacterial lysates presents significant advantages: the 
absence of induction of bacterial resistance, a broad spectrum of action, a superior 
safety profile, and the potential for long-term use. These characteristics recommend 
them both for the active treatment of periodontitis and for the primary and secondary 
prevention of this condition. However, the full integration of bacterial lysates into 
periodontal therapeutic protocols requires overcoming some current limitations: the 
heterogeneity of available preparations, insufficient standardization, and the need 
for larger clinical studies with long-term follow-up. Future research should focus on 
optimizing the composition of lysates, developing innovative delivery systems and 
personalizing therapy according to individual patient characteristics. In conclusion, 
bacterial lysates represent a valuable therapeutic option in the complex approach to 
periodontitis, with significant potential to improve clinical outcomes and patients’ 
quality of life. Their implementation in current clinical practice could mark an 
important step towards more effective, safer, and more tailored periodontal therapy 
to the specific needs of each patient.
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Chapter 9

Enhanced Osseointegration 
between Bone to Implant  
Featuring Super Hydrophilic 
Nanoscale Dental Implant Surface 
Roughness – Myth or Reality
Ofer Moses, Daniele Botticelli and Perry Raz

Abstract

The development of nanoscale hydrophilic surface roughness on dental implants 
arose from limitations observed with conventional sandblasted, large-grit, acid-
etched (SLA) surfaces. SLA surfaces provide microroughness that enhances mechani-
cal interlocking and osseointegration; however, they exhibit slower healing times 
and reduced performance in compromised bone conditions. Nanoscale modifications 
introduce surface topographies that influence polarization of key cells, promot-
ing cell signaling at the implant interface. This nano-level structuring improves 
osteoblast differentiation and accelerates bone formation by influencing cell-protein 
interactions beyond the capabilities of microrough surfaces. Additionally, studies 
demonstrated that hydrophilicity significantly enhances early biological responses 
by increasing surface wettability, which facilitates blood clot formation, protein 
adhesion, and initial cell attachment, which are critical steps for rapid osseoin-
tegration. Studies have shown that hydrophilic nanoscale surfaces achieve higher 
bone-to-implant contact (BIC) in early healing phases compared to SLA surfaces, 
making them advantageous for immediate loading protocols and patients with poor 
bone quality or systemic conditions. By combining nanoscale roughness with super 
hydrophilic property, these surfaces aim to shorten osseointegration healing time seen 
with SLA implants and expand clinical indications, representing an evolutionary step 
toward biomimetic implant design for improved long-term outcomes.

Keywords: osseointegration, hydrophilic nano scale roughness, macrophage 
polarization, bone to implant contact, dental implants

1. �Introduction

Osseointegration is the biological process by which a dental implant achieves a 
direct structural and functional connection with the surrounding bone tissue. This 
phenomenon ensures that the implant becomes a stable and permanent part of the oral 
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environment, capable of supporting prosthetic restorations under normal functional 
loads. The concept was first introduced by Prof. Per-Ingvar Brånemark in the 1960s and 
remains the cornerstone of modern implant dentistry. Unlike natural teeth, which are 
anchored to alveolar bone by the periodontal ligament, dental implants rely on bone-
to-implant contact for stability as demonstrated in light microscopy inspection. The 
implant surface, commonly titanium or titanium alloy, is biocompatible and designed to 
promote bone cell adhesion and growth. The absence of intervening soft tissue between 
the implant and bone is critical for achieving mechanical stability and long-term success.

1.1 Stages of osseointegration

Osseointegration is a dynamic, multi-stage process essential for the long-term 
success of dental implants. The initial healing phase (0–2 weeks) begins immediately 
after implant placement, characterized by blood clot formation and the initiation of 
angiogenesis, which provides nutrients for bone regeneration [1]. During the bone 
formation phase (2–6 weeks), osteoblasts migrate to the implant surface and deposit 
new bone matrix, facilitating the transition from primary mechanical stability to 
biological stability as bone integrates with the implant’s micro-rough surface [2, 3].

Subsequently, bone remodeling and maturation occur between 6 weeks and 
6 months, where woven bone is replaced by lamellar bone, enhancing strength and 
density and establishing secondary biological stability [4]. Once osseointegration is 
complete, the implant enters the functional loading phase, during which controlled 
occlusal forces are needed contributing to bone level maintenance [5]. Several factors 
influence the success of osseointegration. Implant material and surface properties play 
a critical role, with titanium and its alloys considered the gold standard due to their 
biocompatibility and ability to form a stable oxide layer [6]. Surface modifications such 
as sandblasting, acid-etching, and nanoscale hydrophilic coatings further enhance bone-
to-implant adhesion [7]. Bone quality and quantity also significantly affect outcomes, 
as dense cortical bone provides superior initial stability compared to porous cancellous 
bone [8]. Surgical technique is another determinant, with minimally invasive procedures 
that preserve vascularization and prevent thermal damage during drilling being essen-
tial [9]. Healing time and loading protocols vary, with traditional recommendations 
favoring 3–6 months before loading, although immediate and early loading are feasible 
under optimal conditions [10]. Finally, patient-related factors such as systemic health, 
smoking habits, and oral hygiene critically influence osseointegration success [11].

1.2 Clinical significance

Achieving and maintaining osseointegration is essential for the longevity of 
dental implants. Failure of bone modeling and long-term remodeling process can lead 
to implant mobility, bone loss, and eventual implant failure. Advances in implant 
design, surface technology, and surgical protocols continue to improve predictability 
and success rates.

2. �Macrophage interaction with hydrophobic sand blasted and acid etched 
titanium implant surface

Biomaterial implantation provokes an inflammatory response that controls 
integrative fate. Early in vivo work by Donath and colleagues (1984) was the first 
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to clearly demonstrate the importance of macrophages in this response and their 
subsequent role in peri-implant endosseous healing. Macrophages, which are key 
early mediators of the host response, arrive at sites of inflammation following implant 
placement and become activated in response to signals present in the tissue [12]. 
These cells are described as mononuclear histocytes, today known as stationary form 
of connective tissue macrophages [13], on the surface of TPS-coated titanium screws, 
3 days after implantation in the rat femur.

When a sandblasted and acid-etched (SLA) titanium implant is inserted into 
bone, macrophages are among the first immune cells to encounter the surface [14]. 
The implant’s micro-rough topography and altered chemistry immediately influence 
macrophage adhesion and activation [14]. Upon contact, macrophages recognize 
the foreign material through pattern recognition receptors and integrins, triggering 
a cascade of signaling events [15]. This leads to the secretion of pro-inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6, which recruit additional immune cells and 
initiate the early inflammatory phase. At the same time, the surface properties can 
modulate macrophage polarization, with hydrophobic SLA variants promoting a 
shift toward an anti-inflammatory M2 phenotype, characterized by IL-10 and TGF-β 
secretion. This dynamic interplay between inflammation and resolution sets the stage 
for subsequent tissue healing and osseointegration. Gudima et al. [16] mentioned that 
macrophages are major immune cells that control acceptance or failure of the implant.

2.1 �Macrophage interaction with hydrophilic sand blasted and acid etched 
titanium surface

Increased titanium surface hydrophilicity accelerates osseointegration and modu-
lates macrophage cytokine expression. Hydrophilic SLA (modSLA) surfaces down-
regulated pro-inflammatory genes (TNF, IL-1β, and CCL chemokines) and reduced 
protein secretion compared to standard SLA surfaces, promoting a more reparative 
environment [17]. Another study explored how increasing titanium implant surface 
hydrophilicity through non-thermal atmospheric plasma (NTAP) treatment enhances 
osseointegration by modulating immune and osteogenic responses. Compared to 
hydrophobic surfaces, NTAP-modified hydrophilic titanium significantly promoted 
M2 macrophage polarization (three-fold increase in pro-healing markers) and 
improved osteogenic differentiation of mesenchymal stem cells. Mechanistically, 
these effects were mediated by integrin β1 and β2 signaling, activating downstream 
FAK-PI3K/Akt and NF-κB pathways, which regulate macrophage phenotype and 
osteo-immunomodulation. The study highlights the critical role of integrin-mediated 
immune modulation in creating a favorable microenvironment for bone healing 
and implant integration [18]. Changing a hydrophobic into hydrophilic titanium 
surface may induce a macrophage pro-osteogenic instead of proinflammatory 
response. Hamlet et al. [19] examined how titanium surface hydrophilicity influences 
macrophage phenotype and its downstream effect on osteogenic signaling. Rodent 
bone marrow-derived macrophages were polarized into M1 and M2 phenotypes and 
cultured on standard SLA (sandblasted, acid-etched) and hydrophilic-modified SLA 
(modSLA) titanium discs. Results showed that M1 macrophages on modSLA sur-
faces, shifted toward an M2-like phenotype, evidenced by increased CD163 protein 
and Arg1 gene expression. These macrophages secreted cytokines that significantly 
upregulated osteoblast genes associated with the TGF-β/BMP signaling pathway, 
promoting osteogenesis. Conversely, M2 macrophages on SLA hydrophobic surfaces 
exhibited a more inflammatory profile, which was not conducive to osteogenic gene 
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expression. Their conclusions showed that hydrophilic micro-rough titanium surfaces 
can actively modulate macrophage behavior, reducing inflammation and promoting a 
pro-healing, pro-osteogenic environment. This immune-mediated mechanism high-
lights the importance of surface chemistry and topography in implant design, sug-
gesting that hydrophilic modifications may accelerate osseointegration by leveraging 
macrophage-driven osteo-immunomodulation. A study performed by Hamlet et al. in 
2012 [20] investigated how hydrophilic modification of microrough titanium surfaces 
influences macrophage cell line inflammatory cytokine gene expression. Macrophages 
were cultured for 24 hours on three titanium surface types: smooth polished titanium, 
sandblasted acid-etched (SLA), and hydrophilic-modified SLA (SLActive). While 
surface microroughness activated transcription of pro-inflammatory cytokines (e.g., 
TNF-α, IL-1α, and IL-1β), the hydrophilic SLActive surface significantly downregu-
lated these key pro-inflammatory genes compared to SLA. Importantly, macrophage 
attachment and proliferation were similar across all surfaces, indicating that the 
observed differences were due to surface chemistry rather than cell density.

2.2 Macrophages and dental implants nanoscale surface roughness

As mentioned earlier, macrophages are among the first immune cells to interact 
with dental implant surfaces, and their response is strongly influenced by nanoscale 
topography. Surface nanostructures modulate protein adsorption and integrin-
mediated signaling, which affects macrophage adhesion and morphology, ultimately 
shaping the inflammatory microenvironment [14, 21].

Nanoscale roughness can address direct macrophage polarization takes place: 
anodized nanoporous titanium surfaces and honeycomb-like TiO2 nanostructures 
have been shown to promote an anti-inflammatory M2 phenotype, characterized 
by upregulation of CD206 and secretion of IL-10 and TGF-β, while reducing pro-
inflammatory cytokines such as TNF-α and IL-1β [22–25].

This immunomodulatory effect enhances angiogenesis and osteogenesis, facilitat-
ing osseointegration and reducing the risk of chronic inflammation. Conversely, 
irregular or highly dense nanospike patterns may sustain M1 polarization, prolonging 
inflammation and impairing bone integration [26]. These findings emphasize the 
importance of rational design of implant surfaces with controlled nanoscale features 
to optimize immune compatibility consequences and clinical outcomes.

3. �Osteoblast activity in hydrophobic titanium nanoscale level surface 
roughness

Hydrophobic surfaces tend to repel water, which influences the adsorption of 
plasma proteins (such as fibronectin and vitronectin) that are critical for cell adhe-
sion. Osteoblasts require a surface that allows stable protein adsorption to initiate 
adhesion proliferation, and differentiation. Studies show that hydrophilic surfaces 
generally improve adhesion and osseointegration because they support the formation 
of a uniform protein layer and better integrin binding in osteoblasts [27].

During manufacturing, implants are treated with sand blasting with Al2O3, or 
TiO2 powder, followed by acid etching that increases surface area and provides rough-
ened topography that promotes mechanical interlocking and cell adhesion. If the 
surface remains hydrophobic after these treatments, osseointegration may be slower 
because hydrophobicity hinders protein adsorption and stable water layer formation. 
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A study performed by Visalakshan et al. demonstrated that surface hydrophobicity 
strongly influences the amount and type of protein adsorbed on biomaterial surfaces, 
which in turn affects cellular responses. Hydrophobic surfaces tend to adsorb opso-
nins like IgG2, which can lead to pro-inflammatory signaling, whereas hydrophilic 
surfaces promote anti-inflammatory responses and better integration [28, 29].

In fact, osteoblasts can adhere to hydrophobic surfaces, but adhesion and prolif-
eration rates are generally lower compared to hydrophilic surfaces.

Hydrophobicity can lead to a thin, unstable protein layer, resulting in weaker 
adhesion. For this reason, many manufacturers add treatments to increase hydrophi-
licity (e.g., SLA + water or UV treatment) to accelerate osseointegration [30].

3.1 Osteoblast activity in hydrophilic titanium nanoscale surface roughness

Hydrophilic titanium surfaces engineered with micro-/nanoscale roughness 
consistently enhance osteoblast attraction, maturation, and early matrix mineraliza-
tion. Low water contact angle ≤15° increases protein adsorption and integrin engage-
ment [31], thereby accelerating osteogenic responses (alkaline phosphatase and 
osteocalcin) relative to conventional SLA. In humans [32], hydrophilic, moderately 
rough implants (SLActive) yield superior early bone-to-implant contact at 2-4 weeks 
versus hydrophobic SLA, reflecting faster recruitment and apposition of new bone 
on debris-coated interfaces, while converging by 6 weeks as remodeling progresses. 
Clinically [33], randomized pilot data show that chemically modified hydrophilic 
SLA surfaces shift the stability curve earlier (transition from primary mechanical to 
biological secondary stability at 2 vs. 4 weeks for SLA). This fact is consistent with 
an accelerated osseointegration cascade mediated by wettability-driven protein 
assembly and osteoblast activation. Hydrophilic titanium surfaces with micro- and 
nanoscale roughness help implants bond to bone faster. These surfaces attract water 
and proteins, making it easier for bone-forming cells (osteoblasts) to stick, grow, and 
start building bone. Compared to traditional rough titanium, hydrophilic surfaces 
speed up early healing and improve implant stability in the first few weeks. This is 
because the combination of roughness and high surface energy creates a better [23, 
33, 34] environment for cell attachment and bone formation. In a recent study, Shirazi 
et al. demonstrated that nanoscale surface features orchestrate also osteoprogenitor 
differentiation and macrophage-mediated immune signaling, thereby regulating bone 
formation in a surface-dependent manner. These findings emphasize the importance 
of nanoscale design in optimizing biomaterial performance for osteogenesis [35].

4. �Effect of combining nanoscale super-hydrophilic titanium surface 
features on osteointegration

Super-hydrophilic titanium surfaces with nanoscale features significantly acceler-
ate osseointegration by enhancing both biological and immunological responses at the 
implant interface [36]. The combination of nanoscale topography and high surface 
energy improves protein adsorption and integrin-mediated osteoblast adhesion, which 
promotes early cell spreading and differentiation [37]. Recent studies demonstrate 
that such surfaces not only stimulate osteogenic markers but also modulate macro-
phage polarization toward an M2 pro-healing phenotype, reducing inflammation and 
creating a favorable environment for bone formation [38]. This dual effect on osteo-
blast activation and immune modulation, shortens healing time and increases early 
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implant stability compared to conventional hydrophobic or micron level rough sur-
faces. These features are linked to improved wettability, optimized nano-topography, 
and activation of integrin/FAK signaling pathways, which collectively drive osteogen-
esis and angiogenesis at the bone to implant interface [39] Buser et al. [40], performed 
a study evaluating bone apposition to modified sandblasted/acid-etched (modSLA/
SLActive) titanium surface compared with standard SLA surface during early bone 
regeneration in miniature pigs. Test (SLActive) implants demonstrated significantly 
greater mean percentage of bone-implant contact compared with SLA controls at 
2 weeks (49.30 vs. 29.42%; p = 0.017) and 4 weeks (81.91 vs. 66.57%; p = 0.011). At 
8 weeks, similar results were observed. The test surface was created by submerging 
the implant in isotonic NaCl solution following acid-etching to avoid atmospheric 
contamination [40]. A 2024 systematic review of randomized controlled trials up 
to February 2023 [41] assessed implant stability through ISQ (Implant Stability 
Quotient) levels comparing SLA and SLActive implants over 12 weeks. Six RCTs com-
prising 326 implants (50.6% SLA, 49.4% SLActive) were analyzed. SLActive implants 
demonstrated comparable stability levels, as measured by ISQ, to SLA implants within 
the 12-week interval for implants placed in maxillary or mandibular regions. Studies 
showed that SLActive surfaces promote greater osseointegration compared to SLA 
surfaces in both animal and human studies, with animal experiments indicating 
faster osseointegration with SLActive implants within 4 weeks. Numerous studies 
demonstrated the advantage of such a combined surface during the creation of bone 
to implant contact, so we can agree about the fact that nanoscale superhydrophilic 
roughness is a factor contributing to speeding up osteointegration [42]. Wennerberg 
et al. (2011) published a comprehensive review summarizing 15 in vitro, 17 in vivo, 
and 16 clinical studies and concluded that SLActive surfaces demonstrate a stronger 
cell and bone tissue response than SLA surfaces during early healing. In most studies, 
however, this difference disappears after 6–8 weeks. The in vitro findings showed 
similar cell attachment on both surfaces within 3 hours, but a more differentiated phe-
notype of cells grown on SLActive was observed, with remarkable increases in alkaline 
phosphatase activity, osteocalcin, and osteoprotegerin production. Production of 
prostaglandin E2 increased 10-fold and transforming growth factor-beta increased 
2.5-fold on SLActive compared with SLA surfaces, emphasizing the advantage of 
super-hydrophilic nanoscale surface roughness on early osteointegration events [43]. 
An interesting issue deals with the potential of super-hydrophilic nanoscale roughness 
implant surface in a compromised systemic condition. Mardas et al. (2011) evaluated 
new bone formation using SLA and modSLA titanium domes in 36 New Zealand white 
rabbits comprising healthy, osteoporotic, and osteoporotic treated with bisphospho-
nates groups, sacrificed at 30 and 120 days. Newly formed total bone, newly formed 
mineralized bone, and bone to implant contact were higher at the modSLA-treated 
sites during all experimental periods, suggesting that modSLA may further promote 
bone formation and osseointegration in healthy and osteoporotic-like conditions [44].

A group of researchers [45] performed a study on SLA dental implants and 
diabetic pigs. Diabetes mellitus is recognized as a relative contraindication for dental 
implants, associated with increased failure rates. Using a domestic pig model mirror-
ing human bone physiology, this study aimed to assess the impact of experimentally 
induced diabetes on peri-implant bone formation and mineralization during early and 
mid-term healing phase. Some of the findings indicated that collagen type I expres-
sion was elevated in diabetics at both timepoints, suggesting delayed remodeling and 
excessive matrix deposition and Osteocalcin levels were reduced in diabetic subjects, 
reflecting impaired maturation of the bone matrix and mineralization process. The 
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main conclusion from this study was that controlled diabetes markedly impairs peri-
implant bone formation by reducing bone-to-implant contact, decreasing mineral 
density, increasing immature collagen accumulation, and lowering mature osteocalcin 
levels. These alterations warrant careful consideration when planning implant therapy 
in diabetic patients [45]. Another study performed by Schlegel et al. (2013) aimed to 
assess the effects of diabetes mellitus on peri-implant osseointegration and to compare 
the performance of conventional SLA and chemically modified hydrophilic SLActive 
titanium implant surfaces in diabetic versus healthy domestic pigs. From results, we 
learn that diabetes significantly reduced BIC values at both 30 and 90 days versus 
controls. At 90 days, SLActive implants achieved higher BIC than SLA in diabetic pigs. 
From the conclusion of research studies, we can learn that untreated diabetes mark-
edly impairs early osseointegration, as evidenced by significant reductions in bone-
to-implant contact (BIC) and peri-implant bone density (BD). In contrast, implants 
featuring a hydrophilic SLActive® surface exhibited accelerated bone formation rela-
tive to conventional SLA® implants in diabetic subjects. These findings underscore 
the potential of hydrophilic implant surfaces to mitigate diabetes-associated deficits in 
osseointegration and enhance clinical outcomes in this patient population [46].

4.1 The way to develop a super-hydrophilic, nano-scale implant roughness

The scientific database showing the advantage of super-hydrophilic nanoscale 
implant surface roughness justify the attempt to apply it to a new implant surface. 
The development of a titanium implant (pure grade or alloy), featuring nanoscale 
super-hydrophilic surface roughness, is dependent and must be proved in three levels 
of analysis – in vitro osteoblast cell culture, pre-clinical in vivo (animal) and human 
clinical studies – that must show similar results that appear in the relevant published 
scientific articles. The first step was to develop a nanostructure surface roughness and 
turn it into a super-hydrophilic one.

During the development of the nanostructured surface, the resulting morphology 
was characterized and is presented below. The surface features were subsequently 
visually compared with those of a commercially available Roxolid® SLActive® 
surface (Straumann) using scanning electron microscopy (SEM) (Figure 1).

Surface roughness measurement of nanoABT mascale structure was performed 
using Atomic Force Microscopy, and the results are shown below (Figure 2).

Figure 1. 
Scanning electron microscopy demonstrating surface nanostructures: (a) Straumann SLA active, magnification 
200 k, (b) AlphaBiotec magnification 100 k, and (c) Alpha Biotec magnification 200 k.
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AFM showed a major increase in average roughness of the surfaces of more 
than 400% increase for the nano-structured surface when compared to SLA. These 
features were studied by a third party and reported in a published article [47]. 
Superhydrophilicity was evaluated according to the method described by Duske et al. 
[48]. This was assessed by measuring the water contact angle on titanium alloy discs 
featuring a nanoscale, super-hydrophilic surface treatment (Figure 3).

4.2 Topographic analysis

In order to analyze the topographical features on the meso-, micro-, and nanoscale, 
the samples were inspected at different magnifications, varying from 1000× (horizontal 
field of view of 298 μm) to 500,000× (horizontal field of view of 597 nm) (Figure 2). 
For each disc, micrographs were acquired in randomly selected regions of the sample 
surface (excluding areas that were clearly non-commensurable) (Figure 4) [49].

According to the conclusion of this study, nanoscale surface topography of dental 
implants critically influences cell adhesion, proliferation, and differentiation. High-
energy, hydrophilic surfaces enhance water molecule adsorption and subsequent 
protein-mediated cell attachment. This study characterizes a novel bioactivated sur-
face produced via dry technology, emphasizing micrometric and nanometric features 

Figure 2. 
3D registration following AFM roughness measurement.

Figure 3. 
Wettability of different disc samples: ABT (a), nano H2O (b), and nanoscale (c). The contact angles are, 
respectively: 76.5; 55.3, and 0° (or not measurable).
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and wettability, with promising outcomes. The next step was confirming the innova-
tive surface bioactivity of the developed surface and its influence in an osteoblast cell 
culture [50]. One of the aims of this study was to evaluate the osteogenic response of 
pre-osteoblast cell lines to dry bioactivated surface. MC3T3-E1 osteogenic cell lines 
[51] were cultured on SM (sandblasted and dual acid-etched surface) and HNS (SM 
surface with dry salts bioactive technology and nanoscale roughness). Among few 

Figure 4. 
High-magnification SEM micrographs showing the different appearance and density of the nanostructures 
(horizontal field widths of 2.98, 1.19 μm and 597 nm, respectively) of (a) AlphaBio Tec with dry salt maintaining 
hydrophilicity, (b) nano, and (c) nano-rinsed H2O to remove salt maintaining hydrophilicity. The magnifications 
are 500,000x.

Figure 5. 
Osteogenic activity of MC3T3-E1 cultured for 21 days in osteogenic medium on HNS or SM surfaces. 
Representative picture of staining of calcium deposit on titanium samples through Alizarin Red S (A). 
Quantification of optical density at 405 nm of solubilized Alizarin Red S staining with 10% acetic acid  
(B). Evaluation of ALP activity on cell lysate (C) and culture medium (D) of MC3T3-E1 by using ALP Activity 
Assay Kit ab83369 [Abcam]. Values represent mean ± SEM. The symbol (*) indicates the statistical significance vs. 
HNS surface, considering a p-value <0.05.
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measured parameters, osteogenic activity was performed using Alizarin Red S and 
alkaline phosphatase (Figure 5).

Calcium deposition and alkaline phosphatase (ALP) activity, both established 
indicators of osteogenic differentiation, were evaluated in this study. Results dem-
onstrated that the super-hydrophilic nanoscale (HNS) surface markedly enhanced 
calcium mineralization compared to the sandblasted and machined (SM) surface. 
Interestingly, ALP activity was higher in cells cultured on the SM surface. After 
21 days, reduced ALP expression on HNS surfaces, coupled with increased calcified 
matrix formation, suggests that osteoblast-mediated bone apposition occurred earlier 
on bioactivated surfaces relative to SM surfaces.

The next step of concept proof, was a study, comparing four implant surfaces 
during immediate replacement procedure in the canine mandible: (1) ABT (SLA), 
a sandblasted and dual acid-etched standard control; (2) nano, a nanostructured 
surface alone, (3) hydro, an ultra-hydrophilic SLA surface, and (4) nano-active, 
which combines a nanostructured surface ultra-hydrophilic surface. Study Design 
included 12 dogs in a randomized split-mouth setup. In each dog: one implant of each 
type in healed mandibular molar sites (3 months post-extraction) one implant of each 
type placed immediately into fresh extraction sockets of premolars. Euthanasia was 
performed at 14 and 28 days post-op. Histological and histomorphometry following 
Stevenel’s blue and alizarin red staining on non-decalcified sections.

All implant sites healed uneventfully. At 14 days, no significant differences in new 
bone formation were observed among the groups. By 28 days, the Nano-Active surface 
exhibited the highest bone formation at 51.0 ± 10.2%, significantly greater than the 
SLA surface at 36.0 ± 10.2%. The hydro surface also demonstrated enhanced perfor-
mance, achieving 47.3 ± 10.7%, which was significantly higher than nano, indicating 
that bioactivated ultra-hydrophilic treatments promote accelerated early osseointe-
gration compared to standard hydrophilic surfaces. From this study, we can conclude 
that combination of nanoscale ultra or super-hydrophilic roughness has an enhanced 
effect of bone healing following immediate implant replacement leading to higher 
BIC. This finding is with agreement with the literature following studies dealing with 
effect of implant nanoscale super-hydrophilic implant surface and BIC [52].

A clinical trial evaluated the transition from primary to secondary stability of 
nano-superhydrophilic, bioactive implant surfaces in patients with low-density 
(D3–D4) bone [53]. About 30 bioactive (MultiNeo NH, test) and 30 conventional 

Figure 6. 
T30 and T45 in D3 bone (left panel) and D4 bone (right panel). In the D3 bone, test implants with nanoscale 
superhydrophilic surface (T-MultiNeo NH) showed a small variation in ISQ, while control implants (MultiNeo) 
displayed a significant drop at 30 days. Non-significant changes in ISQ were recorded for implants placed in 
D4 bone. The findings in D3 bone likely reflect the complex molecular and cellular processes triggered by the 
placement of a bioactive surface implant in low-density bone, which appear to be more pronounced compared to 
those occurring with a conventional implant.
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(MultiNeo, control) implants were placed in 36 patients, with primary stability 
assessed by insertion torque, cumulative torque, torque density, and Implant Stability 
Quotient (ISQ ) at baseline (T0), 30 days (T30), and 45 days (T45).

At baseline, mean ISQ values were similar between groups (74.6 ± 7.9 vs. 77.1 ± 5.8). 
The test group maintained stable ISQ values over time [T0–T30, T30–T45], whereas 
the control group experienced significant reductions at both T30 (p = 0.01) and T45 
(p = 0.03). Consequently, 26 test implants vs. 23 controls achieved ISQ ≥ 70 by day 
45 and were loaded early; an additional four test and one control implant were loaded 
by day 90, while six control implants required loading at 180 days. Torque density 
correlated positively with baseline ISQ, especially in D3 bone in the test group at 30 
and 45 days (p < 0.01), underscoring enhanced early biological stability. The authors 
concluded that bioactivated nano-superhydrophilic surfaces offer superior stabiliza-
tion in low-density bone during the critical early healing phase (Figure 6).

5. �Conclusion

The application of dental implants with bioactive surfaces warrants further 
investigation, particularly in systemically compromised conditions that impair bone 
healing, such as uncontrolled diabetes and severe osteoporosis. Establishing clinical 
evidence in such situations is essential to support informed surgical decision-making 
in high-risk cases. Despite the potential benefits, widespread adoption of bioactivated 
dental implants in patients with systemic disorders remains limited. Therefore, 
additional well-designed clinical studies are required to validate their efficacy and 
encourage clinician confidence in these challenging contexts.

© 2026 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 10

Biological Mechanisms of 
Oral Mucosal Keratinization: 
A Comprehensive Review
Evgeny Weinberg and Haim Tal

Abstract

Oral mucosal keratinization is a finely regulated biological process essential for 
maintaining masticatory function, barrier integrity, and periodontal stability. This 
comprehensive review traces the evolution of our understanding of oral epithelial 
phenotype determination, from pioneering transplantation studies conducted in the 
1970s that established the stromal connective tissue as the key determinant of epithe-
lial fate, to recent molecular and transcriptomic discoveries. Modern research reveals 
that extracellular matrix components, basement membrane proteins such as COL4A6 
and COL18A1, and soluble mediators including TGFβ-binding proteins, retinoic 
acid, and BMP2 orchestrate keratinization through dynamic epithelial-stromal 
interactions. Single-cell and bulk transcriptomic analyses further uncover cellular 
heterogeneity within gingival and lining mucosa, highlighting mesenchymal stem 
cell-rich niches in keratinized tissues. Clinically, these insights redefine strategies for 
managing soft-tissue deficiencies around teeth and implants, emphasizing biologi-
cally guided rather than purely surgical approaches. Emerging spatial transcriptomic 
technologies now enable high-resolution mapping of gene expression within intact 
oral tissues, bridging histology and molecular biology. Together, these advances lay 
the groundwork for next-generation regenerative therapies aimed at inducing kera-
tinized mucosa through the targeted modulation of stromal signaling networks and 
epithelial differentiation pathways.

Keywords: oral mucosal keratinization, epithelial-stromal interactions, basement 
membrane, extracellular matrix, mesenchymal stromal cells

1. �Introduction

The oral mucosa is one of the most intricate barrier systems in the human body,
playing a crucial role in various functions, such as mastication and speech, while 
also serving as a key site for immune interactions [1]. The proper functioning of this 
tissue relies on the presence of diverse cell types and the complex interplay between 
them. Failure in the mucosal barrier mechanisms may lead to pathogen invasion and 
to the onset of chronic inflammatory conditions, such as gingival inflammation and 
periodontal disease. Moreover, healthy oral mucosa is vital for maintaining functional 
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masticatory stability and esthetic appearance [2–4]. Consequently, the oral mucosa 
must rapidly adapt to support tissue regeneration and healing following injury. A 
comprehensive studying of mucosal anatomy, physiology, and cellular function in situ 
is essential for understanding the dynamics of health and disease, thereby supporting 
the preservation of oral health.

2. �Classification and characteristics of oral mucous membranes

There are three types of mucous membranes lining the oral cavity that are ana-
tomically, histologically, and functionally distinct: a. masticatory mucosa, covered by 
a layer of protective keratin, located in the areas subjected to mechanical forces of 
mastication (gingiva and hard palate); b. lining (non-keratinized) mucosa, covering 
most of the rest of the oral cavity; and c. specialized (mix of the other two) mucosa on 
the dorsum of the tongue (Figure 1) [5].

Whether keratinized (resembling the epidermis of the skin) or non-keratinized, 
all types of oral mucous membranes are lined with stratified squamous epithelium 
(Figure 2) [6–8]. The underlying connective tissue layer of the oral mucosa, called 
the lamina propria, is analogous to the dermis in the skin. Located between the 

Figure 2. 
Histological view of oral mucosae: (A) masticatory keratinized mucosa; (B) non-keratinized lining mucosa. 
(*) Keratinized layer; (**) stratified squamous epithelium; (***) lamina propria.

Figure 1. 
Labial view of oral mucosa: (*) Gingiva = masticatory keratinized mucosa; (**) non-keratinized lining mucosa. 
All images are original and were obtained from the authors’ own database, unless otherwise stated.
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epithelium and the lamina propria is a sheet-like extracellular matrix (ECM), known 
as the basement membrane, which plays an important role in maintaining tissue 
homeostasis [9].

Besides the differences in keratinization of the overlying epithelium, the lin-
ing and masticatory mucosae differ also in their healing pattern, barrier functions, 
immune responsiveness, and proneness to drug-induced overgrowth [10–13].

3. �Gingival health and soft tissue management: Clinical importance

In periodontics and dental implantology, interest in the management and care of 
soft tissues in the oral cavity is continuously rising. The presence of healthy, attached 
keratinized mucosa adjacent to teeth (gingiva) and implants (peri-implant mucosa) 
contributes to stability in function, improved plaque control, and optimized esthetic 
outcomes [2, 3].

When gingival tissue, a part of the masticatory keratinized mucosa, is thin and 
delicate, recession defects may develop, exposing the cemento-enamel junction (CEJ) 
and the root surface (Figure 3A) [14, 15]. Such defects can result in esthetic impair-
ment, dentin hypersensitivity, difficulty in maintaining oral hygiene, and other 
adverse conditions of concern to both patients and clinicians.

Clinically, soft tissue management comprises gingival augmentation procedures 
aimed at expanding the width of keratinized tissue around teeth and dental implants 
[16, 17]. These procedures are typically surgical, involving both a donor site (usually 
the hard palate or edentulous alveolar ridges) and a recipient site (Figure 3) [18, 19]. 
As a result, they are highly invasive and may be quite traumatic for patients [20, 21].

A better understanding of the molecular mechanisms behind oral mucosa kera-
tinization could enable the development of less invasive procedures to augment 
keratinized gingiva. Advanced molecular insights may enable targeted therapies that 
stimulate oral mucosa keratinization, such as growth factors, cell therapies, or gene 
regulation techniques, thus minimizing the need for surgical procedures [22].

Figure 3. 
Case presentation of a surgical procedure to increase gingival width and cover a buccal recession defect. (A) 
Preoperative view of a 6-mm buccal gingival recession defect (black arrow), classified as Miller Class III (Cairo 
RT2), affecting tooth 32, with reduced width of keratinized mucosa; (B) surgical intervention using a coronally 
advanced flap combined with a connective tissue graft harvested from the masticatory mucosa of hard palate and 
fixated at the recipient site, aimed at increasing keratinized tissue and promoting epithelial transition from lining 
to keratinized masticatory epithelium; (C) twelve-month postoperative follow-up demonstrating a significant 
gain in gingival width with successful recession coverage. All clinical photographs originate from the authors’ own 
database; the surgical procedure was performed by one of the authors (EW).
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4. �A paradigm shift: From environmental stimuli to genetic and stromal 
control of keratinization

Throughout much of the twentieth century, structural and morphological changes 
in tissues were widely attributed to environmental stimuli. For instance, it was 
proposed that the epithelium responds to mechanical abrasion from mastication by 
increasing the thickness of its keratinized layer [23].

This paradigm was decisively overturned more than 50 years ago by two founda-
tional studies from Karring and colleagues, who demonstrated that oral epithelial 
phenotype is determined by the identity of the underlying connective tissue rather 
than by functional adaptation or mechanical wear. Their landmark experiments 
established principles that remain central to oral biology, periodontology, and regen-
erative surgery [6, 7].

In the first of these studies (1971), Karring et al. transplanted full-thickness 
mucosal tissue segments containing both epithelium and lamina propria between 
keratinized gingiva and non-keratinized alveolar mucosa in non-human primates [6]. 
Importantly, most grafts were not disconnected from the host bed but intertwined 
with the recipient site, maintaining vascularization and close stromal integration, 
while additional free palatal grafts were independently placed on the alveolar mucosa. 
Clinical and histological evaluation over a 12-month period demonstrated that the 
epithelial phenotype was preserved according to the donor tissue: Keratinized mucosa 
remained keratinized even when transplanted into lining mucosal zones, whereas 
lining mucosa maintained its non-keratinized epithelium when relocated to gingival 
sites. A particularly striking observation was that when non-keratinized mucosa was 
transplanted adjacent to teeth, a narrow strip of keratinized epithelium reappeared 
next to the tooth, suggesting that gingival and periodontal connective tissue, likely 
derived from the most coronal periodontal ligament and supra-alveolar gingiva, 
induced keratinization in the root-associated environment.

The second study (1975) provided a direct test of this hypothesis [7]. Here, 
de-epithelialized connective tissue grafts were transplanted into alveolar mucosa. 
Crucially, after healing, the overlying epithelium was surgically removed to allow 
re-epithelialization from surrounding non-keratinized mucosa. This procedural step 
is often overlooked, yet it is essential: Transmucosal connective tissue grafts covered 
by intact lining epithelium do not themselves induce keratinization. Only after surgi-
cal exposure of the grafted connective tissue was the epithelium able to regenerate 
under the influence of the stromal environment. The results were definitive: When 
non-keratinized lining epithelium migrated over exposed gingival connective tis-
sue, it converted into a keratinized gingival phenotype. In contrast, migration over 
exposed alveolar connective tissue preserved the non-keratinized epithelial character. 
The epithelial transition line mapped precisely to the underlying stromal boundary 
between collagen-rich, non-elastic gingival connective tissue and the more elastic 
alveolar connective tissue.

Together, these studies established a durable conceptual and clinical framework. 
Connective tissue identity dictates epithelial fate. Gingival connective tissue drives 
keratinization, whereas alveolar connective tissue enforces a lining phenotype. 
Clinically, this explains why palatal or gingival grafts reliably establish keratinized 
mucosa in recipient sites, while alveolar connective tissue cannot substitute. These 
insights established more than half a century ago continue to guide periodontal 
surgical approaches and inspire tissue engineering strategies aimed at regenerating or 
inducing keratinized mucosa.
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The relevance of these principles has been further tested in modern experimen-
tal models, particularly in relation to dental implants, where peri-implant mucosa 
frequently differs from gingiva in both structure and function. Liñares et al., using 
a dog model, excised all keratinized tissue around both teeth and implants [24]. 
Approximately 2 mm of keratinized tissue regenerated around natural teeth within 
1 month and remained stable thereafter, whereas no keratinized mucosa developed 
around implants in the same animals. Placement of a transmucosal connective tissue 
graft reduced recession around implants but did not reliably generate new keratin-
ized tissue in sites where it was absent. These findings underscore a fundamental 
biological divergence: The periodontium possesses an inherent capacity to re-establish 
keratinization, whereas peri-implant tissues lack this potential.

Further evidence came from Imber et al., who performed heterotopic transposi-
tions of keratinized into non-keratinized tissue and vice versa using a Z-plasty design 
in dogs [25]. At tooth sites, keratinization reappeared at the gingival margin even 
when initially displaced, confirming the inductive influence of gingival connective 
tissue. At implant sites, however, keratinization failed to extend coronally toward 
the margin. Instead, the transposed keratinized band retained its phenotype but 
remained apical to the implant margin, resulting in a clinical presentation of zero 
millimeters of keratinized mucosa coronally. Histological mapping of elastic fibers 
reinforced the parallel with earlier transplantation studies, showing that connective 
tissue beneath keratinized and non-keratinized epithelia retained distinctive features 
consistent with gingival versus alveolar connective tissue identity.

Taken together, both the foundational transplantation studies and these modern 
implant investigations converge on a central theme: Keratinization is not an adaptive 
response to environmental wear but a stromally programmed epithelial phenotype. 
Around teeth, gingival connective tissue is both necessary and sufficient to impose 
a keratinized program, enabling regeneration and stability of keratinized zones. 
Around implants, the absence of periodontal ligament and supra-alveolar gingival 
connective tissue precludes this capacity, limiting grafting procedures to improving 
tissue volume and reducing recession without reliably re-establishing keratinized 
mucosa. This divergence in biology has critical implications for periodontal and 
peri-implant therapy, as well as for the design of regenerative strategies in oral 
medicine.

5. �Biological regulators of oral epithelial keratinization

Recent research has uncovered multiple stromal and molecular regulators that 
contribute to the induction or suppression of epithelial keratinization in the oral 
cavity. A central theme emerging from these studies is that keratinization results 
from a tightly regulated interplay between extracellular matrix (ECM) components, 
basement membrane (BM) structures, soluble morphogens, and signaling molecules 
within the connective tissue. Many factors, including vitamin D3, calcium ions, 
interferon γ, transforming growth factors, integrins, and retinoids in the supporting 
connective tissue, are known to influence the gene expression programs responsible 
for the heterogeneity of epithelial tissues [26]. The following section integrates 
insights from key mechanistic studies investigating how specific biological factors 
modulate oral mucosal keratinization.

One important line of investigation has focused on the role of elastin-rich ECM 
in suppressing keratinization. In a foundational study by Hsieh et al., the authors 
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examined how the composition of the underlying connective tissue influences epithelial 
phenotype [26]. Using a bioengineered three-dimensional (3D) oral mucosa model, 
they showed that both the native and the engineered keratinized gingiva changed phe-
notypes and expressed keratins 4 and 13 (the markers of non-keratinized oral mucosa) 
when treated with exogenous elastin. Conversely, enzymatic degradation of endog-
enous elastin in non-keratinized mucosa by elastase induced a keratinized phenotype, 
marked by the expression of keratins 1 and 10. These findings provided compelling 
evidence that stromal elastin supports the maintenance of the non-keratinized  
epithelial phenotype in the oral mucosa.

Another important finding concerns the modulation of keratinization through 
latent transforming growth factor beta (TGF-β) binding proteins (LTBPs), spe-
cifically LTBP-1 and LTBP-2. Chiang et al. demonstrated that TGF-β–mediated 
regulation of keratinization is governed by opposing roles of latent TGF-β binding 
proteins, with LTBP-1 promoting keratinization and LTBP-2 exerting an inhibitory 
effect [27].

Additional evidence for BM regulation comes from the work of Komori et al., 
who investigated the α6 chain of type IV collagen (COL4A6) [28]. This protein is 
abundant in the BM underlying keratinized gingiva but absent in non-keratinized 
regions. In COL4A6-knockout newborn mice, epithelial development was delayed 
and keratin 10 expression was markedly reduced. Additionally, siRNA-mediated 
down-regulation of COL4A6 in human gingival epithelial cells suppressed epithelial 
keratinization. Collectively, these findings indicate that the type IV collagen α6 chain 
plays a key role in regulating keratin 10 expression and the keratinization of oral 
mucosal epithelium.

In a related study, Nguyen et al. investigated type XVIII collagen (COL18A1), a 
basement membrane-associated heparan sulfate proteoglycan highly expressed in 
keratinized oral mucosa [29]. In COL18A1-knockout mice, the absence of type XVIII 
collagen caused a marked reduction in keratin 10 expression and a decrease in both 
the number and size of keratohyalin granules in the granular layer of the epithelium. 
Moreover, in vitro down-regulation of COL18A1 suppressed epithelial keratiniza-
tion. Collectively, these findings indicate that type XVIII collagen functions as a key 
modulator of oral epithelial keratinization.

Mu et al. suggested that soluble growth factors contribute to the regulation of 
epithelial keratinization [30]. They demonstrated that bone morphogenetic protein 
2 (BMP-2) enhances the expression of the keratinization markers in monocultured 
epithelial cells. However, when epithelial cells were co-cultured with fibroblasts at the 
air-liquid interface (ALI), BMP-2 exerted little to no effect on keratinization.

A complementary mechanism of soluble regulation involves vitamin A derivatives 
(retinoids), which act through retinoic acid receptor (RAR)-mediated signaling. 
Miyazono et al. demonstrated that all-trans retinoic acid (atRA) suppresses oral epi-
thelial keratinization by inhibiting the expression of loricrin while inducing keratin 4 
[31]. Using 3D air-liquid interface cultures of human, porcine, and murine keratino-
cytes, they found that mouse cells required significantly higher atRA concentrations 
to achieve suppression of keratinization compared with human or porcine cells, sug-
gesting species-specific differences in retinoid sensitivity. Inhibition of RAR signaling 
reversed the atRA-induced changes, restoring keratin 10 and loricrin expression and 
normal barrier function. These findings position retinoic acid as a potent soluble 
morphogen that counteracts epithelial keratinization, and they highlight that the 
lower susceptibility of mouse keratinocytes to retinoic acid may underlie the keratin-
ized nature of rodent oral mucosa.
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Collectively, these studies reveal that oral epithelial keratinization is governed by 
a complex, multilayered network of stromal cues and epithelial responses. Structural 
ECM components such as elastin and collagen chains, basement membrane proteins 
like COL4A6 and COL18A1, and regulatory molecules including LTBPs, retinoic acid, 
and soluble morphogens (e.g., BMP-2) cooperate to determine the keratinization state 
of the oral epithelium. Rather than being dictated by epithelial cells alone, keratiniza-
tion emerges as a tissue-level phenomenon shaped by reciprocal stromal-epithelial 
interactions, where the biochemical composition and signaling activity of the connec-
tive tissue define epithelial phenotype and function. Understanding this finely tuned 
regulation provides a conceptual and mechanistic foundation for future therapeutic 
approaches aimed at restoring or inducing keratinized mucosa in health and disease.

6. �Transcriptomic insights into the cellular and molecular heterogeneity 
of oral mucosae

In our previous studies, we first demonstrated, using Next Generation bulk RNA 
sequencing [32], and later through large-scale single-cell transcriptomic profiling 
[33], that ex vivo-expanded cells derived from the lamina propria of either the lining 
(non-keratinized) or masticatory oral mucosa are phenotypically heterogeneous, 
exhibiting distinct biological and molecular characteristics. Cluster analysis revealed 
11 distinct cell clusters or subpopulations, some of which were identified as fibro-
blasts and others as smooth muscle cells [33]. Notably, one of the clusters, located at 
the intersection of the plots of the lining and masticatory mucosa-derived cells, was 
annotated as mesenchymal stem cells (MSCs). Most members of this cluster (78%) 
were cells derived from the lamina propria of the masticatory mucosa, indicating that 
this tissue contains many more MSCs than the lining mucosa, which supports our 
previous conclusions that masticatory mucosa is a more attractive donor site for cell 
therapy [32].

Our research also revealed that stromal cells originating from the lining oral 
mucosa are highly enriched in biological processes associated with the positive 
regulation of epithelial cell proliferation [32, 33], which may partly explain the 
increased turnover rate of the lining oral mucosa epithelium [5]. Furthermore, we 
proposed that the distinct gene expression profiles observed in these stromal cells 
[32, 33] contribute to the modulation of keratinization in the overlying epithelium. 
This modulation, for example, may be related to the distinct turnover rates of the 
extracellular matrix in the connective tissues of the lining versus the masticatory oral 
mucosae [32]. Given that connective tissues play a pivotal role in directing epithelial 
differentiation and regulating keratin expression, it is crucial to identify the specific 
components within the connective tissues of gingiva and non-keratinized lining 
mucosa that drive these differences.

7. �Implications and future perspectives

Understanding the molecular and stromal regulation of oral mucosal keratiniza-
tion offers significant clinical and translational potential. As keratinized mucosa plays 
a vital role in maintaining oral health, particularly in periodontal therapy and implan-
tology, insights into its regulatory mechanisms could guide the development of novel 
strategies to enhance tissue resilience and regeneration.
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Recent advances in spatial transcriptomics (ST) now allow high-resolution map-
ping of gene expression within intact tissue architecture while preserving the native 
relationships between epithelial and stromal compartments. This technology bridges 
a critical gap left by single-cell RNA sequencing, which, although powerful, loses 
the spatial context essential for interpreting epithelial-mesenchymal interactions. 
Applying ST to the oral mucosa provides an unprecedented opportunity to decode 
how regional stromal cues, basement membrane components, and extracellular 
matrix dynamics shape epithelial keratinization patterns.

In the near future, the integration of spatially resolved omics with proteomics, 
three-dimensional tissue models, and bioengineered scaffolds is expected to deepen 
our understanding of the molecular microenvironments that determine keratin-
ized versus non-keratinized phenotypes. Such insights could be harnessed to design 
biomaterial-based or cell-guided therapies that activate keratinization pathways in 
desired oral regions. Furthermore, identifying spatially organized signaling net-
works, such as those involving collagen, desmosomal proteins, or growth factor gradi-
ents, may enable targeted pharmacological modulation of epithelial differentiation.

Ultimately, these advances may transform the management of mucogingival and 
peri-implant conditions by enabling precision regeneration of keratinized mucosa 
tailored to each patient’s biological context.

© 2026 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 11

Frontiers in the Understanding of 
Peri-Implant Disease
Alexandre Perez and Tommaso Lombardi

Abstract

Peri-implant diseases are plaque-associated pathologic condition characterized by 
the inflammatory process affecting hard and soft tissues around endosseous dental 
implants. These frequent complications are the result of an imbalance between the 
host response and bacterial challenge, which may affect the peri-implant mucosa 
“mucositis” or also involve the supporting bone “peri-implantitis”. Clinical aspects/
signs of peri-implant diseases should be detected at each recall visit as well as swell-
ing, erythema, bleeding on probing and suppuration. Moreover, many risk factors 
are involved in the development of peri-implant disease and most patients may have 
multiple risk factors including smoking, substance use disorders, socio-economic 
status, mental health disorders, old age and poor home dental care. In addition, 
iatrogenic, local, systemic, type of prosthesis and implant site-specific factors have 
been involved in the development of such complication. Clinicians must be aware of 
and recognizes the importance of such risk factors in order to manage them appro-
priately. This chapter aims to provide clinicians with an up-to-date understanding of 
peri-implant disease.

Keywords: peri-implantitis, peri-implant mucositis, dental implants, periodontal 
disease, treatment

1. �Introduction

1.1 The growing penetration of dental implant therapy

Dental implant therapy has been established as a predictable and effective treat-
ment option for replacing missing teeth. Cumulative survival rates of implant-borne 
restorations range from 90.5–100% after 5 years and 85.5–100% after 10 years, 
reflecting remarkably low failure rates—as low as 0 to 1.56 or 2 per 100 placed 
implants, respectively [1–6]. Recent systematic reviews have estimated a total survival 
rate of 96.4% [6]. Furthermore, by carefully adopting patient and case selection 
criteria, immediate implant protocols—traditionally considered challenging—may 
today be realized with the comparable survival rates to those of conventional delayed 
approaches [7–9]. Encouraging long-term success rates and evolving treatment 
strategies have contributed to the rapid growth and global acceptance of dental 
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implant therapy, with an estimated 12–15 million implants placed worldwide in 2023 
[10]. Similarly, the prevalence of U.S. citizens rehabilitated with dental implants has 
increased at an annual rate of approximately 14%, rising from 5.7% in 2016 to a pro-
jected 23% by 2026 [11]. This substantial and growing proportion of the population 
rehabilitated with dental implants underscores the significance of implant therapy as 
a topic of increasing epidemiological and public health relevance.

The growing adoption of dental implant therapy has prompted an evolution in 
its evaluation criteria. Early success benchmarks, as defined by Albrektsson et al. in 
1986, primarily focused on functional outcomes such as implant survival, prosthetic 
stability, radiographic bone loss and absence of peri-implant infection [12]. More 
recently, these criteria have expanded to include peri-implant soft tissue health, 
natural esthetics, prosthodontic performance and patient-centred outcomes such as 
satisfaction—reflecting a modern, multidimensional approach to assessing long-term 
implant success [13–16].

1.2 Dental implant complications, biological complications and their interplay

Despite their established long-term success, dental implant restorations are not 
complications-free. Dental implant complications are commonly classified into biological, 
technical and esthetic complications [5, 17, 18]. They may arise at any stage of treatment—
whether during planning, surgery or implant function—and are influenced by various 
factors, including material and prosthetic design, anatomical constraints, unforeseen 
treatment plan deviations and patient-related systemic or behavioral aspects [17, 19–22]. 
For example, implant positioning and prosthetic design factors have been associated with 
long-term biological complications, suggesting a causal interplay between different types 
of implant-related complications [21–23].

Biological complications, that is peri-implant disease, represent the most com-
mon type of implant-related complication resulting in implant loss, followed by 
implant fracture and prosthetic overload. Notably, a potential association—regardless 
of causal direction—between mechanical and biological complications cannot be 
excluded [24].

1.3 �Understanding and defining the clinical picture and diagnostic criteria of 
peri-implant disease

Peri-implant disease encompasses a spectrum of progressive inflammatory condi-
tions of the peri-implant soft and/or hard tissues [25, 26]. Notably, the disease often 
progresses silently, remaining asymptomatic and undetectable by the patient [27]. 
Compounding this issue, many implant patients remain largely uneducated about 
potential complications, limiting early self-recognition outside of clinical examina-
tions [28]. Despite the lack of overt symptoms, peri-implant disease is characterized 
by gradual and progressive tissue deterioration that can lead to esthetic and func-
tional impairments up to the complete loss of the restoration [26].

Peri-implant disease is classified into two stages: peri-implant mucositis and peri-
implantitis. Peri-implant mucositis is characterized by reversible inflammation of the 
peri-implant soft tissues. Peri-implantitis, on the other hand, involves inflammation 
of both soft and hard tissues accompanied by progressive and accelerating loss of 
supporting bone [25, 29].

Over the past decades, the scientific community has made the repeated 
efforts to standardize and refine the diagnostic criteria for peri-implant diseases. 
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Albrektsson and Isidor defined peri-implant mucositis as a reversible inflam-
mation of the soft tissues as opposed to peri-implantitis being diagnosed by the 
irreversible and progressive loss of supporting bone [30]. Subsequent consensus 
reports, including those by Linde and Meyle and Zitzmann and Berglundh in 
2008, defined peri-implant disease based on clinical indicators such as bleed-
ing on probing (BoP) and radiographic bone loss [31, 32]. Lang and Berglundh 
extended these definitions within the broader context of tissue-level changes [33]. 
The 2017 World Workshop on the Classification of Periodontal and Peri-implant 
Diseases provided the most recent and potentially most comprehensive and clini-
cally applicable criteria to date differentiating Peri-Implant Mucositis and Peri-
Implantitis from Peri-Implant Health (Figure 1, Table 1) [14, 33, 34].

In clinical practice, it is important to recognize that a certain degree of marginal 
bone remodeling after implant placement and prosthetic loading is part of the normal 
physiological adaptation and should be expected [12, 35]. Seminal reports on crestal 
bone changes following prosthetic restoration in two-stage surgical protocols with 
delayed loading established that up to 1.5 mm of bone loss in the first year after 
loading and less than 0.2 mm annually thereafter may be considered within the range 
of physiological remodeling [12, 14, 36]. While these thresholds prevail as general 
clinical indicators, contemporary consensus emphasizes the importance of temporal 
stability in peri-implant bone levels rather than strict adherence to absolute values 
[14]. Progressive bone loss beyond initial remodeling, particularly when associated 

Figure 1. 
Schematic illustration comparing peri-implant health, peri-implant mucositis, and peri-implantitis. Healthy 
peri-implant tissues characterize peri-implant health, no bleeding on probing (BoP), normal probing depth 
within normal ranges, and no radiographic bone loss. Peri-implant mucositis presents with BoP, increased 
erythema, and swelling of the soft tissues but without bone loss; this condition is considered reversible upon 
appropriate intervention. In contrast, peri-implantitis is associated with BoP and/or suppuration, progressive 
marginal bone loss, and increased probing depths; this condition is considered irreversible and requires surgical 
intervention.
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with clinical signs of inflammation, indicates peri-implant disease. Regular diag-
nostic follow-ups, including clinical and radiographic examinations compared to 
baseline post-loading, remain central to early detection [33]. The maintenance of 
stable, unremarkable peri-implant soft and hard tissue conditions—characterized by 
the absence of excessive radiographic bone loss, inflammation and the presence of 
healthy, keratinized epithelium—supports peri-implant health and can be regarded as 
a leitmotif in the clinical diagnostic for long-term peri-implant health (Table 2) [37].

Despite the development of refined diagnostic criteria and their importance in stan-
dardizing the research on disease prevalence in epidemiological and disease surveillance 
studies, the clinical and biological heterogeneity in tissue response, disease progression 
and defect morphology continues to present challenges—not necessarily in recognizing 
peri-implant disease itself, but in adequately classifying its severity, progression and 
clinical therapeutic approaches [38–41]. Unlike, for example periodontitis and other 
pathological conditions that benefit from established staging systems, current definitions 
of peri-implant diseases remain largely binary [42, 43]. Future research efforts may con-
tribute to developing more differentiated grading systems, enabling improved prognostic 
accuracy and refined therapeutic approaches (Figure 2).

1.4 Epidemiology of peri-implant disease

In epidemiology, two fundamental metrics are used to characterize disease patterns: 
prevalence and incidence. Prevalence describes the proportion of individuals affected 
by a condition at a specific point or over a defined period, while incidence refers to the 
number of new cases that arise within a specified timeframe. Together, these measures 

Authors Peri-implant mucositis Peri-implantitis

Key features Clinical parameters Key features Clinical 
parameters

Albrektsson & 
Isidor [30]

Reversible; only soft 
tissues

Soft tissue 
inflammation only

Irreversible 
inflammation and 
progressive bone loss

Mobility,
radiographic bone 
loss,
inflammation

Lindhe & 
Meyle [31]

BoP+;
inflammation

No radiographic 
bone loss;
BoP+

Inflammation with 
bone loss

BoP+/ suppuration;
radiographic bone 
loss

Zitzmann & 
Berglundh [32]

BoP without bone 
loss beyond normal 
remodeling

BoP+,
stable bone level

Bone loss 
beyond expected 
remodeling

Probing depth 
increase;
radiographic bone 
loss

Lang & 
Berglundh [33]

Inflammation;
reversible upon 
therapy

BoP+, no 
additional bone 
loss; inflammation 
present

Inflammation of 
both soft and hard 
tissues with bone 
loss

Increased probing 
depth, recession, 
bone loss

World 
Workshop /
Berglundh & 
Armitage [14]

BoP+ and/or 
suppuration without 
bone loss beyond 
normal remodeling

BoP+,
Probing depth may 
increase, but bone 
levels remain stable

BoP+ / suppuration,
increased probing 
depth, and bone loss 
≥3 mm

BoP+, PD ≥ 5 mm,
bone level ≥ 3 mm 
apical of implant 
shoulder

BoP+: positive bleeding on probing, PD: probing depth.

Table 1. 
Key features and clinical parameters of peri-implant mucositis and peri-implantitis.
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provide insight into the burden and dynamics of peri-implant disease within a given 
population. They may be assessed at the implant level (implant-based) or at the patient 
level (subject-based), offering a more nuanced understanding of both peri-implantitis 
and peri-implant mucositis across diverse clinical and patient-centred contexts.

The reported prevalence of peri-implant diseases varies considerably across clini-
cal studies. Comprehensive systematic reviews published in 2015 and 2017 reported 
that the patient-level prevalence of peri-implant mucositis ranges from 19 to 65% and 
that of peri-implantitis from 1 to 47% [44]. Calculated average and weighted preva-
lence estimates derived from meta-analytical approaches may offer a more tangible 
indication of the overall epidemiological burden of peri-implant diseases. Based on 
aggregated data from multiple cross-sectional studies, peri-implant mucositis affects 
approximately 1 in 2 patients (43–47%), while peri-implantitis is observed in about 1 
in 5 patients (20–22%) [44, 45].

Time after implant loading Expected bone level changes

First-year ≤1.5 mm

After the first year ≤ 0.2 mm per year

Table 2. 
Time after implant loading and expected level changes.

Figure 2. 
Screw-retained single-unit crown placement site 25 showing good peri-implant health (top left), peri-implant 
mucositis highlighted after removal of a crown site 21 (top right) and peri-implantitis site 44 on intraoral 
radiography.

191



Periodontics and Implants – Contemporary Scientific and Clinical Perspective

6

The weighted mean prevalence of peri-implantitis at the implant level is estimated 
at 9.3%, compared to 19.8% at the patient level [45]. This discrepancy highlights the 
greater clinical impact of subject-based prevalence, as individual patients often pres-
ent with multiple implants.

The considerable variability in the reported prevalence rates of peri-implant 
diseases can be attributed to several methodological and clinical factors. One of the 
most critical sources of inconsistency is the lack of standardized case definitions 
and diagnostic criteria across studies—particularly regarding parameters such as 
marginal bone levels [46]. This gap was rectified by the 2017 World Workshop on 
the Classification of Periodontal and Peri-Implant Diseases and Conditions, which 
introduced consensus-based diagnostic criteria for both disease entities [14, 34].

Incidence data of peri-implantitis are less well documented but indicate a rela-
tively consistent trend [47–52]. It is further important to consider that the incidence 
of peri-implant disease has been demonstrated to increase with time in function [48, 
50, 52]. While longitudinal studies have reported a patient-level cumulative incidence 
from 14.5 to 22% over 9 to 10 years following implant placement, other investiga-
tions have documented higher annual incidence rates of up to 16% per patient-year 
[50–52].

Finally, clinician surveys confirm peri-implant diseases as a frequently encoun-
tered complication in clinical practice [41]. Specifically, surveys among US peri-
odontologists indicated that up to 10% of implants required to be removed due 
to peri-implantitis. This finding highlights a significant unmet need for effective, 
evidence-based treatment protocols, underscoring the ongoing clinical challenge of 
managing peri-implant disease.

1.5 �Plaque and biofilm association of peri-implant disease and differences 
between implant-associated and tooth-associated biofilm

Strong evidence suggests that bacterial biofilms represent the most important 
etiological factor for the onset and progression of peri-implant disease [14, 33]. 
Clinical studies have demonstrated a direct causal effect of biofilm accumula-
tion on triggering a peri-implant inflammatory tissue response, with a significant 
dose-dependent association [53–56]. Full mouth plaque scores above 25% have, for 
example, correlated with a greater prevalence of peri-implantitis in patients with a 
history of periodontitis [57]. In contrast, anti-infective therapy has demonstrated 
efficacious in reducing peri-implant soft tissue inflammation and arresting disease 
progression [58]. In addition, ligature-induced preclinical models have advanced the 
understanding of peri-implantitis by clearly demonstrating the role of infectious 
bacterial biofilms in driving the progressive inflammatory breakdown of peri-implant 
soft tissues and alveolar bone, specifically on a histological level [59].

Compared to orthopedic implants, osseointegrated dental implants feature a 
transmucosal design penetrating the oral mucosa, establishing a direct interface 
between the peri-implant tissues—particularly the alveolar bone—and the bacteria-
rich oral environment. This anatomical configuration increases their susceptibility to 
biofilm accumulation and subsequent inflammatory complications [60]. Like natural 
teeth, implants are surrounded by a soft tissue seal that protects the underlying bone 
from microbial challenges. Specifically, the oral, sulcular, and junctional (or junc-
tional-like) epithelium around implants forms a biological barrier against the external 
environment [33, 61]. However, unlike natural teeth—where gingival connective 
tissue fibers insert perpendicularly into the cementum—dental implants lack a true 
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connective tissue attachment [61]. Instead, circumferential collagen fibers aligned 
parallel to the implant surface stabilize the peri-implant soft tissue seal without, how-
ever, inserting into the implant material, thereby reducing the mechanical resilience 
of the seal to disruption [61].

Despite both bearing effective soft-tissue seals, the biofilm-associated inflam-
matory response between teeth and implants differs markedly. Specifically, implants 
show significantly faster tissue breakdown and a markedly faster progression into 
bone loss upon infection. This difference might be associated with the potential weak-
ening of the epithelial barrier due to ulceration and edematous swelling [29, 33, 62]. 
Comparative analyses of soft tissue biopsies from teeth and implants revealed notable 
histopathological differences between peri-implantitis and periodontitis. Specifically, 
lesions associated with peri-implantitis compared to periodontitis are characterized 
by a larger inflammatory infiltrate and greater density of immune cells, that is plasma 
cells, macrophages and neutrophils. Peri-implant inflammatory infiltrates tend 
furthermore to extend more apically beyond the pocket epithelium compared to those 
in periodontitis and are not contained by a surrounding capsule of healthy connective 
tissue, arresting its progression (Figure 3) [29, 63].

These observed differences in the inflammatory response may be attributed to 
the lower vascularisation of peri-implant soft tissues. Specifically, soft tissue blood 
supply in peri-implant tissues is primarily derived from the periosteum of the crestal 
bone as opposed to natural teeth, where the richly vascularised periodontal ligament 
contributes to blood supply significantly [64]. Over time, bone remodeling and reces-
sion around implants can further compromise the limited blood supply, affecting the 
ability of peri-implant tissues to respond to inflammatory challenges further [61].

Despite advances in understanding peri-implant disease, the transition from 
health to peri-implantitis appears to be driven by a complex and partly self-rein-
forcing interplay between biofilm maturation on the implant surface and the host’s 
inflammatory response [29]. A key event in disease progression is the shift from a 
symbiotic to a dysbiotic implant-associated biofilm, which has been described to 
be lower in quality and less diverse, with a higher accumulation of specific bacteria 

Figure 3. 
Anatomical and inflammatory differences between peri-implantitis (left) and periodontitis (right).
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compared to periodontal biofilms [60, 65]. This shift is promoted by changes in nutri-
ent availability, pH alterations, oxygen depletion and the emergence of pathobionts, 
all fueled by sustained chronic inflammation [66]. As the disease progresses, biofilms 
mature and become increasingly resistant to host immune responses and chemo-
therapeutic agents [65]. Notably, mature biofilms are less responsive to antiseptic 
and antibiotic treatments as opposed to, for example planktonic bacteria and early, 
immature biofilm communities, which have proven well controllable through estab-
lished preventive antibiotic protocols during, for example implant provision [66, 67].

1.6 �Novel concepts in the understanding of dental implant integration and 
rejection

Recent research has highlighted the role of immunological factors in implant 
osseointegration, giving rise to the emerging field of osteoimmunology [68–70]. 
Within this framework, implant placement induces a transient, acute inflammatory 
response which—when involving an inert biomaterial such as titanium—may result 
in a favorable regenerative healing response, that is osseointegration. This process 
contrasts a situation in which chronic inflammation may lead to fibrous encapsulation 
of the biomaterial and eventual implant rejection [71].

Unlike natural teeth, dental implants trigger a controlled foreign body reaction 
that leads to the formation of a cortical bone capsule—commonly referred to as 
osseointegration. This structure reflects a state of tissue homeostasis, maintained 
by a balance between osteoclastic and osteoblastic activities [69]. The evolving 
understanding of osseointegration has been propelled, in part, by insights into 
macrophage behavior—specifically, their polarization from a pro-inflammatory 
M1 into a pro-regenerative M2 phenotype [72–74]. Conversely, M1 macrophages 
play a critical role in the pathogenesis of peri-implant disease by releasing 
pro-inflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis 
factor-alpha (TNF-α), both of which are the potent mediators of osteolysis and 
inflammatory tissue degradation [75].

Disruption of peri-implant tissue homeostasis—whether by plaque accumula-
tion or other factors—can trigger an inflammatory response leading to peri-implant 
osteolysis and a reduced capacity for tissue repair. The onset and progression of 
peri-implantitis may be influenced by a combination of local, systemic and patient-
related behavioral factors, rendering it a clinically complex and challenging condition 
to manage [29].

2. �Risk factors

The susceptibility of dental implants to peri-implantitis is shaped by a range of 
systemic, local, and iatrogenic factors. Accurate prognostic assessment is essential 
for effective risk management and implementing preventive strategies throughout 
implant therapy.

From an academic perspective, the determinants of disease development are 
typically classified as either risk indicators or risk factors. Risk indicators are charac-
teristics or exposures associated with disease presence, primarily identified through 
cross-sectional studies and denote correlation rather than causation. In contrast, 
risk factors are established through longitudinal research and imply a temporal and 
potentially causal relationship with disease onset.
194



Frontiers in the Understanding of Peri-Implant Disease
DOI: http://dx.doi.org/10.5772/intechopen.1011935

9

Importantly, most studies on peri-implant disease are observational in nature and 
do not meet the methodological criteria required to establish the true risk factors. 
Nevertheless, to provide clinicians with a practical framework for evaluating patient-
specific risks during implant placement and maintenance, this chapter will use the 
term risk factors in a broad sense—encompassing both evidence-based risk factors 
and strongly associated risk indicators.

In clinical practice, it is often useful to distinguish between risk factors that are 
intrinsic to the patient and those that are treatment-related or behaviourally driven—
and therefore potentially modifiable. A more nuanced classification differentiates 
among patient-related systemic and local factors, iatrogenic influences, behavioral 
risks and implant- or site-specific conditions. It is also important to acknowledge that 
while some risk factors are well-established, others remain under investigation, with 
current evidence insufficient to confirm a definitive causal relationship (Table 3).

Patient-related systemic and local factors constitute the foundational determi-
nants of an individual’s susceptibility to peri-implantitis. These factors are often 
non-modifiable or only marginally amenable to change. In contrast, iatrogenic and 
behavioral factors represent key opportunities for risk mitigation through appropriate 
clinical decision-making, patient education and reinforcement of compliance—ide-
ally initiated prior to implant placement as part of primordial prevention concepts 
[76]. Finally, implant- and site-specific variables, such as implant design and bone 
quality, must be carefully assessed for their potential influence on case-specific 
outcomes and long-term treatment success (Figure 4).

2.1 Patient-related risk factors

2.1.1 History of periodontitis

Both longitudinal and cross-sectional studies evidence that patients with a history 
of periodontitis are more susceptible to peri-implantitis [50, 52, 77–79]. Meta-analysis 
has indicated that a history of periodontitis exposes patients to a 2.2 to 9.2 elevated 
risk for peri-implantitis [29]. From an epidemiological point of view, it is important 
to note that the global prevalence of periodontitis, particularly its moderate to severe 
forms, is high and consistent across populations, with estimates showing that severe 

Category Description Examples

Systemic Factors related to the patient’s general 
health influencing susceptibility to 
inflammation and healing.

Smoking, diabetes mellitus, genetic 
predisposition, osteoporosis, 
immunodeficiency

Local 
factor-related

Conditions in the oral environment 
affecting plaque control and tissue response.

History of periodontitis, poor oral hygiene, 
keratinized mucosa deficiency

Behavioral Patient habits and compliance affecting 
disease control

Poor plaque control, irregular maintenance 
visits, smoking

Iatrogenic Factors related to clinical procedures, 
surgical techniques and prosthetic design.

Residual cement, implant malposition, 
inadequate prosthetic emergence profile, 
overloading

Implant- and 
site-specific

Implant or anatomical site-related factors 
affecting peri-implant tissue health.

Implant surface characteristics, bone 
quality, soft tissue thickness

Table 3. 
Risk factors.
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periodontitis affects 10–15% of adults worldwide and overall periodontitis (including 
mild and moderate) affects more than 50% of adults [80–82]. Clinicians planning 
implant therapy are therefore advised to assess patients for signs of periodontal 
disease and to identify the indicators of current or past disease activity, such as a 
history of periodontitis-related tooth loss. Identifying affected patients may neces-
sitate adjustments to the treatment and follow-up plan, such as periodontal treatment 
prior to commencing implant therapy and implementing supportive periodontal 
care protocols [78, 83, 84]. Although some studies suggest that implant placement 
into previously infected periodontal sites may be feasible—provided that extraction 
sockets are thoroughly debrided and meticulously disinfected—there is currently 
limited evidence supporting the long-term prognosis of such approaches [85]. There 
is also currently insufficient evidence to support the notion that only severe forms of 
periodontitis significantly increase the risk of peri-implantitis [78].

2.1.2 Smoking

Smoking, as well as electronic cigarette use, has been reported to significantly 
affect implant failure rates, the risk of postoperative infection as well as marginal 
bone loss [81–83]. In addition, several studies have reported smoking to affect 
osteogenesis, angiogenesis and plaque accumulation, essential for implant integration 
and health [83–85]. Individual studies have evidenced that smokers may exhibit a 2.7 
to 31.6 times elevated risk for peri-implantitis [29, 86–93] Although numerous studies 
have demonstrated a strong association between smoking and peri-implantitis, 
methodological limitations—particularly the inability to control for confounding 
factors adequately—have so far omitted a consensus on the relation between smoking 
and peri-implantitis [14, 29]. Clinicians may consider this important factor during 
treatment provision as a modifiable patient-behavioral factor with relatively high 
potential importance for treatment prognosis.

Figure 4. 
Hierarchical classification of peri-implantitis risk factors. The pyramid illustrates the layered influence of risk 
factors, from fundamental patient-related systemic and local factors at the base to implant- and site-specific 
factors at the top.
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2.1.3 Diabetes

With a global prevalence of 8%, type I and insulin-deficient type II (accounting 
for 90–95% of cases) diabetes comprises a group of metabolic disorders character-
ized by impaired glycemic control. Evidence supports a causal relationship between 
diabetes and a moderately elevated 1.9- to 3-fold risk for peri-implantitis and peri-
implant bone loss [54, 94, 95]. Specifically, poor glycemic control has been reported 
to significantly increase the risk of peri-implantitis and implant failure [54, 95–97].

Elevated HbA1c levels exert multiple detrimental effects on peri-implant health, 
including impairing bone metabolism and osseointegration, compromising the qual-
ity and resilience of the peri-implant soft tissue seal and impairing neutrophil func-
tion, thereby weakening the host’s ability to control biofilm-induced inflammation 
[98–100]. Importantly, evidence also suggests that patients with adequate glycemic 
control (HbA1c ≤7%) do not exhibit an increased risk of peri-implantitis compared to 
non-diabetic individuals [101–104].

However, study inconsistencies remain, particularly regarding the heterogeneous 
use of diagnostic parameters (e.g. HbA1c levels, fasting blood glucose, or self-
reported diabetes status). For example, as opposed to type type 1, only type 2 diabetes 
has been associated with a higher incidence of peri-implant disease [105–107]. These 
discrepancies may explain why current consensus reports have not yet recognized 
diabetes as a definitive risk factor for peri-implantitis or implant loss [14, 29]. In 
conclusion, the detrimental effect of poorly controlled diabetes on peri-implant 
health is relatively well established and should be carefully considered during both 
the planning and maintenance phases of implant therapy.

2.1.4 Other systemic conditions

A whole series of other systemic conditions that may be associated with an 
elevated risk for peri-implantitis comprising, for example cardiovascular disease, 
rheumatoid arthritis, osteoporosis, specifically when medicated with bisphos-
phonates, obesity, as well as age and gender, have been researched and discussed 
throughout the literature [29, 108–112]. Compared to other systemic risk factors, 
these conditions remain insufficiently studied, and a conclusive association with 
peri-implantitis has yet to be established [14, 29]. However, certain conditions—such 
as obesity—may serve as surrogate indicators of other well-established risk factors 
and could, therefore, contribute to the overall assessment of a patient’s risk profile for 
peri-implantitis. Other conditions, such as osteoporosis, have been associated with 
increased peri-implant bone loss and may, therefore, be considered modifying factors 
in the onset and progression of peri-implantitis [112].. Finally, patients may also 
exhibit a genetic predisposition to peri-implantitis, involving polymorphisms in genes 
related to immune regulation and inflammatory response—such as interleukin-1 
(IL-1), interleukin-6 (IL-6), interleukin-10 (IL-10) and tumor necrosis factor-alpha 
(TNF-α) [113]. While some evidence suggests a potential role of these genetic factors 
in the pathogenesis of peri-implantitis, they are not yet considered clinically action-
able [29].

2.1.5 Keratinized mucosa

There is growing interest in the role of keratinized mucosa (KM) in maintaining 
peri-implant health and ensuring a stable peri-implant soft tissue seal [61]. Clinical 
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studies and systematic reviews suggest that implant sites with a limited width of KM 
(≤ 2 mm) are more prone to plaque accumulation and present higher plaque and 
bleeding on probing scores, indicative of increased peri-implant mucosal inflamma-
tion [114–117]. Notably, the absence of KM has been associated with patient-reported 
brushing discomfort and reduced oral hygiene effectiveness, potentially contributing 
to plaque accumulation and inflammation [118]. Conversely, implants surrounded by 
an adequate band of KM appear to respond more favorably to peri-implant mucositis 
treatment, underlining the role of KM in supporting disease resolution [119].

A recent systematic review reported that implants lacking KM have a 2.78-fold higher 
risk of developing peri-implantitis than those with sufficient KM [120]. However, it 
should be noted that much of the current evidence stems from observational studies with 
inherent limitations, and a direct causal relationship remains under debate. Nonetheless, 
these findings underscore the importance of ensuring an adequate peri-implant soft tissue 
phenotype—including both KM width and mucosal thickness—as part of comprehensive 
strategies to promote long-term peri-implant health.

2.2 Iatrogenic and behavioral factors

2.2.1 Plaque control, oral hygiene and professional supportive peri-implant care

Given the plaque-associated nature of peri-implant disease, poor plaque control 
remains one of the most significant risk factors and predictors for peri-implantitis, 
with studies reporting a 3- to 14-fold increased risk in patients with inadequate plaque 
control [54, 57, 121–124]. While plaque scores indicate an elevated microbial burden, 
the progression to peri-implantitis depends on the host’s inflammatory response, 
highlighting the importance of clinical indicators such as bleeding on probing to 
assess the individual susceptibility [125]. Plaque accumulation is closely linked to oral 
hygiene practices but also to factors affecting accessibility for self-care and the provi-
sion of regular professional maintenance therapy. Clinical studies have demonstrated 
that peri-implantitis occurs more frequently at sites with limited accessibility for 
cleaning compared to well-accessible areas, underscoring the importance of acces-
sibility in prosthetic planning and design [126, 127].

Furthermore, supportive peri-implant care (SPIC) has been shown to significantly 
reduce peri-implantitis incidence from 44 to 18% over 5 years and the necessity for 
associated treatment intervention from 41 to 27% over a ten-year period [78, 128]. 
Importantly, patients adhering to regular SPIC exhibited a sevenfold lower risk of 
developing peri-implantitis compared to non-compliant individuals, underscoring 
the dual benefit of professional biofilm removal and early diagnosis of biological 
complications during recall visits [129]. Likewise, early marginal bone loss around 
implants has been identified as a significant risk indicator for peri-implantitis devel-
opment, making its early detection during maintenance visits crucial for preventive 
intervention [50, 78]. Although not exclusively related to iatrogenic factors or patient 
behavior, effective plaque control remains crucial for reducing the risk of peri-
implantitis. This requires attention from a restorative design, patient education and 
compliance and clinician awareness standpoint [130].

2.2.2 Occlusal overload

Clinical studies indicate a potential correlation between clinical signs of occlusal 
overload and an increased incidence of peri-implantitis [123, 131]. Furthermore, 
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occlusal overload has also been reported to potentially cause peri-implant bone loss 
increasing the susceptibility for peri-implantits [132]. Likewise, bruxism, although 
not directly related to peri-implantitis, has been correlated to a significantly higher 
risk of failure [133, 134].

Systematic reviews remain inconclusive regarding a direct causal relationship 
between occlusal overload and peri-implantitis, as occlusal overload alone does not 
appear to induce peri-implantitis but, conversely, may accelerate bone loss in the 
presence of plaque-induced inflammation [135]. As a result, occlusal overload is 
potentially best considered a modifying rather than a causative factor in peri-implant 
tissue breakdown. In the context of primary prevention, clinicians are advised to 
routinely assess and manage potential malocclusion in implant patients, particularly 
in those displaying elevated risk profiles.

2.3 Implant- and site-specific factors

Implant- and site-specific factors refer to anatomical, surgical and implant-
design-related aspects that may influence a patient’s susceptibility to peri-implantitis 
or modulate the disease’s progression. These factors typically indirectly affect plaque 
accumulation, soft tissue resilience or access for maintenance. Certain aspects—such 
as implant positioning or the emergence profile—originate from clinical decisions 
and may, therefore, be considered iatrogenic. Nevertheless, once established, these 
factors define the long-term anatomical and biomechanical environment in which 
peri-implant disease may develop or progress.

Material- and design-related aspects of implant-borne restorations vary widely 
and include factors such as implant type, surface characteristics, the implant–pros-
thetic connection type, and the contour and type of the prosthetic restoration, all 
potentially having a direct causal or potentially modifying effect on the risk of peri-
implantitis (Figures 5 and 6).

The implant–abutment microcap has long been discussed as a potential reservoir 
for bacterial colonization and a potentially contributing factor to peri-implant 
inflammation and marginal bone loss (Figure 7) [136].

Tissue-level implants and platform-switching concepts relocate the microgap 
away from the marginal bone, thereby reducing or eliminating its direct impact 
on peri-implant tissues [137–141]. Both designs have been demonstrated to reduce 
crestal bone loss compared to platform-matched variants significantly [142, 143]. 

Figure 5. 
Iatrogenic peri-implantitis sites 24 and 25 resulting from inadequate inter-implant distances and prosthetic design 
(on the left clinical image, on the right intraoral radiograph).
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Figure 7. 
Severe peri-implantitis: site 24, risk factor is poor fit between abutment and crown; site 25, presence of 
fenestration. Implant 24 failed: explantation.

Observational studies have further indicated that tissue-level implants may be less 
prone to peri-implantitis [29, 44, 142]. Nevertheless, the influence of implant or 
implant abutment connection types on peri-implantitis, irrespective of subcrestal or 
crestal placement modalities, remains inconclusive [144–147]. Irrespective of the cur-
rent level of evidence, the biological plausibility of certain implant designs—such as 
tissue-level implants—in promoting peri-implant tissue stability remains strong. This 
may justify their preferential use in patients at elevated risk for peri-implant disease 
despite the lack of conclusive supporting data.

The retention mechanism, that is cement as opposed to screw retention, as a 
potential risk factor for peri-implantitis, has also recently gained increasing attention 
[148, 149]. Literature indicates a direct causal association of peri-implantitis with 
subgingival excess cement resulting from incomplete removal during cementation 
[150–154]. Contrarily, literature also appears to suggest that both cement and screw-
retained restorations may yield comparable alveolar bone stability and implant loss in 
the absence of excess cement [146, 155]. Clinicians should carefully consider the type 
and specific design of the retention mechanism depending on various factors, com-
prising the extension, type, location of the cementation margin and any requirements 
for potential future maintenance and removal [152].

Lastly, the type of prosthesis and its contouring are critical determinants of oral 
hygiene accessibility and plaque retention, thereby influencing the risk of developing 

Figure 6. 
Peri-implantitis following implant fracture resulting from insufficient implant diameter as a bridge abutment.
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peri-implantitis. Full-arch restorations, for example, have been associated with a 
16.1-fold increased risk of peri-implantitis compared to single crowns, possibly due 
to, for example, reduced inter-implant spacing compromising cleanability [131, 156]. 
Prosthetic designs that promote plaque accumulation and limit access for hygiene 
with convex emergence profiles and bulky contours in splinted restorations have been 
shown to elevate the risk of peri-implant disease significantly [126, 157, 158]. In some 
cases, over-contoured or bulky restorations may result from suboptimal implant 
positioning, thus representing iatrogenic factors [29, 130]. Clinicians are therefore 
encouraged to implement appropriate measures in anatomically or prosthetically 
challenging cases to prevent the delivery of restorations that may increase the risk for 
future biological complications.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Abstract

Periodontal bone homeostasis relies on dynamic interactions between glucose, 
lipid, and amino acid metabolism in osteoblasts and osteoclasts, regulated by signaling 
hubs like mammalian target of rapamycin (mTOR), 5′-adenosine monophosphate-
activated protein kinase (AMPK), and hypoxia-inducible factor-1α (HIF-1α). 
Osteoblasts use aerobic glycolysis for early differentiation and fatty acid oxidation for 
mineralization, while osteoclasts shift from oxidative phosphorylation to glycolysis for 
resorption. In periodontitis, inflammation impairs osteoblastic glycolysis and mito-
chondrial function, whereas osteoclasts enhance glycolytic and glutamine metabolism 
via protein kinase B (AKT)/mTOR/HIF-1α and reactive oxygen species (ROS), driving 
bone loss. Systemic diseases (e.g., diabetes, hyperlipidemia) exacerbate bone cell 
metabolic dysfunction, linking metabolism to alveolar destruction. Translational 
strategies include periodontal treatment to restore metabolic states and “regenerative 
windows,” and drugs like metformin and statins to promote osteogenesis. Metabolic 
markers (e.g., glucose transporter 1 (GLUT1), lactate) enable personalized regenera-
tive assessment. Future research may focus on mechanistic insights and potential 
interventions to restore structural and metabolic homeostasis in periodontal tissues.

Keywords: periodontal bone homeostasis, metabolic reprogramming, osteoblasts, 
osteoclasts, periodontal disease, metabolic-targeted therapy

1. �Introduction

Periodontal bone homeostasis is fundamental to maintain the integrity and
functionality of periodontal tissues, closely under the regulation of metabolic dynam-
ics of osteogenesis and osteoclastogenesis [1, 2]. Recently, it has been recognized 
that cell metabolism is not only a “background” for energy supply, but an important 
mechanism in regulating cell fate, differentiation, and functional execution [3, 4]. 
Cellular metabolism, including glucose metabolism, lipid metabolism, and amino 
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acid metabolism, exhibits significant dynamic changes during the differentiation 
of osteogenic precursor cells (such as bone marrow mesenchymal stem cells) and 
osteoclastic precursor cells (such as monocyte/macrophage lineages). Cells undergo 
metabolic reprogramming to meet specific demands for energy and biosynthesis, 
thereby maintaining bone homeostasis [5].

As a special bone tissue in the oral environment, the alveolar bone is long-term 
exposed to complex microbial stimuli, hypoxic microenvironments, chronic inflam-
matory responses, and high-frequency mechanical stress (masticatory forces), which 
may lead to characteristic changes in its metabolic dynamics when compared to 
systemic bone tissues [6]. Lactate accumulation, persistent activation of HIF-1α, and 
chronic oxidative stress detected in periodontitis lesions may all interfere with the 
osteoblast-osteoclast balance and bring about metabolic remodeling [7, 8].

This chapter is an overview of how glucose, lipid and amino acid metabolism regu-
late osteogenic and osteoclastic differentiation to maintain periodontal bone homeosta-
sis. The synergistic and compensatory effects among metabolic pathways and related 
signaling pathways (such as mTOR, AMPK, and HIF-1α) will be included in the discus-
sion. Based on these fundamental studies, we will introduce novel metabolic-targeted 
therapeutic strategies for periodontal bone regeneration, including metabolite-based 
drug interventions, metabolic pathway-targeted therapies, and metabolomics-guided 
interventions. This chapter tries to provide readers with theoretical supports and 
potential directions for future individualized and precise periodontal treatments.

2. �The basis of periodontal bone homeostasis

2.1 Key pattern of periodontal bone remodeling

Bone remodeling is a dynamic equilibrium process, relying on the balanced inter-
play between osteoblast-mediated bone formation and osteoclast-driven bone resorp-
tion. This process contributes to maintaining bone mass and structural integrity. 
Osteoclasts originate from hematopoietic precursor cells and form multinucleated 
cells with bone-resorbing capacity through fusion; whereas osteoblasts differentiate 
from mesenchymal stem cells and are responsible for matrix secretion and mineral-
ization. In physiological states, bone formation and bone resorption are in balance, 
ensuring that the alveolar bone can adapt to daily repair and changes in micro-trauma 
and mechanical loading [9]. However, in pathological states, particularly in periodon-
titis, this equilibrium is disrupted, leading to progressive alveolar bone resorption and 
loss of supportive periodontal tissues.

Although the basic cellular composition and remodeling patterns are similar with 
long bones, the alveolar bone exhibits a higher turnover rate and is closely associated 
with teeth and periodontal tissues. The alveolar bone is more susceptible to oral infec-
tions and mechanical stimuli, thus the remodeling mechanism is more complicated 
[2, 10]. (1) The alveolar bone endures cyclic mechanical loading from masticatory 
forces, which locally induces bone remodeling to meet functional demands. (2) The 
bone surface can be affected with dental plaque microbiome, thus suffering from 
continuous influences from microbial communities and their metabolites. (3) Under 
pathological conditions such as periodontitis, chronic inflammation triggered by 
bacterial infections can disrupt the balance between bone resorption and formation 
by locally secreting abundant inflammatory cytokines (e.g., tumor necrosis factor-α 
(TNF-α) and interleukin-1 beta (IL-1β)), which promote osteoclastogenesis and 
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inhibit osteoblastic function [11]. This imbalance exacerbates alveolar bone resorp-
tion and undermines tooth support.

Therefore, compared with systemic bone biology, the dynamics of periodontal 
bone are more active and vulnerable due to its microbial, inflammatory, and mechani-
cal microenvironments. This unique biological pressure serves as a key pathological 
basis for periodontal disease progression.

2.2 Metabolic demand of periodontal bone

Processes, such as cell differentiation, migration, matrix synthesis, and bone 
resorption, are all highly energy-dependent biological activities. The metabolic 
systems provide energy and metabolic intermediates for the differentiation and 
functional activities of osteocytes [12]. In mature osteoblasts, aerobic glycolysis 
accounts for approximately 80% of adenosine triphosphate (ATP) production, which 
enables a rapid generation of ATP and a stable supply of synthetic precursors such 
as lactate and metabolic intermediates. Glycolysis also maintains the NAD+/NADH 
(nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide + hydrogen) 
balance to meet the demand for collagen and non-collagen protein synthesis [13]. 
In the latter phase of differentiation, fatty acid oxidation and mitochondrial genes 
are upregulated to sustain the continuous energy supply required for the long-term 
mineralization. Additionally, glutamine metabolism plays a key role in osteogenesis 
by replenishing tricarboxylic acid (TCA) cycle intermediates through α-ketoglutaric 
acid and maintaining redox balance via NADPH (nicotinamide adenine dinucleotide 
phosphate) production, thereby enhancing cellular tolerance to oxidative stress [14].

Osteoclasts exhibit phase-specific metabolic characteristics during differentiation 
and functioning. In the early phase of differentiation, osteoclasts gradually enhance 
oxidative phosphorylation to support cell expansion, fusion, and bone surface 
attachment until the formation of multinucleated, mitochondria-rich mature osteo-
clasts [15]. Conversely, mature osteoclasts show a significant glycolytic preference 
during active bone resorption, with upregulated expression of lactate dehydrogenase 
A (LDHA) and monocarboxylate transporter 4 (MCT4), leading to a significant 
increase in intra- and extracellular lactate levels [16, 17]. This switch in metabolic 
patterns is crucial for maintaining osteoclastic functional integrity.

In pathological conditions such as periodontitis, Pg-LPS (Porphyromonas gingivalis 
lipopolysaccharide) triggers ROS production and inflammatory cascades in periodon-
tium, exposing osteocytes to a complex microenvironment characterized by hypoxia, 
hyper-inflammation, and nutrient restriction [18]. Inflammatory cytokines and ROS 
disrupt glycolysis and mitochondrial function in osteoblasts, inducing metabolic 
dysfunction and apoptosis. In contrast, osteoclasts maintain their resorptive function 
and survival advantage through metabolic reprogramming, enhancing glycolysis and 
glutamine uptake. This asymmetric change in bone metabolic adaptation serves as a 
critical basis for the imbalance in periodontal bone remodeling.

3. �Metabolic characteristics in bone formation

3.1 Glucose metabolism in osteogenesis

Glucose metabolism exerts a critical regulatory role in the differentiation process 
of osteoprogenitor cells by providing both energy and biosynthetic precursors. 
215



Periodontics and Implants – Contemporary Scientific and Clinical Perspective

4

Studies indicate that osteoblasts significantly enhance aerobic glycolysis during the 
early differentiation stage, even under aerobic conditions. Approximately 80% of 
adenosine triphosphate (ATP) is generated via glycolysis, rather than mitochondrial 
oxidative phosphorylation [13]. This “glycolytic bias” not only provides ATP more 
rapidly but also supplies essential precursors and reducing equivalents for cell func-
tions such as collagen synthesis [13]. Glucose metabolites, such as pyruvate, enter 
the tricarboxylic acid (TCA) cycle to generate intermediates (e.g., α-ketoglutarate 
(α-KG), citric acid), which participate in energy metabolism and the biosynthesis of 
lipids and amino acids, thereby supporting the functional development of osteoblasts.

Multiple key signaling pathways have been validated to regulate glucose meta-
bolic reprogramming during osteogenic differentiation. The Wnt (wingless-related 
integration site) signaling pathway upregulates the expression of glucose transport-
ers (e.g., GLUT1) and key glycolytic enzymes (e.g., hexokinase 2 (HK2)) through 
β-catenin-dependent mechanisms, promoting glucose uptake and glycolytic activity 
in osteoblasts and enhancing their osteogenic potential [19–21]. Parathyroid hormone 
(PTH) indirectly stimulates glycolytic flux via the cyclic adenosine 3,5-monophos-
phate (cAMP)/protein kinase A (PKA) pathway while inducing insulin-like growth 
factor 1 (IGF-1) expression, further amplifying the activity of the phosphoinositide-
3-kinase (PI3K)-protein kinase B (Akt)-mTOR signaling axis to promote osteoblast 
proliferation and matrix secretion [22]. IGF-1 itself facilitates osteoblast proliferation, 
glucose metabolism, and differentiation via the Akt pathway, playing a pivotal role in 
maintaining bone homeostasis [23].

In the periodontal microenvironment, chronic inflammation leads to significant 
elevations in local hypoxia and oxidative stress, disrupting the normal glycolysis-
oxidative phosphorylation balance in osteoblasts [24]. Persistent oxidative stress from 
chronic inflammation causes mitochondrial dysfunction, inhibiting the metabolic 
utilization efficiency of glucose in osteoblasts. Meanwhile, tumor necrosis factor-α 
(TNF-α) suppresses the osteogenic transcription factor such as runt-related transcrip-
tion factor 2 (Runx2) by upregulating micro RNA 23b (miR-23b) expression, thereby 
interfering with osteogenic differentiation. Collectively, local metabolic dysfunction 
combined with downregulated osteogenic signaling ultimately results in impaired 
periodontal bone formation and exacerbated disruption of bone homeostasis [25].

3.2 Lipid metabolism in osteogenesis

Osteoblasts exhibit a high dependency on lipid metabolism, particularly fatty 
acid β-oxidation, in differentiation and function [26]. Lipid metabolism enables 
the energy supply and microenvironmental adaptation needed for bone formation. 
When differentiation progresses, osteoblasts enhance fatty acid uptake and oxida-
tion to replenish tricarboxylic acid (TCA) cycle and maintain high-level energy 
supply [27]. Fatty acid β-oxidation not only provides adenosine triphosphate (ATP) 
for cells, but also regulates nicotinamide adenine dinucleotide (NAD+) levels through 
sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor-γ coactivator 1α 
(PGC-1α), sustaining mitochondrial function and antioxidant capacity [27]. Studies 
showed that the Wnt signaling pathway not only participates in osteogenic differen-
tiation, but also activates fatty acid oxidation (including the regulation of carnitine 
palmitoyltransferase 1A, CPT1A) to meet the metabolic demands of osteocytes to 
support osteoblastic metabolic activity [21].

Beyond energy metabolism, some lipid molecules directly engage in osteogenic 
signal regulation [26]. Phospholipids, critical for cell membrane structure and signal 
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transduction, regulate osteoblastic functions such as secretion and polarization [28]. 
Gangliosides like monosialotetrahexosylganglioside (GM1), by accumulating in lipid 
raft regions, modulate the membrane localization and activity of osteogenic signaling 
receptors (e.g., fibroblast growth factor [FGF], bone morphogenetic protein [BMP] 
receptors), thereby accelerating osteogenic gene expression and differentiation. 
Upregulation of gangliosides has been confirmed to correlate closely with the activa-
tion of osteogenic transcription factors such as Runx2 [21].

Lipid metabolism is perturbed by inflammation when periodontitis occurs. Oxidative 
stress disrupts fatty acid metabolism and impairs mitochondrial β-oxidation function, 
thereby weakening the energy supply and antioxidant capacity of osteoblasts [29]. 
Simultaneously, the accumulation of peroxidized lipid products in inflamed microen-
vironments damages mitochondrial function in osteoprogenitor cells and induces cell 
apoptosis. The changes of lipid metabolism in periodontitis suppress differentiation and 
bone-forming activity, which further destabilizes periodontal bone homeostasis [30].

3.3 Amino acid metabolism in osteogenesis

Amino acid metabolism not only serves as the foundation for protein synthesis but 
also plays critical roles in maintaining energy metabolism, redox balance, and epigen-
etic regulation during osteoblast differentiation. Among these amino acids, glutami-
nolysis stands out as particularly important. Glutamine transporters (e.g., solute carrier 
family 1 member 5 (SLC1A5)) are highly expressed in osteoblasts and responsible for 
encoding amino acid transporters to uptake glutamine. In osteogenic differentiation, 
osteoprogenitor cells upregulate SLC1A5 to support the production of glutamate and 
α-ketoglutarate, thereby meeting the energy and biosynthetic demands of bone dif-
ferentiation [31, 32]. Glutaminolysis also generates NADPH via the TCA cycle and its 
ancillary pathways, bolstering the antioxidant defense system of osteoblasts, maintain-
ing redox balance, and promoting their survival and functional execution [14].

Additionally, certain non-essential amino acids (e.g., aspartate, arginine) play 
auxiliary roles in osteogenic differentiation. Aspartate acts as a TCA cycle anaplerotic 
substrate, promoting metabolic flux, whereas arginine activates the expression of 
osteogenesis-related transcription factors such as Runx2 via the nitric oxide synthase 
pathway, enhancing osteogenic activity [31, 33].

Chronic inflammation and hypoxia significantly perturb the amino acid metabolic 
network of osteoblasts. At the local site of periodontitis lesions, sustained high levels 
of oxidative stress inhibit glutamine transport and catabolism efficiency, suppressing 
α-ketoglutarate synthesis and TCA cycle activity. This metabolic disorder restricts cel-
lular ATP production and disrupts the balance between bone resorption and forma-
tion, exacerbating periodontal tissue destruction [29].

4. �Metabolic characteristics in bone resorption

4.1 Glucose metabolism in osteoclastogenesis

Osteoclasts undergo remarkable glucose metabolic remodeling during differentia-
tion. Early osteoclast precursors mainly rely on mitochondrial oxidative phosphory-
lation (OXPHOS) to provide energy for cell fusion and maturation. However, as 
differentiation progresses, mature osteoclasts shift to a glycolysis-dominated energy 
production mode. Glycolysis not only provides rapid cell energy but also enhances the 
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expression of receptor activator of nuclear factor-kappa B (NF-κB) ligand (RANKL) 
and lactate production [34]. The increased lactate production by osteoclasts contrib-
utes to inducing acidification of the surrounding microenvironment, thereby pro-
moting bone resorption [20]. This metabolic switch is governed by the AKT/mTOR/
HIF-1α pathway: RANKL activates HIF-1α via the AKT/mTOR pathway and thereby 
upregulates the expression of glycolytic enzymes (e.g., LDHA, HK2) and GLUT1, 
significantly enhancing glucose uptake and lactate production [35–37].

Beyond the AKT/mTOR/HIF-1α axis, osteoclastic metabolic reprogramming is 
synergistically regulated by multiple auxiliary signaling pathways. The RANKL-
NFATc1 (Nuclear Factor of Activated T cells 1) pathway also plays a role in osteoclastic 
metabolic regulation. As a key transcription factor downstream of the RANKL 
pathway, NFATc1 regulates osteoclast-specific gene expression and promotes the tran-
scriptional activity of metabolic genes [38, 39]. The Myc signaling pathway is acti-
vated in early osteoclast precursors, promoting glycolysis and glutamine metabolism 
to support the high-energy demands of osteoclastogenesis [40]. Additionally, reactive 
oxygen species (ROS), as byproducts of oxidative stress, function as intracellular 
signaling molecules in osteoclasts to amplify glycolytic flux, thereby enabling cells to 
sustain activity under hypoxic and high-inflammatory microenvironments [29].

Within the periodontitis microenvironment, chronic hypoxia and inflammatory 
stimuli synergistically augment the glycolytic dependence of osteoclasts [3, 20]. 
Sustained activation of HIF-1α induces the expression of glycolytic enzymes, such as 
GLUT1, HK2, and LDHA, promoting lactate accumulation. Concomitantly, the genera-
tion of ROS and activation of the advanced glycation end products (AGEs)-RAGE 
(the receptor for advanced glycation end products) pathway increase metabolic load, 
enabling osteoclasts to maintain efficient bone resorption in inflammatory environ-
ments. Collectively, the AKT/mTOR/HIF-1α pathway serves as the regulatory core for 
glucose metabolic reprogramming in osteoclasts, while its interactive crosstalk with 
NFATc1, Myc, and ROS signaling pathways collectively orchestrates the metabolic 
remodeling process. These signaling pathways jointly establish the metabolic basis for 
enhanced osteoclastic activity and aggravated bone loss in periodontitis lesions [35, 37].

4.2 Lipid metabolism in osteoclastogenesis

Osteoclastic differentiation and its functioning are highly dependent on lipid 
metabolism. Early in differentiation, osteoclast precursors rely on fatty acid oxidation 
for energy to facilitate multinuclear fusion and cell maturation [41]. During active 
bone resorption by osteoclasts, lipid metabolites modulate plasma membrane lipid 
rafts, vesicle trafficking systems, and osteoclastic secretion. These lipid metabolites 
facilitate the precise localization of proton-translocating adenosine triphosphatase 
(H+-ATPase) and efficient deployment of osteolytic enzymes in osteoclasts [42].

Cholesterol and its oxidized derivatives play unique roles in osteoclastic metabo-
lism. Physiological cholesterol levels facilitate proper lipid structural remodeling 
during precursor cell fusion, a pivotal step in multinucleated osteoclastogenesis [43]. 
However, when hyperlipidemia or chronic inflammation occurs, excessive cholesterol 
and its oxidation products significantly increase osteoclast number and bone resorp-
tive activity, and trigger cholesterol-sensing pathways (liver X receptor (LXR)/cluster 
of differentiation 36 (CD36), etc.) to induce bone loss [44, 45]. The main cholesterol 
oxidation product, oxidized low-density lipoprotein (OxLDL), elevates reactive 
oxygen species (ROS) in osteoclasts and activates inflammation-related pathways 
such as NF-κB. This process upregulates tartrate-resistant acid phosphatase (TRAP) 
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and osteolytic enzyme expression, thereby enhancing osteoclastic activity [46]. 
Additionally, excess lipids promote osteoclastic metabolic flux and osteoclastogenetic 
programs by activating ROS production, thereby augmenting bone resorptive effi-
ciency [41, 44].

Dysregulated lipid metabolism has been identified as a critical bridge connecting 
metabolic disorders (e.g., hyperlipidemia, diabetes) and periodontal tissue destruc-
tion [47]. When periodontitis occurs, osteocytes under hyperlipidemic conditions 
exhibit heightened sensitivity to lipid stimuli, synergizing with inflammatory factors 
to promote osteoclast activation—a converging pathway linking metabolic diseases 
and periodontal bone loss. Local lipid accumulation not only increases osteoclast 
numbers, but also accelerates alveolar bone resorption by disrupting the osteoblast-
osteoclast coupling balance [48].

4.3 Amino acid metabolism in osteoclastogenesis

Osteoclastogenesis is dependent on amino acid metabolism, particularly the regula-
tion of glutamine metabolism, during cell differentiation and functional maturation. 
Early osteoclast precursors maintain an active TCA cycle by increasing glutamine 
uptake, meeting the demands of energy and metabolic intermediates for cell fusion, 
proliferation, and initial functional formation [49, 50]. Elevated GLS (glutaminase) 
activity not only supports energy supply, but also drives osteoclastic metabolic repro-
gramming and maturation by regulating mammalian target of rapamycin complex 1 
(mTORC1) signaling [50]. As a central amino acid-sensing hub, mTORC1 promotes 
protein synthesis and cellular proliferation in the early differentiation stage of osteo-
clasts. Meanwhile, its activity attenuated during osteoclast fusion and maturation to 
enable multinuclear formation and the establishment of osteolytic functionality [51].

Beyond glutamine, other amino acids such as leucine and serine serve as cofac-
tors in osteoclastic metabolism. Leucine directly activates the mTORC1 pathway 
to enhance osteoclast precursor proliferation, while serine metabolites are closely 
associated with nucleic acid synthesis and methylation, exerting positive effects on 
osteoclast division and metabolic regulation [50, 52, 53].

Osteoclasts exhibit enhanced dependence on amino acid metabolism in periodontitis. 
Chronic inflammation increases local metabolic stress, with elevated expression of 
inflammatory cytokines such as granulocyte colony-stimulating factor (G-CSF). Under 
high metabolic load, G-CSF induces activation of glutamine metabolism to promote TCA 
cycle-driven energy production. The enhanced energy production supports continuous 
bone resorption of osteoclasts in the inflamed periodontal microenvironment [54, 55]. 
Moreover, inflammation-associated molecules (e.g., TNF-α, IL-1β) participate in amino 
acid metabolism by upregulating mTORC1 and its downstream effectors, thereby ampli-
fying osteoclastic metabolic activity and accelerating alveolar bone loss [56].

5. �Metabolic synergy and signal integration in periodontal bone

5.1 Interactions and compensation of metabolic pathways

The cells in bone do not rely on any single metabolic pathway, but maintain 
physiological functions through the interplay and compensation of three major 
metabolic systems: glycolysis, fatty acid β-oxidation, and amino acid metabolism 
[12, 14]. Glucose metabolism supports cellular biosynthesis by providing rapid energy 
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and metabolic intermediates. When glycolysis is constrained, osteoblasts sustain 
ATP production and metabolic activity by activating fatty acid oxidation pathways 
(e.g., CPT1A) [27, 57]. Amino acid metabolism replenishes TCA cycle intermedi-
ates (e.g., α-ketoglutarate), serving as a bridge in carbon source and energy supply 
[58]. Glucose, lipids, and amino acids are not metabolically independent but exhibit 
coordinated compensation. For instance, glycolytic end products (e.g., pyruvate) can 
enter the TCA cycle or serve as precursors for fatty acid synthesis. Under low-glucose 
conditions, lipid and amino acid metabolism provide metabolic intermediates to 
sustain cellular viability.

During different stages of differentiation and functional activity, osteoblasts face 
diverse energy and biosynthetic demands, which necessitate synergistic regulation 
and stage-specific transitions of metabolic pathways. During periods of vigor-
ous proliferation and matrix synthesis, aerobic glycolysis is markedly activated, 
enabling rapid production of matrix proteins and supply of energy and synthetic 
precursors. Under nutrient-limiting conditions (e.g., glucose deprivation), osteo-
blasts mobilize fatty acids stored in lipid droplets and generate energy via fatty acid 
β-oxidation [59]. The osteoblast survival and functional stability are ensured by 
enhanced glutamine metabolism, replenishing energy and producing NADPH to 
reinforce the antioxidant system.

In contrast, osteoclasts rely on fatty acid oxidation and the TCA cycle for energy 
in early differentiation phase, but shift to glycolysis for rapid lactic acid production 
upon maturation to meet the high metabolic demands of bone resorption [36]. During 
pathway transitions, osteoclasts maintain dynamic balance of energy and metabolic 
intermediates by flexibly regulating substrate utilization.

This interaction and stage-specific reprogramming of metabolic pathways in 
osteoblasts and osteoclasts form a critical metabolic basis for their adaptive response to 
functional changes and maintenance of bone homeostasis. Inflammation and hypoxia 
often disrupt certain metabolic pathways during periodontitis, thereby forcing cells in 
periodontium to rely on metabolic compensation and synergy for survival and func-
tion. For example, osteoblasts upregulate fatty acid oxidation to sustain energy supply 
when glycolysis is impaired, while osteoclasts adapt to hypoxic and pro-inflammatory 
conditions by replenishing the TCA cycle through glutamine metabolism [60, 61]. 
Such metabolic synergy and compensation represent essential adaptive strategies of 
osteoblasts and osteoclasts to extreme microenvironmental stress.

5.2 Integration nodes of signaling pathways in bone metabolism

The dynamic regulation of bone metabolism relies on the integration and precise 
coordination of multiple signaling pathways. As sensors of nutrient, oxygen, and 
energy status, the protein mTOR, HIF-1α, and AMPK, respectively, orchestrate 
autophagy, metabolism, inflammation, and bone turnover in osteoblasts and osteo-
clasts, serving as core hubs of metabolic control [62, 63]. mTORC1 (mammalian 
target of rapamycin complex 1) senses amino acid, glucose, and fatty acid availability 
in osteocytes, and regulates cell growth, protein synthesis, and metabolic reprogram-
ming [64]. During osteoblast differentiation, mTORC1 promotes glycolysis, fatty 
acid oxidation, and expression of osteogenic genes. In early osteoclast differentiation, 
mTORC1 is essential for sustaining energy supply and fusion capacity, whereas sup-
pression of mTORC1 in mature osteoclasts enhances bone resorptive function.

HIF-1α (hypoxia-inducible factor-1α), a main regulator of oxygen homeostasis, 
elevates GLUT1 and VEGF (vascular endothelial growth factor) expression in 
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osteoblasts, enhancing glycolysis and angiogenesis to support osteogenic remodeling 
[65]. Osteoclasts rely on HIF-1α to upregulate GLUT1 and key glycolytic enzymes 
under hypoxic conditions. During chronic inflammation, acute HIF-1α activation 
responds to the energy demands. However, the accumulated HIF-1α exacerbates bone 
loss and leads to a chronic inflammation-induced bone destruction [66].

AMPK (5′-adenosine monophosphate-activated protein kinase), an energy sensor, 
inhibits mTORC1 activity during energy deficit to promote fatty acid oxidation and 
autophagy, maintaining metabolic homeostasis [67]. In osteoblasts, AMPK activation 
not only initiates autophagy but also suppresses mTORC1-dependent inflamma-
tion, supporting mitochondrial function and fatty acid oxidation to ensure survival 
under inflammatory and nutrient-deprived conditions [62, 63]. Conversely, AMPK 
activation in osteoclasts suppresses differentiation by attenuating mTORC1 signaling, 
implying potential antiresorptive effects on bone [68].

ROS (reactive oxygen species), as oxidative stress signals, play dual roles in bone 
metabolic regulation. Moderate ROS level facilitates RANKL-induced osteoclast 
differentiation, whereas excessive ROS in inflamed environments like periodontitis 
disrupts osteoblast metabolism and function [38, 69].

In the periodontal microenvironment, the interplay of these signaling pathways dic-
tates the metabolic choices and functional fates of cells. Under chronic inflammation, 
excessive HIF-1α activation, persistent mTORC1 signaling, and diminished AMPK 
activity collectively establish an osteoclast-predominant metabolic milieu, accelerat-
ing alveolar bone resorption [7, 70, 71]. Targeted modulation of signaling hubs such as 
mTORC1, HIF-1α, and AMPK may restore osteogenesis-osteoclastogenesis balance and 
enable precise reprogramming of bone metabolic pathways, facilitating the develop-
ment of efficient and personalized clinical paradigms for periodontal therapy.

5.3 Metabolic coordination in cellular function

Upon entering the functional execution phase, the bone cells undergo dynamic 
metabolic adaptations to meet persistent functional demands [72]. The cell function 
includes robust matrix secretion and mineralization by osteoblasts, as well as efficient 
bone resorption by osteoclasts. During this stage, bone metabolism exhibits highly 
complex coordination and adjustment to sustain high-energy and high-throughput 
functional requirements.

Osteoblasts maintain sustained aerobic glycolysis during matrix synthesis and 
mineralization to provide rapid energy and synthetic substrates. Concurrently, 
enhanced fatty acid oxidation ensures protein synthesis, mitochondrial function, 
and membrane system stability—critical for prolonged energy supply in osteoblasts 
[27, 73]. Glutamine metabolism supports redox balance via NADPH production at 
this stage, reinforcing antioxidant system stability and maintaining an intracellular 
environment conducive to sustained secretory function [57]. In pathological condi-
tions such as periodontitis, these metabolic pathways are suppressed, weakening 
osteoblastic matrix synthesis and reducing mineralization efficiency.

Osteoclasts derive energy from glycolysis during bone resorption, rapidly produc-
ing lactic acid to maintain an acidic microenvironment for bone resorption [36]. 
This metabolic profile not only promotes osteolytic enzyme activity and bone matrix 
degradation, but also stabilizes pH homeostasis for osteoclast function. Mature 
osteoclasts exhibit persistent demand for substrates like glutamine to sustain the TCA 
cycle, supporting mitochondrial energy metabolism under inflammatory and meta-
bolic stress [41]. Chronic inflammatory stimuli heighten osteoclasts’ sensitivity to 
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signals such as HIF-1α and ROS, thereby amplifying metabolic activity and sustaining 
prolonged excessive bone resorption.

The metabolic profiles of osteoblasts and osteoclasts during the functional phase 
reflect profound task-specific adaptations and energy strategy divergence: the 
former prioritizes anabolic metabolism and mitochondrial homeostasis, while the 
latter emphasizes rapid energy production and microenvironmental remodeling. 
Periodontitis disrupts this balance by aberrantly regulating osteocyte secretion of 
RANKL and sclerostin, thereby promoting bone resorption and inhibiting forma-
tion [74]. Elucidating the bone metabolic adaptation mechanisms during functional 
phases can help clinical decisions on intervention timing, drug window selection, and 
local microenvironment optimization.

6. �Effects of local and systemic diseases on periodontal bone homeostasis

6.1 Periodontal metabolic alterations in local inflammation

In periodontitis lesions, persistent colonization of Gram-negative bacteria and 
their endotoxins within the gingival crevicular fluid and root surface microenviron-
ment triggers sustained RANKL secretion and other pro-inflammatory mediators 
[75]. Infiltrating immune cells (neutrophils, macrophages, T cells) release high levels 
of IL-1β and TNF-α [29, 76], which not only drive immune activation but directly 
disrupt osteocyte metabolic pathways, mediating metabolic reprogramming and 
impairing osteoblast-osteoclast balance.

In osteoblasts, TNF-α and IL-1β inhibit metabolic activity and differentiation 
via NF-κB/MAPK signaling, downregulating the downstream Runx2, alkaline 
phosphatase (ALP), and GLUT1 expression [29]. This disrupts glycolytic function, 
mitochondrial membrane potential, and ROS clearance [77]. Concomitant reduction 
in glutamine metabolism impairs TCA cycle flux and antioxidant defenses, leading to 
diminished matrix deposition and mineralization efficiency.

Osteoclasts, in contrast, gain a metabolic advantage under inflammatory condi-
tions. Inflammatory cytokines can promote the expression of receptor activator of 
nuclear factor-kappa B (NF-κB) ligand (RANKL), enhance the expression of its 
downstream hypoxia-inducible factor-1α (HIF-1α), and elevate the RANKL/osteo-
protegerin (OPG) ratio in gingival fibroblasts [78, 79]. This significantly promotes 
osteoclast differentiation in vitro, further upregulating their glycolytic activity 
and bone resorption capacity. Lactate, a glycolytic product, not only provides rapid 
energy but also helps create an acidic environment in the resorption lacunae, enhanc-
ing the efficiency of bone dissolution. Meanwhile, inflammation-induced elevation 
of reactive oxygen species (ROS) forms a positive feedback loop, promoting the 
continuous increase in metabolic activity and maintaining the high-functional state 
of osteoclasts under inflammatory conditions. In the local inflammatory environ-
ment, this dynamic imbalance of “inhibition of osteogenic metabolism—activation of 
osteoclastic metabolism” constitutes the core mechanism of continuous alveolar bone 
destruction.

Studies support the metabolic change in periodontitis: in patients with severe 
periodontitis, the levels of RANKL and interleukin-1 beta (IL-1β) are significantly 
elevated, while OPG expression is downregulated, indicating enhanced osteoclas-
togenesis and suppressed osteogenesis [80]. While periodontal treatment can effec-
tively manage inflammation, it is incapable of fully reinstating the mitochondrial 
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enzyme activity and restoring osteogenic metabolism within periodontal tissues [81]. 
Therefore, periodontal treatment should not only focus on inflammation control, but 
also concentrate on reestablishing metabolic equilibrium and restoring the metabolic 
adaptation and functional potential of the bone cells.

6.2 Periodontal metabolic alterations in systemic diseases

In addition to local inflammatory factors, periodontal disease is associated with 
a variety of systemic diseases, including diabetes and obesity [82]. Diseases such as 
diabetes, hyperlipidemia, and osteoporosis influence the energy supply, signal trans-
duction, and functional stability of bone cells through chronic metabolic disorders. 
This leads to reduced responsiveness to periodontal treatment and compromised 
regenerative capacity, contributing to insufficient bone filling in refractory periodon-
tal disease.

In the periodontal tissues of patients with diabetes, there is a continuous accumu-
lation of advanced glycation end products (AGEs) and downregulation of sirtuin 3 
(SIRT3). This change in diabetes results in mitochondrial dysfunction and decreased 
osteogenic differentiation ability, indicating oxidative damage related to high blood 
glucose [83]. Research indicates that under diabetic conditions, the expression of 
metabolic regulators such as glucose transporter 1 (GLUT1) generally declines, while 
reactive oxygen species (ROS) continuously accumulate. The low GLUT1 and high 
ROS together present a dual impairment of insufficient energy supply and oxidative 
damage in bone cells [84, 85]. Moreover, high glucose, inflammation, and HIF-1α 
activation induce gene expression change: an increase of RANKL, interleukin-1 
beta (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), monocyte chemoattractant 
protein-1 (MCP-1), interleukin-10 (IL-10), and a decrease of osteoprotegerin (OPG). 
This bone-related gene expression pattern is an important mechanism for osteoclast 
activation [86, 87]. Clinically, the common occurrence of incomplete bone filling and 
poor treatment response in periodontal regenerative therapy for patients with diabe-
tes are attributed to their metabolic dysfunction.

Another common metabolic disorder, hyperlipidemia, affects periodontal bone 
metabolism mainly through lipotoxicity and cholesterol accumulation [88, 89]. 
Oxidized low-density lipoprotein (OxLDL) binds to Toll-like receptor 4 (TLR4) to 
activate the nuclear factor-kappa B (NF-κB) pathway in osteoclasts, thereby triggering 
the CD36-TLR4-TLR6 (Toll-like receptor 6) inflammatory response. These molecules 
induce the TLR4 inflammatory response through MyD88 (myeloid differentiation pri-
mary response 88)-dependent and/or MyD88-independent pathways, promoting the 
expression of NF-κB and enhancing osteoclast fusion and resorption functions [90]. 
Regarding osteoblasts, OxLDL can be internalized by osteoblasts but not degraded. 
At high concentrations, OxLDL can lead to a decrease in osteoblast viability and 
lysosomal membrane damage, and even cause cell death [91]. Some animal experi-
ments have found that the alveolar bone loss in mice fed a high-fat diet is significantly 
higher than that in the low-fat diet group, suggesting that abnormal lipid metabolism 
significantly reduces the effectiveness of periodontal bone repair [92, 93].

In patients with osteoporosis, due to systemic estrogen decline and reduced energy 
metabolism capacity, the overall metabolic level of bone cells is weakened [94]. The 
decreased activities of SIRT1 and AMPK limit mitochondrial biogenesis, render-
ing osteoblasts less responsive to regenerative signals. Meanwhile, in the absence 
of hormonal inhibition, the metabolic activity of osteoclasts is relatively enhanced, 
amplifying the bone resorption [95, 96]. In either elderly women or menopausal 
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women, this metabolic background makes them a high-risk group for periodontal 
bone regeneration. Thus, combined metabolic assessment and adjuvant therapies are 
required to enhance the regenerative response.

Currently, an increasing number of researchers advocate for metabolic assessment 
as a routine pre-evaluation step in periodontal regenerative treatment. Through the 
detection of metabolic markers and individual nutritional assessment, preoperative 
classification of metabolic status can be achieved for individualized periodontal 
treatment. For patients with metabolic abnormalities, a combination of systemic 
metabolic treatment and periodontal treatment can be considered. This approach 
restores the osteogenic metabolic basis and improves the efficiency of alveolar bone 
regeneration.

7. �Translational medicine: Metabolic-targeted strategies for periodontal 
treatment

The therapeutic goal of periodontitis extends beyond inflammation control and 
prevention of alveolar bone resorption; it aims to reconstruct the structural and 
functional integrity of periodontal tissues. With deeper insights into the metabolic 
mechanisms of bone cells, metabolic regulation has emerged as a novel target for 
periodontal regeneration. Unlike traditional approaches focusing solely on “struc-
tural repair, “ metabolic interventions emphasize cellular functional states, micro-
environmental plasticity, and personalized adaptability. In recent research, growing 
attention has been paid to the metabolic alterations after non-surgical periodontal 
therapy [8, 97]. Meanwhile, metabolic-targeted drugs and other metabolism-related 
interventions have been applied to repair bone defects in periodontitis, establishing 
a translational pathway that integrates metabolism and regeneration.

7.1 Metabolic regulation of periodontal treatment

Periodontal treatment is used to target the removal of dental plaque and the 
suppression of inflammation, but recent studies have gradually revealed its profound 
regulatory effects on bone metabolism. In periodontitis lesions, bone cells often 
exhibit functional imbalance: osteoblasts show decreased glycolytic capacity, mito-
chondrial damage, and reactive oxygen species (ROS) accumulation; while osteoclasts 
display a “metabolic advantage” characterized by increased glycolytic flux and 
enhanced bone resorption ability. Periodontal treatment helps in the restoration of 
cellular metabolic states by mechanically eliminating infection sources and reducing 
the burden of inflammatory cytokines. Both clinical and animal studies supported 
that the expressions of RANKL and OPG decreased in gingival tissues after peri-
odontal treatment, indicating a reduction in the activity of bone resorption [98]. For 
patients with diabetes and periodontitis, scaling and root planing (SRP) significantly 
improves periodontal index and glycated hemoglobin (HbA1c) levels. SRP continu-
ously regulates the expressions of inflammatory and osteoclastic factors within 
12 months afterwards [99, 100].

The metabolic significance of periodontal treatment is not only limited to “repair” 
but also embodies a “prospective” role: it establishes a window of metabolic adapt-
ability for regeneration. Studies indicate that within 4 weeks after non-surgical 
treatment, levels of IL-1β, IL-8, and matrix metalloproteinase-8 (MMP-8) in gingival 
crevicular fluid decrease significantly. This suggests a gradual restoration of cellular 
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glycolysis, glutamine metabolism, and matrix synthesis programs in the periodontal 
microenvironment [101]. This timepoint can be considered as an optimal node for 
implanting bone substitute materials or initiating other regenerative interventions. 
Thus, periodontal treatment should be regarded as a “metabolic pre-conditioning” 
step, as it not only reconstructs the cellular environment but also influences the 
entire regenerative cascade. It is possible that detecting metabolic markers in gingival 
crevicular fluid or saliva can serve as an indicator to determine whether periodontal 
tissues have entered a “regenerative sensitive phase” in the future.

Despite that periodontal treatment can partially alleviate inflammation-induced 
metabolic inhibition, it is incapable of completely reestablishing bone metabolic 
homeostasis. Multiple studies have demonstrated that the recovery of inflamma-
tory regulators (matrix metalloproteinase-1 (MMP-1), etc.) and osteogenic proteins 
(osteopontin (OPN), etc.) before and after SRP remains limited. Osteoblasts continue 
to exhibit metabolic stress and impaired differentiation [102, 103], particularly 
in high-risk populations (e.g., patients with diabetes, elderly patients, or patients 
with severe bone resorption), where periodontal treatment alone cannot satisfy the 
metabolic requisites for bone regeneration. Consequently, adjuvant strategies like 
local metabolic regulatory agents (e.g., AMPK activators, α-KG supplements) have 
emerged as necessary approaches. By optimizing cellular activity and metabolic 
signaling responsiveness, these strategies can significantly enhance regenerative 
efficiency and tissue reconstruction quality.

Therefore, periodontal treatment is not only the starting point for inflammation 
control but also a critical window for metabolic reconstruction. Integrating peri-
odontal treatment into the entire regenerative intervention and collaborating with 
metabolic strategies represent a fundamental transition from “anti-inflammation” to 
“homeostatic regeneration.”

7.2 Metabolite-targeted drug therapy for periodontal diseases

Metabolic regulatory drugs were initially applied to systemic diseases (e.g., 
diabetes, osteoporosis), but their potential in treating periodontitis-related bone 
resorption is being increasingly explored. Signaling pathways such as AMPK, mTOR, 
HIF-1α, and SIRT1 serve as core metabolic regulatory axes, governing glycolysis, fatty 
acid oxidation, and antioxidant systems in osteoblasts, while also participating in 
osteoclast function regulation [104, 105].

Metformin, a classic AMPK activator widely used in patients with diabetic peri-
odontitis, has recently been demonstrated to improve alveolar bone metabolic sta-
tus through local administration. Researches show that metformin promotes [18F] 
fluorodeoxyglucose ([18F]FDG) uptake in osteoblasts, enhances GLUT1 expression 
in a dose-dependent manner, and strengthens bone formation. Concurrently, it 
inhibits mTOR-NF-κB activity in osteoclasts, alleviating inflammation and bone 
resorption [106, 107]. Preliminary clinical applications have shown that applying 
metformin gel to periodontal regeneration sites significantly improves bone filling 
and attachment levels [108].

Statin drugs such as simvastatin have also demonstrated promising potential for 
periodontal regeneration. They promote osteogenic differentiation by upregulating 
the gene expression of BMP-2 (bone morphogenetic protein-2) and OCN (osteocal-
cin), while mitigating bone resorption in inflamed microenvironments to facilitate 
bone defect repair [109]. Multiple clinical studies have shown that local application 
of statins to bone defects or implant sites can increase bone density and improve 
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primary implant stability, with particularly pronounced effects observed in smokers 
and individuals with metabolic abnormalities [110, 111].

HIF-1α stabilizers enhance bone-vascular co-reconstruction by mimicking 
hypoxic adaptive responses, inducing osteoblastic glycolysis and VEGF expression 
within the periodontal hypoxic microenvironment. α-KG promotes osteogenesis by 
polarizing anti-inflammatory M2 macrophages and upregulating osteogenic-related 
factors, thereby improving bone regenerative capacity in inflamed conditions [112]. 
These metabolism-targeted drugs have all exhibited significant osteogenic effects in 
animal models of periodontitis-induced bone defects, providing a potential therapeu-
tic approach for personalized periodontal regenerative strategies.

7.3 Periodontal treatment based on precision monitoring of metabolic markers

As periodontal regenerative therapy enters the era of precision medicine, meta-
bolic markers are emerging as dynamic indicators that guide precision periodontal 
regeneration by reflecting bone cell activity, local inflammation and bone remodeling 
potential [113]. Analysis of metabolites in saliva, gingival crevicular fluid, or tissue 
fluid can not only assist in determining regenerative windows and selecting surgical 
methods, but also facilitate early monitoring and feedback regulation in postoperative 
management.

The metabolic profile of local tissues reflects the homeostatic balance between 
osteoblasts and osteoclasts, making metabolic changes a valuable tool for monitor-
ing the optimal window for bone regeneration. Elevated glycolytic metabolites 
(lactate, LDHA, etc.) and decreased osteogenesis-related metabolites (glutamine, 
α-ketoglutaric acid, etc.) often indicate a periodontal microenvironment dominated 
by bone resorption with suppressed bone formation [114, 115]. Studies have shown 
that after inflammation control, the expression of metabolic markers such as GLUT1, 
Runx2, and PGC-1α gradually recovers, suggesting reactivation of the osteogenic 
program. Accurate identification of this sensitive window can define the optimal 
timing for regenerative material implantation and bone reconstruction. Such a critical 
window is elusive with traditional periodontal examinations and imaging techniques, 
while metabolic changes offer advanced diagnostic insights.

Metabolic markers also provide critical references for optimizing personalized 
treatment strategies. Significant interpatient variability exists in metabolic adaptability, 
inflammatory response, and tissue regenerative potential [114, 116, 117]. For example, 
pre-evaluations indicating low glutamine metabolism or insufficient TCA cycle flux may 
warrant the use of energy-supplementary scaffold materials based on pyruvate or α-KG 
[114]. Conversely, persistent elevation of oxidative stress markers may favor combina-
tion therapies with AMPK activators or ROS scavenging biomaterials. This strategy of 
matching biomaterials and drugs to metabolic profiles represents a pivotal step in shift-
ing regenerative interventions from “standard protocols” to “individualized precision.”

In the postoperative stage, metabolic markers exhibit rapid responsiveness and 
high sensitivity, enabling the detection of abnormalities before the manifestation of 
osteogenic failure or heightened osteoclast activity [118]. In contrast to traditional 
assessments like imaging and periodontal probing—which are inherently delayed and 
reflect historical bacterial insults rather than active disease states—metabolic markers 
provide timely insights into ongoing pathological processes, thereby overcoming the 
limitations of conventional methods in identifying early signs of bone reconstruc-
tion failure [119]. For example, a decline in keratinocyte growth factor (KGF) levels 
in gingival crevicular fluid after reaching a peak has been correlated with poor 
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periodontal repair outcomes [120]. Moreover, metabolic bone markers such as ICTP 
(cross-linked C-telopeptide of type I collagen) exhibit a strong association with 
disease activation and possess the ability to predict future disease activity level [121]. 
Dynamic monitoring of metabolic changes not only provides real-time guidance for 
periodontal treatment adjustments, but also has the potential to serve as an early 
warning signal for recurrence risk in long-term management.

Emerging technologies such as metabolism-imaging fusion are continuously 
expanding the boundaries of monitoring methodologies. By integrating metabolic 
imaging techniques—including positron emission tomography (PET) and magnetic 
resonance spectroscopy (MRS)—with metabolomics data, researchers can achieve 
spatial visualization of metabolic states in alveolar bone defect regions [122]. This 
integration holds broad prospects for two key applications: (1) preoperatively pinpoint-
ing “metabolically hyporeactive zones” to guide surgical planning; (2) postoperatively 
tracking neobone activity development to assess regenerative efficacy. Further integra-
tion of machine learning models with clinical data is expected to establish a complete 
chain of “metabolic decision- surgical modality adaptation-real time feedback”, leading 
periodontal regenerative therapy into a new era of metabolism-driven intelligence.

8. �Conclusion

Periodontal bone homeostasis is dynamically regulated by the interplay of glucose, 
lipid, and amino acid metabolism in osteoblasts and osteoclasts, with signaling path-
ways such as mTOR, AMPK, and HIF-1α serving as key regulatory hubs. Physiologically, 
these metabolic processes adapt to energy demands during bone remodeling. However, 
periodontitis disrupts this balance: osteoblasts exhibit impaired glycolysis and mito-
chondrial function under inflammatory conditions, while osteoclasts enhance glycolytic 
and glutamine metabolism to sustain resorptive activity. Systemic conditions like 
diabetes and hyperlipidemia further exacerbate metabolic dysfunction in bone cells, 
establishing a link between metabolic disorders and alveolar bone loss.

Metabolic-targeted therapies offer promising translational opportunities. 
Periodontal treatment not only reduces inflammation but also restores cellular 
metabolic states, creating a “regenerative window” for bone repair. Drugs such as 
metformin and statins, along with metabolites like α-KG, have demonstrated efficacy 
in preclinical models by enhancing osteogenesis and inhibiting osteoclastogenesis. 
Precision monitoring of metabolic markers (e.g., GLUT1, lactate) enables personal-
ized assessment of regenerative potential and treatment response, overcoming the 
limitations of traditional imaging techniques.

While significant progress has been made, challenges persist in deciphering the 
crosstalk between metabolic pathways and translating preclinical findings into clini-
cal practice. Future research should prioritize mechanistic insights and develop safe, 
scalable metabolic interventions to achieve precise periodontal regenerative therapies 
that restore both bone structure and metabolic homeostasis.
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Abstract

Alveolar ridge augmentation is critical for successful dental implant placement, 
particularly in cases of bone deficiency caused by trauma, periodontal disease, or 
tooth extraction. Guided bone regeneration (GBR) has emerged as a reliable tech-
nique, utilizing barrier membranes to exclude non-osteogenic tissues and promote 
osteogenesis. While traditional prefabricated membranes have demonstrated efficacy, 
their limitations—such as poor fit and intraoperative adjustments—have driven the 
development of customized membranes tailored to patient-specific defects. This 
chapter explores the evolution of GBR membranes, focusing on digital workflows 
(CBCT, CAD/CAM) and advanced materials, including titanium, zirconia, and 
polyether ether ketone (PEEK). Customized membranes offer superior adaptation, 
space maintenance, and reduced complication rates compared to standard options. 
Titanium remains the gold standard for complex defects due to its mechanical 
strength, though exposure risks persist. Zirconia’s biocompatibility and tolerance 
to oral exposure make it promising for aesthetic zones, while PEEK’s radiolucency 
and flexibility address soft tissue irritation. Emerging materials like biodegradable 
polymers (PLA, PCL) and magnesium alloys show potential but require further clini-
cal validation. Key challenges include membrane exposure, the need for secondary 
surgeries (non-absorbable materials), and material-specific limitations (e.g., zirco-
nia’s brittleness). Future directions emphasize bioactive coatings, optimized porosity, 
and long-term clinical studies. Customized membranes represent a paradigm shift 
in GBR, enhancing precision and outcomes in alveolar ridge augmentation, though 
material selection must balance biomechanical needs with biological performance.

Keywords: guided bone regeneration, customized membranes, alveolar ridge 
augmentation, titanium mesh, zirconia, PEEK, digital dentistry

1. �Introduction

Dental implant rehabilitation has become a cornerstone of modern dentistry,
significantly enhancing patients’ quality of life by improving function and 
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aesthetics. However, the prerequisite for successful and long-term stable implant 
placement is adequate alveolar bone volume and quality at the implant site. 
Alveolar ridge defects, whether vertical or horizontal, are common and arise from 
various factors, including periodontal disease, endodontic pathology, trauma, and 
post-extraction alveolar bone resorption [1, 2]. Among the various bone augmen-
tation techniques, guided bone regeneration (GBR) has emerged as a reliable and 
predictable method for reconstructing alveolar bone and managing peri-implant 
bone defects [3, 4].

GBR involves the use of barrier membranes, often in conjunction with bone 
grafts, to selectively guide bone growth within a defined space [5, 6]. Traditional 
barrier membranes, available in prefabricated standard sizes and shapes, have 
played an effective role in many successful GBR procedures [7]. However, these 
solutions often require intraoperative trimming and adjustment to fit the specific 
morphology of the bone defect, which can be technically demanding and may lead 
to complications [8].

The improvement of digital technologies such as cone-beam computed tomog-
raphy (CBCT), computer-aided design (CAD), computer-aided manufacturing 
(CAM), and additive manufacturing techniques like 3D printing has revolution-
ized GBR by enabling the fabrication of customized barrier membranes tailored 
to the unique anatomical characteristics of a given bone defect. These patient-
specific membranes overcome some limitations of prefabricated membranes, 
improving predictability, efficiency, and complication rates in alveolar ridge 
augmentation procedures [8, 9].

2. �Guided bone regeneration

2.1 Principles of guided bone regeneration

Guided bone regeneration (GBR) is a well-established and widely used surgical 
technique aimed at regenerating lost or deficient alveolar bone to facilitate dental 
implant placement or enhance overall functional and aesthetic outcomes [3]. The 
concept of GBR relies on excluding non-osteogenic cells from the bone defect site 
while preserving space for the migration and proliferation of osteogenic cells [10–13]. 
The technique involves placing a barrier membrane over the bone defect to prevent 
the infiltration of rapidly proliferating connective and epithelial tissues, which would 
otherwise occupy the defect space and hinder bone formation [3, 10, 11]. This barrier 
function allows slower-migrating osteogenic cells, originating from the surrounding 
host bone; periosteum (in some cases); and osteoinductive graft materials to fill the 
defect and regenerate new bone tissue [10–13].

The success of GBR procedures also depends on several other critical factors, 
often summarized by the “PASS” principles [14, 15]: 1—primary wound closure (to 
ensure proper healing and prevent bacterial contamination), 2—angiogenesis (to 
provide blood supply and nutrients for regenerating tissues), 3—space maintenance 
(to create and preserve adequate volume for new bone formation), and 4—wound 
stability (to prevent micromotion that could disrupt healing). The barrier membrane 
plays a key role in space maintenance by providing structural support to the bone 
graft and preventing soft tissue collapse into the defect. Additionally, the membrane 
can contribute to wound stability by serving as a scaffold for tissue integration and 
preventing graft displacement [14].
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2.2 Barrier membranes and space-maintaining devices

2.2.1 Overview

Barrier membranes are essential tools in GBR procedures, acting as physical barriers 
to prevent unwanted cell infiltration into the bone defect. These membranes are fabri-
cated from various materials and are broadly classified based on their resorbability into 
absorbable (biodegradable) and non-absorbable (non-biodegradable) types [16, 17]. 
The choice of membrane material depends on several factors, including the size and 
shape of the bone defect, the need for space maintenance, the selected graft material, 
and clinician preference. Ideally, a barrier membrane should exhibit biocompatibility 
to minimize adverse tissue reactions, provide effective barrier function to exclude non-
osteogenic cells, possess sufficient mechanical properties to maintain space and resist 
soft tissue collapse, and be easy to handle during surgical procedures [16, 17].

2.2.2 Absorbable membranes

Absorbable membranes are made from materials that degrade and are resorbed 
by the body over time, eliminating the need for a second surgical removal procedure. 
Common absorbable materials include collagen [18] (derived from bovine, porcine, 
or equine sources) and synthetic biodegradable polymers such as polyglycolic acid 
(PGA) [19], polylactic acid (PLA) [20, 21], polycaprolactone (PCL) [22], and their 
copolymers.

Collagen membranes are widely used in GBR due to their excellent biocompatibil-
ity, ability to promote cell adhesion and tissue healing, and positive interaction with 
soft tissues. They facilitate oxygen exchange, nutrient diffusion, and blood perfusion, 
which are critical factors for healing [18]. Moreover, collagen membranes can absorb 
growth factors released from autogenous bone chips, potentially enhancing bone 
regeneration. Studies have shown that collagen membranes can achieve long-term 
performance comparable to non-absorbable membranes in certain defects, particu-
larly dehiscence-type defects [18].

However, a significant limitation of some collagen membranes is their rapid 
degradation rate and low mechanical strength, which may compromise their ability 
to maintain space, especially in larger defects [18, 23]. To address this, cross-linked 
collagen membranes have been developed to slow degradation and improve enzymatic 
resistance. While cross-linking extends the membrane’s functional lifespan and better 
preserves the graft, it has also been associated with higher exposure rates and, in some 
cases, foreign body reactions during resorption (Table 1) [24, 25].

2.2.3 Non-absorbable membranes

Non-absorbable membranes are made from materials not readily resorbed by the 
body, requiring a second surgical procedure for removal. Common non-absorbable 
materials used in GBR include expanded polytetrafluoroethylene (ePTFE), dense 
polytetrafluoroethylene (d-PTFE), titanium mesh, and titanium-reinforced ePTFE 
membranes (Table 1) [26, 27].

Expanded polytetrafluoroethylene (ePTFE) membranes were among the first syn-
thetic polymers used in GBR and are considered biologically inert and stable, resisting 
degradation and eliciting minimal immune responses [28]. Their unique microporous 
structure, composed of solid nodes interconnected by fine fibrils, facilitates tissue 
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integration [29, 30]. Despite their effectiveness in promoting bone regeneration, a 
major drawback of ePTFE membranes is the need for a second surgery and the risk 
of membrane exposure, which can lead to bacterial contamination and compromised 
outcomes [31, 32].

d-PTFE membranes are denser than ePTFE membranes and are often used in 
cases with a higher risk of membrane exposure, as they are believed to be less suscep-
tible to bacterial contamination [33, 34]. Some studies have reported successful use 
of d-PTFE membranes without primary closure. However, like ePTFE membranes, 
d-PTFE membranes require surgical removal and may cause soft tissue irritation due 
to their stiffness [33, 34].

2.2.4 Titanium mesh

Titanium mesh is a non-absorbable space-maintaining device widely used in 
GBR, particularly for large defects and vertical bone augmentation [35–37]. Titanium 
exhibits excellent mechanical properties, including high rigidity and a degree of 
plasticity, allowing it to be adapted to the shape and size of the bone defect [38]. The 
rigidity of titanium mesh provides superior space maintenance, preventing soft tissue 
collapse and graft displacement, which is critical for successful GBR, especially in 
defects where space cannot be maintained with barrier membranes alone. In verti-
cal augmentation procedures, non-absorbable membranes like titanium mesh are 
often preferred due to their high rigidity and space-maintaining capacity, which may 
be insufficient with absorbable membranes [38]. Titanium mesh can be used with 
various graft materials, including autogenous bone grafts [35], allografts [39, 40], 
xenografts [41], and synthetic substitutes [42].

Despite its advantages, titanium mesh has some drawbacks. The most notable 
is the need for a second surgical procedure for removal. Additionally, sharp edges 
resulting from intraoperative trimming may irritate the overlying mucosa and 
increase the risk of membrane exposure. Exposure of titanium mesh can lead to 
bacterial colonization, infection, and potential graft failure [38].

Titanium mesh has been used to repair large bone defects and has gained popular-
ity due to its biocompatibility and superior mechanical properties, particularly its 

Property Absorbable membranes Non-absorbable membranes

Materials Collagen, PGA, PLA, PCL ePTFE, d-PTFE, titanium mesh

degradation time Weeks to months (varies by cross-linking) Non-degradable (requires removal)

Barrier function Moderate (may lose integrity over time) High (stable long-term)

Space 
Maintenance

Poor for large defects Excellent (rigid structure)

Clinical use Small defects, minimal soft tissue pressure Large/vertical defects, high tension 
areas

Advantages No secondary surgery, biocompatible Predictable space maintenance

Disadvantages Rapid degradation, weak mechanical 
strength

Exposure risk, secondary surgery 
needed

Table 1. 
Comparison of absorbable vs. non-absorbable membranes.
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rigidity. This rigidity is essential for maintaining the space required for new bone 
formation, especially in cases of significant bone loss or vertical augmentation, where 
soft tissue pressure can easily collapse the less rigid membranes. The microporous 
structure of some titanium meshes also facilitates angiogenesis, which is critical for 
graft healing and integration [43, 44].

Studies have demonstrated the efficacy of titanium mesh in achieving horizontal 
and vertical bone augmentation, often in conjunction with various graft materials 
[36–45]. It has been successfully used to improve bucco-lingual ridge width and 
prevent crestal resorption. Compared to absorbable membranes, titanium mesh gen-
erally provides more effective space maintenance and allows better three-dimensional 
reconstruction of bone defects [36–45].

2.2.5 Advantages and disadvantages of prefabricated membranes and meshes

Prefabricated barrier membranes and titanium meshes, available in standardized 
sizes and shapes, offer immediate availability, relatively low cost, and ease of use, 
making them suitable for many routine GBR procedures where the defect morphology 
matches available dimensions. Numerous studies have documented the successful use 
of these prefabricated membranes in a wide range of clinical cases.

However, a major limitation of prefabricated membranes and meshes is 
their imperfect fit to bone defects, often requiring intraoperative trimming and 
adaptation. This can be technically demanding and may compromise ideal bar-
rier function or space maintenance. In the case of titanium mesh, trimming can 
create sharp edges that increase the risk of mucosal irritation and subsequent 
membrane exposure. Additionally, achieving optimal adaptation and stability of 
prefabricated meshes in complex three-dimensional defects can be challenging, 
potentially leading to micromotion and graft instability. Standard shapes may not 
always provide adequate coverage or support for the entire defect area, which can 
affect the predictability of bone regeneration, especially in larger or irregularly 
shaped defects.

3. �Customized membranes

3.1 Definition

Customized or patient-specific barrier membranes are three-dimensional 
devices designed and fabricated using digital technologies to precisely match the 
shape and size of a patient’s bone defect [8, 46]. Unlike prefabricated membranes, 
which come in standard sizes and shapes, customized membranes are tailored 
to the unique anatomical characteristics of a specific bone defect, as determined 
by pre-operative imaging such as cone-beam computed tomography (CBCT) [8, 
46, 47]. This personalized approach allows for precise adaptation to the defect 
margins, improved space maintenance, and potentially enhanced outcomes in GBR 
procedures. The fabrication of customized membranes typically involves a series 
of steps, including data acquisition using CBCT, computer-aided design (CAD) 
of the membrane, and computer-aided manufacturing (CAM) using techniques 
like additive manufacturing (3D printing) or subtractive manufacturing (milling) 
[8, 46–48].
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3.2 Historical overview

The concept of customizing medical devices to improve reliability and outcomes 
has evolved alongside advancements in digital imaging and manufacturing technolo-
gies. In the context of GBR, the limitations of prefabricated membranes in addressing 
complex and irregular bone defects spurred the development of customized solu-
tions. Titanium was among the first materials used to fabricate customized mem-
branes and meshes [8, 46]. Early applications involved manually bending titanium 
plates or meshes to better fit the defect, but the true era of customization began with 
the integration of digital planning and manufacturing [46–48].

The introduction of rapid prototyping technologies, such as selective laser sinter-
ing (SLS) and electron beam melting (EBM), combined with CBCT imaging and 
CAD/CAM software, enabled the precise fabrication of patient-specific titanium 
membranes for bone augmentation. These customized titanium meshes offered 
improved fit and stability compared to their prefabricated counterparts. As technol-
ogy matured and became more accessible, the focus shifted toward optimizing design 
principles, material selection, and clinical evaluation of customized membranes 
in various augmentation applications. More recently, the exploration of other bio-
compatible materials, such as zirconia, for customized membrane fabrication has 
gained momentum, driven by their unique properties and the availability of milling 
machines in dental laboratories [49, 50].

3.3 Digital manufacturing techniques

The fabrication of customized barrier membranes heavily relies on digital 
manufacturing technologies that bridge the gap between patient-specific ana-
tomical data and the physical realization of the membrane [50–53]. A typical 
workflow includes:

1.	Data acquisition: High-resolution CBCT scanning of the patient’s bone defect 
provides detailed three-dimensional data on the defect’s size and morphology.

2.	Digital planning and design (CAD): The CBCT data are imported into special-
ized CAD software. Using this digital model, the desired bone augmentation 
contours are planned, and a virtual membrane is designed to precisely fit the 
defect margins and provide the necessary space for new bone formation. The de-
sign may include features such as fixation holes, stability extensions, and specific 
thicknesses.

3.	Manufacturing (CAM): The digitally designed membrane is then fabricated us-
ing additive or subtractive manufacturing techniques:

•	 Additive manufacturing (3D printing): Techniques like selective laser melting 
(SLM) and electron beam melting (EBM) are used to build the membrane 
layer by layer from powdered materials (e.g., titanium alloys or certain 
polymers). SLM uses a laser to selectively melt and fuse powder particles, 
while EBM operates in a vacuum environment. These techniques allow for the 
creation of complex geometries and porous structures if desired. However, 
EBM-produced surfaces may be rough and require additional polishing.
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•	 Subtractive manufacturing (milling): In this approach, a block of material (e.g., 
titanium or zirconia) is precisely shaped using computer-controlled milling 
machines based on the digital design. Five-axis milling machines are commonly 
used in dental laboratories to fabricate precise patient-specific membranes, 
especially from zirconia due to its cost-effectiveness and availability.

4.	Post-processing stage: Depending on the manufacturing technique and material, 
the membrane may undergo steps such as cleaning, polishing, or sterilization 
before clinical use.

3.4 Design considerations for customized membranes

Designing a customized barrier membrane is a critical step that directly influences 
its clinical performance and GBR outcomes. Leveraging detailed information from 
pre-operative CBCT data, the membrane is designed to achieve several key objectives:

•	 Precise fit: The primary goal is to create a membrane that perfectly adapts 
to the defect margins and sits passively on the surrounding healthy bone. 
This precise fit helps define the bone regeneration space and reduces the 
risk of graft displacement or soft tissue ingrowth. Some designs may include 
specific support points along the bone edges to ensure proper stability and 
adaptation [49, 54].

•	 Space maintenance: The membrane is designed to maintain a sufficient three-
dimensional space above the defect to accommodate the bone graft material. The 
rigidity and strength of the chosen material, along with the overall membrane 
design, contribute to its space-maintaining capacity [49, 54].

•	 Stability and fixation: The design often incorporates features to secure the 
membrane to the host bone, such as pre-designed holes for fixation screws [8, 9, 
48–50, 54]. Fixation prevents membrane displacement or rotation, which could 
disrupt healing and compromise bone regeneration. Some designs rely solely on 
precise fit for initial stability, while others include extensions that wrap around 
adjacent bone to enhance retention [49, 50]. The “tenting effect” can also be 
achieved with customized membranes, where the membrane is secured away 
from the defect to maximize space for bone formation.

•	 Barrier function: The membrane must prevent the infiltration of non-osteogenic 
cells from surrounding soft tissues into the defect. While most customized 
membranes are rigid and non-porous (except for fixation holes), the material 
properties and precise adaptation to bone margins contribute to their barrier 
function [8, 48].

•	 Soft tissue management: The edges and extensions of the customized membrane 
are designed to minimize irritation of surrounding soft tissues and reduce the 
risk of membrane exposure. Smooth edges and appropriate extensions beyond 
the defect boundaries are critical for achieving tension-free primary closure. 
Some designs may include considerations for simultaneous soft tissue grafting 
[5, 49, 54, 55].
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•	 Thickness: Membrane thickness is a design parameter that affects its rigidity, 
ease of handling, and barrier function. Typical reported thicknesses in the 
literature range from 0.5 to 1 mm for titanium and approximately 0.7 mm for 
zirconia [8, 48, 49].

3.5 Materials used in customized membrane fabrication

A variety of biocompatible materials have been explored for the fabrication 
of customized barrier membranes, each with its own advantages and limitations. 
Material selection depends on factors such as the mechanical requirements of the 
defect, desired biological response, manufacturing capabilities, and cost consider-
ations (Table 2).

3.5.1 Titanium

The use of titanium in customized membranes represents a significant advance-
ment in GBR techniques in dentistry [38, 48, 49]. Titanium, a common material in 
various medical fields, including dentistry, is used in its pure form or as alloys due to 
its exceptional properties, such as excellent biocompatibility, mechanical strength, 
durability, low density, and corrosion resistance [6, 38, 47, 56]. Its biologically inert 
nature enhances its suitability for bone augmentation procedures [6]. While tra-
ditional titanium mesh has been used for decades, the development of CAD/CAM 
technologies has paved the way for customized titanium membranes, offering several 
potential advantages [48, 49, 57, 58]. Titanium was the first material used to fabricate 
customized membranes [49]. The choice of titanium alloy (e.g., Grade 4 or 5) also 
influences the properties of the customized device [6, 57].

3.5.1.1 Properties of titanium

Titanium possesses several key properties that make it an excellent material for 
barrier membranes in GBR:

Mechanical strength and space maintenance: Titanium exhibits high strength and 
rigidity, essential for maintaining the space required for new bone formation. This 
ability to create and preserve space is particularly valuable in large horizontal and 
vertical bone defects, where soft tissue pressure could otherwise collapse the graft 
[48–56, 58–61].

Biocompatibility: Titanium is known for its excellent biocompatibility, promoting a 
positive tissue response. It is biologically inert and capable of osseointegration, form-
ing a direct connection with bone through the extracellular matrix—a concept that 
revolutionized dental implantology [6, 38, 46, 61].

Durability and corrosion resistance: Titanium’s durability and corrosion resistance 
ensure long-term stability in the oral environment, which is critical for maintaining 
barrier function throughout the bone regeneration process [6, 38, 46, 61].

Flexibility and adaptability: Despite its rigidity, titanium has a degree of flex-
ibility, allowing it to be bent and shaped to conform to the bone defect. This is 
crucial for achieving precise adaptation and optimal bone regeneration outcomes 
[38, 48, 57, 62].

Macroporosity: Commercially available titanium mesh often features large pores (in 
the millimeter range), believed to be necessary for maintaining blood flow, promoting 
healing, and allowing nutrient diffusion through the mesh [38, 56].
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Material Mechanical properties Biocompatibility Degradation Clinical advantages Clinical limitations Common uses

Titanium High rigidity, ductile, 
elastic modulus 
~110 GPa

Excellent Non-absorbable Superior space maintenance, 
osseointegration, 
corrosion-resistant

Requires secondary surgery; 
risk of exposure; radiopaque

Large/vertical defects, 
atrophic ridges

Zirconia High strength but brittle 
(~900–1200 MPa)

Superior (low biofilm 
adhesion)

Non-absorbable Smooth surface reduces soft 
tissue irritation; tolerates oral 
environment exposure

Brittle (no intraoperative 
adjustments); high cost

Anterior esthetic zones, 
horizontal defects

PEEK Moderate (elastic 
modulus ~3.6 GPa, close 
to bone)

Excellent Non-absorbable Radiolucent; flexible; reduced 
mucosal irritation

No osseointegration; 
expensive

Complex 3D defects, 
cranial reconstructions

Collagen Low tensile strength, 
rapid degradation

Excellent Absorbable 
(weeks–months)

Promotes cell adhesion/
healing; no secondary surgery

Poor space maintenance; 
cross-linked versions may 
cause inflammation

Small defects, 
dehiscence-type defects

Polyesters 
(PLA/PGA/
PCL)

Moderate (tunable 
degradation)

Good (may provoke 
inflammation)

Absorbable 
(months)

Drug-loading capability; 
electrospinnable for 
customization

Inflammatory degradation 
byproducts; weak for large 
defects

Experimental/
resorbable GBR 
applications

Chitosan Weak mechanical 
strength

Excellent Absorbable Antimicrobial properties; 
promotes wound healing

Limited space maintenance; 
fragile

Adjunct to other 
membranes

Magnesium 
Alloys

Elastic modulus ~45 GPa 
(close to bone)

Good (with coatings) Absorbable 
(months)

Self-degrading; stimulates 
osteogenesis

Rapid corrosion; gas release 
during degradation

Experimental (animal 
studies)

Chromium-
Cobalt

High hardness/
durability

Poor (ion toxicity) Non-absorbable Low cost; high mechanical 
strength

Toxic ion release; no human 
clinical data

Not recommended for 
clinical use

Ceramics 
(HA/β-TCP)

Brittle, osteoconductive Excellent Absorbable 
(slow)

Enhances bone regeneration; 
integrates with native bone

Fragility complicates 
fixation; limited to small 
defects

Combined with other 
materials

Table 2. 
Comprehensive comparison of materials for customized membranes.
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3.5.1.2 Clinical applications of customized titanium membranes

Customized titanium mesh has proven effective in various bone augmentation 
procedures:

Vertical and horizontal augmentation: This technique is effectively used to 
increase alveolar ridge width (horizontally) and height (vertically) to secure the 
bone volume needed for dental implants [9, 38, 56]. Its superior space-maintain-
ing capacity and ability to withstand soft tissue pressure make it suitable for both 
types of defects [56, 61, 63]. Studies have shown promising results for horizontal 
ridge augmentation performed concurrently with implant placement using 
titanium mesh [9, 38].

Large three-dimensional defects: These complex cases often pose challenges in bone 
augmentation, and customized titanium mesh provides a predictable method for 
bone grafting in such scenarios [46, 64, 65].

Simultaneous implant placement: This technique enables horizontal bone augmen-
tation using titanium mesh concurrently with implant placement [38, 56].

Atrophic site reconstruction: The use of particulate bone grafts with titanium 
mesh has been shown to be a successful method for reconstructing atrophic 
alveolar ridges [54].

3.5.1.3 Complications associated with titanium membranes (including customized)

Despite their advantages, titanium membranes, including customized ones, 
involve some potential complications:

Membrane exposure: Exposure of titanium mesh, whether prefabricated or 
customized, is one of the most common and serious complications [54, 55, 60, 
64–66]. This can lead to graft failure and loss of graft material and often necessi-
tates immediate membrane removal to prevent infection [49]. Reported exposure 
rates vary widely. Contributing factors include tension during closure, sharp mesh 
edges, and surgical inexperience [54, 55, 57, 65]. While customized membranes 
aim to mitigate some of these factors, they remain susceptible to exposure, often 
due to overestimating the space that can be adequately closed without ten-
sion [64, 65, 67].

Infection: Membrane exposure increases the risk of bacterial contamination and 
infection at the graft site. Although titanium surfaces may be less prone to contamina-
tion than the rough surfaces of some absorbable collagen membranes, exposure to the 
oral environment remains a significant risk [38, 66, 68].

Need for a second surgery: As non-absorbable materials, titanium mesh requires a 
second surgical procedure for removal, increasing morbidity, treatment duration, and 
cost [9, 48, 54, 68].

Soft tissue irritation: Sharp edges, especially in manually adjusted traditional mesh, 
can cause irritation and trauma to the surrounding soft tissues, potentially leading to 
mucosal dehiscence and membrane exposure [38, 55, 57, 69].

Radiopacity: The radiopacity of titanium mesh can interfere with post-operative 
radiographic interpretation, potentially affecting the accuracy of imaging and leading 
to artifacts in the mesh area [38, 46].

Pseudoperiosteum formation: The formation of a fibrous connective tissue layer 
(pseudoperiosteum) over newly formed bone may occupy unnecessary space and 
reduce the volume of regenerated bone [9, 38, 48].
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3.5.1.4 Future directions

These trends aim to improve outcomes and reduce complications associated with 
titanium membranes in alveolar ridge augmentation. Areas of interest include:

Surface modifications: Modifying the surface of titanium membranes to enhance 
cell adhesion, promote bone regeneration, and potentially reduce bacterial adhesion 
[38, 61, 70].

Incorporation of bioactive agents: Using barrier membranes loaded with growth 
factors or antibacterial agents [71].

Optimized custom designs: Refining CAD/CAM techniques and mesh designs to 
improve fit, reduce stress concentrations, and minimize exposure risks [9, 38, 48, 65].

Comparative studies: More clinical research is needed to directly compare the efficacy 
and complication rates of different membrane types, including customized titanium 
mesh versus traditional mesh and other materials like PEEK and zirconia [48, 49].

Long-term follow-up studies: Long-term data on the performance of customized 
titanium membranes and the stability of regenerated bone are essential to confirm 
their reliability [47, 72].

3.5.2 Zirconia

3.5.2.1 Introduction

Zirconia (zirconium dioxide) is a polycrystalline ceramic material with excellent 
biocompatibility, increasingly used in dentistry for fixed prostheses, dental implants, 
and, more recently, customized membrane fabrication [8, 49, 59, 73]. Its desirable 
properties include exceptional mechanical strength, hardness, high corrosion resis-
tance, and chemical inertness [6, 8]. Additionally, zirconia exhibits high biocompat-
ibility, resulting in reduced inflammatory responses and lower biofilm adhesion 
compared to titanium. These properties make zirconia an attractive candidate for use 
in bone regeneration procedures [8, 49, 59, 73].

3.5.2.2 Advantages of customized zirconia membranes

The use of zirconia in customized barrier membranes offers several potential 
advantages over traditional materials:

Biocompatibility: Multiple sources highlight zirconia’s superior biological response 
compared to titanium. It promotes better fibroblast response, reduces biofilm 
adhesion, and elicits a milder inflammatory reaction [8, 49, 59, 73]. This enhanced 
biocompatibility may be crucial for promoting tissue healing and reducing complica-
tions, especially in cases of membrane exposure [74, 75].

Manufacturing process: One of the key advantages of customized zirconia membranes 
is their fabrication process. They can be easily milled using standard five-axis dental 
laboratory milling machines, making this subtractive manufacturing approach more 
accessible and cost-effective than additive techniques like selective laser melting or 
electron beam melting required for customized titanium mesh. Such techniques require 
expensive equipment, limiting its widespread adoption. Additionally, additively manu-
factured titanium surfaces may require additional polishing [8, 49, 59, 73, 75].

Tolerance to oral environment exposure: Several case series and studies have reported 
that even when customized zirconia membranes are exposed early, minimal signs 
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of infection are observed. This is attributed to zirconia’s smooth and biocompatible 
nature, potentially limiting bacterial colonization compared to materials like ePTFE. 
This property may allow for a longer period before membrane removal becomes 
necessary [8, 49, 59, 73].

Clinical success: Case series and reports have demonstrated good clinical and 
histological performance of customized zirconia barriers in bone augmentation pro-
cedures, leading to successful bone regeneration and subsequent implant placement 
without the need for additional augmentation [8].

3.5.2.3 Disadvantages and limitations of customized zirconia membranes

Despite their advantages, customized zirconia membranes also have potential 
limitations:

Brittleness: Unlike titanium, ceramic materials like zirconia are brittle and cannot 
be easily bent or adjusted intraoperatively if design or fabrication errors occur. Care 
must be taken when tightening fixation screws to avoid fracture. Some studies have 
produced two identical membranes to mitigate the risk of breakage during placement 
or fixation [49, 59, 73].

Lack of flexibility: While zirconia’s rigidity contributes to space maintenance, it 
lacks the flexibility of titanium mesh, which can be manually contoured to adapt to 
complex bone defects. This lack of flexibility demands highly accurate planning and 
fabrication [74–76].

Rigid, non-porous design: Many customized zirconia membranes described in the 
literature are rigid and non-perforated. While this design aims to ensure complete 
graft isolation and simplify membrane removal, the impact of porosity on blood 
supply, osteogenic cell migration, and growth factor delivery from the periosteum 
remains debated. Some researchers argue that perforations are necessary for these 
processes [49, 59, 73].

Limited long-term studies: While preliminary results from case series are promising, 
more comprehensive research including long-term prospective clinical studies with 
larger sample sizes is needed to confirm the long-term predictability and efficacy of 
customized zirconia membranes in various clinical scenarios [8].

3.5.2.4 Clinical applications and outcomes

Customized zirconia membranes have been used for horizontal and vertical bone 
augmentation in both the maxilla and mandible [49, 59, 73–77]. Even in cases of early 
membrane exposure, significant bone formation has been observed without evidence 
of infection [59, 73]. Histological analyses have confirmed the formation of new, 
dense bone beneath zirconia membranes [59].

Customized zirconia membranes have proven effective in treating horizontal 
defects. The precise fit of the membrane helps contain the graft material and guides 
bone regeneration to the desired dimensions. Zirconia has also shown excellent 
biocompatibility and space-maintaining capacity in posterior jaw regions [49, 74].

3.5.2.5 Future directions

Future research on customized zirconia membranes for GBR should focus on:
Surface modifications: Investigating various surface treatments for zirconia to 

enhance its properties and further improve bone regeneration.
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Porosity: Conducting long-term studies to evaluate and compare the efficacy of 
porous versus non-porous zirconia membrane designs, balancing the need for barrier 
function with the potential benefits of cell signaling and migration [8].

Long-term clinical trials: Performing prospective studies with larger patient cohorts 
and extended follow-up periods to assess the long-term success and predictability of 
customized zirconia membranes in different clinical indications [8].

Comparative studies: Conducting more direct comparisons between customized 
zirconia membranes and other materials, including titanium and high-performance 
polymers like PEEK [8].

3.5.3 Polyether ether ketone (PEEK)

3.5.3.1 Introduction

Polyether ether ketone (PEEK) is a high-performance polymer belonging to 
the polyaryletherketone (PAEK) family. It is semi-crystalline, described as a linear 
aromatic polyether ketone, characterized by a stable semi-aromatic structure that 
enhances its superior mechanical properties and chemical resistance as a thermoplas-
tic [46, 47, 58].

In the field of biomaterials, PEEK has emerged as a prominent high-perfor-
mance polymer, garnering significant attention for its applications in various 
medical fields, particularly in dentistry and orthopedics. Belonging to the PAEK 
family, PEEK is distinguished by its unique chemical composition, which imparts 
excellent physical and chemical properties and high manufacturability, making 
it a popular research topic in the development of customized barrier membrane 
scaffolds. Its exceptional combination of strength, stiffness, toughness, and 
resistance to environmental factors and wear enhances its appeal for medical 
applications [46, 47, 58, 78].

3.5.3.2 Properties of PEEK

PEEK possesses a range of properties that make it attractive for use in customized 
GBR membranes:

Biocompatibility: PEEK is a semi-crystalline thermoplastic with high biocom-
patibility. In vitro studies have shown no mutagenic or cytotoxic effects. It is also 
approved by the U.S. Food and Drug Administration (FDA) in the Master File for 
drugs and devices [46].

Mechanical properties: PEEK exhibits excellent mechanical properties, includ-
ing an elastic modulus of 3.6 GPa, which can be increased to 18 GPa with carbon 
fiber reinforcement, a value close to that of cortical bone (15 GPa) [41, 46, 78]. 
It also has sufficient stiffness, with flexural strength ranging between 140 and 
170 MPa, allowing it to withstand masticatory forces. These mechanical proper-
ties are essential for space maintenance [41, 46, 57, 58]. Compared to titanium, 
PEEK demonstrates better tensile strength and flexibility, more closely resem-
bling human bone [46].

Radiolucency: Unlike titanium mesh, PEEK membranes are radiolucent and do not 
interfere with post-operative radiographic imaging [46].

Manufacturability and process ability: PEEK can be manufactured and processed 
using subtractive (milling) and additive (3D printing) techniques, offering versatility 
in creating customized designs [46, 47].
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3.5.3.3 Clinical applications

Customized PEEK membranes have been successfully used in the augmentation of 
atrophic ridges, achieving vertical and horizontal bone gain. PEEK has also been used 
in maxillofacial surgery applications, such as repairing large cranial defects and man-
dibular reconstruction, often compared to titanium mesh in terms of cost and opera-
tive time. While customized PEEK implants may reduce operative time compared to 
manually bent titanium mesh, they can be more expensive [41, 46, 47, 58, 66, 78].

3.5.3.4 Advantages of customized PEEK membranes

Customized PEEK membranes share some advantages with customized titanium 
mesh, such as their ability to be precisely designed to fit bone defects. However, PEEK 
offers unique advantages:

Superior mechanical properties: PEEK exhibits higher tensile strength and flexibility 
compared to titanium, with an elastic modulus closer to that of human bone. This 
may reduce mucosal irritation and potentially lower exposure rates [46, 57, 69, 78].

Radiolucency: PEEK’s radiolucent nature does not interfere with post-operative 
radiographic assessments [46].

Potential for reduced membrane exposure: Due to its smoother surface and better 
tissue compatibility compared to titanium, customized PEEK membranes may result 
in lower exposure rates [46].

3.5.3.5 Disadvantages and limitations of customized PEEK membranes

Despite their advantages, customized PEEK membranes have certain drawbacks:
Lack of osseointegration: Pure PEEK is biologically inert and lacks osseointegration 

properties. This limitation means it cannot fully replace titanium mesh, especially in 
cases where membrane osseointegration itself might be beneficial, such as supraperi-
osteal implant placements. As a non-absorbable material, a second surgery is required 
for its removal [5, 46, 78].

Higher clinical cost: The clinical cost of customized PEEK membranes can be higher 
compared to traditional titanium mesh, potentially limiting their widespread use [58].

Limited clinical data: Despite their promise, clinical data on the long-term per-
formance of customized PEEK membranes in GBR are relatively scarce compared to 
established materials like titanium [58].

3.5.3.6 Ongoing research and future directions

These modifications aim to endow PEEK with antibacterial and osteoconductive 
capabilities, potentially improving wound healing, reducing membrane exposure 
rates, and enhancing bone regeneration when used in GBR. Future developments will 
need to consider processing complexity, economic cost, and the practical application 
of these modifications [46, 57, 69, 78].

To overcome PEEK’s limitations, significant research efforts are focused on 
enhancing its bioactivity. Strategies include surface modification and composite 
blending.

Surface modification: Techniques such as oxygen and ammonia plasma treatment 
have been used to modify PEEK surfaces, increasing their hydrophilicity and protein 
adsorption capacity, which may enhance bone regeneration potential [46].
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Composite blending: Incorporating materials like silicon nitride powder into PEEK 
has shown promising results in significantly improving its osteoconductive and 
antibacterial properties [46].

3.5.4 Chromium and cobalt

While the primary focus in the field of customized barrier membranes for GBR 
has been on materials like titanium and PEEK (as discussed earlier), chromium-
cobalt (Cr-Co) alloys have also been studied for their potential use in this area. These 
alloys have a history of medical use, particularly in orthopedic surgery and, to a lesser 
extent, in dentistry, due to their biocompatibility and good mechanical properties 
[57, 79, 80].

Chromium-cobalt alloys are considered an alternative to titanium alloys because 
of their superior hardness and durability. They are also less expensive than titanium 
while maintaining high mechanical strength and the ability to form solid spaces. One 
study even reported a significant increase in bone density using a cobalt-chromium 
membrane in a non-critical bone defect in a rabbit tibia, demonstrating space-main-
taining ability [6, 57, 79].

Manufacturing techniques involving CAD and 3D printing of prototypes have 
been described, which were later used to cast chromium-cobalt-molybdenum 
alloy membranes. While this process does not directly indicate “customization” as 
in patient-specific digital design, it highlights the potential to create membranes 
with specific dimensions and shapes that can be adapted to defect morpholo-
gies. Sandblasting these membranes with aluminum oxide particles may enhance 
their properties by creating surface roughness that promotes bone regeneration 
[57, 79, 80].

However, there are critical considerations regarding the use of chromium-cobalt 
alloys. A major drawback is the potential release of toxic chromium and cobalt ions 
into the body due to corrosion processes. While this is considered less likely in dental 
implants compared to orthopedic implants due to smaller surface areas and less fric-
tion, it remains a concern. The potential release of these ions could destabilize bone, 
leading to bone resorption and inhibition of bone proliferation and mineralization. 
Thus, despite promising animal studies, sources indicate that there have been no 
clinical trials using chromium-cobalt membrane implants in humans, primarily due 
to their inferior biocompatibility compared to titanium [6, 57, 79, 80].

One study using chromium-cobalt-molybdenum membranes in rabbit tibiae 
demonstrated new bone formation. The study also found that the physical dimensions 
and design of the membrane influenced new bone formation. While these results are 
encouraging, the lack of human clinical data, due to biocompatibility concerns, limits 
the current use of chromium-cobalt alloys in customized barrier membranes for GBR 
[57, 79, 80].

In summary, chromium-cobalt alloys offer attractive mechanical properties 
and lower costs compared to titanium, making them an appealing option for bar-
rier membrane applications. Animal studies have shown promising results in space 
maintenance and bone regeneration. However, concerns about biocompatibility and 
the potential release of toxic ions have hindered their clinical application in human 
GBR procedures, including the development of customized membranes from these 
materials. Further research is needed to address these biocompatibility issues before 
chromium-cobalt alloys can be considered a practical alternative to materials like 
titanium and PEEK.
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3.5.5 Other materials

3.5.5.1 Biodegradable polymers

While the focus in customized membranes often leans toward non-absorbable 
materials due to their space-maintaining ability, the concept of biodegradable cus-
tomized membranes also exists, potentially eliminating the need for a second surgery 
[46, 68, 69]. Several biodegradable polymers have been investigated for GBR mem-
branes in general and could theoretically be adapted for customized manufacturing 
[6, 47, 57, 68].

3.5.5.1.1 Polyesters (PLA, PGA, PCL, and their copolymers)

Aliphatic polyesters such as polylactic acid (PLA), polyglycolic acid (PGA), and 
polycaprolactone (PCL) have been considered as materials for customized barrier 
membranes due to their ease of handling, processability, adjustable biodegradation, 
and drug-loading capabilities [47, 57, 63]. Their degradation can be tuned by selecting 
different polymers or polymer blends. These materials can be processed using tech-
niques like electrospinning and 3D printing, which may enable the creation of cus-
tomized shapes and structures. However, a major drawback is their potential to elicit 
a strong inflammatory response during degradation, which could negatively impact 
bone regeneration. Their lack of rigidity and stability compared to non-absorbable 
materials may also limit their use in larger bone defects [47, 57, 63].

3.5.5.1.2 Collagen

Collagen membranes, often derived from bovine or porcine sources, are widely 
used due to their good biocompatibility, which promotes cell adhesion and tissue 
healing. These membranes are preferred when a second surgical procedure is undesir-
able. However, they suffer from poor mechanical properties and rapid degradation, 
which conflict with the requirements for managing vertical bone defects. While 
customized collagen structures can be fabricated using techniques like 3D printing, 
their lack of rigidity may necessitate reinforcement with other materials for space 
maintenance in customized membrane applications [5, 23, 57, 70].

3.5.5.1.3 Chitosan

Chitosan, a natural polysaccharide, exhibits good biocompatibility and biodegrad-
ability and can be processed into membranes using techniques like electrospinning. 
Customized chitosan membranes could provide an absorbable barrier with additional 
advantages. However, their weak mechanical strength may limit their ability to 
maintain space in larger bone defects [5, 54, 57, 63, 68, 69].

3.5.5.2 Ceramic materials

While zirconia has been specifically mentioned, other ceramic materials, includ-
ing hydroxyapatite (HA) and other calcium phosphate compounds, have been 
investigated. These materials are known for their osteoconductive properties and 
have been incorporated into biodegradable membranes to enhance bone regeneration 
[57, 68, 81]. The drawbacks of customized ceramic membranes include the inherent 
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brittleness of these materials, which complicates the fabrication of thin, adaptable 
membranes capable of withstanding surgical handling without fracture. This brittle-
ness also poses risks during screw fixation [49, 59, 82].

3.5.5.3 Magnesium and magnesium alloys

Magnesium-based materials are biodegradable metals with the unique ability 
to self-degrade after tissue repair, eliminating the need for a second surgery. The 
magnesium-rich environment resulting from degradation can stimulate bone 
regeneration and improve osteoblast adhesion. Magnesium alloys also have an 
elastic modulus similar to that of human bone, enabling stress shielding avoid-
ance. While these alloys are primarily used in orthopedic surgery and fracture 
fixation, the potential exists to fabricate customized magnesium membranes, 
especially with advancements in metal 3D printing. However, their degradation 
rate and potential for rapid corrosion must be carefully managed. Studies have 
explored coating magnesium alloys with materials like calcium phosphate to 
improve biocompatibility and corrosion resistance.

3.5.5.4 Multiphasic membranes

The concept of multiphasic membranes, which combine different materials or 
layers with varying properties, can be applied to customized membranes. These 
membranes are designed to meet the diverse needs of periodontal tissues, enhancing 
wound healing and bone regeneration. For example, a membrane could feature an 
outer non-absorbable, mechanically durable layer for space maintenance and an inner 
absorbable layer loaded with growth factors to promote osteogenesis. Customized 
manufacturing techniques allow for the precise layering and integration of different 
materials to create multiphasic membranes tailored to specific defects [46, 63].

4. �Conclusions

The advancements in customized membranes for alveolar ridge augmentation 
have significantly enhanced the predictability and efficacy of guided bone regen-
eration (GBR) procedures. Traditional prefabricated membranes, while effective 
in many cases, often require intraoperative adjustments and may not perfectly fit 
complex bone defects, leading to complications such as membrane exposure, graft 
displacement, and compromised healing. The integration of digital technologies—
including cone-beam computed tomography (CBCT), computer-aided design (CAD), 
and computer-aided manufacturing (CAM)—has revolutionized the field by enabling 
the fabrication of patient-specific membranes tailored to the unique anatomical 
characteristics of each defect.

Customized membranes, fabricated from materials such as titanium, zirconia, and 
polyether ether ketone (PEEK), offer superior fit, stability, and space-maintaining 
capabilities compared to their prefabricated counterparts. Titanium remains a gold 
standard due to its biocompatibility, mechanical strength, and adaptability, though 
concerns about membrane exposure and the need for secondary surgery persist. 
Zirconia membranes, with their excellent biocompatibility and resistance to bacte-
rial adhesion, present a promising alternative, particularly in cases where exposure 
risks are high. PEEK membranes, with their radiolucency and mechanical properties 
257



Periodontics and Implants – Contemporary Scientific and Clinical Perspective

18

resembling bone, provide another viable option, though further research is needed to 
validate their long-term performance.

Despite these advancements, challenges remain, including the risk of membrane 
exposure, the need for secondary surgeries in non-absorbable membranes, and the 
brittleness of ceramic materials like zirconia. Future research should focus on opti-
mizing membrane designs, exploring bioactive surface modifications, and conducting 
long-term clinical studies to compare the efficacy of different materials. Additionally, 
the development of biodegradable customized membranes could eliminate the need 
for secondary surgeries, further improving patient outcomes.

In conclusion, customized membranes represent a significant leap forward in 
alveolar ridge augmentation, offering improved precision, reduced complications, 
and enhanced bone regeneration outcomes. As digital manufacturing technologies 
continue to evolve, the potential for further innovation in this field remains vast, 
promising even greater advancements in dental implantology and regenerative 
therapies.
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Healing with Bioactive Materials
and Devices
Robert A. Horowitz, Gregori M. Kurtzman and Hari S.

Abstract 

Periodontal and peri-implant diseases remain among the most challenging condi-
tions in dentistry, often presenting at advanced stages with significant soft and hard 
tissue loss. Earlier intervention has consistently been shown to improve predictability 
and long-term outcomes, yet patients are frequently referred late in the disease process, 
complicating both surgical and regenerative strategies. Advances in biologically active 
materials and adjunctive technologies now provide clinicians with an expanded arma-
mentarium to address these complex cases. Growth factor–based therapies, including 
GEM 21S® and platelet-rich fibrin (PRF), have demonstrated the ability to stimulate 
both hard and soft tissue regeneration, improving osseointegration and stability around 
natural dentition and implants. Autogenous dentin grafts offer an osteoinductive scaf-
fold derived from the patient’s own tissues, while amnion-chorion–derived barriers, 
such as BioXclude®, enhance healing through anti-infective and angiogenic properties. 
Complementary modalities—including laser therapy, photobiomodulation (PBM), and 
low magnitude high-frequency vibration (LMHFV)—further accelerate healing, reduce 
microbial load, and optimize regenerative responses. Clinical cases supported by histo-
logic and radiographic evidence highlight the synergistic benefits of combining biolog-
ically driven grafting materials with novel devices designed to enhance surgical 
outcomes. Collectively, these approaches improve bone-to-implant conta ct, reduce
peri-implant bone loss, and contribute to greater long-term predictability. The integra-
tion of these regenerative strategies underscores the importance of biologically based,
patient-specific therapies in preserving natural dentition, salvaging compromised
implants, and reducing the systemic risks associated with chronic oral inflammation.

Keywords: periodontal regeneration, peri-implantitis, growth factors, 
photobiomodulation (PBM), bone grafting, low magnitude high frequency vibration
(LMHFV)

1. Introduction

Patients are often referred to a periodontist or to the clinician managing their
periodontal or peri-implant disease at varying stages of soft tissue and/or bone loss.
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When patients are evaluated earlier in the disease process, outcomes are generally 
more predictable. Early intervention increases the likelihood of eliminating the 
underlying inflammation and may allow for the reversal of gingival and/or alveolar
bone loss. Unfortunately, timely referrals or interventions by the treating dentist are
not always made.

In cases where deep periodontal or peri-implant pockets are already present, the 
associated biofilm can contribute not only to localized tissue destruction but also to
systemic complications [1, 2]. As bone loss progresses, surgical procedures for recon-
struction and, ideally, regeneration become increasingly complex. These cases are
often further complicated by systemic conditions such as smoking or diabetes, which
may impair healing.

The aim of this chapter is to present clinical cases supported by literature and, 
where possible, histological evidence that showcase various growth-enhancing devices 
and bioactive materials designed to improve surgical outcomes. By preserving natural
dentition whenever possible, we can delay or even prevent the need for implants and
reduce the risk of future bone loss around them.

Multiple studies have shown that sites with previously failed implants are associ-
ated with higher failure rates upon retreatment [3–6]. Various bioactive materials and 
treatment modalities for treatment of periodontal disease with associated bone loss 
and peri-implantitis will be addressed. Additionally, the utilization of devices to 
augment and enhance bioactive treatment approaches are discussed. By increasing the 
amount of vital bone and ideally converting allograft to vital bone, the percentage of
bone to implant contact should increase, improving osseointegration, implant stabil-
ity, implant longevity and decreasing the risk for peri-implant bone loss.

2. Platelet-rich fibrin (PRF)

Platelet-rich fibrin (PRF) is a second-generation platelet concentrate that has 
gained significant attention in regenerative dentistry due to its ability to promote 
tissue healing and regeneration. Advantages of PRF over PRP include natural fibrin
matrices, a higher concentration of platelets, a longer-term release of growth factors,
which are crucial for healing and no need to incorporate additional materials like
thrombin [7]. PRF is widely used in periodontal and implant treatment to enhance 
bone regeneration, improve soft tissue healing, and support the integration of dental
implants.

PRF is inexpensive and derived from the patient’s own blood. It is a highly bio-
compatible and safe option for regenerative procedures. Its enhanced healing and 
regenerative properties promote faster and more efficient healing, reducing postop-
erative pain, swelling, and inflammation. The variety of procedures in which it is used 
includes socket preservation, bone grafting, periodontal regeneration, and implant
therapy, PRF contains a high concentration of platelets, leukocytes, and growth fac-
tors such as platelet-derived growth factor (PDGF), transforming growth factor-beta
(TGF-β), and vascular endothelial growth factor (VEGF), all of which play a vital role
in tissue healing and regeneration [8]. Different centrifuges which operate at variable 
speeds and angles may affect the physical and biological properties of the clot formed. 
Low speed centrifugation, horizontal forces may permit longer release of growth
factors improving the clinical and histologic results in regenerated tissues [9, 10]. 

The mechanism by which PRF works is mainly attributed to PDGF, collagen matrix
formation, angiogenesis and its anti-inflammatory effects [11]. Platelet-derived
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growth factors in the PRF stimulate the recruitment, migration and proliferation of 
osteoblasts, fibroblasts, and endothelial cells, which are necessary for bone and soft 
tissue regeneration. Growth factors in PRF encourage the formation of new blood 
vessels, enhancing oxygen and nutrient supply to the healing tissue, which is espe-
cially crucial for both soft and hard tissue regeneration around dental implants and
periodontal tissues. Additionally, the anti-inflammatory effects PRF provides have
been demonstrated to reduce inflammation in the treated area, accelerating healing
and reducing complications after grafting procedures [12, 13]. Clinical evidence and 
studies on PRF in periodontal and implant treatment support PRF’s ability to enhance
treatment and clinical outcomes.

In addition to its’ biological properties, PRF will clinically enable the surgeon to 
fabricate “sticky bone” or a “block” of bone out of particulate graft materials [14–17]. 
In this manner, extra-alveolar defects can be filled to ideal contour to perform ridge
augmentation and the graft material can hold its’ shape.

2.1 PRF in periodontal and implant-related treatment

Periodontal diseases lead to the destruction of the supporting structures of teeth 
(bone and periodontal ligament). PRF has proven to be effective in enhancing the
healing process and promoting tissue regeneration in these cases [18]. Growth factors 
in PRF stimulate osteoblast activity, promoting bone formation. PRF additionally 
supports the regeneration of the periodontal ligament, critical for tooth stability and
function. In conjunction with bone grafting, The slow release of growth factors in PRF
[19] stimulates the proliferation of periodontal ligament cells, leading to the formation 
of new attachments between the tooth and alveolar bone, decreasing tooth mobility by
increasing its stability.

A meta-analysis study demonstrated that the combination of PRF and bone grafts 
resulted in improved clinical outcomes in periodontal defect treatment, with
enhanced bone fill and attachment gain compared to the use of bone grafts alone [20]. 
Similar results were reported that PRF significantly enhanced periodontal regenera-
tion, leading to better clinical attachment levels and radiographic bone fill [21]. 

2.2 PRF in implantology

PRF’s use in implantology has become increasingly popular due to its ability to 
enhance bone regeneration and accelerate the healing process. Following tooth 
extraction, the alveolar ridge undergoes resorption when socket preservation is not
performed. This can complicate subsequent implant placement when a delayed
approach is utilized [22–24]. When PRF is combined with bone graft materials, it 
enhances the integration of the graft material, leading to improved bone volume for 
later implant placement. This also has benefits when immediate implant placement at
time of extraction is planned, aiding in accelerating integration of the implant and
promoting faster healing of the surrounding soft tissue [25]. 

PRF improves bone regeneration in the maxillary sinus, enabling successful 
implant placement whether placed at time of grafting or in a delayed approach [26]. 
The incorporation of PRF into the implant surgical site aids in accelerating
osseointegration [27]. PRF’s growth factors stimulate osteoblast activity, promoting 
faster and more robust bone healing around the implant leading to quicker functional 
implant procedures. Its ability to enhance bone regeneration, improve soft tissue
healing and support osseointegration makes it an invaluable adjunct to various
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grafting techniques. As clinical studies continue to demonstrate its efficacy, PRF is 
increasingly being integrated into dental practices as a cost-effective, safe, and highly 
beneficial solution to enhance hard and soft tissue regeneration. Throughout this
chapter, PRF will be shown in multiple cases of bone grafting, loading and reducing
the risk of implant failure [28, 29]. Other uses include placing PRF plugs around 
healing abutments to thicken the biotype [30] and to enhance root coverage [31]. 

3. Autogenous dentin grafting

The concept of using dentin as a graft material capitalizes on its biological proper-
ties, which include the presence of osteoinductive factors (growth factors and pro-
teins) that promote bone formation and tissue healing. This has led to its increasing
application in periodontal and implant treatment.

Physical and chemical similarities between dentin and bone have been reported
[31]. Dentin is a viscoelastic material, making it a very effective in bone replacement. 
These properties include: osteoinductive potential, osteoconductive, biocompatibility
and release of bioactive molecules [32]. Dentin’s osteoinductive potential comes from 
multiple growth factors, including bone morphogenetic proteins (BMPs), 
transforming growth factors (TGF-β), and fibroblast growth factors (FGFs). These 
are involved in the regulation of osteoblast differentiation and bone formation, stim-
ulating the differentiation of mesenchymal stem cells into osteoblasts and promoting
new bone formation in the grafted site [33, 34]. The osteoconductive, mineralized 
matrix of dentin allows for the attachment, migration, and differentiation of osteo-
blasts and other cells necessary for bone regeneration [35]. The processed dentin 
matrix releases bioactive molecules, growth factors that enhance and promote osseous
healing and soft tissue regeneration [36]. Autogenous dentin has been proven to be a 
highly biocompatible and safe material for grafting procedures [37]. 

3.1 Autogenous dentin graft in periodontal treatment

Autogenous dentin grafts have demonstrated promise in achieving restoration of 
lost hard and soft tissue through regeneration. They may also be more beneficial in 
elderly, immunocompromised patients and in large and/or challenging defects -
infrabony, furcation defects, and other periodontal lesions that require osseous
grafting. The osteoinductive properties of dentin, combined with its osteoconductive
scaffold, enhance the healing process, promoting regeneration of missing bone and
the periodontal ligament [38]. Clinical studies have indicated that the use of dentin 
grafts in periodontal defects results in increased bone fill, improved attachment levels,
and greater clinical stability compared to non-regenerative procedures [39]. 

3.2 Case example: Extraction, socket grafting and periodontal furcation repair

A 67-year-old male presented for evaluation of the upper right molars. Continued 
periodontal breakdown not related to any medical history nor medications taken, was 
noted on the 1st and 2nd molars in the upper right. A radiograph was taken to evaluate
the advanced periodontal condition (Figure 1). Both molars were noted to have 
significant bone loss with advanced furcation involvement (Figure 2). While both had 
hopeless prognoses, the patient expressed a desire to maintain the 1st molar for as long
as possible. Treatment was discussed with the patient to extract the 2nd molar, utilize
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Figure 1. 
Initial radiographic presentation of periodontally involved with advanced bone loss and Class 2–4 involved
furcations.

Figure 2. 
Initial pocketing of 9 mm in the distal furcation of tooth # 3.

that as graft material for the 2nd molar socket and periodontally around the 1st molar
to attempt to improve the periodontal condition of that tooth.

Local anesthetic was administered, and blood was drawn from the patient to 
fabricate PRF. After the restoration was removed, the 2nd molar was atraumatically 
extracted. The tooth was debrided of hard and soft accretions, sectioned into pieces
and placed into the Smart Dentin Grinder (KometaBio, Ft. Lee, NJ) (Figure 2). Fol-
lowing processing (grinding) the resulting particulate was sterilized (cleansed) and
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partially demineralized according to the manufacturer’s directions. It was then mixed 
with corticocancellous allograft (Maxxeus, Solvita, Dayton, OH) in a 1:1 ratio. PRF 
from the patient’s blood was prepared and added to the graft to create a “block” of 
bone and set aside. Flaps were elevated to the mesial of the 2nd premolar then the 
socket and periodontal defects were debrided. The roots were planed and treated with 
EDTA (Kometabio). The PRF-Allograft-ADG (autologous dentin graft) block was 
placed into the extraction socket and periodontal defects around the 1st molar. Due to
the physical properties of the “block”, it was able to be placed and remain stable in a
supra-alveolar location. The graft was then covered with an Amnion-Chorion mem-
brane (BioXclude, Solvita, Dayton, Ohio) and L-PRF barriers. As both the membrane
and barrier have no memory when they are wet, it takes minimal time to place them
over any defect. The flaps were coronally repositioned, sutured and a radiograph was
taken.

The patient was seen on 3-month periodontal recare schedule and reevaluated 
3 years post grafting. Periodontal probing on the distal of 1st molar was 2-3 mm where 
pretreatment that probing was 8–9 mm. A periapical radiograph demonstrated bone
stability at the extraction socket, above the previous height of the alveolar crests and
in the furcations (Figure 3). The furcations were closed clinically and radiographi-
cally. There appeared to be 6.6 mm of vertical bone gain under the distal CEJ of tooth
# 3 which was verified clinically (Figure 4). Tooth # 3 which originally had a hopeless
prognosis now has a good prognosis.

Diagnosis of the patient, mouth and site are critical in prognosis of the teeth and
patient [40]. Many other periodontal non-surgical and surgical procedures which 
have shown varying degrees of success rates in the treatment of infrabony pockets
[41, 42]. This combination of bioactive materials and partially demineralized dentin 
mixed with a specific allograft (Maxxeus) fabricated into a PRF block and covered by 
a specific amnion-chorion (BioXclude) barrier has repeatedly shown excellent results
in filling infrabony defects and gaining suprabony healing along smooth roots and into

Figure 3. 
Three year postop radiograph showing excellent periodontal fill and graft remodeling in socket defect.
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Figure 4. 
Three year probing DB of tooth # 3 showing 2 mm pocket, no bleeding, 5 mm CAL gain in the distal furcation.

furcations as shown here. There are very few if any reports in the periodontal litera-
ture of other materials performing well in suprabony defects to treat these severely 
advanced periodontal lesions. Research has reported that autogenous dentin grafting
results in better, more vital bone compared to allograft materials currently used when
histologically analyzed [43]. 

3.3 Autogenous dentin graft in implant treatment

After tooth extraction, the alveolar ridge typically undergoes resorption, 
which can reduce the available bone for implant placement [23]. Socket preservation 
techniques using autogenous dentin grafts aim to prevent this resorption by promot-
ing the regeneration of bone in the extraction site [24, 25]. Dentin grafts are cost 
effective to place in the socket. They provide structural support and bioactive mole-
cules, helping to maintain the ridge volume and improve conditions for future implant
placement.

The growth factors and bioactive molecules released from the dentin stimulate the
conversion of M1 to M2 macrophages [44, 45]. This assists in removal of “debris” 
from the initial surgery and then formation of bone in the same sites. The released 
growth factors also stimulate osteoblasts to enhance bone formation around the graft
and implant site, leading to a faster and more effective osseointegration. This can yield
a higher implant success rate, especially in patients with compromised bone quality.

In periodontal and peri-implant treatments, autogenous dentin grafting signifi-
cantly improves bone fill in the defect being treated while increasing attachment
levels to the affected sites [46, 47]. For patients or dentists who are concerned about 
infected teeth, a study has been done showing that the manufacturer’s cleansing
process renders the graft fully sterile without altering levels of growth factors
contained [48].
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4. BioXclude in periodontal and implant treatment

BioXclude is a tissue-engineered, dehydrated human amnion-chorion membrane 
(dHACM) which contains numerous growth factors and has been used to enhance
wound healing [49]. The material is derived from the amnion and chorion layers of 
the placenta, rich sources of extracellular matrix proteins, growth factors, and cyto-
kines, which have regenerative and anti-inflammatory properties [50]. Clinically, 
BioXclude in periodontal and implant treatment has gained significant attention due 
to its ability to promote tissue healing, enhance bone regeneration, and support the 
integration of dental implants. The growth factors include vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), and fibroblast growth factors
(FGF), critical for promoting tissue regeneration [51, 52]. BioXclude modulates the 
immune response locally. This is beneficial in periodontal and implant procedures
where inflammation can delay healing or lead to complications like infection [53]. 

BioXclude contributes to faster and more predictable outcomes for implant ther-
apy due to the promotion of osteoblastic activity and enhanced osseointegration. This 
is particularly useful in cases when peri-implant mucositis or peri-implantitis is noted 
and requires treatment. Studies and clinical trials have supported the effectiveness of
BioXclude in periodontal and implant treatments, demonstrating its role in improving
tissue healing, promoting bone regeneration, and enhancing implant integration
[54, 55]. BioXclude is highly biocompatible, reducing the risk of rejection or allergic 
reactions compared to bovine or other non-human membrane products. BioXclude
represents a significant advancement in regenerative dentistry, offering numerous
benefits in both periodontal and implant treatment.

5. Laser therapy in periodontal and implant treatment

Laser therapy in dentistry has gained significant popularity due to its ability to 
provide effective, non-invasive, and precise treatment for a variety of dental condi-
tions. In periodontal therapy and implant dentistry, lasers offer significant advantages 
in promoting tissue healing, reducing pain, and improving clinical outcomes. Lasers
have shown an ability to enhance the regenerative capacity of hard and soft tissues,
reduce bacterial load in the area being treated, and provide minimally invasive treat-
ment options, making them valuable tools in both periodontal and implant treatment.

A laser’s mechanism of action results from emitting focused light energy at specific 
wavelengths, which are absorbed by tissues depending on their properties. In dental 
treatment, lasers are typically classified according to the tissue they affect and the 
wavelength they emit. The most commonly used laser types in periodontal and 
implant therapy are diodes, Er:YAG and Nd:YAG lasers. Diode lasers typically are
utilized for soft tissue procedures, such as gingival contouring, soft tissue surgery, and
the treatment of periodontal pockets. These lasers work by emitting light that is
absorbed by melanin in the soft tissue, leading to tissue cutting with coagulation and
with minimal damage to surrounding structures.

Er:YAG and Nd:YAG lasers are generally used for hard tissue and soft tissue treat-
ments respectively. The Er:YAG laser is particularly effective for hard tissue ablation, 
such as removing calculus deposits on teeth and implants and minor bone
recontouring. Whereas the Nd:YAG laser is most often used for soft tissue applica-
tions, such as periodontal debridement, gingival recontouring and the treatment of
peri-implantitis.
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5.1 Laser therapy in periodontal treatment

Periodontal disease is an inflammatory response in the surrounding tissues of the
patient [56, 57]. Long-term, this results in the destruction of alveolar bone, periodon-
tal ligament, and gingiva. The goals of periodontal therapy include to arrest disease 
progression, regenerate lost tissues, and improve the overall health of the
periodontium. Laser therapy has been shown to enhance various aspects of periodon-
tal treatment including targeting specific tissues which cannot be done with most
other therapeutic modalities.

Laser-assisted periodontal treatment, such as laser-assisted new attachment pro-
cedure (LANAP), incorporates Nd:YAG lasers to treat periodontal disease. The laser 
targets infected tissue within the periodontal pocket and removes or vaporizes associ-
ated specific pathogenic species of bacteria creating a disinfected area [58]. This laser 
removes inflamed, diseased tissue while promoting healing [59]. The laser also stimu-
lates the regeneration of the periodontal ligament and alveolar bone by encouraging
fibroblast and osteoblast activity [60]. As is accepted, untreated gingivitis can pro-
gress to periodontitis, involving the bone around teeth and implants leading to mod-
erate periodontal disease. Advanced periodontal disease can then lead to tooth or
implant loss. Identifying and treating periodontal, peri-implant issues at an early stage
can avoid those potential complications.

Laser periodontal treatment has multiple benefits. A key benefit of laser therapy in 
periodontal disease is its ability to reduce the bacterial load in the periodontal pocket [61]. 
The bactericidal effect of specific lasers and specific laser protocols contributes to faster 
and more effective healing, reducing the risk of infection after periodontal therapy. Lasers 
are highly effective at killing or neutralizing harmful bacteria, including periodontal 
pathogens such as Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans. 
Laser therapy, when targeting the pathogenic pigmented bacteria, provides a minimally
invasive treatment with less tissue damage than conventional surgical methods. As a
result, patients experience less post-treatment discomfort, swelling, and bleeding.

Laser therapy has been utilized for its role in periodontal regeneration. Studies 
suggest that low-level laser therapy (LLLT) can stimulate the production of growth 
factors and collagen, which are essential for tissue regeneration [61, 62]. Additionally, 
laser therapy has been shown to promote osteoblast activity, contributing to the regen-
eration of alveolar bone in cases of bone loss [63]. Laser usage in treatment of peri-
odontal disease can also help prevent systemic spread of these pathogens [1, 61–63]. 

5.2 Laser therapy in implant treatment

Laser therapy plays an essential role in various stages of implant treatment, from 
the initial placement of the implant to the management of peri-implantitis.

Peri-implantitis, an inflammatory condition, is one of the leading causes of implant 
failure. Laser therapy assists in decontaminating the surface of the implant, removing 
biofilm, infected tissue, and targeting the pathogenic, pigmented bacteria. It also pro-
motes healing by stimulating tissue regeneration and reducing inflammation, which
can help improve the long-term success of implants [64]. 

5.3 Case example: LANAP and LAPIP treatment

A 75 year-old female patient was referred for evaluation and treatment of full 
mouth periodontal and peri-implant issues with significant bone loss in the lower left

9
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posterior sextant. Review of the medical history noted significant medical history 
including cancer, heart disease and taking Mounjaro, but no contradictions to surgical 
or non-surgical therapy. Evaluation of the radiographs sent by the referring dentist
noted generalized moderate to advanced pocketing, moderate to advanced bone loss,
specifically at the implant at the left mandibular 1st molar (Figure 5). Periodontal 
charting was performed noting generalized significant pocketing and bone loss with
exudate evident at the 1st molar (Figure 6). Clinical findings were discussed with the 
patient, recommending full mouth laser treatment of the natural teeth (LANAP) and
of the affected implants (LAPIP), which the patient accepted.

The patient presented premedicated with Amoxicillin. Local anesthetic was 
administered. The LANAP//LAPIP protocol was followed including specific laser 
applications and scaling was performed with Piezoscaler to remove subgingival calcu-
lus and attempt to break up the biofilm. Utilizing an Nd:YAG laser (Periolase® MVP-
7™, Millennium Dental Technologies, Cerritos, CA) the fiber tip was introduced into 
the sulcus and maneuvered around the teeth and implants in the quadrants according
to the specific protocols. Upon removal of the tip from the sulcus on the buccal of the
implant at the 1st molar necrotic, inflamed gingival tissue was adhered to the tip. A 4
X 8 mm piece of BioXclude membrane (Figure 7) was placed into the mesial and distal 
sulcus prior to hemostasis and two sutures were placed. The patient was given an 
Oralight (Harrisonburg, PA) LED device and instructed to utilize it once daily for
5 minutes and appointed for treatment of the right quadrants.

The patient was seen at 9 months post-treatment to evaluate healing. An absence 
of gingival inflammation was noted with no bleeding on probing (Figure 8). A radio-
graph was taken to document the bone crestally related to the implant. Periodontal 
charting demonstrated improved probing depths on the implants and teeth with an 
absence of gingival bleeding in the majority of the mouth. She was instructed to 
continue daily use of the Accelite device and continued on 3-month recall. At the
14 month post treatment recall appointment a radiograph was taken the cupping
defects on the mesial and distal of the 1st molar implant were not present, having

Figure 5. 
Initial radiograph demonstrating significant bone loss on the implant at the 1st molar and slight bone loss on the
implant at the 2nd premolar.

10276



Perspective Chapter: Stimulation of Periodontal and Peri-Implant Healing with Bioactive…
DOI: http://dx.doi.org/10.5772/intechopen.1014310

Figure 6. 
Periodontal probing on the 1st molar noted exudate in the sulcus.

Figure 7. 
BioXclude membrane prior to placement in the treated pocket area.

filled above the top thread with bone. A radiograph was taken at the 18-month
demonstrated continued bone stability and position relative to the implants
(Figure 9). Periodontal charting confirmed the quadrant and the rest of the mouth 
remained stable with no changes in probing depths or bleeding. The patient continued
to use the Oralight daily as part of the homecare routine.

5.4 Clinical evidence supporting laser therapy in periodontal and implant
treatment

Several clinical studies have demonstrated the effectiveness of laser therapy in 
periodontal and implant treatments. One study reported that LANAP led to significant
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Figure 8. 
Periodontal probing 9 months after laser treatment demonstrating improved probing depth and an absence of
gingival inflammation.

Figure 9. 
Radiograph taken 14 months after treatment demonstrating maintenance of bone gain around the implants.

clinical improvements in pocket depth reduction, clinical attachment level gain, and 
reduced bleeding on probing, compared to traditional surgical methods [65]. Laser 
therapy (Er:YAG or Nd:YAG) in the treatment of peri-implantitis found that laser 
decontamination of implant surfaces resulted in significant reductions in probing
depth, inflammation, and bleeding, leading to improved clinical outcomes [66]. 
Additionally, LLLT accelerated soft tissue healing after periodontal surgery, reducing 
inflammation and postoperative pain while enhancing collagen formation and tissue
regeneration [67].

12278



Perspective Chapter: Stimulation of Periodontal and Peri-Implant Healing with Bioactive…
DOI: http://dx.doi.org/10.5772/intechopen.1014310

5.5 Advantages of laser therapy

Laser therapy offers a minimally invasive, precise approach for treating periodon-
tal disease and performing implant-related procedures, reducing the need for inci-
sions, flaps and sutures. Patients report less pain, swelling, and bleeding following
laser therapy. Laser therapy reduces the bacterial load, decreasing the risk of infection
and improving healing outcomes [68–71]. 

6. Platelet derived growth factor

Gem 21S® (Geistlich North America, Franklin, TN) is a regenerative bioactive 
material that is used widely in periodontal and implant dentistry. This material contains 
recombinant human platelet-derived growth factor (rhPDGF-BB). It has shown signif-
icant promise in enhancing hea ling in dentoalveolar, periodontal and peri-implant tissue
regeneration [72]. This growth factor works through promotion of cellular recruitment, 
proliferation, and differentiation, particularly of osteoblasts, periodontal ligament cells, 
and gingival fibroblasts. rhPDGF-BB is a potent mitogen, specifically stimulates the 
proliferation of these critical cell types and facilitating the regeneration of periodontal 
tissues, enhancing bone formation in the areas being treated. This is hi ghly beneficial in
the treatment of extraction sockets, ridge augmentation, and periodontal defects.

A graft mixture may be hydrated with GEM 21S® and placed in the socket follow-
ing tooth extraction to stimulate the regeneration of bone and soft tissues. Numerous
studies have demonstrated the use of GEM 21S® resulting in enhanced bone forma-
tion and better preservation of the ridge architecture [73–75]. A recent study demon-
strated that patients who underwent ridge augmentation with GEM 21S® had higher
success rates for implant integration and fewer complications post-surgery [76]. 

Periodontitis often results in significant hard and soft tissue loss around teeth, 
many times with tooth loss. Studies have demonstrated that when GEM 21S® is
applied in periodontal defects, there is an increase in both osseous fill and periodontal
ligament attachment to the tooth being treated [77]. In a clinical trial, rhPDGF-BB was 
utilized for the treatment of infrabony defects in patients with periodontitis [78]. That 
study demonstrated that rhPDGF-BB significantly improved clinical attachment levels 
and radiographic bone fill compared to traditional surgical treatments.

Studies have demonstrated the clinical efficacy of GEM 21S® in ridge augmenta-
tion [79] and periodontal regeneration procedures [80]. As reported in a randomized 
controlled trial, GEM 21S® was evaluated for socket preservation following tooth
extraction [81]. The test sites had significantly increased bone density in the extrac-
tion socket compared to controls which can lead to improved outcomes for subse-
quent implant placement [82, 83]. Several studies reported in the treatment of 
periodontal defect regeneration, GEM 21S® was used in periodontal regeneration for
the treatment of Class II furcation defects [84, 85]. The results reported that signifi-
cant improvements in both clinical attachment and bone levels, with patients 
experiencing long-term benefits from the treatment. GEM 21S® also has applications
in treatment of the missing alveolar structure in peri-implantitis [86]. 

6.1 Case example: Socket grafting, ridge augmentation and periodontal treatment

A 72-year-old patient presented on referral with a failing lower left mandibular 2nd 
molar. A radiograph was taken to assist in the clinical analysis. The tooth was tipped
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mesially and the 1st molar was missing. Probing and mobility confirmed that the tooth 
was severely periodontally involved, caused the loss of significant periodontal attach-
ment on the mesial of the adjacent 3rd molar and alveolar bone. Extraction of the 2nd 
molar was recommended. Review of the medical history noted high blood pressure, a
thyroid issue and high cholesterol. The patient was on antibiotics, prescribed by her
general dentist. The treatment plan was reviewed with the patient who accepted the
recommendations.

The consent form was reviewed and signed by the patient. Local anesthetic was 
administered. Blood was drawn from the patent to create PRF. The mandibular 2nd
molar was extracted atraumatically (Figure 10). A crestal incision was made at the in 
the edentulous area and a full thickness flap elevated to expose the area being treated. 
The socket was curetted to debride it as well as the mesial and buccal aspects of the 
3rd molar that had bone loss related to the periodontal issues from the 2nd molar. A 
graft of Bio-Oss (Geistlich, Princeton, NJ) and Mineralized Cortical Allograft was 
hydrated with GEM 21S and mixed with DFDBA fibers (Vallos F, Geistlich). This was 
hydrated and mixed with L- PRF (IntraSpin, BioHorizons, Birmingham, AL) to create 
a “block” of bone. The graft mixture was placed to fill the extraction socket, fill the
defect on the mesial and buccal furcation of the 3rd molar and augment the ridge at
the missing 1st molar site. The grafts were covered with BioXclude in all sites with an
additional barrier of Ossix Plus (Dentsply Sirona, Charlotte, North Carolina) over the
ridge augmentation site in the first molar area. All sites were then covered with L-PRF
barriers. The flap margins were reapproximated to get primary closure and secured
with PTFE (Osteogenics, Lubbock, TX) sutures. A radiograph was taken to document
fill of the socket and defects with the graft material. The patient was dismissed and
appointed for a follow-up appointment.

At 11-months post extraction and socket grafting the patient was ready to proceed 
with implant placement at the 1st and 2nd molar sites. A CBCT was taken to evaluate the 
grafted area and demonstrated a homogenous appearance of the graft with the su r-
rounding host bone. The consent form was reviewed with the patient and signed. Local

Figure 10. 
Radiograph taken following extraction of tooth # 18 showing the size and location of the alveolar and periodontal
defects.
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anesthetic was administered, and the site was flapped following placement of a crestal 
incision. The crest presented with fill of the site and blending of the graft material with 
the host’s bone. A core sample was taken at the 2nd molar site utilizing a 3.0 mm 
trephine drill to be sent for histological analysis. Appropriate length and width dental 
implants were placed. The flaps were reapproximated to get primary closure following 
placement of cover s crews in the implants and the flaps were secured with sutures. The
patient was dismissed, and the core sample was sent for histological analysis.

The core was received at the Hard Tissue Laboratory of the University of Minne-
sota Dental School. It was mounted, then sectioned and stained with Stevenel’s blue 
and Van Gieson’s picric fuchsin dyes. Gross evaluation revealed 81% bone, 100% vital
and 18% marrow or fibrous tissue. When analyzed at medium power (40x magnifi-
cation) very dense trabeculae with a good amount of vital cancellous bone (VB) was
noted (Figure 11). New bone formation (NB) as well as bone remodeling and delicate 
marrow space (MS) was noted. This image shows different staining qualities reflect 
the varying maturity levels of the different areas of the bone, with darker red-staining 
bone being less mature than the lighter staining bone The different staining qualities 
reflect the varying maturity levels of the different areas of the bone; darker red-
staining bone is less mature than the lighter staining bone. The most interesting
finding was that all of the allograft and xenograft had been resorbed and replaced by
vital bone, making this site ideal for lacement of dental implants.

The patient presented at 8-months post implant placement to expose the implants 
and initiate the restorative phase of treatment. Local anesthetic was administered, an 
incision made, flaps elevated and the implants were exposed. The cover screws were
removed and healing abutments placed. Due to the moderate Osstell measurement of
58 on the shorter distal implant, a Magdent (Magdent MED, Bnei Brak, Israel) healing
abutment was inserted (Figure 12). The healing abutment is activated in a device 
giving it a magnetic charge. This will last for a month, improving bone density in the
site and increasing osseointegration and implant stability. The soft tissue was
reapproximated and secured with sutures.

Figure 11. 
Histological analysis of the core sample at 40x magnification.
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Figure 12. 
Periapical radiograph following placement of healing abutments following implant exposure including the
magnetic healing abutment (Magdent) to continue to improve osseointegration.

Figure 13. 
Clinical view of restored implants.

The patient returned 4 weeks later for impressions for restoration of the implants. 
The stability of the distal implant had increased to 77 due to the effects of the
MagDent healing abutment. As has been reported in the literature, magnetic fields can
improve bone healing [18]. This took the implant from one with questionable 
osseointegration to one the surgeon, restorative dentist and patient can rely upon. The
restorations were returned from the lab and inserted intraorally (Figure 13). 

7. Photobiomodulation (PBM) in periodontal and implant treatment

Photobiomodulation (PBM), also known as low-level laser therapy (LLLT), is an 
innovative non-invasive therapeutic modality that utilizes light energy to promote tissue

16282



Perspective Chapter: Stimulation of Periodontal and Peri-Implant Healing with Bioactive…
DOI: http://dx.doi.org/10.5772/intechopen.1014310

healing and regeneration. PBM has gained considerable attention in periodontal therapy 
and implant dentistry due to its ability to enhance wound healing, reduce inflammation, 
alleviate pain, improving overall treatment outcomes. PBM operates by applying specific
wavelengths of light to targeted tissues, resulting in cellular responses that stimulate tissue
repair, regeneration, while modulating the immune response.

The mechanisms of PBM work by delivering low-intensity light, in the red or near-
infrared spectrum (600 to 1000 nm), to the tissue. The primary mechanism of PBM is
the absorption of light energy by cellular chromophores, mainly cytochrome c oxidase
in mitochondria [87]. This leads to several biochemical and physiological effects, 
eliminate the including and end the prior line with a period. The next paragraphs
describe in detail the physiological and biochemical effects.

PBM stimulates the mitochondria, resulting in an increase in adenosine triphos-
phate (ATP) production and the downstream release of growth factors. Increased ATP 
production results from absorption of light by cytochrome c oxidase stimulating
mitochondrial activity. ATP is the primary energy source for cells, and increased ATP
availability promotes cell proliferation, migration, and tissue repair [88]. The binding 
of growth factors to cell surface receptors induces signaling pathways that transmit to 
the nucleus for the transcription of genes for increased cellular proliferation, viability,
with migration of numerous cell types, including stem cells and fibroblasts [89]. PBM 
research demonstrated that osteoblasts showed increased mitochondrial ATP produc-
tion, increased osteoblast activity and proliferation, increased and pro-osteoblast
expression in the presence of red and NIR (near infrared) radiation [90]. NIR irradi-
ation further elevated the expression of bone matrix-related genes fostering enhanced 
deposition and maturation of fibrillar collagen. This study demonstrates that PBM has
the potential to enhance osteogenic functionality within a translational organotypic
bone culture system [91]. 

Additionally, PBM has been shown to stimulate fibroblast activity and collagen 
synthesis, which is crucial for wound healing and tissue regeneration. The density of
collagen expression was significantly higher in an in vivo study in the PBM treatment
group [92]. PBM has also reported positive photobiostimulatory effects on bone 
regeneration, accelerating its process regardless of the biomaterials utilized [93]. The 
anti-inflammatory effects with the use of PBM has reported a reduction in the pro-
duction of pro-inflammatory mediators, such as cytokines (TNF-α, IL-6) and prosta-
glandins. Thus, modulating the immune response by decreasing inflammation and
promoting tissue homeostasis, is essential for faster and more efficient healing [94]. 
This enables management of the hyper-inflammatory response characteristic of peri-
odontitis and also following surgical intervention when treatment is being performed
[95]. Increased circulation and angiogenesis are also benefits of PBM treatment. As it 
promotes vasodilation and enhances blood circulation in the treated area, resulting in 
improved blood flow which increases oxygen, nutrients, and growth factors to the
tissue, accelerating healing. Additionally, PBM promotes angiogenesis, which is vital
for tissue regeneration and repair [96, 97]. Additionally, PBM has an analgesic effect 
by stimulating the release of endorphins reducing the transmission of pain signals.
This is particularly beneficial in the post-operative period for patients undergoing
periodontal or implant treatment [98]. 

PBM has demonstrated benefits in accelerating tissue regeneration, reducing 
inflammation, and improving the outcomes of various periodontal procedures. This
leads to quicker patient post-operative recovery, a reduced risk of infection, and
improved tissue regeneration [99]. PBM is frequently used in GTR procedures to 
promote the regeneration of the periodontal ligament and alveolar bone, by enhancing
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osteoblast activity and stimulating collagen production. Thus, supporting regenera-
tion of lost tissues improving the clinical outcomes of GTR. Utilization has proven
effective regarding bone repair, when associated with bone regeneration techniques
[100]. PBM therapy has shown to improve dentoalveolar-derived mesenchymal stem 
cells (ddMSCs), with no deleterious effects and a tendency to improve ddMSCs’
viability and proliferation [101]. 

Regarding the treatment of periodontal inflammation, PBM aids in reducing 
inflammation by modulating the immune response and decreasing the levels of
inflammatory cytokines. This leads to reduced swelling and faster resolution of peri-
odontal or peri-implant infections [59]. A reduction of bleeding related to PBM ther-
apy relates to its ability to stimulate vasodilation and enhance blood circulation which 
can lead to reduced bleeding during and after periodontal surgeries. This improves
visibility in the surgical field and enhances the healing process by delivering more
oxygen and nutrients to the treated area [102]. 

PBM can be used as an adjunct to traditional mechanical therapies like scaling and 
root planing (SRP). It accelerates the healing of gingival tissues, enhancing the
reattachment of periodontal ligament fibers (reducing tooth mobility), and reduces
post-operative inflammation, contributing to improved clinical outcomes and overall
patient comfort [103–106]. PBM provides significant pain relief without the need for
medication [107]. The author has noted anecdotally that with over 98% of the surgical 
and LANAP/LAPIP patients treated, only OTC analgesics are used for control of
discomfort. In about 70%, none are taken after the first night.

PBM has been shown to enhance osseointegration by increasing ATP production 
and promoting the activity of osteoblasts, thereby improving bone formation around
the implant [108]. PBM therapy improved new trabecular bone formation and their 
connectivity which increased the bone surface, indicating the positive effect on alve-
olar socket repair [109, 110]. In patients that require sinus augmentation (crestal or 
lateral approach) for implant placement in the maxilla, PBM has demonstrated 
enhanced healing of the sinus membrane while promoting bone regeneration. By
stimulating cell proliferation and collagen synthesis, PBM accelerates bone healing in
the sinus cavity, improving the success rate of implant placement there [111]. 

PBM helps eliminate inflammation and stimulates tissue regeneration, contribut-
ing to better outcomes in peri-implantitis therapy [112, 113]. By enhancing collagen 
production and reducing inflammation, PBM contributes to the formation of healthy
and aesthetic peri-implant mucosa [114, 115]. PBM provides significant analgesic 
effects by stimulating the release of endorphins and reducing the release of inflam-
matory mediators, offering faster recovery and a more comfortable postoperative
experiences [116]. 

PBM’s antimicrobial effects assist in reducing bacterial load, lowering the risk of
infection after periodontal and implant surgeries [117, 118]. PBM is non-invasive 
treatment, making it a comfortable treatment option for patients. Intraoral units allow 
the patient to use PBM at home, throughout their mouth, on a daily basis to maximize
periodontal and implant treatment results and prevent potential issues long-term.

7.1 Case example: Extraction, socket grafting, implant placement with PBM
augmentation

A 49-year-old male patient was referred for evaluation and treatment of the lower 
left molars which presented with loss of the majority of the coronal tooth structure and
decay on both teeth (Figures 14 and 15). Both teeth were deemed “non-restorable”.
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Figure 14. 
Clinical appearance of the left mandibular 1st and 2nd molars.

Figure 15. 
Periapical radiograph of the mandibular left 1st and 2nd molars demonstrating significant coronal breakdown on 
the 2nd molar and recurrent caries on the 1st molar with bone loss in the furcation.

Treatment was discussed with the patient and extraction was recommended for both 
teeth with socket grafting and later implant placement. The patient agreed to the
suggested treatment.

The patient presented for treatment and the consent form was reviewed and 
signed by the patient. Local anesthetic was administered and blood drawn for fabri-
cation of L-PRF. The 1st and 2nd molars were atraumatically extracted and the sockets
cleaned and debrided (Figure 16). The distal of the 2nd premolar root was planned 
and treated with citric acid. The L-PRF created from the drawn blood of the patient
was mixed with cortico-cancellous bone (Maxxeus) to fabricate a bone “block”. This
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Figure 16. 
Extraction sockets following extraction of the 1st and 2nd molars showing significant buccal bone loss.

was placed into the extraction sockets to fill them to the ideal level crestally, which 
was about 5 mm above the current furcation. The distal surface of tooth # 20 was also
grafted supra-alveolarly to ideal height. An amnion-chorion barrier membrane
(BioXclude) was placed over the graft material and tucked under the flap margins
(Figure 17). The site was closed with PGA sutures and postoperative instructions 
reviewed with the patient. An Oralight PBM device was dispensed and the patient
instructed to use it twice daily for 5-minutes each session.

Five months after periodontal treatment and socket grafting the patient presented 
in preparation for implant placement, indicating he had continued to use the Accelite 
PBM device as directed. Examination noted the gingival tissue over the healed extrac-
tion sites was keratinized and non-inflamed. A periapical radiograph and CBCT were 
taken and showed the sockets were filled with dense bone similar to adjacent host 
bone. The surgical consent form was reviewed and signed by the patient. Local 
anesthetic was administered, and a full thickness flap was elevated. A core was taken
at both planned implant sites utilizing a 3 mm outer diameter trephine drill to send a
retrieved sample for histological analysis. The alveolar bone was at a significantly
elevated height above the initial furcation location in the areas of the extracted teeth,
ideal buccal contour was reestablished, and the bone level is now above the initial
periodontal defect on the distal of tooth # 20.

Osteotomies were created at both sites and a 5 x 12 mm implant (Kontact, Biotech
Dental, Englewood, NJ) was placed into each site (Figure 18) achieving good initial 
stability with an ISQ reading of 75 using the Ostell device. Healing abutments were
inserted and the flaps sutured. A periapical radiograph was taken to document the
implant placement.
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Figure 17. 
A BioXclude membrane was placed over the grafted sockets, prior to being covered with PRF and sutures.

Figure 18. 
Implants placed into the previously grafted sites in wide, healthy bone with no visible graft particles.
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Figure 19. 
Histological analysis of site #19 showing allograft converted to vital bone and significan t amounts of new and vital bone.

Core samples were processed and stained with Stevenel’s blue and Van Gieson’s 
picro fuchsin and analyzed histologically by the lab. Site #19 was analyzed at 20x
demonstrating solid, new bone (NB) (Figure 19). The majority of the bone is imma-
ture, vital bone. The trabeculae are quite thick and numerous and concentrated lacu-
nae filled with osteocyte cells (OC) in the newly formed bone are present. This core 
shows 67% bone, 92% of which is vital (VB), 8% of which is residual mineralized 
allograft and 33% marrow. This low-power photomicrograph shows a fairly solid core 
with good new bone (NB) formation around the few remaining allograft particle. The
cancellous network is well formed with good, thick trabeculae bridging among the
allograft particle (AL) with good connectivity. The vast majority of the allograft has
been replaced by a combination of osteoclastic resorption and vital cell ingrowth into
the osteocytic lacunae of the previously non-vital graft particles.

Twelve months after implant placement, the patient presented to begin restoration 
of the implants. The gingival tissues presented with an absence of inflammation.

Figure 20. 
Periapical radiograph of the implants demonstrating stability of the bone above the initial alveolar crest in all
areas 18 months after loading.
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Digital impressions were taken to send to the lab. The screw-retained restorations 
were inserted 2 weeks later. A periapical radiograph was taken to verify mating of the 
prosthetics with the implant at the connector and document the stability of the bone 
in relation to the crestal aspect of the implant. The clinical result achieved natural
aesthetics. Eighteen months later, the supra-crestal bone is evident between, around
the implants and on the distal of tooth # 20 approximately 5 mm higher than at the
initiation of therapy (Figure 20). 

8. Low magnitude high-frequency vibration (LMHFV) in periodontal and
implant treatment

Low Magnitude High-Frequency Vibration (LMHFV) therapy is a non-invasive 
treatment modality utilizing mechanical vibrations of low amplitude and high fre-
quency to stimulate tissue healing and regeneration. It has gained attention in both 
periodontal and implant dentistry due to its ability to enhance bone regeneration, 
accelerate healing, improve implant stability, and reduce the risk of complications.
LMHFV therapy involves the application of mechanical vibrations that are delivered
at low magnitudes at high frequencies (typically in the range of 20 to 50 Hz) to
targeted tissues. These vibrations interact with the tissue at a cellular and molecular
level, producing beneficial effects [117, 118]. 

The key mechanisms by which LMHFV works include stimulation of osteoblasts 
and osteoclasts, expression of bone growth factors, enhance microcirculation, 
increased collagen synthesis and a reduction in inflammation. This creates a balance
between bone formation and resorption, promoting bone remodeling and enhancing
bone healing in periodontal tissues (hard and soft tissue) and around dental implants
[119]. Osteocytes are sensitive to vibration stimuli and are able to sense LMHFV by
producing soluble factors that inhibit osteoclast formation [120]. LMHFV also exhibits 
a protective effect on osteoblasts by regulating their proliferation, migration and
differentiation [121]. The vibrations assist by increasing the expression of bone 
growth factors such as transforming growth factor-beta (TGF-β), bone morphoge-
netic proteins (BMPs), and vascular endothelial growth factor (VEGF). Those factors
are crucial for stimulating bone formation and angiogenesis, leading to improved
osseointegration and bone regeneration [122, 123]. Research in orthopedics has 
supported these findings that LMHFV enhances bone remodeling and stimulates cells
that improve osseous conditions [124–126]. Additionally, LMHFV promotes micro-
circulation by increasing blood flow to the treated area, which improves oxygen, 
nutrients, and growth factors. This enhanced circulation accelerates tissue healing,
including periodontal tissues and the bone surrounding dental implants [127, 128]. 
Increased collagen synthesis results from the mechanical vibrations stimulating fibro-
blast activity. Collagen is essential for wound healing, tissue regeneration, and the
stabilization of periodontal and peri-implant tissues [129]. LMHFV has been shown to 
reduce inflammation in the affected tissues by modulating the inflammatory response. 
Reduction in the levels of pro-inflammatory cytokines promotes healing of soft and
hard tissues [123]. 

Studies have shown that implants subjected to LMHFV therapy exhibit enhanced
stability and improved long-term success rates [130]. When used as an adjunct in the 
treatment of peri-implantitis by stimulating graft replacement, bone regeneration and 
reducing inflammation, the therapy enhances healing of all tissues and promotes bone
remodeling, which can help save implants affected by peri-implantitis [118, 119].
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LMHFV therapy is non-invasive and can be incorporated into the patient’s 
homecare schedule, only requiring one or two 5-minute sessions daily. As the time 
necessary is minimal, patient compliance is improved. The HF Alveo5 LMHFV device
(Houston, TX) device is cordless and compact, placed intraorally and occluded on
lightly so that vibration can be felt in the jaws.

8.1 Case example: LMHFV to enhance socket grafting

A 76-year-old male patient presented for extraction of the non-restorable teeth in 
the right maxillary quadrant. Examination noted a fixed bridge from the right maxil-
lary 1st molar to the right central incisor. There was significant decay in the prosthetic 
abutments. Site collapse was noted in the edentulous areas and the bridge exhibited
Class 2 mobility. The clinical presentation and findings were discussed with the
patient, as well as treatment options. The patient indicated he wished a fixed restora-
tion so a treatment plan involving extraction of teeth, socket grafting and delayed
placement of implants.

A consent form was reviewed with the patient and signed. Blood was drawn to 
create PRF (BioPRF, Jupiter, FL). Local anesthetic was administered. The bridge was
sectioned and removed (Figure 21 left). The 1st molar, residual root at the 2nd 
premolar, canine and central incisor were atraumatically extracted. The patient did
not wish the roots of the 2nd molar extracted. The extraction sockets were cleaned and
debrided (Figure 21 right). A “block” was fabricated from the PRF mixed with 
cortico-cancellous bone (Maxxeus). Large defects were noted in the areas of teeth #s 
3 –4 and 6–7. The extraction sockets were filled with the graft, edentulous areas were
grafted to restore ideal volume (Figure 22 left). Amnion-chorion barrier membranes

Figure 21. 
Initial presentation then the sockets following extraction of the canine and central incisor showing extremely thin
buccal plate # 8, missing buccal plate on # 6 and full site collapse at # 7.
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Figure 22. 
The extraction sockets were filled with the PRF graft block (left), covered with a BioXclude (middle), PRF and
then sutured (right).

(BioXclude) were placed over graft material and tucked under the flap margins
(Figure 22 middle). The site was covered with a BioPRF barrier, flaps closed with no
attempt at primary closure. PGA sutures were placed (Figure 22 right) and postop-
erative instructions reviewed with the patient. The patient was dispensed an Alveo 5
LMHFV device (Figure 23) and instructed to use it twice daily for the recommended 
5-minutes each session and continue until returning for the post-operative
appointment.

At the 6-month post socket grafting appointment the patient presented to initiate 
implant placement into the grafted ridge. He indicated that since the extraction and 
socket grafting appointment he had continued to use the Ptech LMHFV device twice
daily. Soft tissue overlaying the posterior right quadrant demonstrated healthy

Figure 23. 
Alveo5 device with charging cable.
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Figure 24. 
A BioXclude membrane was placed over the secondary, contour graft, prior to covering with PRF and suturing.

keratinized non-inflamed tissue. Radiographs were taken that demonstrated dense 
bone in the socket that were grafted blending well with the surrounding host bone
(Figure 24). The consent form for implant placement was reviewed and signed by the 
patient. Local anesthetic was administered, and a full thickness flap was elevated.

Evaluation of the CBCT showed excellent bone volume and density in the locations 
required for implant placement. The crest of the ridge presented with dense bone fill 
except a slight defect at the 2nd premolar area. Cores were taken from the 2nd 
premolar, canine and central incisor sites using a 3.0 mm trephine drill for histological 
analysis. Osteotomies were completed and 4 x 12 mm implants (Kontact, Biotech
Dental) were placed at the 2nd premolar, 1st premolar, canine and central incisor
sites. Cover screws were placed on the implants. Blood was drawn to create BioPRF to
mix with cortico-cancellous bone (Maxxeus) to fill any minor defects and for contour
grafting to improve the emergence profile of the soft tissues. A BioXclude membrane
was placed over the graft material (Figure 23). A BioPRF membrane was placed over 
the implants and the flap margins reapproximated and sutured. The patient was
instructed to continue twice daily use of the Alveo5 LMHFV device.

Core samples were processed and stained with Stevenel’s blue and Van Gieson’s 
picro fuchsin and analyzed histologically by the lab. Analysis of the core sample at site 
#8 noted 77% bone, 100% of which is vital 0% of which is residual mineralized
allograft and 23% of marrow. The medium power photomicrograph (40x) shows the
dense bone that could be cortical bone or could be very dense trabeculae of cancellous
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Figure 25. 
Histological analysis of site #8 at 40x.

bone (Figure 24). Microscopic view emphasizes the immature nature of the bone and 
shows the thick trabeculae with active new bone formation at the edge of the trabec-
ulae. Most of the bone seems to be vital bone (VB) and new bone (NB) surrounding
what is most likely revitalized mineralized allograft (AL) (Figure 25). The image 
shows very delicate, non-inflamed marrow (MS). Conversion of mineralized allograft 
to vital bone in the absence of growth factors has not previously been reported in the
literature. Having complete vital bone around a tooth or implant should greatly
improve the longevity of either.

The patient presented at 6-months post implant placement for implant uncovery 
to initiate the restorative phase of treatment. Local anesthetic was administered, and a 
full thickness flap was elevated. It was noted that bone was either completely or 
partially covering the implants. Bone was removed to expose the cover screws. They 
were removed and healing abutments placed. Implant stability (ISQ) was taken with 
the Osstell unit – all implants registered 75+. Bond Apatite (Augma Biomaterials, 
Spotswood, NJ) was mixed and placed filling the area between the healing abutments
and covering the crestal aspect of the ridge. The flaps were then sutured. Bond Apatite
sets hard and acts as barrier so narrow areas that are not covered do not require a
membrane and the soft tissue will migrate over it during healing. The material also
converts to bone over time. Periapical radiographs were taken to confirm seating of
the healing abutments, graft placement and document the crestal bone level in rela-
tion to the implants.

The patient returned at 4 weeks to uncover the implants and gingiva that had 
covered the graft material. After healing, he was sent for restoration Radiographs of 
the final bridge demonstrating stable bone around the implants and no pathology
around the remaining 2nd molar. The final prosthesis provided an aesthetic result
(Figure 26). The patient was instructed to continue use of the Alveo5 LMHFV device
daily to aid in maintaining the bone in contact with the implants.
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Figure 26. 
Radiographic, clinical appearances following placement of the final restoration.

9. Conclusion 

The integration of biologically active materials and innovative therapeutic modal-
ities has revolutionized periodontal and peri-implant regeneration, offering clinicians 
powerful tools to enhance healing and clinical outcomes. The use of growth factors, 
such as those found in GEM 21S®, Platelet-Rich Fibrin (PRF), BioXclude and autog-
enous dentin grafts, represents a shift toward biologically driven strategies that opti-
mize tissue regeneration. GEM 21S®, with its regenerative potential through rhPDGF-
BB, has proven particularly effective in managing complex cases, such as ridge aug-
mentation, socket preservation, and periodontal defect repair of teeth and implants,
leads to more predictable and stable outcomes. When combined with early diagnosis
and timely intervention, these growth factors facilitate improved implant prognosis,
long-term tissue preservation, and reduced complications associated with advanced
tissue breakdown.

PRF and autogenous dentin grafting elevate regenerative strategies by utilizing the 
body’s own healing capabilities. PRF, with its rich concentration of platelets and
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growth factors, enhances both soft and hard tissue regeneration, accelerating healing 
and improving surgical predictability. Similarly, autogenous dentin grafts harness the 
regenerative potential of the patient’s own extracted teeth, providing an 
osteoinductive matrix that supports robust bone and periodontal regeneration. These
techniques, while offering numerous benefits, also require clinician expertise and
careful case selection to overcome challenges such as technique sensitivity and volume
limitations.

BioXclude and laser therapy have elevated clinical results in periodontal and 
implant dentistry. BioXclude, derived from the human placenta, serves as a natural 
barrier promoting soft and hard tissue regeneration while reducing inflammation. 
Unlike other barriers it has been shown to be bioactive and anti-infective, especially
important for aging and immunocompromised patients. Specific protocols in laser
therapy, with precision and a minimally invasive approach, accelerate healing, reduce
pathogenic bacterial loads, and stimulate tissue regeneration, making them invaluable
tools in modern regenerative dentistry.

Photobiomodulation (PBM) and Low Magnitude High-Frequency Vibration 
(LMHFV) each offer significant benefits in regenerative dentistry, enhancing healing 
and tissue regeneration in unique and non-invasive ways. PBM stimulates cellular 
metabolism, reduces inflammation, and accelerates recovery by promoting collagen 
production, angiogenesis, and tissue repair. It is particularly effective in improving 
soft and hard tissue regeneration and enhancing patient comfort post-surgery. 
LMHFV, through mechanical activation, stimulates bone and soft tissue regeneration, 
enhances osseointegration, and accelerates healing. It supports tissue remodeling,
bone density, and overall tissue stability, especially in implantology and periodontal
treatments. When used separately, both therapies improve clinical outcomes, reduce
inflammation, and promote faster healing. Together, PBM and LMHFV offer a com-
prehensive, non-invasive approach to enhance regeneration, optimize recovery, and
improve the long-term success of dental treatments. Histological results of these
therapies have been shown here to be ideal for socket regeneration and future
osseointegration of dental implants.

When patients present with many issues, dentally and medically, the dental sur-
geon needs to be able to choose from a variety of biomaterials, techniques and devices
to assist them in obtaining optimal health.

The combination of photobiomodulation (PBM) and Low Magnitude High-
Frequency Vibration (LMHFV) has introduced a synergistic effect that optimizes 
healing and reduces discomfort. Together, these therapies enhance osseointegration, 
stabilize soft and hard tissues, and promote faster postoperative recovery. The inte-
gration of PBM and LMHFV into routine dental practices can offer an efficient,
predictable, and patient-friendly approach, improving both short-term and long-term
clinical outcomes.

As research and technology continue to evolve, these biologically advanced mate-
rials and therapeutic modalities are set to become foundational elements in periodon-
tal and implant therapy. Their ability to enhance tissue regeneration, improve clinical 
predictability, and support long-term success positions them as essential tools in
modern dental care, offering effective, comfortable, and biologically sound solutions
for patients. This will enable them to preserve teeth and implants for longer periods of
time and, maybe more importantly, to have a chance to improve their overall health.
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Abstract

The oral cavity is the first site in the human body affected by electronic cigarette 
aerosols, largely composed of humectants such as propylene glycol, glycerol, nicotine, 
and flavoring agents. Of these, flavoring agents have been shown to have notable det-
rimental effects on the oral microenvironment. This chapter focuses on the mucosal 
biology, immunology and the microbiology in the context of electronic cigarette use 
and (i) summarizes the current literature, (ii) indicates the gaps in knowledge, and 
(iii) proposes new directions of research in the topic. Considering the oral-systemic
health connection and the increasing prevalence of electronic cigarette use, an under-
standing of the implications of vaping on oral tissues and the associated microbiome,
especially as it relates to periodontitis, is paramount.

Keywords: electronic cigarettes, oral bacteria, oral epithelial cells, immune cells, 
inflammation

1. �Introduction

Vaping is the act of inhaling aerosols generated from an electronic nicotine
delivery system (ENDS) in a similar manner to which smokers inhale cigarette smoke. 
Originally, ENDS, or electronic cigarettes (ECIGs), were intended as a “harm-
reduction” means for cessation of traditional smoking. However, it has now become 
a multimillion-dollar industry similar to that of “Big Tobacco” [1, 2]. The prevalence 
of vaping among young adults has increased exponentially, becoming a public health 
concern [3–8]. Although vaping is advertised as a safer alternative to smoking, the 
effects of inhaling ECIG-generated aerosols have not yet been fully explored [2, 9, 10].

In its simplest form, ECIGs are composed of a battery, a heating element, and a 
reservoir for the E-liquid (Figure 1). The battery powers the heating element typi-
cally integrated with the reservoir. When the battery is activated, the heating element 
vaporizes the E-liquid within the reservoir and generates an aerosol that the user 
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inhales into the respiratory system [11]. Figure 1 also shows the E-Liquid composi-
tion: the base humectants, propylene glycol (PG) and vegetable glycerol (VG); 
nicotine (ranging from 0 to 24 mg/mL); and flavoring agents which comprises up to 
25% of the E-liquid [12, 13].

E-liquid aerosol particles range in size from <0.3 to >10 μm [14]. Biological effects 
of the particles depend largely on their deposition in the mouth and in the respiratory 
tract, being highly dependent on the manner of integration into biological fluids and 
tissues [15]. Vaping, its effects on the oral microenvironment, and the overall implica-
tions will be the focus of this chapter.

Consequently, this chapter covers three topics. First, the normal anatomy, physiol-
ogy, and microflora of the oral cavity are presented. Next, we review the effects of 
vaping on the oral mucosa, particularly regarding oral epithelial cells, innate immune 
cells and saliva. Lastly, the effects of vaping on the oral microbiome and host-micro-
bial interactions are outlined.

2. �The oral cavity

As a dynamic, open biological system, the oral cavity serves as an interface 
between the internal and external environments where mechanical, chemical, and 
microbial components interact to maintain oral health and function. A descrip-
tion of the oral epithelium, the periodontium and the oral microbiota are briefly 
discussed.

Generally, the oral epithelium consists of squamous stratified epithelium and is 
classified according to variations in its thickness and extent of keratinization. Specific 
functions include protection of the underlying lamina propria and submucosal con-
nective tissue layers as well as perception of temperature, touch, pain and taste [16]. 

Figure 1. 
Anatomy of a typical e-cigarette (ECIG) and the standard constituents of E-liquids.
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The periodontium includes the alveolar bone, the junctional epithelium and the 
gingival tissues (Figure 2). The gingival sulcus is the space or periodontal pocket 
between the tooth and the surrounding gingival tissue and alveolar bone. The gingi-
val crevicular fluid (GCF), as displayed in Figure 2, contains serum, inflammatory 
mediators, biomarkers, and antibodies [17].

Figure 2. 
The gingival sulcus includes the space between the tooth and the gum, and the main components are the gingival 
crevicular fluid (GCF), oral bacteria forming dental plaque, innate immune cells in the gingival tissue, the 
supporting alveolar bone and the connecting junctional epithelium adhered to the tooth.

Figure 3. 
Oral biofilm composed of various layers of bacteria. Oral biofilms begin with the attachment of oral commensal 
streptococci and other commensal bacteria. Fusobacteria can act as commensal bacteria but serve as a bridging 
taxa for oral pathogens. In the gingival sulcus, oral biofilms are bathed in gingival crevicular fluid (GCF).
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The mucosal surface of the mouth is colonized with a natural microflora primar-
ily in a commensal relationship with the host. These microbes include bacteria, 
fungi, viruses, and protozoa. The oral cavity has a vast and diverse microbiome with 
834 taxa [18]. Oral streptococci are among the first to colonize the tooth surfaces 
(Figure 3) as they bind to the salivary pellicle, starting a biofilm [19]. As saliva and 
other nutrients flow across tooth surfaces, these early biofilms grow in number and 
diversity, as more species adhere to the streptococci, as shown in Figure 3 [20]. 
These biofilms are commonly referred to as plaque. Dysbiosis is the imbalance in the 
microflora that may allow opportunistic pathogens to initiate disease. For example, 
periodontitis is associated with dysbiosis.

3. �Effects of vaping on the oral mucosa: Cellular stress and inflammation

The oral mucosa is the first tissue that is exposed to ECIG-generated aerosols. 
Aerosol particles are dissolved into the saliva [15], coating and diffusing throughout 
the oral mucosal tissue. Substrates found in the aerosol include nicotine, propylene 
glycol, glycerol, and flavoring agents. To date, the majority of research in vitro and in 
vivo regarding E-liquid-related toxicity focuses on the lower respiratory tract [21, 22], 
with particular emphasis on respiratory tissues such as bronchial epithelia [23–27]. 
In contrast, minimal research has been conducted on the effects of ECIG-generated 
aerosols on oral epithelial tissues and saliva.

3.1 Effects of ECIGs on oral epithelial cells

3.1.1 Cytotoxicity

Nicotine concentrations in E-liquids range from 0 to 24 mg/mL, and depend 
on user preferences. With that said, nicotine doses less than 24 mg/mL do not usu-
ally reduce viability of different oral cell lines tested [28–32]. However, nicotine 
shows pathological effects on HaCaT keratinocytes at concentrations as low as 
8 mg/mL [33].

E-liquids and their aerosols have been studied on oral cells and tissues and are 
found toxic. Typically, flavorless E-liquids are not cytotoxic, although flavorless 
aerosols composed of 30:70 PG/VG (v/v) were shown to induce cytotoxicity and 
Caspase 3 activation (apoptosis) in gingival keratinocytes [34]. Of interest, ECIGs 
utilize flavoring agents such as tobacco and menthol to appear more appealing for 
users. Other flavors are also prevalent among the adolescent population [29, 35–38]. 
Importantly, these flavoring agents have been shown to induce cytotoxic effects 
[39]. For example, menthol flavoring in tobacco products has been associated with 
greater nicotine dependence [40]. In conventional cigarettes, menthol reinforces 
smoking habits through cough suppression and reduction of airway irritation [41]. 
Fruit- and dessert-flavored E-liquids are particularly popular and attract adolescent 
users [36, 42], correlating with a higher number of inhalations per vaping session. 
Furthermore, a higher probability of vaping persistence after 6 months has been 
observed with fruit- and dessert-flavored E-liquids [43, 44].

As such, ECIG use is negatively implicated in the in vitro and in vivo wound heal-
ing capacity of mucosal cells (Figure 4), including complications in post-surgical 
oral wound healing [45, 46]. For example, cinnamaldehyde, the major component of 
cinnamon flavoring, is associated with cytotoxicity among other cellular responses 
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[28, 39, 47–49]. In general, ECIG use is associated with observation of aberrant 
morphology (Figure 4) and cytotoxicity in epithelial cells located in the head and 
neck [50, 51]. ECIG-generated aerosols have also been shown to result in histological 
aberrations in the fungiform and circumvallate papillae of albino rats [52], indicating 
potential implications for taste and sensory deficits.

3.1.2 Gene expression and DNA damage

Oral epithelial cells play a critical role in wound closure post-injury. Wound clo-
sure curtails the invasion of microbes and microbial products into the lamina propria 
and bloodstream [53]. The production of salivary mucins is critical given their central 
role in the oral mucosa [54]. Along with tight junctions, mucins are responsible for 
maintaining the epithelial and mucosal barrier function [55]. A disruption in the 
ability of oral epithelial cells to recover from injury can pose a risk for infection and 
prolonged inflammation, in addition to systemic health risks [53]. Overall, as shown 
in Figure 4, physiological functions are altered on oral epithelial cells after exposure 
to flavoring agents in E-liquids, such as cinnamon, menthol, strawberry, and tobacco 
[45]. Additionally, gene expression profiles and critical molecular pathways may 
be affected by components in unflavored aerosolized E-liquid [56, 57]. Moreover, 
vaping leads to epigenetic DNA methylation of the tumor-suppressor HIC1 gene [58] 
and to DNA damage in oral epithelial cells [34, 50, 51, 59], making the tissues more 
susceptible to oral cancer. Noteworthy, traditional tobacco smokers who then became 
dual users, using both cigarettes and ECIGs, present with a significant reduction of 
DNA damage in the oral mucosa compared to smokers [60]. Presumably, this may be 
attributed to the fact that dual users smoke less conventional cigarettes. Nonetheless, 
smokers and vapers show a high prevalence for abnormal cells with increased risk to 
develop cancer (i.e., precancerous lesions) where the keratinized stratified squamous 
epithelium of the tongue is most commonly affected [61].

Figure 4. 
Alterations in pro-inflammatory and oxidative stress biomarkers, including cytokines, glutathione, mucins and 
tight junctions of oral epithelial cells exposed to E-liquids and/or aerosols. Adapted from Shamim et al. [45].
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3.1.3 Oxidative stress and inflammation

Pathophysiological indicators in the oral mucosa include glutathione (GSH), 
cytokines, mucins, and tight junctions, among others (Figure 4). Various flavor-
ing agents, particularly cinnamaldehyde, induce production of pro-inflammatory 
cytokines [48, 49], reactive oxygen species (ROS) and cytochrome c release [49, 62], 
leading to epithelial barrier dysfunction [63] and apoptosis [49, 62, 64–66]. Exposure 
to flavored E-liquids result in oxidative stress and cytokine production in human 
periodontal ligament fibroblasts and in the gingival epithelia [66]. GSH, an intracel-
lular antioxidant molecule, helps to maintain the balance of ROS and to combat 
oxidative injuries [67]. The sulfhydryl group on GSH permits its antioxidant capacity 
by neutralizing ROS. In the presence of excess ROS (i.e., hydrogen peroxide), GSH 
is oxidized to form a disulfide bond, either with itself to yield oxidized glutathione 
(GSSG), or with other sulfur-containing proteins or peptides [68]. In the event of 
oxidative stress, the total glutathione (both reduced and oxidized forms) increases 
[67, 69]. Of note, the activity of γ-glutamyl cysteine synthase, the rate-limiting 
enzyme for the synthesis of GSH, has been shown to increase in response to oxida-
tive stressors [70, 71]. Conversely, the amount of GSH may decrease as it is oxidized 
by exposure to oxidative stress [68]. This depletion of intracellular GSH, due to its 
conversion to GSSG or reacted with other sulfhydryl-containing molecules, typically 
signals apoptosis [72]. For example, unflavored aerosols [73] or E-liquids [45] may 
decrease intracellular GSH levels in human oral keratinocytes (Figure 4), suggesting 
heightened cytotoxicity and oxidative stress [74].

The inflammatory response of epithelial cells can be monitored by measuring 
the release of a number of pro-inflammatory cytokines such as tumor necrosis 
factor (TNF)α, interleukin (IL)-6, and IL-8. Expression of these signaling cytokines 
are under the control of transcriptional and post-transcriptional mechanisms in 
response to tissue injury [75] and thus are responsible for stimulating the large-scale 
host defense through acute phase responses, hematopoiesis, and a number of other 
immune processes [75].

Elevated total glutathione represents a localized cellular oxidative challenge, 
whereas an increase in pro-inflammatory cytokine expression suggests the initiation 
of inflammation. The immune and oxidative responses of oral epithelial cells induced 
by ECIG flavoring agents must be further examined to contribute to knowledge 
concerning their acute effects in the oral cavity [50, 51].

The specific correlation between ECIG usage and periodontal disease has recently 
been evaluated. ECIG use imposes an inflammatory burden in vivo, where pro-
inflammatory cytokines, including interferon (IFN)γ, IL-2, IL-4, IL-6, IL-8, IL-10, 
granulocyte-monocyte colony stimulating factor, and TNFα are upregulated suggest-
ing that ECIG use is associated with greater inflammation [76]. In addition, an in vitro 
study by Ramenzoni et al. using reverse transcription quantitative polymerase chain 
reaction, revealed an increase in pro-inflammatory cytokines (IL-1α, IL-1β, and IL-6) 
from oral epithelial cells exposed to ECIG aerosol [77], thus supporting the in vivo 
data by Ganesan et al. [76]. In addition, exposure of the 3D engineered human oral 
mucosal cells to ECIG aerosols reveal tissue structural damage including a decrease in 
type IV collagen and laminin as well as increased levels of matrix metalloproteinase 
(MMP)-2, MMP-3, MMP-9, lactate dehydrogenase activity and pro-inflammatory 
cytokines [78]. Similarly, gingival epithelial cells exposed to flavored and unflavored 
ECIG aerosols with varying ratios of PG/VG [79] increase production of similar 
biomarkers, however, at a lower extent than when cells are exposed to cigarette smoke [80]. 
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Therefore, cigarette smoke appears to be more harmful than ECIG aerosols on 
mucosal immunity.

3.1.4 Immune response on macrophages and neutrophils

Macrophages are involved in phagocytosis of pathogenic bacteria and pro-inflam-
matory cytokine secretion. Polarization of naïve macrophage to the M1 pro-inflam-
matory subtype is hindered when these cells are exposed to E-liquids, specifically 
altered morphology, gene expression of inflammatory markers and cytokines [81]. 
Alveolar macrophages exposed to E-liquids die of necrosis and/or apoptosis, whereas 
exposure to ECIG aerosols is less cytotoxic [82]. In addition, these authors report that 
phagocytosis is significantly hindered, whereas ROS, IL-6, TNFα, and MMP-9 pro-
duction is elevated, concluding that aerosol exposure is detrimental to macrophage 
immunobiology [49, 83]. Impaired functions were observed in alveolar macrophages 
after exposure to flavored E-liquids containing cinnamaldehyde [84]. Additionally, 
ECIG flavorings induce a proinflammatory state in macrophages, with cinnamon and 
menthol flavorings causing the most detrimental effects [85]. Moreover, neutrophils 
exposed to E-liquids with flavors display altered morphology and decreased forma-
tion of neutrophil extracellular traps, indicating impaired immune function [84].

3.2 Effects of ECIG on saliva and sputum

The assimilation of recondensed E-liquid in saliva results in a wide range of physi-
ological effects [86, 87]. Saliva of ECIG users contains decreased levels of antimicro-
bial lysozyme and IgA in comparison to non-ECIG users [88]. Additionally, salivary 
flow rate and pH are significantly lower in individuals who vape [89]. This decrease 
in flow rate and pH may be attributed to the effects of nicotine and the generated 
aldehyde levels within the aerosol [90–92], as well as other E-liquid constituents. A 
decrease in salivary flow and pH, as well as reduced levels of mucin (MUC) 5B [45], 
may result in xerostomia [93], dental caries, [94, 95] and other pathologies such as 
periodontitis [96]. Interestingly, analysis of saliva can help evaluate the effects of 
vaping on oral health because it is easily attainable and contains various cellular secre-
tions. Saliva of ECIG users has higher protein, phosphate and calcium concentrations 
as well as lower pH [90]. Although still under study, high calcium content in the saliva 
of ECIG users could serve as a biomarker for periodontal disease, as salivary calcium 
is positively correlated with bone resorption and weakened tooth attachment [97]. 
Excess salivary calcium may lead to faster mineralization of plaque.

Increased levels of inflammatory MMP-9, cytokines IL-6, TNFα and IL-1β, IL-8, 
IL-17, IL-4, and IFNγ are found in saliva of ECIG users [98]. In addition, GCF analy-
sis, although limited, shows increased concentrations of TNFα and IL-1β [99]. A sig-
nificant correlation between ECIG-generated aerosol and oxidative damage indicators 
such as malondialdehyde, superoxide dismutase and 8-hydroxy-2′-deoxyguanosine 
has also been observed, indicating metabolic alterations in the saliva of ECIG users 
[100]. Increasing prevalence of E-liquids and ECIGs necessitates further research 
regarding their physiologic effects in the oral cavity.

Sputum collected from vapers contains significantly higher amounts of bronchial 
epithelial cells, indicating an airway injury [101]. Analysis of sputum from ECIG 
users also reveals overall immunosuppression, with low levels of soluble intercellular 
adhesion molecule 1, soluble vascular cell adhesion molecule 1, C-reactive protein, 
IFNγ, monocyte chemoattractant protein-1, MMP-2, anti-inflammatory uteroglobin, 
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and vascular endothelial growth factor. If the oropharyngeal mucosal immune system 
is suppressed due to vaping, there is a higher risk for infection as the mucosa between 
the oral cavity and airway is always exposed to the external environment [101].

4. �Effects of vaping on the oral microbiota

ECIG-generated aerosols have the potential to disturb the homeostasis of the 
oral microbiota, leading to dysbiosis. Therefore, it is critical that the effect of ECIGs 
on the oral cavity, oral microbiome, and host-bacteria interactions are further 
explored. Perturbation of the oral microbiota are implicated in oral diseases such as 
periodontitis [102].

4.1 Commensal bacteria

Existing studies on the effects of ECIG components include comparisons 
between ECIG-generated aerosols, conventional cigarette smoke, E-liquids, 
nicotine, and flavors. In regards to the effects of nicotine by itself, commensal 
Streptococcus gordonii planktonic growth (i.e., free flowing bacteria in a suspen-
sion), biofilm formation, aggregation, and gene expression of binding proteins is 
increased after exposure from 0 to 4 mg/mL of nicotine [103]. Studies comparing 
the effects of flavorless E-liquids and cigarette smoke show that the latter has a 
strong cytotoxic effect [104, 105]. While flavorless E-liquids do not show any sig-
nificant effect, Fischman et al. [12] found that flavored E-liquids—such as tobacco, 
menthol, cinnamon, strawberry, blueberry—tend to have an inhibitory effect in 
a dose-dependent manner on the planktonic growth of several oral commensal 
streptococci, including S. gordonii, Streptococcus intermedius, Streptococcus mitis, and 
Streptococcus oralis [12]. It is worth noting that in that study, the nicotine concen-
tration was as high as 1 mg/mL, resulting in no change in planktonic growth [12]. 
Similarly, the effects of flavored E-liquids on single and multispecies commensal 
biofilm formation using oral commensal streptococci also reveals a dose-dependent 
inhibitory effect [106]. Others show that ECIG generated aerosols further inhibit 
the growth of commensals S. gordonii and Streptococcus sanguinis while enhancing 
biofilm formation [107]. Thus, the smoke from combusted tobacco and E-liquid 
flavors elicit a significant harmful effect on oral streptococci while nicotine concen-
trations in ECIGs do not appear toxic.

Hydrophobic interactions facilitate bacterial cell adherence to each other and to 
oral surfaces [108]. An increase in hydrophobicity allows for better adherence and 
biofilm formation [109]. Therefore, it is important to investigate the effects of ECIG 
aerosols and E-liquids on bacterial cell hydrophobicity. To this end, Catala-Valentin 
et al. [107] investigated the effects of ECIG aerosols on the hydrophobicity of the 
commensal bacteria S. sanguinis and S. gordonii, and the opportunistic pathogen 
Streptococcus mutans. Authors observe relatively little change in the hydrophobicity 
of the commensal organisms, while the hydrophobicity of S. mutans significantly 
increased. This also correlates with a significant increase in the adherence of S. mutans 
to oral epithelial cells [107]. Cinnamon and menthol stock ECIG flavors has been 
observed to increase the hydrophobicity of oral streptococci including S. gordonii, 
S. mitis and S. oralis [110]. Additionally, exposure of oral commensal population to 
cinnamon- and menthol-flavored E-liquids induce a bactericidal effect, which is 
supported by a decrease in the viability of multispecies communities composed of 
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the same bacteria treated with cinnamon aerosol [110]. Overall, E-liquids and their 
aerosols appear to alter the hydrophobicity of oral commensal streptococci, and it is 
speculated that such alterations may contribute to microbial dysbiosis. While some 
of the effects of ECIG aerosols and E-liquids on the growth and biofilm formation of 
oral streptococci have been documented, more research is needed to elucidate multi-
species interactions between oral commensals, pathogens and the host.

4.2 Pathogenic bacteria

The effects of nicotine on oral pathogenic bacteria and periodontitis are well 
documented [111]. For example, single exposure to nicotine inhibits the growth 
of oral pathogen Porphyromonas gingivalis in a dose-dependent manner; however, 
multiple exposures to nicotine result in increased bacterial growth indicating devel-
opment of resistance [112]. This suggests that chronic nicotine exposure may lead to 
pathogenicity. In addition, after exposure to nicotine Lactobacillus casei, Actinomyces 
viscosus, Actinomyces naeslundii, Rothia dentocariosa, Enterococcus faecalis, and S. 
mutans show inconsistent effects on planktonic growth, but most species exhibit 
an upward trend in biofilm formation [113, 114]. The effects of flavored E-liquids 
on individual oral pathogen species are limited. For example, an increase in biofilm 
biomass and expression of virulent carbohydrate metabolic genes in S. mutans is 
observed after exposure to ECIG aerosols [107, 115]. Overall, these studies lead to the 
following observation: E-liquids and their aerosols affect the survival of oral patho-
genic bacteria and promote biofilm formation in vitro, suggesting plaque formation 
may occur on tooth surfaces in vivo, thus increasing the risk of oral diseases. While 
few studies focus on the effects of vaping on individual pathogens, most studies 
are observational in nature. For the most part, studies on the effects of vaping on 
the oral microbiome in vivo lack mechanistic data which would help elucidate this 
observation. This gap in knowledge begs for further research (Figure 5).

Figure 5. 
Effect of vaping on oral microbiome and, by extension, the status of health and disease in the oral cavity. 
Under homeostasis, some oral commensal bacteria produce hydrogen peroxide, which prevents the growth and 
colonization of oral pathogens. Exposure to ECIG aerosols has no effect on the growth of oral commensal bacteria 
while having a positive effect on that of oral pathogens. The resulting dysbiosis, as a consequence of vaping, is 
implicated in oral diseases. Cessation of vaping may reverse oral dysbiosis.
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4.3 Microbial diversity

Considering the wide microbial diversity in the oral cavity, maintaining a balanced 
species composition is important to the host health status. For example, as depicted 
in Figure 6, commensal bacteria produce bacteriocins, such as hydrogen peroxide, 
which prevent excess growth of pathogenic species [116, 117]. Dysbiosis could offset 
the healthy host-bacteria interactions and lead to oral, and therefore systemic, patho-
genesis [118]. Therefore, it is critical to understand the effects of ECIGs on the com-
position of the oral microbiome in vivo. Pushalkar et al. [119] found a significant shift 
in the relative composition of microbial species between ECIG users and non-users, 
where Porphyromonas and Veillonella are in higher abundance among vapers [119] 
(Figure 6). Porphyromonas is known to have a pathogenic role and has been impli-
cated in gingivitis and periodontitis [120]. Veillonella is mainly commensal, although 
it may support the colonization of pathogenic bacteria [121]. Other observational 

Figure 6. 
Host-microbe interaction between microbe and oral epithelial cell. Microbial pathogen associated molecular 
patterns (PAMP) and pattern recognition receptors (PRR) bind, leading to a signal transduction pathways (1), 
inducing gene expression (2), and production/secretion (3) of inflammatory mediators (4).
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studies have also found similar results, in that there was a difference in the microbial 
diversity of ECIG users (Figure 6) when compared to cigarette smokers and non-
users [76, 122]. Furthermore, vaping may be associated with increased periodontal 
tissue destruction, leading to the development of periodontitis [123]. To emphasize, 
the overall compositional shift towards dysbiosis is a multifactorial deviation from 
the optimal that includes changes in oral microbial diversity, metabolic processes, 
bacteria-bacteria interactions, and responses to external stimuli [102, 124–126]. 
In vitro studies demonstrate that exposure to ECIG aerosols favors the growth and 
colonization of oral pathogens over commensals [107, 115], supporting the shift in the 
microbial community (Figure 5). However, blanket statements indicating that vaping 
increases or decreases a specific species may not provide an accurate holistic depiction 
of the oral microbiota as it relates to health status.

4.4 Oral epithelial cells and oral microbe interactions

The oral cavity serves as an entryway for microbial pathogens and environmental 
insults, and therefore has developed an advanced innate and adaptive immune system. 
Figure 6 portrays pattern recognition receptors (PRRs) on host cells detecting micro-
bial threats and initiate innate immune responses that mobilize immune cells includ-
ing neutrophils, macrophages, dendritic cells, and lymphocytes, typically found in the 
mucosal tissues, lamina propria, and saliva [127]. Through PRRs, immune cells detect 
pathogen-associated molecular patterns (PAMPs) (Figure 6), such as lipopolysaccha-
rides, flagella, peptidoglycan, and carbohydrates [128–130], which activate immune 
cells to produce cytokines, chemokines, ROS (Figure 6) and ultimately mount an 
immune response [23]. In addition antibodies, mucin glycoproteins, lysozyme, lacto-
ferrin and antimicrobial peptides also help regulate the microbial burden and keep the 
oral cavity at homeostasis [131, 132].

Pathogenic oral bacteria, such as P. gingivalis, are known to invade host oral epithe-
lial cells [133]. This process is associated with inflammation and oral diseases, such 
as gingivitis and periodontitis [134]. However, oral commensal streptococci, such as 
S. gordonii and S. intermedius, are protective against P. gingivalis invasion [135]. These 
interactions between microbes and host cells play an important role in determining 
the status of health or disease in the oral cavity. Thus, it is important to investigate 
how exposure to ECIG aerosols might affect such interactions. Opportunistic S. 
mutans has a higher capacity to adhere to oral epithelial cells than the oral commensals 
S. sanguinis and S. gordonii, and exposure to E-liquids increases the adherence of S. 
mutans [107]. Unfortunately, studies examining opportunistic invasive microbes, 
such as P. gingivalis, interacting with oral epithelial cells while exposed to E-liquids 
or their aerosols are insufficient. In addition, exposure of Candida albicans—an 
opportunistic pathogenic yeast—to ECIG aerosol increases growth, chitin produc-
tion, and adherence to gingival epithelial cells, which may enhance pathogenesis and 
risk of oral candidiasis [136]. Furthermore, ECIG use is positively correlated with the 
presence of Human Papillomavirus-16 infections [137, 138]. Overall, these studies 
indicate that exposure to ECIG aerosols and E-liquids has the potential to modulate 
host-microbe interactions, which could affect the health of the oral cavity, but further 
research is still required.

Based on the current evidence in the primary literature, conflicting results exist 
regarding the impact of ECIG on oral health. Microbiological evidence overwhelm-
ingly suggests that ECIG use prompts dysbiosis, which is supported by clinical 
studies [50, 119, 123, 139, 140]. Other clinical studies investigating vaping-induced 
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periodontal destruction have not shown such correlation, yet other studies have 
observed higher plaque scores [123, 141]. Further research will clarify these conflict-
ing results.

5. �Chapter summary

This chapter reviews the current literature regarding the effects of ECIG use on the 
oral microenvironment with an emphasis on oral immunology and microbiology. The 
available primary literature indicates that vaping, the inhalation of ECIG aerosols, 
induces alterations in both the oral mucosa and associated microbiota. Specifically, 
aerosols promote inflammation and oxidative stress, are cytotoxic to the oral epithe-
lium and cause alterations in the genetic makeup which could lead to various patholo-
gies, such as precancerous lesions. Also, many E-liquids lead to pro-inflammatory 
cytokine production and changes in glutathione, an indicator of oxidative stress. In 
addition, cinnamon flavor E-liquids and their aerosols induce cell death on many cell 
models, presumably via apoptosis. Moreover, E-liquids and their aerosols disrupt 
the balance of the oral microbiota, killing some species while promoting growth of 
others, which leads to dysbiosis. For instance, E-liquids are cytotoxic as displayed 
in many studies testing the planktonic growth of oral commensal bacteria as well 
as biofilm formation. However, not much research focuses on pathogens, including 
bacteria, fungi and viruses.

Over the past decade, paramount and elegant investigations have increased our 
knowledge on the effects of vaping within the oral cavity. Nevertheless, there are still 
major gaps in our current understanding, especially in regards to host-bacteria inter-
actions and the accompanying immune response. Furthermore, the majority of stud-
ies are observational in nature and do not explore in-depth mechanisms of action. 
Therefore, this area of research would benefit from mechanistic studies on the effects 
of vaping compounds on host cells, microbes and their interactions. For example, an 
investigation on the effects of vaping compounds on the adherence of commensal 
bacteria as well as the invasion of P. gingivalis into oral epithelial cells in the pres-
ence or absence of commensal bacteria would provide insights into the mechanistic 
host-bacteria interactions in the context of vaping. In addition, well-designed studies 
that explore changes in gene expression of oral epithelial cells, oral commensal and 
pathogenic bacteria might include exposure to E-liquids or their aerosol followed 
by RNA extraction and sequencing. Such investigations would further elucidate the 
effects of vaping on the molecular biology of microbes and the host in within the oral 
cavity. More importantly, these studies will expand our understanding of how vaping 
may relate to periodontal inflammation.
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