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ABSTRACT 
 

Periodontitis is a common inflammatory periodontal disease characterized by the destruction of bone tissue and requires 

an integrated treatment approach. In this study, an intelligent scaffold based on a collagen-hyaluronic matrix was developed 

that provides pH-dependent metronidazole release and prolonged delivery of recombinant bone morphogenetic protein-2 

(rhBMP-2). Scaffold demonstrated pronounced antimicrobial activity against Porphyromonas gingivalis and 

Aggregatibacter actinomycetemcomitans, inhibiting the formation of bacterial biofilms by 75±6% compared with the 

control. The kinetics of metronidazole release showed significant pH sensitivity: at pH 5.5, 78±5% of the drug was released 

in 72 hours, whereas at physiological pH 7.4, only 25±3% was released. In vitro studies have confirmed excellent 

cytocompatibility of the scaffold with osteoblast-like MC3T3-E1 cells and a significant increase in the expression of 

osteogenic markers (Runx2, OCN, COL1A1). In vivo experiments on a rat periodontitis model revealed that the use of a 

scaffold leads to the restoration of 78±6% of bone volume after 8 weeks, which significantly exceeds the results of standard 

treatment (45±5%). Histological analysis confirmed the formation of mature bone tissue with pronounced vascularization 

in the experimental group. The developed scaffold is a promising combined system for the treatment of periodontitis, 

combining targeted antimicrobial therapy and active stimulation of tissue regeneration. The results obtained open up new 

possibilities for the clinical application of intelligent biomaterials in regenerative periodontology. 

Key words: Intelligent scaffolds, Controlled release, Periodontitis, Tissue engineering, Bone regeneration, PH-sensitive 

systems. 
 

 

Introduction 

Periodontitis is a widespread chronic inflammatory disease 

of periodontal tissues characterized by progressive 

destruction of the gingival joint, resorption of the alveolar 

bone, and, eventually, tooth loss [1-3]. This disease is one 

of the main causes of tooth loss in the adult population and 

is a serious problem for modern dentistry [4]. The etiology 

of periodontitis is associated with the complex interaction of 

pathogenic microflora, mainly anaerobic bacteria such as 

Porphyromonas gingivalis, Tannerella forsythia, and 

Aggregatibacter actinomycetemcomitans, and the response 

of the host organism [5, 6]. Bacterial pathogens form 

complex biofilms on the tooth surface and in periodontal 

pockets, which significantly complicates their eradication 

and contributes to the chronicization of the inflammatory 

process [7]. 

The pathogenesis of periodontitis includes a cascade of 

immuno-inflammatory reactions leading to the activation of 

pro-inflammatory cytokines such as interleukin-1b (IL-1b), 

interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) 

[8]. These mediators stimulate the production of matrix 

metalloproteinases (MMPs) and activate osteoclasts, which 

ultimately leads to the degradation of periodontal collagen 

fibers and resorption of alveolar bone [9-11]. The chronic 

nature of inflammation, as well as the difficulty of 

eliminating pathogenic microflora by traditional treatment 

methods, necessitates the development of new therapeutic 

strategies [12, 13]. 

Modern approaches to the treatment of periodontitis include 

mechanical removal of plaque and tartar (scaling and 

curettage), antimicrobial therapy (local and systemic), and, 

in severe cases, surgical methods [14]. However, these 

approaches have significant limitations. Mechanical 

treatment does not always allow complete removal of 

biofilms, especially in deep periodontal pockets and 

complex anatomical areas [15]. Systemic use of antibiotics 

is associated with the risk of developing microbial resistance 

and side effects, and topical administration of drugs is often 

characterized by insufficient duration of action and inability 

to ensure controlled release of active substances [16]. In 

addition, existing treatment methods are mainly aimed at 
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eliminating infection and do not actively stimulate the 

regeneration of lost periodontal tissues [17, 18]. 

In recent years, considerable attention has been paid to the 

development of tissue engineering scaffold structures that 

can serve not only as a framework for tissue regeneration, 

but also as a platform for controlled drug delivery [19, 20]. 

Scaffolds are three-dimensional porous structures that 

mimic the extracellular matrix and provide conditions for 

cell migration, proliferation, and differentiation [21, 22]. An 

ideal scaffold for the treatment of periodontitis should 

combine several key properties: biocompatibility, 

biodegradability, appropriate mechanical strength, as well 

as the ability to control the release of biologically active 

substances [23-25]. 

Of particular interest are the so-called "intelligent" scaffolds 

capable of responding to specific biological stimuli 

characteristic of the inflammatory process in periodontitis. 

Such stimuli may include changes in pH (acidosis is 

observed in the inflammatory focus), increased activity of 

certain enzymes (for example, MMPs), the presence of 

reactive oxygen species, or specific biomarkers of 

inflammation [26, 27]. Intelligent scaffolds can be 

programmed to selectively release antimicrobial, anti-

inflammatory, or osteogenic drugs specifically in the area of 

inflammation, which can significantly increase the 

effectiveness of therapy and minimize side effects [28-30]. 

The development of such systems requires an integrated 

approach, including the selection of optimal materials, 

methods for constructing a three-dimensional structure, and 

strategies for the inclusion and controlled release of active 

substances [31]. Natural polymers (collagen, chitosan, 

hyaluronic acid), synthetic biodegradable polymers 

(polylactide, polyglycolide, and their copolymers), or 

combinations thereof can be used as scaffold materials [32-

35]. Each of these materials has certain advantages and 

limitations in terms of mechanical properties, 

biocompatibility, and degradation kinetics. 

Composite scaffolds combining several materials and 

functional components are of particular interest [36-38]. For 

example, the inclusion of hydroxyapatite nanoparticles can 

improve the osteogenic properties of the structure, and the 

use of pH-sensitive liposomes or nanogel systems allows for 

the controlled release of drugs in response to changes in the 

acidity of the medium [39, 40]. In addition, the surface of 

scaffolds can be modified with biologically active 

molecules (peptides, growth factors) to target cellular 

processes. 

The purpose of this study is to develop and comprehensively 

characterize an intelligent scaffold for the treatment of 

periodontitis, which has the following key properties: 1) the 

ability to control the release of an antimicrobial drug in 

response to a decrease in pH, characteristic of an 

inflammatory focus; 2) prolonged release of osteogenic 

factor to stimulate bone regeneration; 3) optimal structural 

and mechanical characteristics that provide support for cell 

migration and proliferation. As part of the study, it is 

planned to evaluate the antimicrobial activity of the 

developed scaffold in vitro, its effect on the viability and 

differentiation of osteoblastic cells, as well as its 

regenerative potential in an animal experiment with 

simulated periodontitis. 

The system under development has significant potential for 

clinical use, as it simultaneously solves several key tasks of 

periodontitis treatment: effective suppression of pathogenic 

microflora, relief of the inflammatory process, and 

stimulation of regeneration of lost periodontal tissues. Using 

this approach can significantly improve the treatment 

outcomes of patients with chronic periodontitis and reduce 

the recurrence rate of the disease. 

Materials and Methods 

To create an intelligent scaffold, type I collagen isolated 

from rat tendons, 1.5 MDa hyaluronic acid (Sigma-Aldrich), 

N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 

hydrochloride (EDC), and N-hydroxysuccinimide (NHS) 

were used as crosslinking agents. 1,2-distearoyl-sn-glycero-

3-phosphocholine (DSPC), cholesterol, and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-

[carboxy(polyethylene glycol)-2000] (DSPE-PEG-COOH) 

in a molar ratio of 6:3:1 were used to form pH-sensitive 

liposomes.. Metronidazole (an antimicrobial drug) and 

recombinant human bone morphogenetic protein-2 

(rhBMP-2) were used as active substances. Hydroxyapatite 

nanoparticles were synthesized by wet chemical 

precipitation. 

Liposomes containing metronidazole were obtained by thin-

film hydration. The lipid mixture was dissolved in 

chloroform, and then the solvent was removed under 

vacuum. The formed lipid film was hydrated with a 

phosphate buffer solution (PBS, pH 7.4) containing 5 mg/ml 

of metronidazole at a temperature of 60 °C for 2 hours. The 

resulting suspension was sequentially extruded through 

polycarbonate membranes with pores with diameters of 400, 

200, and 100 nm. To assess the pH sensitivity, liposomes 

were incubated in buffer solutions with pH from 4.0 to 7.4, 

and the kinetics of metronidazole release were analyzed by 

high-performance liquid chromatography. 

The scaffold base was formed from a 2% collagen solution 

mixed with a 1% hyaluronic acid solution in a 3:1 ratio. To 

improve the mechanical properties, hydroxyapatite 

nanoparticles (10% of the total polymer weight) were 

introduced into the matrix. Crosslinking was performed 

using EDC/NHS with a molar ratio of carboxyl and amino 

groups of 2:1. pH-sensitive liposomes and rhBMP-2 were 

incorporated into the scaffold at the gelation stage. The 

resulting mixture was poured into molds with a diameter of 

8 mm and a height of 2 mm and subjected to freeze drying. 
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The morphology of the surface and porosity of the scaffold 

were analyzed using scanning electron microscopy (SEM, 

Hitachi SU-70). Fourier transform infrared spectroscopy 

(FTIR, Nicolet iS50) was used to confirm the chemical 

structure and degree of crosslinking. The mechanical 

properties were evaluated on a universal testing machine 

(Instron 5944) at a deformation rate of 1 mm/min. Swelling 

and biodegradation were studied by incubating the samples 

in PBS (pH 7.4 and 5.5) at 37°C, followed by measuring the 

weight change. 

The kinetics of metronidazole and rhBMP-2 release were 

determined by dialysis. Scaffold samples were placed in 

dialysis bags (MWCO 12-14 kDa) and incubated in PBS 

with different pH values (7.4, 6.5, and 5.5) at 37°C with 

constant stirring. Aliquots were taken at specified time 

points, and the content of metronidazole was analyzed using 

HPLC, and the concentration of rhBMP-2 was determined 

by the ELISA method. 

Antibacterial efficacy was evaluated against standard strains 

of Porphyromonas gingivalis (ATCC 33277) and 

Aggregatibacter actinomycetemcomitans (ATCC 29522). 

The bacteria were cultured under anaerobic conditions on 

blood agar for 48 hours. For testing, the agar diffusion 

method was used: scaffold samples were placed on the 

surface of the agar inoculated with bacterial suspension 

(1×10^8 CFU/ml), and growth inhibition zones were 

measured after 24 and 48 hours. Additionally, the effect on 

biofilms was quantified using crystal violet. 

Cytocompatibility was evaluated on the MC3T3-E1 

osteoblast-like cell line. The cells were seeded onto the 

surface of scaffolds (density 5×10^4 cells/sample) and 

cultured for 1, 3, and 7 days. Cell viability was determined 

using the MTT test. Osteogenic differentiation was assessed 

by the activity of alkaline phosphatase (ALP) on days 7 and 

14 and matrix mineralization (alizarin red staining) on day 

21 of cultivation in osteogenic medium. The expression of 

osteogenic markers (Runx2, OCN, COL1A1) was analyzed 

by quantitative real-time PCR. 

The experiment was performed on 30 Wistar rats with 

induced periodontitis (ligature method). The animals were 

divided into 3 groups: 1) control (without treatment), 2) 

standard treatment (scaling), and 3) implantation of the 

developed scaffold. After 4 and 8 weeks, the animals were 

euthanized, and micro-CT analysis was performed to assess 

the volume of bone tissue in the area of the defect. 

Histological sections were stained with hematoxylin and 

eosin, as well as with Masson to assess bone and connective 

tissue regeneration. 

All experiments were performed in three independent 

repetitions. The data is presented as an average ± standard 

deviation. The statistical significance of the differences was 

determined using single-factor analysis of variance 

(ANOVA) followed by the Tukey test. The significance 

level was set at p < 0.05. 

Results and Discussion 

Characteristics of the synthesized scaffold 

Scanning electron microscopy has demonstrated that the 

developed scaffold has a three-dimensional porous structure 

with a pore size of 150-250 microns and a porosity degree 

of 85 ±3%. The FTIR analysis confirmed the successful 

crosslinking of collagen and hyaluronic acid, as evidenced 

by the appearance of characteristic peaks of amide bonds at 

1650 cm⁻1 and 1550 cm⁻1. Mechanical tests have shown 

that the composite scaffold has a modulus of elasticity of 12 

± 1.5 MPa, which meets the requirements for use in 

periodontology. 

Kinetics of release of active substances 

A study of the release of metronidazole revealed a 

pronounced pH dependence: at pH 7.4, only 25±3% of the 

drug was released in 72 hours, whereas at pH 5.5, this 

indicator reached 78±5% (Table 1). The release of rhBMP-

2 was prolonged: 65±4% of the protein was released in 14 

days under physiological conditions (pH 7.4). 

Table 1. Kinetics of metronidazole release from the 

scaffold at various pH values 

Time (h) pH 7.4 (%) pH 6.5 (%) pH 5.5 (%) 

12 8±1 15±2 32±3 

24 15±2 28±3 55±4 

48 20±2 42±4 70±5 

72 25±3 58±5 78±5 

 

Antimicrobial activity 

The developed scaffold demonstrated pronounced 

antibacterial activity against P. gingivalis and A [41-46]. 

actinomycetemcomitans. The growth inhibition zones were 

14±1 mm and 12±1 mm, respectively, which significantly 

exceeded the indicators of the control group (p < 0.01). 

Quantitative analysis showed that the scaffold reduced the 

formation of bacterial biofilms by 75±6% compared with 

the control (Table 2). 

Table 2. The effect of the scaffold on the formation of 

bacterial biofilms 

Group 
P. gingivalis 

(optical density 570 nm) 

A. actinomycetemcomitans 

(optical density 570 nm) 

Control 1.25±0.15 1.18±0.12 

Scaffold 0.31±0.04* 0.29±0.03* 

Note: * p < 0.01 compared to the control 

Cytocompatibility and osteogenic activity 

The MTT test revealed that after 7 days of cultivation, the 

viability of MC3T3-E1 cells on the scaffold surface was 

95±5% compared with the control (plastic for tissue 



Taysaeva et al.  

 

Annals of Dental Specialty Vol. 13; Issue 3. Apr – Jun 2025 | 18 

 

culture). The activity of alkaline phosphatase in cells 

cultured on the scaffold was 2.3±0.3 times higher than in the 

control group (p < 0.05). Osteogenic differentiation was 

confirmed by a significant increase in the expression of the 

genes Runx2 (4.5±0.5 times), OCN (3.8±0.4 times), and 

COL1A1 (3.2±0.3 times) compared with the control. 

In vivo study results 

Micro-CT analysis 8 weeks after implantation showed that 

in the group with the developed scaffold, the volume of 

newly formed bone tissue in the defect area was 78±6%, 

which was significantly higher than in the standard 

treatment group (45±5%) and the control group (25±4%) (p 

< 0.01) Histological analysis confirmed the formation of 

mature bone tissue with pronounced vascularization in the 

experimental group, while fibrous tissue prevailed in the 

control group (Table 3). 

Table 3. Results of micro-CT analysis 8 weeks after 

treatment 

Group 
Bone volume 

(%) 

Bone density 

(g/cm3) 

Control 25±4 0.45±0.05 

Standard treatment 45±5* 0.68±0.07* 

Scaffold 78±6** 1.12±0.10** 

Note: *p < 0.05, ** p < 0.01 compared to the control 

Thus, the conducted studies have demonstrated that the 

developed intelligent scaffold has pronounced antimicrobial 

activity, stimulates osteogenic differentiation in vitro, and 

promotes significant regeneration of bone tissue in 

experimental periodontitis in vivo. The results obtained 

confirm the prospects of using this system for the complex 

treatment of periodontal diseases. 

The intelligent scaffold developed in this study 

demonstrated a comprehensive therapeutic effect combining 

controlled antimicrobial activity and pronounced osteogenic 

potential. The results obtained are consistent with current 

trends in periodontal tissue engineering, where special 

attention is paid to the creation of systems capable of 

simultaneously solving the problems of the infectious 

process and stimulating tissue regeneration [47-50]. The key 

achievement of the work can be considered the successful 

implementation of the pH-dependent mechanism of 

metronidazole release, which is confirmed by a significant 

difference in the kinetics of drug release at different pH 

values [51, 52]. This aspect is especially important for 

clinical use, as it allows for the targeted action of the 

antibiotic precisely in the focus of inflammation, where 

acidosis is observed, minimizing systemic effects on the 

body. 

A comparison of the antimicrobial activity of the developed 

scaffold with the literature data shows its advantages over 

existing drug delivery systems [53]. Thus, the growth 

inhibition zones of P. gingivalis and A. 

actinomycetemcomitans turned out to be 30-40% larger than 

when using traditional collagen membranes with 

incorporated metronidazole. This is probably due not only 

to the pH-dependent release, but also to the synergistic 

effect of silver nanoparticles incorporated into the scaffold 

matrix. It is noteworthy that the antibacterial effect persisted 

for 72 hours, which significantly exceeds the duration of 

action of most local antimicrobial drugs used in 

periodontics. 

The osteogenic properties of scaffold, confirmed during in 

vitro and in vivo studies, are due to several factors. Firstly, 

the prolonged release of rhBMP-2 provided constant 

stimulation of osteogenic cell differentiation, which 

manifested itself in increased expression of key bone 

formation markers. Secondly, the three-dimensional 

scaffold structure with optimal pore size and inclusion of 

hydroxyapatite nanoparticles created favorable conditions 

for migration and proliferation of osteogenic cells. The data 

obtained on the volume of newly formed bone tissue 

(78±6%) surpass the results described in studies where 

commercially available osteoplastic materials were used, 

usually showing indicators in the range of 50-60% [54]. 

The dynamics of regenerative processes observed in 

histological studies deserves special attention. In contrast to 

the control group, where fibrous tissue formation prevailed, 

the experimental group showed the formation of mature 

bone tissue with pronounced vascularization. This fact 

indicates that the developed scaffold not only provides 

mechanical support for the regenerated tissue, but also 

creates favorable biological conditions for angiogenesis, 

which is critically important for successful periodontal 

regeneration [55]. 

A comparative analysis of the mechanical characteristics 

showed that the modulus of elasticity of the developed 

scaffold (12±1.5 MPa) optimally meets the requirements for 

use in periodontology, where sufficient mechanical stability 

is required to preserve the regeneration space, but without 

excessive rigidity, which could interfere with the processes 

of tissue remodeling [56]. This distinguishes the proposed 

system from more rigid ceramic scaffolds or excessively 

elastic polymer matrices. 

The prospects for the clinical application of the developed 

scaffold are related to its multicomponent action, which 

simultaneously solves several problems of periodontitis 

treatment. However, it should be noted that additional 

studies are needed to fully assess the clinical potential of the 

system, including long-term monitoring of regeneration 

processes and assessment of possible immune responses. 

The issue of optimizing the dosages of active ingredients 

deserves special attention, since excessive release of 

rhBMP-2 can lead to undesirable effects such as root 

resorption or heterotopic bone formation [57-61]. 
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The conducted research opens up new opportunities for the 

development of combined therapeutic systems in 

regenerative periodontology. Further research may be aimed 

at improving the system, for example, by including 

additional anti-inflammatory components or factors that 

stimulate the formation of root cement, which will achieve 

a more complete regeneration of the periodontal complex. 

An important area of future work will be the adaptation of 

the technology for clinical use, including the development 

of convenient surgical techniques for the use of scaffold and 

evaluation of its effectiveness in clinical settings. 

Conclusion 

The conducted research demonstrated the successful 

development of an intelligent scaffold with controlled drug 

release for the complex treatment of periodontitis. A key 

achievement was the creation of a bifunctional system 

combining pH-dependent metronidazole release for targeted 

antimicrobial therapy and prolonged delivery of the 

osteogenic factor rhBMP-2 to stimulate bone regeneration. 

The results obtained have convincingly proved the 

effectiveness of the proposed approach both in vitro and in 

vivo. 

Experimental data indicate a pronounced antibacterial 

activity of the developed scaffold against the main 

periodontopathogens, including Porphyromonas gingivalis 

and Aggregatibacter actinomycetemcomitans. At the same 

time, the selectivity of antibiotic release in conditions 

simulating an inflammatory environment (pH 5.5) was 

confirmed, which minimizes the systemic effect of the drug. 

The osteogenic potential of the system was confirmed by a 

significant increase in the expression of markers of 

osteogenic differentiation in vitro and impressive indicators 

of bone tissue regeneration (78±6%) in an experiment on 

animal models. 

A special feature of the developed scaffold is its multilevel 

effect on the pathological process in periodontitis: 

suppression of pathogenic microflora, creation of favorable 

conditions for cell migration and proliferation, as well as 

active stimulation of regenerative processes. This 

complexity of effects distinguishes the proposed system 

from existing treatment methods, which opens up new 

perspectives in regenerative periodontology. 

The results obtained have important implications for clinical 

practice, offering a potentially more effective approach to 

the treatment of periodontal diseases. The developed 

technology can become the basis for the creation of a new 

generation of therapeutic materials that simultaneously 

solve the problems of the infectious process and tissue 

defects. Further research should be aimed at optimizing the 

composition of scaffold, studying the long-term effects of 

its use and conducting preclinical trials in accordance with 

the requirements for medical devices. 

In the future, the proposed strategy can be adapted to other 

areas of regenerative medicine, where a combination of 

controlled drug delivery and tissue engineering is required. 

Thus, the present study makes a significant contribution to 

the development of personalized therapeutic approaches in 

dentistry and beyond [62-71]. 
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