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Periodontal disease is one of the most common diseases worldwide. It has a significant impact on oral health and subsequently the individual’s quality of life. However, optimal regeneration of periodontal tissues, using current treatments, has yet to be achieved. Peptide self-assembly has provided a step-change in nanobiotechnology and regenerative medicine fields. Our aim was to investigate the effects of a self-assembling peptide (SAP; P11-4) on periodontal regeneration in a preclinical model. Twenty-six bilateral maxillary critical-sized periodontal defects were created surgically in 13 rats. Defects on one side of the mouth were filled with P11-4 hydrogel; the contra-lateral defect was untreated (control). Rats were sacrificed immediately post-surgery (time 0) and after 2 and 4 weeks. Retrieved maxillae were processed for histological, immunohistochemical, and histomorphometric assessments. The results of histological analysis showed greater organization of periodontal fibers in defects treated with P11-4, at both time points, when compared to untreated defects. Histomorphometry showed that treated defects had both a significant increase in functional periodontal ligament length and a reduction in epithelial down growth after 4 weeks. At 2 weeks, treated defects showed a significant increase in expression of osteocalcin and osteoprotegerin as judged by immunohistochemistry. Also, a significantly higher osteoprotegerin/RANKL ratio was shown in treated defects. In conclusion, the results demonstrated enhanced regeneration of periodontal tissues when SAP P11-4 was used to fill periodontal defects in rats. The findings of this study suggest that SAP P11-4 is a promising novel candidate for periodontal regenerative therapy. Further investigations are required for optimization before clinical use.
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INTRODUCTION

Periodontal disease (PD) adversely affects oral function and esthetics and is a major cause of tooth loss in older adults (Petersen and Ogawa, 2012). In addition, untreated chronic inflammatory PD has been linked to systemic diseases, such as cardiovascular disease (Humphrey et al., 2008). Successful management of PD is, therefore, of central importance not only to oral health but to health per se.

The complexity of the three dimensional architecture and tissue composition of the periodontium pose challenges to healing and restoration of full function following destruction by PD (Ivanovski et al., 2014). Conventional treatment strategies halt the progression of disease but may not produce full regeneration of periodontium (Susin et al., 2015). Contemporary surgical treatment enhances periodontal regeneration (PR) through the use of graft materials (Trombelli et al., 2002), growth factors (Kitamura et al., 2016), root surface conditioning (Karam et al., 2016), and guided tissue regeneration (Reynolds et al., 2015) but with sometimes undesirable or unpredictable results (Susin et al., 2015). Alloplastic biomaterials such as ceramics and polymers can overcome these limitations but optimal periodontal reconstruction has yet to be achieved (Lee et al., 2012).

Regenerative therapies are continuing to be developed as potential solutions to intractable clinical problems. A recent review by the American Academy of Periodontology (Lin et al., 2015) concluded that ongoing research in regenerative medicine has led to the development of novel treatment approaches and technologies for PD, including the use of nanomaterials, to improve treatment outcomes (Lin et al., 2015).

There has been a growing interest in self-assembling peptides (SAPs) as nanomaterials for use in regenerative medicine, including as candidates for periodontal regenerative therapy, due to their unique properties (Takeuchi et al., 2016). Zhang and colleagues led the way in developing this technology for use in regenerative therapies (Zhang, 2002).

Self-assembling peptides used in regenerative medicine offer the advantages of being biocompatible, biodegradable and, where required, bioactive. Peptide self-assembly into macromolecular structures mimics natural biological processes (e.g., collagen fibrillogenesis in bone and amelogenin self-assembly in developing enamel) (Palmer et al., 2008), generating three dimensional hydrogel scaffolds with properties similar to extracellular matrices (ECMs). These hydrogels have shown to support cell attachment, proliferation and differentiation, in addition to initiating biomineralization and promoting wound healing (Holmes et al., 2000; Webber et al., 2010).

Self-assembling peptide P11-4 was developed as a biomimetic material reflecting the properties of ECMs in mineralized tissues (Kirkham et al., 2007; Kyle et al., 2009; Brunton et al., 2013) and is currently used clinically in the treatment of early caries of enamel. P11-4 is a promising candidate in regenerative therapies (Schmidlin et al., 2016) but its full potential has yet to be explored. We hypothesized that P11-4 would promote PR based upon its known biocompatibility (Saha et al., 2019) and ability to repair mineralized tissues (Jablonski-Momeni and Heinzel-Gutenbrunner, 2014). Our aim was to investigate the use of P11-4 hydrogels on periodontal ligament (PDL) and alveolar bone (AB) regeneration in surgically created periodontal defects in rats.



MATERIALS AND METHODS


Rheology of P11-4 as a Function of Concentration

All rheological measurements were carried out on an Anton Paar MCR 302 (Leeds School of Dentistry). Rheo Compas s1.20 by Anton Paar was used to control and export the raw data. A parallel plate geometry with a diameter of 50 mm and a gap of 0.1 mm was used. All tests were run at 37°C with a solvent trap to prevent the evaporation of the aqueous medium. Samples of concentrations 15, 30, and 60 mg/ml were prepared by weighing out the required amount of lyophilized P11-4 dissolving in PBS and pH adjusting with aliquots of HCl, following this the gels were then drawn up into a hypodermic syringe. All gels were left to equilibrate for 48 h, after which they were dispensed through the syringe onto the geometries for immediate testing. P11-4 at concentrations of 15, 30, and 60 mg/ml were probed with an amplitude sweep in a controlled shear strain state from 0.01 to 100% at 1 and 20 HZ, this determined the linear viscoelastic region (LVER), in which a strain value that lay within this region was chosen. The dynamic modulus was then probed via a frequency sweep for each sample, at the strain value that was established from the amplitude sweep.



Preparation of SAP P11-4

Freeze-dried P11-4 (CH3COOQQRFEWEFEQQNH2) was obtained from Credentis AG (Zurich) with a purity of 98% by HPLC and sterilized using gamma irradiation. Sterile SAP gels were prepared in PBS at least 48 h before surgery at a concentration of 60 mg/ml (pH 7.4). The prepared peptide solutions were drawn up into hypodermic syringe barrels and were allowed to form gels in the syringes over a minimum of 48 h to complete the self-assembly process. The SAPs were then delivered directly from the syringes to the defects on the day of surgery.



Animals

Thirteen male, pathogen free, Sprague Dawley rats each weighing 150–200 g were used in this study. All experimental procedures were performed according to a protocol approved by the Ethical Committee of the Faculty of Dentistry, Mansoura University, Egypt. The rats were kept under conditions of controlled temperature, humidity and with a 12:12 h light-dark cycle. Animals received standard rat chow and water ad libitum unless otherwise stated below.



Surgical Protocol and Study Design

The study design is illustrated in Supplementary Appendix Table S1. All surgeries were carried out under aseptic conditions at the University of Mansoura. Animals were anesthetized by intraperitoneal injection using ketamine as described previously (Padial-Molina et al., 2012). Surgical bilateral maxillary periodontal defects were created in each hemi-maxilla, just mesial to the first maxillary molar (Bizenjima et al., 2015). Briefly, a 3 mm sagittal surgical incision was made on the crest of the alveolar ridge using a size #11 surgical blade. Buccal and palatal flaps were raised to expose the mesial root of the maxillary first molar. Bilateral critical-sized surgical defects (2 mm × 2 mm × 1.7 mm) were created in the AB using a round bur (1 mm diameter) with a long shank accompanied by cooling with physiological saline solution. A small, sharp curette was used to perform curettage and root planning of the mesial root surfaces to ensure removal of any residual PDL (Figure 1). Defects were then irrigated with physiological saline to flush out any debris. One defect/animal was filled with P11-4 hydrogel from a syringe; the contra-lateral defect remained empty. To close the wound, buccal and palatal gingival edges were approximated and stabilized with cyanoacrylate glue (Histoacryl® B. Braun Surgical, S.A. Carretera de Terrassa, 121, 08191 Rubi, Spain). After recovery from anesthesia, Ketoprofen (5 mg/kg) was provided as analgesic for 3 consecutive days. Ampicillin, 268 mg/L, added to a 5% dextrose solution was given via the drinking water as antibiotic treatment (Padial-Molina et al., 2012). Dextrose (5%) was added to the drinking water for a total of 7 days post-surgery to augment nutrition following the intra-oral surgery. One rat was euthanized on the day of surgery (Day 0), six rats were euthanized 2 weeks post operatively while the remaining rats (n = 6) were euthanized after 4 weeks. The maxillae of both groups were harvested for histology processing.
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FIGURE 1. (A) Showing magnified view of 3 mm crestal incision, mesial to the maxillary first molar (white arrow) and (B) critical-sized periodontal surgical defect (2 mm × 2 mm × 1.7 mm) (black arrow) adjacent to the mesial root of a maxillary first molar (white arrow). (C) Illustration of histomorphometric analysis of H&E stained sections. The numbers from one to five indicate the reference level of intact alveolar bone, the length of the first molar mesially from apex to cusp, the length of the epithelium from the free gingival margin to the most apical extent, the length of functional ligament, and length of bone gap till most coronal extent of new bone, respectively. (A); bar = 10 mm, (B); bar = 5 mm, (C); bar = 500 μm.




Histological Analysis of Retrieved Defects

Once harvested, all specimens were fixed for 48 h in 10% neutral buffered formalin. Each maxilla was divided into two halves, rinsed with distilled water and then transferred to 10% neutral buffered EDTA for decalcification. EDTA solution was changed daily for approximately 4 weeks. The decalcified hemi-maxillae were then processed and wax embedded for transfer to Leeds. Serial sections (7 μm thickness) were obtained from the central portion of the root and every tenth section was stained with hematoxylin and eosin (H&E) with adjacent slides used for immunohistochemistry (see below). Stained sections were viewed in the Olympus BX51 bright field/fluorescence microscope and images captured with a Nikon Ds-Fi1 digital camera using Nikon NIS Elements imaging software (v3.1) for histomorphometric analysis as described below.



Histomorphometric Analysis

Hematoxylin and eosin stained sections of periodontium including the defects, located mesial to the mesial root of the maxillary first molar, were assessed for newly formed bone, newly formed functional PDL (defined as described below) and junctional epithelial down-growth. Three sections per hemi-maxilla per animal were subjected to analysis. Thus, a total of 72 H&E stained sections (18 sections per group) were evaluated. The quantitative data were normalized to tooth length in order to compensate for any differences in cutting angulation between samples (Figure 1). The following parameters were assessed by ImageJ digital image analysis (Oortgiesen et al., 2013; Yan et al., 2015) then subjected to statistical analysis:


Relative Alveolar Bone Height

A line was drawn at the level of the furcation height as a reference to normal bone height. A line representing the length of the molar was measured from the apex of the mesial root to the cusp. The line parallel to that of the root and extending from the reference line to the level of regenerated bone surface, representing alveolar bone gap, was measured. Relative alveolar bone height was determined by dividing the mesial molar length by the length of bone gap. A higher score indicates superior height of newly formed bone.



Relative Epithelial Down-Growth

The length of the epithelium was measured from the gingival margin to the most apical extent of junctional epithelium. Epithelial down-growth was calculated via dividing epithelial length by the length of the mesial molar. A higher score indicates greater epithelial down-growth.



Relative Functional Ligament Length

Collagen fibers were included in histomorphometry when the main fibers formed an angle >60° to the long axis of the root (functional PDL). The length of functional ligament was divided by the length of the molar to obtain the relative functional ligament length (Oortgiesen et al., 2013; Yan et al., 2015).




Immunohistochemical Analysis

Paraffin sections were de-waxed in xylene and processed for immunohistochemical evaluation of expression of proliferating cell nuclear antigen (PCNA), osteocalcin (OCN), collagen type I (COL I), osteoprotegerin (OPG), and receptor activator of nuclear factor kappa-B ligand (RANKL). Supplementary Appendix Table S2 shows the antibodies used in this study, along with their optimized dilutions. Sodium citrate was used for antigen retrieval and immunohistochemical staining performed according to the manufacturer’s instructions for each second antibody used. A total of 360 sections were assessed (72 sections per antibody). For each antibody, three sections per hemi-maxilla per animal were analyzed (18 sections per group). Serial sectioning of the specimens enabled the evaluation of three sections per antibody: one section from the surface, one from the central portion and one from the deep part of the defect area. Images were acquired in the Olympus BX51 bright field/fluorescence microscope at a fixed magnification (×200) and field [connective tissue (CT) adjacent to the root and immediately above the newly formed AB] as described previously. Digital image analysis was used to quantify the proportion of PCNA positive cells. The % area of positive expression was determined for OCN, OPG, and RANKL and the OPG/RANKL ratio calculated (Tan et al., 2009; Peng et al., 2013; Ross, 2014). Observations for COL I connective tissue fiber organization were recorded but slides stained for COLI were not subjected to quantitative analysis given the predominance of type I collagen in all of our samples.



Statistical Analysis

Mead’s resource equation was used to determine appropriate sample size for the animal experiment (Chen et al., 2016). The data collected from histological and immunohistochemical analyses was analyzed using SPSS v17. Results were expressed as means ± SD. The distribution of all variables was examined for normality using Shapiro-Wilk normality testing. Quantitative analysis parameters were compared using independent samples T-test and the significance level was set at p < 0.05.




RESULTS


Characterization of P11-4 Hydrogel

In order to determine the optimum peptide concentration of P11-4 to administer it was hypothesized that the material must remain in a gel like state as opposed to a solid like ‘paste’ or a weak ‘viscoelastic fluid.’ The material properties were therefore tested to optimize the gel stiffness. In all cases the storage modiolus, G’, corresponding to the elastic component is greater than the loss modiolus, G″, corresponding to the viscous component indicating gel like behavior. Figure 2 shows that both G′ and G″ increase as a function of concentration, indicating that the stiffness of the gels increases as a function of concentration. In the highest concentration we have retained the desired material properties but increased the stiffness by orders of magnitude when compared with the lowest concentration. As the material intervention must remain in situ despite mechanical forces applied through normal mastication it was concluded that the most appropriate concentration to take into our animal model was the stiffest gel concentration (60 mg/ml).
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FIGURE 2. The effect of varying the concentration on the mechanical properties of P11-4 showing that upon increasing concentration the stiffness of the gel increases.




Histological Observations

Both P11-4-treated and untreated defects retrieved after 2 and 4 weeks post-surgery showed evidence of newly formed CT, compared with Day 0 defects but the histological appearance/organization of these tissues appeared superior after treatment with P11-4 compared to the untreated defects with respect to fiber orientation and bone architecture (Figure 3).
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FIGURE 3. Representative images showing histopathological overview after 2 and 4 weeks of healing (H&E staining) in untreated and P11-4-treated defects. Upper panel (A–D) shows the gingival region of the defects while lower panel shows the apical region of the defects (E–H). At 2 weeks the untreated group showed evidence of inflammatory cell infiltrate in the gingival connective tissue and gingival sulcus (arrows) (A) while the P11-4-treated group appeared to show healthier gingival healing with connective tissue and periodontal ligament demonstrating better organization of fibers and cells (arrow) (B). Gingiva and periodontal ligament at 4 weeks also showed enhanced structure in the P11-4-treated group (asterisks) (D,H). Newly formed bone structure and trabecular organization appeared to be superior in P11-4-treated groups at 2 and 4 weeks (arrows) (E–H). Gingiva (GI), dentin (DE), cementum (CE), periodontal ligament (PDL), and new bone (NB). (A–H) ×100; bar = 100 μm.


P11-4-treated defects showed high condensation of newly formed blood capillaries directly adjacent to AB at 2 weeks, suggesting enhanced angiogenesis, which is potentially beneficial for tissue regeneration and wound healing. In addition, newly formed gingivae displayed highly organized fibers and oriented fibroblasts at both time points after P11-4 treatment. Superior orientation of newly formed oblique PDL fibers was also evident. The amount of new bone in P11-4-treated defects was not obviously different to that in untreated defects but any new bone was well-constructed with improved trabecular structure at 2 and 4 weeks in the P11-4-treated defects. On the other hand, untreated defects showed far less organized newly formed gingiva, PDL fibers and bone (Figure 3).

Finally, inflammatory cell infiltrates in the gingival sulcus and gingival CTs were seen in untreated but not P11-4-treated defects after 2 weeks (Figure 3).



Histomorphometric Analysis of H&E Sections

There were no significant differences in relative epithelial down-growth and relative functional PDL length between P11-4-treated and untreated defects at 2 weeks post-surgery. However, relative epithelial down-growth significantly decreased while relative functional PDL length increased after P11-4 treatment compared with untreated defects after 4 weeks (p < 0.05).

There were no significant differences in AB height between P11-4-treated and untreated defects at either time point (Table 1).


TABLE 1. Showing histomorphometric analysis results and quantitative analysis of immunohistochemical stains.

[image: Table 1]


Immunohistochemical Observations and Analysis

Greater levels of OPG expression were noted in P11-4-treated defects at 2 and 4 weeks post-surgery, while RANKL expression appeared comparable in both untreated and P11-4-treated groups at both time points (Figure 4). Quantitative analysis showed that compared with untreated defects, OPG expression was significantly higher in P11-4-treated defects at both 2 and 4 weeks (p < 0.05). Moreover, the mean OPG/RANKL ratio was significantly higher in the P11-4-treated group at both 2 and 4 weeks suggesting greater potential for osteogenesis. RANKL expression showed no significant differences at either time point (Table 1).


[image: image]

FIGURE 4. Representative photomicrographs of immunohistochemical staining for osteoprotegerin (OPG) (A–D) and receptor activator of nuclear factor kappa-B ligand (RANKL) (E–H) in untreated and P11-4-treated defects. Connective tissue areas adjacent to the root and immediately above the newly formed bone are shown (original magnification; ×200; bar = 50 μm). OPG expression appeared to be higher in P11-4-treated defects when compared with the untreated defects at 2 and 4 weeks (A–D), while RANKL expression seemed comparable in untreated and P11-4-treated groups at both time points (E–H). See Table 1 for quantitative values of mean % area for OPG and RANKL, in addition to the mean OPG/RANKL ratios.


Positive OCN expression appeared to be higher in the P11-4-treated groups when compared to the untreated groups at 2 and 4 weeks (Figure 5). This was confirmed using quantitative analysis at the earlier time point (p < 0.05) but OCN expression in the P11-4-treated defects compared with untreated defects was not significantly different after 4 weeks (Table 1).
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FIGURE 5. Representative photomicrographs of immunohistochemical staining for osteocalcin (OCN) (A–D) and collagen type I (COL I) (E–H) in untreated and P11-4-treated defects. Connective tissue areas adjacent to the root and immediately above the newly formed bone are shown (original magnification; ×200; bar = 50 μm). Positive OCN expression seemed to be higher in the P11-4-treated groups when compared to the untreated groups at 2 (A,B) and 4 (C,D) weeks post-surgery. Newly formed COL I fibers appeared to be more developed and more regularly arranged in P11-4-treated groups at 2 (E,F) and 4 (G,H) weeks post-surgery.


Collagen type-I expression was seen in our area of interest, adjacent to the root and just coronal to the newly formed bone, in both treated and untreated defects. Fibers were, however, more highly organized and aggregated into uniform bundles of similar orientation in the P11-4-treated defects after 2 and 4 weeks when compared with untreated defects. Furthermore, comparing the P11-4-treated defects after 4 weeks with those after 2 weeks showed a continued improvement in CT architecture, as the fibers displayed a tighter arrangement and higher level of organization, as opposed to the untreated defects which showed limited organization of CT (Figure 5).

The proportion of PCNA positive cells in the designated fields appeared comparable when evaluating both groups at 2 and 4 weeks post-surgery (Figure 6). Statistical analysis revealed that there were no significant differences in the proportion of PCNA positive cells between P11-4-treated and untreated defects whether at 2 or 4 weeks (Table 1).
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FIGURE 6. Representative photomicrographs of immunohistochemical staining for proliferating cell nuclear antigen (PCNA) at 2 (A,B) and 4 (C,D) weeks post-surgery in untreated and P11-4-treated defects. Connective tissue areas adjacent to the root and immediately above the newly formed bone are shown (original magnification; ×200; bar = 50 μm). The number of PCNA positive cells in both groups appeared comparable at both time periods.





DISCUSSION

The present study was conducted to evaluate the effects of SAP P11-4 on regeneration of PDL and AB. SAP P11-4 hydrogels were developed specifically for CT regeneration (Aggeli et al., 2003) and are available commercially for treatment of early carious lesions. To the best of our knowledge the current work represents one of the first in-vivo studies to evaluate the possible application of P11-4 in the regeneration of periodontal tissues in a critical sized defect.

Although P11-4 was developed to self-assemble with a charged based trigger mechanism its assembly is still inherently concentration dependent. Therefore, it was hypothesized and shown here that increasing the concentration would yield a stiffer gel. P11-4 has shown to be a successful material in treating caries lesions at 10 mg/ml (Brunton et al., 2013) and more recently Saha and colleagues have demonstrated that at 30 mg/ml P11-4 is a suitable scaffold for the regeneration of bone in a cranial defect (Saha et al., 2019). Both applications are in areas whereby the mechanical forces on the scaffold its-self are shielded. In this study, however, the regenerative site is known to be under significant force during mastication and to a lesser extent from the applied forces from secreted crevicular fluid in the cavity. It was prudent to develop a formulation that would allow for the SAP matrix to be retained under these forces therefore a concentration with the highest possible elastic and viscoelastic modulus (60 mg/ml) was used to prevent seepage from the treated site.

The results of our study suggested that P11-4 enhanced regeneration of periodontal tissues over a period of 4 weeks following surgical induction of critical-sized surgically induced defects. No evidence of local adverse reactions were seen in association with P11-4, indicating good biocompatibility as shown previously in vitro (Kyle et al., 2012) and more recently in vivo (Saha et al., 2019).

The use of SAP hydrogels in tissue engineering in general, and regeneration of the oro-dento–alveolar complex in particular, has shown promising results to date (Pugliese and Gelain, 2017). The fact that P11-4 forms hydrogels proved to be beneficial to its application as it allowed the scaffold to be injected into the periodontal defects. Injectability is considered one of the favorable attributes of scaffolds used in tissue regeneration applications (Chang et al., 2017).

Defects treated with P11-4 demonstrated evidence of highly organized regenerated gingiva and PDL fibers, especially at the 4 weeks’ post-surgery time point as opposed to untreated controls which demonstrated filling of the defects with CT of limited organization, leading to statistically significant reduction of epithelial down-growth and increase in the mean relative length of functional PDL after 4 weeks. Furthermore, the CT in P11-4-treated defects appeared healthier, with a high condensation of newly formed blood capillaries which promote wound healing (Guo and DiPietro, 2010). Our results are consistent with the findings of others using different SAPs, who concluded that SAP nanofiber scaffolds accelerate wound healing and re-epithelialization (Schneider et al., 2008; Meng et al., 2009; Yoshida et al., 2019).

The noticeable impact of P11-4 on gingival and PDL regeneration may be related to the findings of Kyle et al. (2012) who demonstrated that primary human dermal fibroblasts infiltrated P11-4 hydrogels and aligned at the periphery. Cell numbers within the hydrogel increased over a period of 4 weeks similar to collagen scaffolds and the cells appeared to use the P11-4 fibrillar network as a scaffold, similar to ECM proteins, during the first 14 days of incubation. After this, the P11-4 hydrogels started to degrade and were replaced by newly formed ECM secreted from the cells (Kyle et al., 2012). The orientation of collagen fibers and gingival fibroblasts seen in association with P11-4 treatment in our study is of importance to functionality of the PDL and may reflect the responsiveness of SAP gels to prevalent shear forces (Scanlon et al., 2009).

Despite the fact that P11-4 hydrogels failed to produce a significant increase in AB height at 4 weeks, the architectural quality of regenerated bone was improved, with well-defined trabecular structure seen in the P11-4 defects. The lack of significant AB height is possibly due to the deficiencies in the material properties (i.e., gel stiffness) of the peptide coupled with the possible degradation of the peptide in situ, it is entirely possible that the peptides persistence in the wound site is relatively short. The study presented here did not look at the degradation profile of the peptide, any future larger studies would examine the peptides presence as a function of time. None the less our data indicates a positive effect with the use of P11-4.

Regenerated CT adjacent to root and newly formed bone showed significantly higher levels of OC, OPG, and OPG/RANKL in the P11-4-treated defects, suggesting a more favorable environment for osteogenesis; they also help explain the enhanced histological features of the newly formed bone. P11-4 is able to induce hydroxyapatite nucleation de novo (Kirkham et al., 2007), underpinning its use in enamel repair and regeneration (Schlee et al., 2013). Taken together with our own data, this SAP may be a promising osteoconductive scaffold.

It is well known that PR following PD is challenging due to the complexity of periodontal architecture (Lin et al., 2015). We have shown that the quality and organization of regenerated periodontal tissues appeared to be more favorable following the application of P11-4 compared with untreated defects. The orientation and organization of type I collagen appeared to be well developed 4 weeks after treatment with P11-4. In addition, AB showed enhanced trabecular configuration. This may be due to the unique features of the SAP including its resemblance to natural ECM which acts as a temporary template for the formative cells until replacement with newly formed ECM (Lin et al., 2015).

The normal histological structure of periodontium in the molar region in Sprague Dawley rats, is noted to show great resemblance to that of humans. The similarities include the structure and organization of junctional epithelium, periodontal collagen fibers and alveolar bone (Listgarten, 1975; Page and Schroeder, 1982; Ekuni et al., 2014). All study groups showed a degree of epithelial downgrowth when considering normal structure. This is known to be a common finding in periodontium being regenerated after loss (Usuda et al., 2004). However, our results showed more favorable results with P11-4 as shown by the significant decrease in epithelial downgrowth after 4 weeks in the P11-4 treated group. The orientation of regenerated oblique PDL fibers and the architecture of regenerated AB trabeculae in the P11-4 group was comparable to normal rat oblique PDL and AB, particularly after 4 weeks. On the other hand, the orientation of regenerated PDL fibers and the structure of regenerated AB was far less organized in the untreated group. The PDL length and AB height did not appear to return to their normal levels in any of the study groups. This may be due to the fact that the time points in our study were 2 and 4 weeks. Observation at a later time point may have given a larger window for structures to reach levels comparable to normal. However, when comparing the functional PDL length between both study groups, it was found to be significantly greater in the P11-4 treated group after 4 weeks. Also, on comparing AB height between the study groups at 4 weeks, it was found to be of higher values in the P11-4 group.

Our findings indicate that P11-4 treatment enhanced PR after 2 weeks and that this was further promoted 4 weeks post-surgery. Histomorphometry showed a significant increase in functional ligament length and a significant decrease in epithelial down-growth only after 4 weeks. In addition, although the relative AB height was less with P11-4 at 2 weeks, bone growth not only caught up with the untreated group but exceeded it after 4 weeks. The finding that OPG/RANKL ratios increased with time in P11-4 treated defects was particularly encouraging. This is consistent with previous investigations that found a significant effect for P11-4 after 4 weeks (Kirkham et al., 2007; Kyle et al., 2012).

The level of OC was greater in the P11-4 treated groups after 4 weeks. However, this increase was statistically non-significant. Evaluating the defects at a later time point, in addition to those included in the study, might have given more time for the regeneration to proceed and give us a deeper insight to the effects of P11-4 on periodontal tissue regeneration.

Although a degradation profile of P11-4 was not measured in this study, the findings of a previous study could offer an insight to this. P11-4 was proven to start resorbing after 14 days in the presence of dermal fibroblasts as opposed to the control group of P11-4 matrix without cells (Kyle et al., 2012). The authors concluded that the cells used the P11-4 matrix as a temporary scaffold over the 14 days to deposit ECM matrix. These findings show that the P11-4 when used in vivo may degrade at a rate similar to the rate of formation of new tissues.

Also another more recent study (Saha et al., 2019) investigated the effects of P11-4 in rat cranial defects. They showed that P11-4 degraded at a slower rate compared to P11-4 combined with HDPSCs. The authors also noted that defects filled with P11-4 alone demonstrated enhanced bone volume. It was concluded that this was more favorable for osteogenesis and bone remodeling as the ability of P11-4 nucleate hydroxyapatite crystals would be lost if p11-4 degraded at a quicker rate.

The acute defect model used here provides initial proof of concept and demonstrates the regenerative ability of P11-4. This was a surgically induced defect and not caused by chronic inflammation as is characteristic of human periodontal defects. Notwithstanding this, our study showed that P11-4 treatment clearly improved the outcome in terms of periodontal tissue regeneration compared with non-treated defects. In conclusion, P11-4 SAPs are promising candidates for the treatment of periodontal defects, used alone or as a scaffold combined with other components to enhance PR. Further investigations are required to determine its potential use in periodontal regenerative therapy.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Ethics Committee, Faculty of Dentistry, Mansoura University, Egypt.



AUTHOR CONTRIBUTIONS

BE-S, MEG, JK, and RE-G designed the study and experiments. BE-S and RD performed the experiments. BE-S, RD, RE-G, FI, and MEG contributed to the data analysis and interpretation. BE-S and RD drafted the manuscript. RE-G, FI, MEG, JK, and RE-Z critically revised the manuscript. All authors approved the final version of the manuscript.



FUNDING

This work was part funded by a Worldwide Universities Network (WUN) award to RE-G (grant number: DENT.213388). RE-G was supported by WELMEC, a Centre of Excellence in Medical Engineering funded by the Wellcome Trust and EPSRC, under grant number WT 088908/z/09/z. JK was supported by the NIHR Leeds Musculoskeletal Biomedical Research Centre.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2020.559494/full#supplementary-material



REFERENCES

Aggeli, A., Bell, M., Boden, N., Carrick, L. M., and Strong, A. E. (2003). Self-assembling peptide polyelectrolyte β-sheet complexes form nematic hydrogels. Angew. Chem. Int. Ed. 42, 5603–5606. doi: 10.1002/anie.200352207

Bizenjima, T., Seshima, F., Ishizuka, Y., Takeuchi, T., Kinumatsu, T., and Saito, A. (2015). Fibroblast growth factor-2 promotes healing of surgically created periodontal defects in rats with early, streptozotocin-induced diabetes via increasing cell proliferation and regulating angiogenesis. J. Clin. Periodontol. 42, 62–71. doi: 10.1111/jcpe.12324

Brunton, P. A., Davies, R. P. W., Burke, J. L., Smith, A., Aggeli, A., Brookes, S. J., et al. (2013). Treatment of early caries lesions using biomimetic self-assembling peptides–a clinical safety trial. Br. Dent. J. 215:E6.

Chang, B., Ahuja, N., Ma, C., and Liu, X. (2017). Injectable scaffolds: preparation and application in dental and craniofacial regeneration. Mater. Sci. Eng. R Rep. 111, 1–26. doi: 10.1016/j.mser.2016.11.001

Chen, Q., Boire, A., Jin, X., Valiente, M., Er, E. E., Lopez-Soto, A., et al. (2016). Carcinoma–astrocyte gap junctions promote brain metastasis by cGAMP transfer. Nature 533:493. doi: 10.1038/nature18268

Ekuni, D., Battino, M., Tomofuji, T., and Putnins, E. E. (2014). Studies on Periodontal Disease. New York, NY: Springer Science & Business Media, 36.

Guo, S. A., and DiPietro, L. A. (2010). Factors affecting wound healing. J. Dent. Res. 89, 219–229. doi: 10.1177/0022034509359125

Holmes, T. C., de Lacalle, S., Su, X., Liu, G., Rich, A., and Zhang, S. (2000). Extensive neurite outgrowth and active synapse formation on self-assembling peptide scaffolds. Proc. Natl. Acad. Sci. U.S.A. 97, 6728–6733. doi: 10.1073/pnas.97.12.6728

Humphrey, L. L., Fu, R., Buckley, D. I., Freeman, M., and Helfand, M. (2008). Periodontal disease and coronary heart disease incidence: a systematic review and meta-analysis. J. Gen. Int. Med. 23, 2079–2086. doi: 10.1007/s11606-008-0787-6

Ivanovski, S., Vaquette, C., Gronthos, S., Hutmacher, D. W., and Bartold, P. M. (2014). Multiphasic scaffolds for periodontal tissue engineering. J. Dent. Res. 93, 1212–1221. doi: 10.1177/0022034514544301

Jablonski-Momeni, A., and Heinzel-Gutenbrunner, M. (2014). Efficacy of the self-assembling peptide P11-4 in constructing a remineralization scaffold on artificially-induced enamel lesions on smooth surfaces. J. Orofac. Orthoped. 75, 175–190. doi: 10.1007/s00056-014-0211-12

Karam, P. S. B. H., Sant’Ana, A. C. P., de Rezende, M. L. R., Greghi, S. L. A., Damante, C. A., and Zangrando, M. S. R. (2016). Root surface modifiers and subepithelial connective tissue graft for treatment of gingival recessions: a systematic review. J. Periodont. Res. 51, 175–185. doi: 10.1111/jre.12296

Kirkham, J., Firth, A., Vernals, D., Boden, N., Robinson, C., Shore, R. C., et al. (2007). Self-assembling peptide scaffolds promote enamel remineralization. J. Dent. Res. 86, 426–430. doi: 10.1177/154405910708600507

Kitamura, M., Akamatsu, M., Kawanami, M., Furuichi, Y., Fujii, T., Mori, M., et al. (2016). Randomized placebo-controlled and controlled non-inferiority phase III trials comparing trafermin, a recombinant human fibroblast growth factor 2, and enamel matrix derivative in periodontal regeneration in intrabony defects. J. Bone Min. Res. 31, 806–814. doi: 10.1002/jbmr.2738

Kyle, S., Aggeli, A., Ingham, E., and McPherson, M. J. (2009). Production of self-assembling biomaterials for tissue engineering. Trends Biotechnol. 27, 423–433. doi: 10.1016/j.tibtech.2009.04.002

Kyle, S., Felton, S. H., McPherson, M. J., Aggeli, A., and Ingham, E. (2012). Rational molecular design of complementary self-assembling peptide hydrogels. Adv. Healthcare Mater. 1, 640–645. doi: 10.1002/adhm.201200047

Lee, M. J., Kim, B. O., and Yu, S. J. (2012). Clinical evaluation of a biphasic calcium phosphate grafting material in the treatment of human periodontal intrabony defects. J. Periodont. Implant Sci. 42, 127–135. doi: 10.5051/jpis.2012.42.4.127

Lin, Z., Rios, H. F., and Cochran, D. L. (2015). Emerging regenerative approaches for periodontal reconstruction: a systematic review from the AAP Regeneration Workshop. J. Periodontol. 86, S134–S152. doi: 10.1902/jop.2015.130689

Listgarten, M. A. (1975). Similarity of epithelial relationships in the gingiva of rat and man. J. Periodontol. 46, 677–680. doi: 10.1902/jop.1975.46.11.677

Meng, H., Chen, L., Ye, Z., Wang, S., and Zhao, X. (2009). The effect of a self-assembling peptide nanofiber scaffold (peptide) when used as a wound dressing for the treatment of deep second degree burns in rats. J. Biomed. Mater. Res. Part B Appl. Biomater. 89, 379–391. doi: 10.1002/jbm.b.31226

Oortgiesen, D. A., Meijer, G. J., Bronckers, A. L., Walboomers, X. F., and Jansen, J. A. (2013). Regeneration of the periodontium using enamel matrix derivative in combination with an injectable bone cement. Clin. Oral Investig. 17, 411–421. doi: 10.1007/s00784-012-0743-z

Padial-Molina, M., Marchesan, J. T., Taut, A. D., Jin, Q., Giannobile, W. V., and Rios, H. F. (2012). Methods to validate tooth-supporting regenerative therapies. Methods Mol. Biol. 887, 135–148. doi: 10.1007/978-1-61779-860-3_13

Page, R. C., and Schroeder, H. E. (1982). Periodontitis in Man and Other Animals. A Comparative Review. Basel. Karger.

Palmer, L. C., Newcomb, C. J., Kaltz, S. R., Spoerke, E. D., and Stupp, S. I. (2008). Biomimetic systems for hydroxyapatite mineralization inspired by bone and enamel. Chem. Rev. 108, 4754–4783. doi: 10.1021/cr8004422

Peng, X., Guo, W., Ren, T., Lou, Z., Lu, X., Zhang, S., et al. (2013). Differential expression of the RANKL/RANK/OPG system is associated with bone metastasis in human non-small cell lung cancer. PLoS One 8:e58361. doi: 10.1371/journal.pone.0058361

Petersen, P. E., and Ogawa, H. (2012). The global burden of periodontal disease: towards integration with chronic disease prevention and control. Periodontology 60, 15–39. doi: 10.1111/j.1600-0757.2011.00425.x

Pugliese, R., and Gelain, F. (2017). Peptidic biomaterials: from self-assembling to regenerative medicine. Trends Biotechnol. 35, 145–158. doi: 10.1016/j.tibtech.2016.09.004

Reynolds, M. A., Kao, R. T., Camargo, P. M., Caton, J. G., Clem, D. S., Fiorellini, J. P., et al. (2015). Periodontal regeneration-intrabony defects: a consensus report from the AAP regeneration workshop. J. Periodontol. 86, S105–S107. doi: 10.1902/jop.2015.140378

Ross, J. (2014). Biomedical Imaging Research Unit School of Medical Sciences Faculty of Medical and Health Sciences the University of Auckland. Using the Colour Deconvolution plugin in ImageJ. Available online at: https:// www.fmhs.auckland.ac.nz/assets/fmhs/sms/biru/docs/Using%20Colour%20De convolution%20in%20ImageJ.pdf (accessed 3 January 2017)

Saha, S., Yang, X. B., Wijayathunga, N., Harris, S., Feichtinger, G. A., Davies, R. P. W., et al. (2019). A biomimetic self-assembling peptide promotes bone regeneration in vivo: a rat cranial defect study. Bone 127, 602–611. doi: 10.1016/j.bone.2019.06.020

Scanlon, S., Aggeli, A., Boden, N., McLeish, T. C., Hine, P., Koopmans, R. J., et al. (2009). Organisation of self-assembling peptide nanostructures into macroscopically ordered lamella-like layers by ice crystallisation. Soft Matter. 5, 1237–1246.

Schlee, M., Rathe, F., and Bommer, C. (2013). Effect of Curodont repair in patients with proximal carious lesions: uncontrolled, non-interventional study-interim report. Clin. Oral Invest. 17, 1046–1047.

Schmidlin, P., Zobrist, K., Attin, T., and Wegehaupt, F. (2016). In vitro re-hardening of artificial enamel caries lesions using enamel matrix proteins or self-assembling peptides. J. Appl. Oral Sci. 24, 31–36. doi: 10.1590/1678-775720150352

Schneider, A., Garlick, J. A., and Egles, C. (2008). Self-assembling peptide nanofiber scaffolds accelerate wound healing. PLoS One 3:e1410. doi: 10.1371/journal.pone.0001410

Susin, C., Fiorini, T., Lee, J., De Stefano, J. A., Dickinson, D. P., and Wikesjö, U. M. (2015). Wound healing following surgical and regenerative periodontal therapy. Periodontology 68, 83–98. doi: 10.1111/prd.12057

Takeuchi, T., Bizenjima, T., Ishii, Y., Imamura, K., Suzuki, E., Seshima, F., et al. (2016). Enhanced healing of surgical periodontal defects in rats following application of a self-assembling peptide nanofibre hydrogel. J. Clin. Periodontol. 43, 279–288. doi: 10.1111/jcpe.12515

Tan, L., Ren, Y., Wang, J., Jiang, L., Cheng, H., Sandham, A., et al. (2009). Osteoprotegerin and ligand of receptor activator of nuclear factor kappaB expression in ovariectomized rats during tooth movement. Angle Orthodont. 79, 292–298. doi: 10.2319/031608-150.1

Trombelli, L., Heitz-Mayfield, L. J., Needleman, I., Moles, D., and Scabbia, A. (2002). A systematic review of graft materials and biological agents for periodontal intraosseous defects. J. Clin. Periodontol. 29, 117–135. doi: 10.1034/j.1600-051x.29.s3.7.x

Usuda, J., Hashimoto, S., Enokiya, Y., Inoue, T., and Shimono, M. (2004). Proliferative activities of epithelial and connective tissue cells in the rat periodontal regeneration using argyrophilic nucleolar organizer regions staining. J. Periodont. Res. 39, 175–187. doi: 10.1111/j.1600-0765.2004.00721.x

Webber, M. J., Kessler, J. A., and Stupp, S. I. (2010). Emerging peptide nanomedicine to regenerate tissues and organs. J. Int. Med. 267, 71–88. doi: 10.1111/j.1365-2796.2009.02184.x

Yan, X. Z., van den Beucken, J. J. J. P., Cai, X., Yu, N., Jansen, J. A., and Yang, F. (2015). Periodontal tissue regeneration using enzymatically solidified chitosan hydrogels with or without cell loading. Tissue Eng. Part A 21, 1066–1076. doi: 10.1089/ten.tea.2014.0319

Yoshida, W., Matsugami, D., Murakami, T., Bizenjima, T., Imamura, K., Seshima, F., et al. (2019). Combined effects of systemic parathyroid hormone (1–34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: an experimental in vivo investigation. J. Clin. Periodontol. 46, 1030–1040. doi: 10.1111/jcpe.13170

Zhang, S. (2002). Emerging biological materials through molecular self-assembly. Biotechnol. Adv. 20, 321–339. doi: 10.1016/s0734-9750(02)00026-5


Conflict of Interest: JK is a named inventor of the self-assembling peptide technology used in this study.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 El-Sayed, Davies, El-Zehery, Ibrahim, Grawish, Kirkham and El-Gendy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fbioe-08-559494-t001.jpg
2 weeks’ time point

4 weeks’ time point

Data represents No treatment SAP P11-4 No treatment SAP P11-4
Relative functional ligament length 0.3 £0.04 0.29+0.13 0.08 £0.07 0.42 £ 0.04*
Relative epithelial down-growth Measurements in pm 0.15 £ 0.01 0.146 + 0.01 0.14 £ 0.01 0.084+:0.01*
Relative alveolar bone height 3.80 £1.54 2,57 +0.33 413 +0.86 5.33+0.28
PCNA Mean % of positive cells count/total cells count 19.7 £ 0.7 21.2+28 21.2+0.4 223 +£3.1
OCN Positive mean % area 140+ 0.9 2864217 149+1.5 174 +£4.0
OPG 247 £3.2 31.4 +2.4* 181 +1.4 26.9 +1.8*
RANKL 27.9+25 31.2+3.3 23.8+20 299+55
OPG/RANKL 0.9 £0.04 1.0 + 0.04* 0.8 £0.03 0.9 +0.11*

Data shown as mean + SD (median 95% confidence interval) calculated by independent samples T-test with Levene's test for equality of variances (p < 0.05). *Significant
values of P11-4 when compared with untreated group at the same time point.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		An in-vivo Intraoral Defect Model for Assessing the Use of P11-4 Self-Assembling Peptide in Periodontal Regeneration



		INTRODUCTION



		MATERIALS AND METHODS



		Rheology of P11-4 as a Function of Concentration



		Preparation of SAP P11-4



		Animals



		Surgical Protocol and Study Design



		Histological Analysis of Retrieved Defects



		Histomorphometric Analysis



		Relative Alveolar Bone Height



		Relative Epithelial Down-Growth



		Relative Functional Ligament Length







		Immunohistochemical Analysis



		Statistical Analysis







		RESULTS



		Characterization of P11-4 Hydrogel



		Histological Observations



		Histomorphometric Analysis of H&E Sections



		Immunohistochemical Observations and Analysis







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fbioe-08-559494-g004.jpg
OPG

RANKL

574
7
4

73

No Treatment

»

2 weeks

N
W
: N\

No Treatment
‘%1 w

i:\“' #2
Vi

\

4 weeks






OPS/images/cover.jpg


OPS/images/fbioe-08-559494-g003.jpg
2 weeks 4 weeks
No Treatment P11-4 No Treatment P11-4






OPS/images/fbioe-08-559494-g006.jpg
No Treatment P11-4

SRR T ErEm WY T [N
s R S R
% Ny Ve M2

N .

A "
~ S
R Pttt e d

y .
Al
Ay

2 weeks

Ve pn

A il
. ~ 2
7 A

P
-

Q

}ee!

4 weeks

z;fﬁ







OPS/images/fbioe-08-559494-g005.jpg
OCN

coL |

y 4 N

i %
’4"}1’1 ol
i 1";”»;

;
3 A /]

W W, Ko
ONEY 45,

" [, ;/( /.ll o /
/ ,; 7"’ Yo W

¥ 4 {

i,

A4 47 G
VINIny A s









OPS/images/logo.jpg
' frontiers
in Bioengineering and Biotechnology





OPS/images/fbioe-08-559494-g002.jpg
G', G" (Pa)

100000

10000

1000

10

0.1

gmEEE B B N el @ a8 @
o000 0 o o s *
pmEEE E B & L L - I
e m o N
tbnkn® nt =
ert®folin o & &%

cse® e ® O

= G'15mg/mP114 & G"15 mg/ml P11-4
= G'30mg/mP114 e G"30 mg/mlP11-4
= G'60mg/mP114 o G"60 mg/mlP11-4

" | " |
50 100 150
rad/s






OPS/images/fbioe-08-559494-g001.jpg





