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Introduction

Periodontitis is a chronic multifactorial inflammation of tooth supporting tissues, associated to bacterial dysbiosis and characterized by bone and soft tissue destruction, finally leading to tooth loss [START_REF] Pihlstrom | Periodontal diseases[END_REF]. Despite considerable progress that has been achieved in the past few decades with respect to the prevention and treatment of this disease, the global health care burden remains high, periodontitis being the 6 th most prevalent disease worldwide [START_REF] Tonetti | Impact of the global burden of periodontal diseases on health, nutrition and wellbeing of mankind: A call for global action[END_REF][START_REF] Murray | Disabilityadjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990-2010: a systematic analysis for the Global Burden of Disease Study 2010[END_REF][START_REF] Marcenes | Global burden of oral conditions in 1990-2010: a systematic analysis[END_REF][START_REF] Kassebaum | Global burden of severe periodontitis in 1990-2010: a systematic review and meta-regression[END_REF]. For example, Eke et al. reported that over 47% of the adults in the United States likely had periodontitis in 2009/2010, including 15% of severe and generalized forms of the disease [START_REF] Eke | Prevalence of periodontitis in adults in the United States: 2009 and 2010[END_REF]. The impact of periodontitis at the individual and public health level is considerable. For instance, periodontitis is the first cause of tooth loss in adults and is responsible for a major portion of the 442 billion USD/year cost burden caused by oral diseases [START_REF] Kassebaum | Global burden of severe periodontitis in 1990-2010: a systematic review and meta-regression[END_REF][START_REF] Listl | Global Economic Impact of Dental Diseases[END_REF][START_REF] Jin | Global oral health inequalities: task group--periodontal disease[END_REF].

The oral microbiota includes a large community superior to 700 phylotypes, and plays a critical role in the pathogenesis of periodontal diseases [START_REF] Lamont | Life below the gum line: pathogenic mechanisms of Porphyromonas gingivalis[END_REF][START_REF] Holt | Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia: the « red complex », a prototype polybacterial pathogenic consortium in periodontitis[END_REF][START_REF] Darveau | Periodontitis: a polymicrobial disruption of host homeostasis[END_REF][START_REF] Hajishengallis | Beyond the red complex and into more complexity: the polymicrobial synergy and dysbiosis (PSD) model of periodontal disease etiology[END_REF]. Bacteria forming biofilms covering the dental root surface in the subgingival area are considered as the primary cause of periodontal diseases [START_REF] Loe | EXPERIMENTAL GINGIVITIS IN MAN[END_REF][START_REF] Theilade | Experimental gingivitis in man. II. A longitudinal clinical and bacteriological investigation[END_REF]. Cluster analysis demonstrated that pathogens in the subgingival plaque are structured in complexes, consisting of tightly related groups of bacteria, which can contribute in different ways to the pathogenicity of the microbial community via a broad range of complex interactions [START_REF] Socransky | Microbial complexes in subgingival plaque[END_REF][START_REF] Wright | Microbial interactions in building of communities[END_REF]. Certain species such as Streptococcus spp. and Actinomyces spp initiate the biofilm formation by interacting directly with the salivary pellicle on newly available tooth surfaces. Moreover, they provide unique receptor sites for more pathogenic bacteria, mainly anaerobes like Veillonella dispar, Fusobacterium nucleatum and Porphyromonas gingivalis [START_REF] Hajishengallis | Beyond the red complex and into more complexity: the polymicrobial synergy and dysbiosis (PSD) model of periodontal disease etiology[END_REF][START_REF] Wright | Microbial interactions in building of communities[END_REF].

The main aim of the treatment of periodontitis is to control the infection by lowering the bacterial counts in the affected periodontal pockets, thus, decreasing the inflammation.

For this reason, systemic and local antimicrobials (especially antibiotics) have been proposed as adjuvants to the conventional mechanical debridement of the periodontal pockets [START_REF] Drisko | Nonsurgical periodontal therapy[END_REF][START_REF] Graziani | Nonsurgical and surgical treatment of periodontitis: how many options for one disease?[END_REF][START_REF] Sgolastra | Effectiveness of systemic amoxicillin/metronidazole as adjunctive therapy to scaling and root planing in the treatment of chronic periodontitis: a systematic review and meta-analysis[END_REF][START_REF] Sgolastra | Effectiveness of metronidazole as an adjunct to scaling and root planing in the treatment of chronic periodontitis: a systematic review and meta-analysis[END_REF][START_REF] Keestra | Non-surgical periodontal therapy with systemic antibiotics in patients with untreated chronic periodontitis: a systematic review and meta-analysis[END_REF][START_REF] Chambrone | Efficacy of Local and Systemic Antimicrobials in the Non-Surgical Treatment of Smokers With Chronic Periodontitis: A Systematic Review[END_REF][START_REF] Matesanz-Pérez | A systematic review on the effects of local antimicrobials as adjuncts to subgingival debridement, compared with subgingival debridement alone, in the treatment of chronic periodontitis[END_REF][START_REF] Rovai | Efficacy of Local Antimicrobials in the Non-Surgical Treatment of Patients With Periodontitis and Diabetes: A Systematic Review[END_REF][START_REF] Chantadee | Vancomycin HCl-loaded lauric acid in situ-forming gel with phase inversion for periodontitis treatment[END_REF][START_REF] Ali | Influence of formulation parameters on encapsulation of doxycycline in PLGA microspheres prepared by double emulsion technique for the treatment of periodontitis[END_REF][START_REF] Madhumathi | Tailoring antibiotic release for the treatment of periodontal infrabony defects using bioactive gelatin-alginate/apatite nanocomposite films[END_REF]. Unfortunately, drug partitioning into the contents of periodontal pockets is limited when using systemic administration routes. Consequently, high drug doses are required, resulting in considerable drug concentrations outside the infected area and creating an important risk of undesired side effects. In addition, the use of antibiotic drugs during prolonged periods of time can lead to the formation of bacterial resistances against these drugs. To overcome these hurdles, advanced drug delivery systems releasing non-antibiotic active agents directly at the site of action are desirable. Antiseptics can offer an interesting potential to achieve this goal. Among the available antiseptic drugs for oral use, chlorhexidine is considered as the gold standard, due to its broad-spectrum antimicrobial activity, very limited side effects (reversible tooth staining and transient taste alteration), and low cost. Also, chlorhexidine provides a substantial clinical improvement on dental plaque and gingivitis reduction, when used in mouthwashes or local drug delivery systems for periodontal pockets [START_REF] Wu | Evaluation of the safety and efficacy of over-the-counter oral hygiene products for the reduction and control of plaque and gingivitis[END_REF][START_REF] Van Strydonck | Effect of a chlorhexidine mouthrinse on plaque, gingival inflammation and staining in gingivitis patients: a systematic review[END_REF][START_REF] James | Chlorhexidine mouthrinse as an adjunctive treatment for gingival health[END_REF][START_REF] Slot | The efficacy of chlorhexidine dentifrice or gel on plaque, clinical parameters of gingival inflammation and tooth discoloration: a systematic review[END_REF][START_REF] Jeffcoat | Adjunctive use of a subgingival controlled-release chlorhexidine chip reduces probing depth and improves attachment level compared with scaling and root planing alone[END_REF][START_REF] Heasman | Local delivery of chlorhexidine gluconate (PerioChip) in periodontal maintenance patients[END_REF][START_REF] Paolantonio | Clinical, microbiologic, and biochemical effects of subgingival administration of a Xanthan-based chlorhexidine gel in the treatment of periodontitis: a randomized multicenter trial[END_REF].

Recently, a better understanding of the contribution of the host-immune inflammatory response to the progression of periodontal tissue destruction has fostered the investigation of the use of anti-inflammatory and immunomodulating drugs as adjunctive therapy to the conventional periodontal treatment [START_REF] Bartold | Host modulation: controlling the inflammation to control the infection[END_REF][START_REF] Preshaw | Host modulation therapy with anti-inflammatory agents[END_REF]. Promising results have been reported in preclinical and clinical studies using antiproteinases, inhibitors of bone resorption, nonsteroidal anti-inflammatory drugs (NSAID), statins, plant extracts and specialized pro-resolving mediators [START_REF] Tonetti | Working Group 3 of Seventh European Workshop on Periodontology. Biological approaches to the development of novel periodontal therapies--consensus of the Seventh European Workshop on Periodontology[END_REF][START_REF] Meza-Mauricio | Locally applied statins as adjuvants to non-surgical periodontal treatment for chronic periodontitis: a systematic review and meta-analysis[END_REF][START_REF] Petit | Contribution of Statins towards Periodontal Treatment: A Review[END_REF][START_REF] Lubna | Optimization and Evaluation of Chitosan Buccal Films Containing Tenoxicam for Treating Chronic Periodontitis: in vitro and in vivo studies[END_REF]. In vitro and in vivo studies support the ability of NSAIDs to reduce prostanoid production by inhibiting cyclooxygenases, leading to a suppression of osteoclast differentiation and, consequently, a decreased alveolar bone resorption, which is the primary cause for tooth loss in patients suffering from periodontitis [START_REF] Preshaw | Host modulation therapy with anti-inflammatory agents[END_REF][START_REF] Kirkwood | Novel host response therapeutic approaches to treat periodontal diseases[END_REF].

In practice, one of the major drawbacks of local controlled release drug delivery systems for periodontitis treatment is the is the risk of premature, accidental expulsion from the site of action, due to mechanical stress generated during tooth brushing or chewing.

Biodegradable poly(lactic-co-glycolic acid) (PLGA) -hydroxypropyl methylcellulose (HPMC) based in-situ forming implants (ISFI) may help overcoming this limitation: Such systems have been shown to provide improved textural properties and enhanced adhesion to human teeth, compared to commercially available products [START_REF] Do | In situ forming implants for periodontitis treatment with improved adhesive properties[END_REF][START_REF] Do | Mechanistic analysis of PLGA/HPMC-based in-situ forming implants for periodontitis treatment[END_REF][START_REF] Agossa | Physical key properties of antibiotic-free, PLGA/HPMC-based in-situ forming implants for local periodontitis treatment[END_REF]. The risk of undesirable loss of the formulations from the site of action can be expected to be substantially reduced. We recently proposed a new type of ISFIs, loaded with chlorhexidine and ibuprofen to provide a dual antibacterial and anti-inflammatory activity [START_REF] Batool | In-situ forming implants loaded with chlorhexidine and ibuprofen for periodontal treatment: Proof of concept study in vivo[END_REF][START_REF] Lizambard | Insitu forming implants for the treatment of periodontal diseases: Simultaneous controlled release of an antiseptic and an anti-inflammatory drug[END_REF]. These formulations were able to control the release of both drugs simultaneously during several weeks. In brief, the two drugs and the bioadhesion enhancer HPMC are dissolved/dispersed in a solution of the polymer PLGA and plasticizer acetyltributyl citrate (ATBC) in the water-miscible solvent N-methyl pyrrolidone (NMP). Upon contact with aqueous fluids, the NMP diffuses out of the formulation, and water diffuses into it. Since PLGA is not water-soluble, it precipitates and traps the two drugs. The controlled release implant is formed in-situ at the site of action and controls the release of chlorhexidine and ibuprofen during 2-3 weeks. As the formulation is liquid and has a limited viscosity, it easily spreads within the periodontal pockets of the patient, so that "customized" implants are formed: being adapted to the size and geometry of each cavity ("personalized medicines"). However, yet the antimicrobial activity of these in-situ forming implants is unclear and the mechanical key properties of the liquid formulations and in-situ formed implants are not well understood.

The aim of this study was to: (i) assess the antibacterial activity of different types of ISFIs, loaded with different amounts of chlorhexidine dihydrochloride and ibuprofen (free acid). In particular, a potential impact of the simultaneous release of ibuprofen on the antimicrobial activity of chlorhexidine was to be studied, (ii) assess the impact of the drug loading on the syringeability of the liquid formulations as well as the textural properties and swelling behavior of the implants. A commercially available gel for local periodontitis treatment containing chlorhexidine dihydrochloride and chlorhexidine digluconate (Chlosite) was studied for reasons of comparison.

Materials and methods

Materials

Poly (D,L-lactic-co-glycolic acid) ( g/L menadione (Sigma), 5x10 -3 g/L hemin (Sigma) and 5 g/L yeast extract (Dutscher, Ile de France, France) [START_REF] Smida | Benefits of sea buckthorn (Hippophae rhamnoides) pulp oil-based mouthwash on oral health[END_REF]. Dilutions were made in cysteinated Ringer solution (CR) [START_REF] Mogrovejo-Valdivia | In vitro evaluation of drug release and antibacterial activity of a silver-loaded wound dressing coated with a multilayer system[END_REF]. All bacterial strains were grown on Columbia agar plates, supplemented with cysteine chlorhydrate 0.3 g/L as reducing agent and blood for the growth of strict anaerobes.

Different types of tests, described in detail in the following, were applied using either single specific bacterial strains or clinical samples obtained from patients.

Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC)

The broth microdilution method was used to determine the bacteria minimal inhibitory concentration (MIC) of chlorhexidine digluconate and ibuprofen (free acid) [START_REF] Abedini | Rosmarinic Acid and Its Methyl Ester as Antimicrobial Components of the Hydromethanolic Extract of Hyptis atrorubens Poit. (Lamiaceae)[END_REF].

Briefly, a 24-well flat bottom microplate was used with an assay volume of 2 mL/well. Ten concentrations of each drug (1 to 512 μg/mL) were studied. First, 1.6 mL Wilkins-West liquid medium (47) was added to each well. The chlorhexidine digluconate or ibuprofen solutions (5120 μg/mL) were serially diluted two-fold in distilled water, and 0.2 mL was added to the corresponding well. Finally, the microplates were inoculated with 0.2 mL/well of fresh bacteria culture at a concentration of 10 6 cells/mL, followed by incubation at 37 °C under anaerobic conditions. The MIC was defined as the lowest concentration that inhibits the visible growth of bacteria (turbidity) after 48 h. The minimal bactericidal concentration (MBC) was determined via the subculture of 100 μL from the wells: after another incubation step, the lowest drug concentration with no bacterial growth after 48 h was defined as the MBC.

Agar well diffusion test

The in vitro efficacy of the investigated in-situ forming implants and of the marketed product Chlo-site against bacteria associated with periodontitis was assessed using the agarwell diffusion method, as previously described in detail [START_REF] Do | In situ forming implants for periodontitis treatment with improved adhesive properties[END_REF]. Briefly, suspensions of the 25; 50; 100; 200; 400 mg/L) (note that the digluconate salt was used in this case, due to the limited solubility of the dihydrochloride under the given conditions). Each experiment was conducted in triplicate. Mean values +/-standard deviations are reported.

Time-kill studies

To determine the time-dependent reduction of the bacteria by the in-situ formed implants and the marketed product Chlo-site, a time-kill kinetics assay was performed, as previously described in detail [START_REF] Abedini | Rosmarinic Acid and Its Methyl Ester as Antimicrobial Components of the Hydromethanolic Extract of Hyptis atrorubens Poit. (Lamiaceae)[END_REF]. Briefly, bacteria suspensions were exposed to in-situ formed implants and the marketed product Chlo-site for different time periods and the surviving bacteria populations were counted. Figure 1a shows a schematic presentation of the test.

One mL liquid in-situ forming implant formulation was placed in a 15 mL Falcon tube (Fisher Scientific, Waltham, MA, USA). One mL Wilkins-West liquid medium (WWL medium) [START_REF] West | Vaspar broth-disk procedure for antibiotic susceptibility testing of anaerobic bacteria[END_REF] was added and the tube was incubated for 24 h at 37 °C in a horizontal shaker (60 rpm, Mini Orbital Shaker S05; Stuart Scientific, Staffordshire, UK). Upon solvent exchange, the implant formed. Afterwards, the bulk fluid was completely removed, and 8 mL fresh WWL medium was added, as well as 1 mL of each bacteria suspension (10 4 -10 6 bacteria/mL). The tube was then incubated for up to 24 h. At pre-determined time points, 100 µL samples from the liquid was withdrawn and several times 10-fold diluted (1+9) with cysteinated Ringer solution (CR) (number of dilutions as required). One hundred L of each dilution was plated on Columbia agar in Petri dishes, which were subsequently incubated for 24-48 h (depending on the type of bacterium) at 37 °C under aerobic or anaerobic conditions according to the type of bacteria. Colonies were counted, the results are expressed as log CFU/mL (CFU = Colony Forming Units). Each experiment was conducted in triplicate, mean values +/standard deviations are reported. Drug-free formulations were treated in the same way, as well as Chlo-site (including the 24 h exposure to 1mL WWL medium) for reasons of comparison. The 24 h exposure to 1 mL WWL medium was required to obtain solidified implants and to remove major parts of the NMP. Direct exposure of the liquid in-situ forming implant formulations to the bacterial suspensions was not appropriate, since the NMP remained in the inoculum and killed the bacteria. This is not reflecting the in vivo conditions, under which the NMP diffuses into the surrounding tissue and aqueous liquids, thus, being relatively rapidly removed from the periodontal pockets. (vii) chlorhexidine dihydrochloride at MIC/4 + 50 g/mL ibuprofen; or (viii) no drug (control).

Eight mL WWL medium and 1 mL bacterial suspension (S. anginosus) were added to each tube. The latter were incubated at 37°C under aerobic conditions for up to 24 h and treated as the tubes in the kill-time studies described above. All experiments were conducted in triplicate. Mean values +/-standard deviations are reported.

Syringeability

The syringeability of the investigated liquid in-situ forming implant formulations was measured using a texture analyzer, as previously described in detail [START_REF] Agossa | Physical key properties of antibiotic-free, PLGA/HPMC-based in-situ forming implants for local periodontitis treatment[END_REF]. Briefly, a 2 mL The mechanical properties of implants formed upon exposure to agarose gels were determined using a texture analyzer, as described previously in detail [START_REF] Agossa | Physical key properties of antibiotic-free, PLGA/HPMC-based in-situ forming implants for local periodontitis treatment[END_REF]. Briefly, an agarose gel (0.6 % w/v) was cast into a Petri dish (diameter = 10 cm). A cylindrical hole (diameter = 6 mm) was created at its center and filled with 250 μL liquid in-situ forming implant formulation. Incubation for 24 h at 37°C allowed for hardening of the implant. Then, two "compression-traction cycles" were run with a TA.XT.Plus texture analyzer (load cell: 1kg): A spherical probe (diameter = 5 mm) was driven downward at a constant speed (2 mm/s). Once in contact with the formulation, force-displacement profiles were recorded.

The probe stopped when its penetration depth was equal to half of the initial sample's height. It was then driven upward (2 mm/s) until the position was reached, at which the probe had had its first contact with the formulation. This position was held for 15 s before a second "compression-traction cycle" was run, which was identical to the first one. Figure 2 shows a typical force-time diagram obtained with this setup. The terms "hardness", "springiness" and "resilience" of the formulations are used as follows (44):

• Hardness is defined as the "peak force that occurs during the first compression".

• Springiness is defined as the "ratio of the displacement of the probe during the second compression divided by the displacement of the probe during the first compression". Since the displacement velocity was constant, this corresponds to the ratio "t2/t1" (Figure 2).

• Resilience is defined as the ratio "upstroke energy of the first compression/downstroke energy of the first compression". Since the displacement velocity was constant, this corresponds to the ratio "A2/A1" (Figure 2)

Chlo-site was studied for reasons of comparison. All experiments were performed in triplicate at room temperature, mean values +/-standard deviations are reported.

Fig 2. Typical force-time plot obtained with the experimental setup used for the characterization of the texture of the investigated formulations.

Monitoring of implant swelling/shrinking

Implants were formed in agarose gels as described in section 2.5. Mechanical properties of the in-situ formed implants. At pre-determined time points after placing a 250 μL liquid formulation sample into the hole at the center of a gel, macroscopic pictures were taken using an optical image analysis system (Nikon SMZ-U, Nikon, Tokyo, Japan), equipped with a Zeiss camera (AxioCam ICc 1, Zeiss, Jena, Germany) in a side view modus.

Chlo-site was studied for reasons of comparison.

Results and discussion

Microbiological tests

The antibacterial activity of an intra-pocket drug delivery system is obviously a key parameter to control the infection at the affected sites. The susceptibility of different periodontal pathogens to the drugs (chlorhexidine digluconate or dihydrochloride and gingivalis, because the turbidity cannot be evaluated in blood-supplemented medium.

Agar well diffusion

Figure 3 shows the diameters of the bacterial growth inhibition zones observed with the investigated in-situ forming implant formulations (ISFIs) containing 1.5/1.5, 5.3/5.3, or 16.1/16.1 %/% chlorhexidine dihydrochloride/ibuprofen. A drug-free formulation ("placebo") and Chlo-site (a chlorhexidine-loaded marketed product) were studied for reasons of comparison. All the investigated drug-loaded systems clearly inhibited the bacterial growth of all the selected pure bacterial strains and clinical multispecies samples.

The diameters of the inhibition zones correlated well with the chlorhexidine loading of the systems: The higher the drug concentration the more pronounced was the bacterial growth inhibition effect. The placebo (drug-free ISFI) did not show any inhibition of bacteria growth, except for P. nigrescens and P. gingivalis, which are two strictly anaerobic and fastidious bacteria. A potential intrinsic antibacterial activity of the polymer (PLGA) and/or its degradation products (short chain acids) as well as of small amounts of remaining solvent (NMP) and/or the exposure to limited amounts of oxygen during the experiment may explain these results.

Fig 3. Agar well diffusion test: Diameters of the bacterial growth inhibition zones for different ISFI formulations (1.5/1.5, 5.3/5.3, or 16.1/16.1 chlorhexidine dihydrochloride/ibuprofen %/%) observed with bacteria isolated from periodontal pockets.

A chlorhexidine loaded marketed product (Chlo-site) and a drug-free ISFI ("placebo") were used as controls. The Asterix indicates that no inhibition zone was observed.

Figure 4 shows the effect of the presence of blood on the antibacterial activity of chlorhexidine. Briefly, differently concentrated chlorhexidine digluconate solutions were placed into cylindrical holes made in Columbia agar or blood-enriched Columbia agar inoculated with bacteria. Please note that for this experiment, chlorhexidine digluconate (and not chlorhexidine dihydrochloride) was used to cover a broader concentration range (the solubility of the dihydrochloride being limited under the given conditions). As it can be seen, chlorhexidine showed a clearly dose-dependent activity. Importantly, the presence of blood significantly reduced (2 to 3-fold) the diameter of the bacterial growth inhibition zones, indicating a strong reduction of the antimicrobial effect of chlorhexidine in presence of blood, probably due to protein binding [START_REF] Hjeljord | Chlorhexidine-protein interactions[END_REF].

According to these diffusion test results, overall the investigated ISFI, loaded with both, chlorhexidine dihydrochloride and ibuprofen (%/% chlorhexidine/ibuprofen: 1.5/1.5; Chlo-site and drug-free ISFI (as a negative control). Figure 5 shows the kill-time curves for five selected bacteria, all reported in the dysbiotic subgingival microflora of periodontal patients, including P. gingivalis considered as the "key-stone" pathogen in periodontal diseases [START_REF] Hajishengallis | Beyond the red complex and into more complexity: the polymicrobial synergy and dysbiosis (PSD) model of periodontal disease etiology[END_REF][START_REF] Wright | Microbial interactions in building of communities[END_REF]. Clinical multispecies samples from patients suffering from periodontitis were also used. Clearly, the fastest reduction of the bacterial populations was observed with ISFI containing 5.3/5.3 or 16.1/16.1% chlorhexidine dihydrochloride/ibuprofen in all cases. drug containing formulations with all single bacteria strains as well as with the clinical samples. In contrast, the drug-free ISFI showed no bactericidal effects (the grey curves do not decrease). In the case of ISFI loaded with chlorhexidine dihydrochloride/ibuprofen and Chlo-site, the bacteria count reached the detection threshold (<10 bacteria/mL) within 6 to 24 h. As it can be seen, the ISFI loaded with the lowest % chlorhexidine/ibuprofen concentrations (1.5/1.5%) showed a similar or more rapid bactericidal effect compared to the marketed product, a xanthan gel loaded with 1% chlorhexidine dihydrochloride and 0.5% chlorhexidine digluconate. This may be due to a different drug release profile, related to the type of polymer.

Growth Curves

The proposed ISFIs contain both, chlorhexidine dihydrochloride and ibuprofen, to provide a dual antibacterial and anti-inflammatory activity to control the infection and modulate the inflammatory response in the periodontal pockets. This type of combination of different drugs has only very recently been proposed [START_REF] Lizambard | Insitu forming implants for the treatment of periodontal diseases: Simultaneous controlled release of an antiseptic and an anti-inflammatory drug[END_REF]. To confirm the tendencies observed with the time-kill test and to evaluate a potential interaction between chlorhexidine and ibuprofen, three inhibitory and sub-inhibitory concentrations of chlorhexidine digluconate solutions (4 x MIC, MIC, MIC/4; MIC = Minimal Inhibitory Concentration) were tested alone and in the presence of ibuprofen (4 x MIC + ibuprofen, MIC + ibuprofen, MIC/4 + ibuprofen) for their effect on the growth of a bacterium isolated from periodontal pockets (S. anginosus). The concentration of ibuprofen (50 g/mL) was chosen based on the drug release profile of the investigated implants [START_REF] Smida | Benefits of sea buckthorn (Hippophae rhamnoides) pulp oil-based mouthwash on oral health[END_REF]. Ibuprofen alone and distilled water were used as controls (Figure 6). At MIC and 4 x MIC, a decrease in bacterial population counts was observed over time, showing the bactericidal effect of chlorhexidine digluconate at these concentrations, consistent with the kill-time studies.

Importantly, the addition of ibuprofen did not alter this antimicrobial activity of chlorhexidine. In addition to the pharmacodynamics and pharmacokinetics of innovative local drug delivery systems for periodontitis treatment, also the mechanical properties of the latter are of utmost importance: The liquid formulations must be easy to inject by the dentist and the hardened implants must stay in place during the desired drug release period. A variety of tests were applied to study these aspects in detail as well as the impact of the composition of the systems on these crucial properties. The results are described in the following.

Syringeability

The syringeability is a key mechanical parameter to be considered in practice by the clinician. If the forces required to administer the formulation into the periodontal pockets are high, the treatment becomes complicated and time-consuming. As shown in Figure 7a, when the drug load is increased, the force required to expulse the formulation from the syringe increased. This is consistent with previous results obtained with PLGA-HPMC ISFIs loaded with chlorhexidine dihydrochloride alone [START_REF] Agossa | Physical key properties of antibiotic-free, PLGA/HPMC-based in-situ forming implants for local periodontitis treatment[END_REF]. Importantly, the syringeability of the different liquid formulations was similar to or better than that of two commercially available drug products for periodontitis treatment: Parocline and Chlo-site (Parocline 1153.9 ± 3.2 N.s, Chlo-site 263.6 ± 66.3 N.s) (42).

Texture profile analysis

The proposed ISFI formulations harden within the periodontal pockets of the patient to form customized, solid implants, which fit exactly the dimensions and geometry of the cavities. This helps assuring that the implants stay in place during the desired time periods (miss-fitting implants are likely more rapidly expulsed). In addition, the textural properties of the hardened systems are crucial to assure a reliable residence time and avoid premature expulsion from the site of action. For this reason, a texture profile analysis was performed, using a TA.XT.Plus texture analyzer (equipped with a spherical probe) and performing two "compression cycles". The hardness, springiness and resilience of the solid implants were calculated based on the force-time displacement curves measured during the test. As it can be seen in Figure 7b, the hardness of the ISFIs generally decreased when the drug loading increased. In practice, the hardness should not be too high to allow the periodontal pockets to deform with time during tissue healing. The springiness and the resilience give an idea of the plasticity/elasticity of the solid implants. In practice, the formulations administered into the periodontal pockets should also exhibit moderate resilience and springiness values, in order to allow the pocket dimensions to change during healing (to adapt). As it can be seen, the resilience and springiness of the proposed implants were not very much affected by the drug loading. The measured values are remarkably consistent with those previously reported for ISFIs loaded with chlorhexidine dihydrochloride alone at different drug concentrations (10 and 20%), with and without 10 or 20 % HPMC [START_REF] Lizambard | Insitu forming implants for the treatment of periodontal diseases: Simultaneous controlled release of an antiseptic and an anti-inflammatory drug[END_REF]. This suggests that the drugs do not substantially affect the plastic/elastic behavior of the implants, which is promising for the clinical application. 

Macroscopic swelling/shrinking

Also the swelling/shrinking behavior of the drug delivery systems upon exposure to aqueous fluids is a critical aspect for formulations administered into periodontal pockets, since major changes of the dimensions of the implants are likely to increase the risk of premature expulsion from the site of action. Substantial swelling can be expected to lead to the loss of at least parts of the system. Substantial shrinkage can cause decrease in implant anchorage in the pocket and subsequent expulsion. To compare the swelling/shrinking of the proposed ISFIs and Chlo-site (the commercially available drug product studied for reasons of comparison), macroscopic pictures of the formulations injected into a hole at the center of an agarose gel were taken after 5 min and 24 h incubation at 37 °C in a side view modus. As it can be seen in Figure 8, after 24 h the drug-free ISFI ("placebo") showed moderate swelling. Importantly, when the drug loading increased, the swelling was remarkably reduced. In contrast, the marketed drug product Chlo-site collapsed substantially during 24 h incubation. This is consistent with previous reports [START_REF] Lizambard | Insitu forming implants for the treatment of periodontal diseases: Simultaneous controlled release of an antiseptic and an anti-inflammatory drug[END_REF] and likely increases the risk of undesirable expulsion from the periodontal pocket over time. 

Conclusion

The proposed ISFIs loaded with both, chlorhexidine and ibuprofen, exhibit promising microbiological and mechanical key properties and should be able to contribute in practice to a better control of bacterial infections in periodontal pockets/ They effectively act against periodontal pathogens and provide appropriate mechanical properties, which likely minimize the risk of premature expulsion from the site of action.

  following bacteria: Streptococcus sanguinis, Streptococcus constellatus, Actinomyces odontolyticus, Veillonella dispar, Fusobacterium nucleatum, Fusobacterium naviforme, Prevotella nigrescens, Porphyromonas gingivalis, and clinical samples obtained from patients suffering from periodontitis, were inoculated (300 μL, 10 5 cells/mL) onto Columbia agar or defibrinated horse blood enriched Columbia agar (5 % v/v) cast into Petri dishes (16x16 cm).A cylindrical hole (diameter = 6 mm) was subsequently made at the center of the plate, and filled with 50 μL liquid in-situ implant forming formulation (using a standard syringe). Upon solvent exchange (NMP diffuses out of and water into the formulation), the implants formed. The Petri dishes were incubated for 4 d under optimum culture conditions (37 °C, anaerobic atmosphere) (Whitley A85 workstation, Don Whitley Scientific, West Yorkshire, UK). The diameter of the observed bacteria growth inhibition zones around the hole made at the center of the Petri dishes was measured. To evaluate the effect of the presence of blood on the bacteria growth inhibition zones, the experiments were conducted using either Columbia agar or blood enriched Columbia agar, with three different bacteria (S. sanguinis, V. dispar, F. nucleatum) and a range of chlorhexidine digluconate concentrations(1.25; 12.5; 

2. 3 . 5 .

 35 Bacterial growth testsTo investigate potential effects of the co-release of ibuprofen on the antimicrobial activity of chlorhexidine released from the ISFIs at inhibitory and sub-inhibitory concentrations (4 x MIC, MIC, MIC/4, MIC = Minimum Inhibitory Concentration), bacterial growth tests were conducted. Figure1bshows a schematic presentation of the basic principle of the test. Tubes were filled with 1 mL WWL medium containing: (i) chlorhexidine dihydrochloride at 4 x MIC; (ii) chlorhexidine dihydrochloride at MIC; (iii) chlorhexidine dihydrochloride at MIC/4; (iv) 50 g/mL ibuprofen; (v) chlorhexidine dihydrochloride at 4 x MIC + 50 g/mL ibuprofen; (vi) chlorhexidine dihydrochloride at MIC + 50 g/mL ibuprofen;

Fig 1 . 5 .

 15 Fig 1. Schematic presentation of: a) the time-kill test, and b) bacterial growth test used to evaluate the antibacterial activity of the investigated in-situ forming implants. Details are given in the text.

  ibuprofen) was evaluated by determining the Minimal Inhibitory Concentrations (MICs) and Minimal Bactericidal Concentrations (MBCs) for different bacteria using an agar-well diffusion test (comparing the diameters of the bacterial growth inhibition zones) as well as a kill-time test (counting the surviving bacteria after incubation for 1, 2, 3, 6 and 24 h). The potential effect (antagonism, addition, synergism) of the addition of ibuprofen on the antimicrobial activity of chlorhexidine digluconate was also studied by comparing the bacterial growth curves at inhibitory and subinhibitory concentrations (4 x MIC, MIC, MIC/4, MIC = Minimal inhibitory concentration) of chlorhexidine digluconate alone or chlorhexidine digluconate + ibuprofen. All the bacteria were isolated from periodontal pockets of patients suffering from periodontitis. Pure strains and multispecies clinical samples were used. In-situ forming implant formulations (ISFIs) containing 1.5/1.5, 5.3/5.3, or 16.1/16.1 %/% chlorhexidine dihydrochloride/ibuprofen were studied. Drug-free formulations and the marketed product Chlo-site (containing chlorhexidine) were investigated for reasons of comparison. 3.1.1. Minimal Inhibitory Concentrations (MICs) and Minimal Bactericidal Concentrations (MBCs)

5. 3

 3 /5.3; 16.1/16.1), showed a similar efficacy as the marketed product Chlo-site: a gel based on xanthan gum, containing 1.5 % "chlorhexidine digluconate + chlorhexidine dihydrochloride". To investigate the kinetics of the antimicrobial effects, a time-kill study was performed.3.1.3. Time-kill studyThe time-kill study is a standard microbiological test that provides basic information on the pharmacodynamics of antimicrobial compounds as a function of time, by examining the rate at which the active agents, at different concentrations, kill the bacteria. An effective and rapid control of the bacteria infection within the periodontal pockets may promote wound healing and accelerate clinical periodontal pocket closure. The kinetics of the : 1.5/1.5; 5.3/5.3; 16.1/16.1, or drug-free) were compared to

Fig 5 .

 5 Fig 5. Kill-time test: Effects of different ISFI formulations (1.5/1.5, 5.3/5.3, or 16.1/16.1 chlorhexidine dihydrochloride/ibuprofen %/%) on the bacterial count of single periodontal pathogens at t = 0, 1, 2, 3, 6 and 24 h. Clinical samples (a mix of bacteria) directly collected from patients were also studied. Chlo-site (a marketed chlorhexidine-loaded gel) and the drug-free ISFI formulation ("placebo") were investigated for reasons of comparison.

Fig 6 .

 6 Fig 6. Growth curves of S. anginosus in the presence of chlorhexidine digluconate alone (solid curves) and chlorhexidine digluconate + 50 g/mL ibuprofen (dotted curves).Different concentrations of chlorhexidine digluconate, corresponding to 4 x MIC, MIC and MIC/4 (MIC = Minimal Inhibitory Concentration) were studied.

Fig 7 . 1 . 5 / 1 . 5 , 5 . 3 / 5 . 3 , or 16 . 1 / 16 . 1 %

 715155353161161 Fig 7. Mechanical key properties of the investigated ISFI formulations (1.5/1.5, 5.3/5.3, or 16.1/16.1 %/% chlorhexidine dihydrochloride/ibuprofen) and in-situ formed implants: a) syringeability, b) hardness, c) resilience, and d) springiness.

Fig 8 . 5 , 5 . 3 / 5 . 3 ,

 855353 Fig 8. Macroscopic pictures (side views) of in-situ formed implants after 5 min and 24 h incubation at 37 °C in agarose gels: drug-free ISFI ("placebo"), ISFIs loaded with 1.5/1.5,5.3/5.3, or 16.1/16.1 %/% chlorhexidine dihydrochloride/ibuprofen. Chlo-site was studied for reasons of comparison. The formulations were injected into holes at the center of agarose gels in Petri dishes.

  

  

Table 1

 1 shows the MIC and MBC concentrations of chlorhexidine digluconate for selected periodontal pathogens. As it can be seen, all the bacteria strains were inhibited or killed by low concentrations of chlorhexidine digluconate, ranging from 1 to 32 mg/L. This confirms the large spectrum of the antimicrobial activity of this compound. Ibuprofen showed no antimicrobial effect at the concentrations studied.

		S. sanguinis S. constellatus	V. dispar	F. nucleatum	P. gingivalis
	MIC (mg/L)	8	8	2	1	n.d.
	MBC (mg/L)	16	16	4	2	32

Table 1 . MIC and MBC values of chlorhexidine digluconate for selected bacteria, determined with the broth microdilution method. The MIC was not determined (n.d.) for P.
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