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Abstract

:

According to data in the literature, natural products and essential oils are often used in dental practice. To develop a new oromucosal spray for the treatment of infectious and inflammatory diseases of the oral cavity, clove CO2 extract and essential oils of lavender and grapefruit were used as active pharmaceutical ingredients. Clove extract was obtained by the method of subcritical extraction from various raw materials, the choice of which was based on the yield of the CO2 extract and the study of its phytochemical and microbiological properties. Based on the results of microscopic and diffraction analyses, the rational time of ultrasonic exposure for the emulsion of active pharmaceutical ingredients was established. Mucoadhesive polymers were used as stabilizers of the two-phase system and prolongators. This article discusses the impact of the type and concentration of mucoadhesive polymers on the stability of the emulsion system; the viscous, textural, adhesive, and film characteristics of oromucosal spray; and the parameters determining sprayability.
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1. Introduction


The problem of infectious and inflammatory diseases of the oral cavity (periodontitis, gingivitis, stomatitis, etc.) is one of the most urgent and widespread in dental practice [1]. These pathologies often lead to the loss of teeth and the appearance of foci of chronic infection, and as a result, a decrease in the reactivity of the body as a whole [2,3,4].



The main symptoms accompanying infectious and inflammatory diseases of the oral cavity include irritation, inflammation, redness, and bleeding of the gingival tissue, pain, changes in the oral microbiota, the formation of ulcers, bad breath, purulent discharge in severe cases, etc. [5,6].



Despite significant successes in the creation of chemical pharmaceuticals, the popularity of phytotherapy in dentistry has increased in recent years. This is due to the unique properties of medicinal plants, which contain many biologically active substances and are characterized by a wide spectrum of pharmacological action. In addition to their highly effective complex action, the absolute advantages of herbal preparations include a mild therapeutic effect that develops gradually, a much smaller number or even the absence of contraindications and side effects, low toxicity, the inability to cause addiction, and the possibility of long-term use in different age categories [7,8,9].



Clove (Syzygium aromaticum L.) is an affordable and effective natural remedy to treat various oral diseases [10,11,12]. A number of publications reveal the effectiveness and functional properties of both clove oil and extract [13,14,15,16]. Due to its rich and diversified composition of biologically active compounds, clove has anti-inflammatory, antibacterial, antifungal, and analgesic properties that can effectively reduce inflammation caused by a variety of periodontal and mucous membrane diseases, provide relief from toothache pain, and solve other dental problems caused by bacteria and infections [17,18,19]. Eugenol, the main bioactive compound in cloves, is responsible for their powerful antioxidant, analgesic (pain-relieving) and antiseptic properties [20,21,22]. Moreover, cloves can help to get rid of the problem of bad breath [23]. Subcritical CO2 extraction is a green, low-temperature method that preserves thermolabile compounds and is suitable for the extraction of clove [24]. However, we identified a lack of information about CO2 extract applications in dental formulations.



The major active components of lavender oil are linalool and linalyl acetate, the activity of which reflect that of the whole oil [25,26]. It exhibits good antimicrobial and antifungal activities against most bacteria, filamentous fungi, and yeasts [27,28]. Pathan J.M. and co-authors proved that lavender oil can be an effective local analgesic agent and a good alternative to chemical anaesthetics [29]. Citrus essential oils, including grapefruit, are also widely used in the food, cosmetic, and pharmaceutical industries [30,31]. Like most citrus essential oils, the main components of grapefruit oil are terpenes and terpene oxides, which demonstrate antifungal, antiviral, and anti-inflammatory properties, making them versatile remedies for oral health care [32,33]. Studies of other researchers have shown the substantial antibacterial activity of grapefruit essential oil against Bacillus cereus, Enterococcus faecalis, Escherichia coli, Klebsiella pneumonia, Pseudococcus sp., Salmonella thyphimurium, Shigella flexneri, and Staphylococcus aureus, as well as a strong antifungal activity against Aspergillus Niger, Candida albicans, Cladosporium cucumerinum, Penicillium digitatum, Penicillium italicum, and Penicillium chrysogenum [34,35]. The study by Gugulethu Miya and co-authors reveals that the essential oils from grapefruit are non-toxic and demonstrate significant anti-inflammatory activity [36]. Deng W. and co-authors established the antimicrobial, antioxidant, and antiproliferative properties of grapefruit essential oil [37].



Based on such data, we chose to investigate combinations of clove CO2 extract and lavender and grapefruit essential oils as our research object. The expected outcome of this combination is the ability to effectively contribute to the prevention and treatment of infectious and inflammatory processes, namely, to inhibit the activity of pathogenic microflora in the oral cavity, provide anti-inflammatory and analgesic effects, eliminate unpleasant odours, stimulate reparative processes, and epithelize affected areas of the periodontium and mucous membrane.



Considering the etiopathogenesis of the infectious and inflammatory diseases of the oral cavity, their treatment mostly requires the use of local drugs. The local treatment of periodontal and mucous membrane diseases has significant interest, owing to benefits such as minimal systemic side effects and higher local drug concentrations [38].



Oromucosal sprays are one of the most popular and widespread forms of local drug administration for infectious and inflammatory processes in the oral cavity. Their main difference from other dosage forms is the presence of a dosing pump, which creates an air-drop jet via mechanical pressure on the dosing pump. This dosage form has several advantages: increased pharmacological activity due to the dispersion of the medicinal substance, a high degree of exposure to mouth mucous membranes, rapid absorption, the exclusion of the negative effect of the digestive tract on the active substance, tightness, dosage accuracy, painlessness, convenience, and speed of use, as well as simplicity and economy of production [39,40,41].



However, there are also disadvantages, such as low adhesion to the surface of mucous membranes, which is associated with the constant formation of saliva and the mobility of oral cavity tissues; a rapid decrease in concentration due to the dilution and washing of medicinal substances with saliva; their low bioavailability; and the need for frequent use. Therefore, to increase the retention time of the spray dosage form on mucous membranes and ensure a prolonged effect, mucoadhesive polymer compounds are introduced into its composition, which play the role of film and structure formers, stabilizers, and fillers [42,43,44,45]. Wetting mucoadhesive polymers results in the formation of a viscous solution that prolongs adherence to the mucosal surface. This, in turn, causes more adhesive interactions, such as the forming of hydrogen bonds, electrostatic interactions, and covalent bonding, increasing the bioavailability of the active pharmaceutical ingredient (API) by extending the time the dosage form spends at the site of absorption [46,47]. Mucoadhesive polymers must meet certain conditions; namely, they must be allowed for daily use, provide the long-term release of drugs, adhere quickly, and not irritate the mucous membrane of the oral cavity [48].



Typically, when choosing a mucoadhesive, the following physicochemical properties are taken into account: molecular weight (usually should be in the range from 10 to 4000 kDa to allow polymers to hydrate easily, as well as release active groups for interaction with mucin and at the same time form strong gels); polymer chain length (to facilitate the interpenetration of macromolecules and not interfere with diffusion); molecular conformation (to ensure accessibility for chemical interactions with mucin); and the flexibility of polymer chains (to ensure interpenetration, the adhesion of polymer molecules with mucin and, accordingly, the controlled release of the drug) [47,49].



Mucoadhesive polymers in oral drug delivery systems may be natural (sodium alginate, chitosan, pectin, gelatine, agarose, guar and xanthan gum, hyaluronic acid, etc.) [45,50,51,52], semi-synthetic (cellulose derivatives: hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC), sodium carboxymethylcellulose (sodium CMC), hydroxypropyl methyl cellulose (HPMC), methyl cellulose, etc.) [46,53,54], or of synthetic origin (polyethylene glycols, poloxamers, polylactides, polyamides, acrylic acid polymers, polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), etc.) [42,55,56,57].



The above biopolymers, especially polysaccharides and their derivatives, such as chitosan, hyaluronic acid, alginate, carrageenan, cellulose derivatives, etc., are most often used as mucoadhesive carriers in the development of drugs for dental practice. They are generally stable, nontoxic, hydrophilic, and biodegradable, and display reactive functional groups (e.g., carboxyl or amino groups) that promote mucoadhesion. Their properties can be modified to improve certain qualities, including solubility, viscosity, and stability [58,59].



The use of polymers as drug carriers is constantly growing among mucoadhesive oral forms. In the work of Madrazo-Jiménez et al., the benefit of chitosan gel in the healing of surgical wounds of the oral cavity was noted [60]. A polymeric film for the buccal delivery of the antifungal drug posaconazole based on alginate and its oligosaccharide oligomer as a mucoadhesive biopolymer, developed by Szekalska et al. [61], and a buccal mucoadhesive film with cetirizine based on the biopolymers sodium alginate and HPMC, prepared by Pamlény et al. [62], were shown to have high mucoadhesive and swelling properties. Elbanna et al. produced mucoadhesive composite sponges based on κ-carrageenan and xanthan biopolymers for the buccal delivery of tetrahydrocurcumin for the prevention and treatment of oral cancer, demonstrating good mucoadhesion properties and prolonged drug release [63]. Tonglairoum et al. developed multilayer oromucosal patches to improve the topical therapy of oral lichen planus and recurrent aphthous stomatitis based on l-cysteine-thiolated chitosan, 2-hydroxypropyl-β-cyclodextrin, and PVP [64].



However, the use of mucoadhesive polymers in the development of oral sprays containing compounds of plant origin, where they act as a stabilizer of two-phase systems, is insufficiently covered.



Therefore, the aim of our study is the development and evaluation of oromucosal spray formulation containing plant-derived compounds for the treatment of infectious and inflammatory diseases of the oral cavity.




2. Materials and Methods


2.1. Materials


The list of ingredients, their manufacturers, and role that they play in the oromucosal spray are given in Table 1.



The following emulsifiers approved for oral use were used: L-α-Lecitin soybean (Sigma-Aldrich, St Saint Louis, CA, USA) (a concentrate of soybean lecithin consisting of more than 94% phosphatidylcholine and less than 2% triglycerides), molecular weight—758.075 g/mol; polysorbate 80 (Carl Roth GmbH, Roth, Germany), 97% purity, molecular weight—1310 g/mol; sodium caseinate (Sigma-Aldrich, Steinheim, Germany), 98% purity, molecular weight—314.440 g/mol; sucrose stearate Sisterna® SP70-C (Sisterna, Roosendaal, The Netherlands), purity (ester content) above 80%, molecular weight—608.758 g/mol.



A dark glass 50 mL bottle with a mechanical pump-type sprayer was chosen for the packaging of the spray being developed, allowing the drug to be finely sprayed and, accordingly, cover a large surface area of the mucous membrane.




2.2. Clove CO2 Extract Preparation


Different types of Syzygium aromaticum L. materials were used for extraction: (1) whole buds, (2) stems, and (3) bud powder. These raw materials were purchased from PW Rekord Józef Szwajkowski (Zelazkow, Poland). Whole buds and stems were ground to homogenic powder using an RRH-2000A electric grinder mill (Zhejiang Yongtian Mechanical and Electrical Manufactured Co., Ltd., Yongkang, Zhejiang, China) before the extraction. In total, 10 kg of each material was used for the subcritical CO2 extraction process, as described by Šernaitė et al. [65], with some parameter modifications: T = 10 °C, P = 40 bar, t = 16 h. Collected extracts were filtered and stored at 4 °C until further experiments.



The obtained clove CO2 extracts were weighted using scales, and each extract yield was calculated using Formula (1):


Yield (%) = (mass of the extract, kg/mass of the raw material, kg) × 100



(1)








2.3. Preparation of API Emulsion


Ultrasound-assisted emulsification was performed to obtain the API emulsions (o/w). A UP400St Ultrasonic Processor (400 W, 24 kHz) (Hielscher Ultrasonics GmbH, Teltow, Germany) was used to prepare emulsions from the clove CO2 extracts, obtained previously, with combinations of essential oils of lavender and grapefruit. The emulsions of the API combinations and water were prepared at different emulsification durations: 5, 10, 20, 30, 40, 50, and 60 min. An ice bath was used to control the temperature to not exceed 40 °C.




2.4. Oromucosal Spray Preparation


Sodium benzoate, potassium sorbate, sucralose, and grapefruit powder flavour were dissolved in the required amount of purified water using a magnetic stirrer with a stirring speed of 400–500 rpm. A mucoadhesive polymer was added to the resulting solution (sodium alginate, Na-CMC, and HPC were dissolved at room temperature; PVA was heated to a temperature of 80–90 °C; HEC, xanthan, PVP—50–60 °C), mixed, and left until complete swelling and the formation of a low-viscosity homogeneous solution had taken place. In a separate container, essential oils of lavender and grapefruit were dissolved in ethyl alcohol 96%; clove CO2 extract was added and thoroughly mixed with the necessary amount of water, using US exposure. The resulting API emulsion was added into a solution with mucoadhesive (pre-cooled to a temperature no higher than 30–40 °C to avoid the evaporation of essential oils) and thoroughly mixed with an Ultra-Turrax IKA T18 homogenizer (Staufen, Germany) at 10,000 rpm for 3–5 min until a homogeneous system was formed.




2.5. Research Methods


2.5.1. Film-Forming Ability


Test samples (1.0 g) were sprayed onto moisture-resistant elastic films (“Parafilm”) and dried at a temperature of (37 ± 0.2) °C. After this, the quality of the resulting films was visually assessed (Figure 1).




2.5.2. Determination of Spray Stability


Test samples (1.0 ± 0.5 g) were placed in special centrifuge tubes (Eppendorf, Hamburg, Germany) and centrifuged in a centrifuge (high-speed centrifuge: Sigma 3-18KS, Berlin, Germany). The test was performed at a temperature of (25 ± 2) °C and speed/time rates of 3000 rpm/5 min and 10,000 rpm/10 min. The stability of the system was assessed by visual observation of the separation of the oil and water phases.




2.5.3. Determination of pH Value


pH level was determined potentiometrically using a pH meter Thermo Scientific Orion VERSA STARTM Advanced Electrochemistry Meter (Beverly, MA, USA). Measurements were carried out at room temperature and repeated three times.




2.5.4. Viscometric Evaluation


The viscosity of the samples was measured using a Fungilab Alpha series rotational viscometer (Fungilab, Barcelona, Spain). Equal amounts (50.00 ± 0.01 g) of the samples were analysed with an L2/L1 spindle at a shear speed of 50 rpm. Three replicate analyses were performed at room temperature for each sample.




2.5.5. Microscopic Analysis


The particles of the oil phase of the produced samples were observed using a Nikon DS-Fi1 (Tokyo, Japan) optical microscope, the camera of which was connected to a computer. The images were magnified 100 times. For each sample, 10 random droplets of oil were selected, and their average diameter was determined.




2.5.6. Particle Size and Distribution Measurements


Oil particle size and distribution were assessed using a Mastersizer 3000 with a Hydro EV unit (Malvern Panalytical Ltd., Malvern, UK). Samples of emulsions and sprays without dilution were added dropwise in the dispersant (water) to obtain laser obscuration between 9.5% and 10.5%. The pump speed was kept constant at 2400 rpm. The refractive index used for the dispersant was 1.330, for the dispersing material was 1.533 (for clove CO2 extract and API emulsion), and for the sprays was 1.500. Particle size distribution was measured in five runs and the average was calculated. The formulations were described by percentile (D10, D50, and D90) values.




2.5.7. Textural Analysis


Tests were performed on a Texture Analyzer (Stable Micro Systems Ltd., Surrey, UK) using an A/BE probe (Figure 2a) for the back extrusion test and an HDP/SR probe for the spreadability test (Figure 2b). Three replicate analyses were performed at room temperature for each sample, ensuring identical conditions for each measurement.



Back Extrusion Test


Approximately 50 g of spray was placed in a standard 100 mL sample container, avoiding air and ensuring a smooth surface. A 40 mm diameter disk, which was placed above the surface of the sample at the beginning of the test, was immersed in the spray, resulting in the product being squeezed upward between the walls of the container and the edges of the disk. Study parameters were selected: movement speed (2 mm/s) and immersion depth (10 mm). Spray parameters, such as firmness (maximum compressive force) and consistency (cohesiveness and adhesiveness), were determined from the resulting “force–time” graph. When the piston with the disk moves downward, a positive part of the back extrusion graph is created; the maximum compression force required to deform the spray demonstrates the firmness of the spray mould, and the area of the graph above zero indicates the cohesion of the spray. The higher the value, the denser (more viscous) the consistency of the sample. After the disk returns to its original position, its upward movement creates a negative part of the graph: the area below zero gives an indication of the adhesion and resistance of the sample when pulled away from the disk (minimum retraction force). The higher the value, the more energy is required to break the contact of the sample with the surface of the disk, and, accordingly, the better the adhesive ability of the spray.




The Spreadability Test


A spray sample was placed in a cone-shaped receptacle, avoiding air and ensuring a smooth surface. The probe, also cone-shaped, was placed above the surface of the spray at the beginning of the test. Study parameters were chosen: movement speed—2 mm/s; depth of probe immersion in the spray—1 mm. Spray parameters such as firmness, spreadability, and adhesiveness were determined from the resulting “force–time” graph. As the probe moves downward, the spray flows out between the surfaces of the receiver cone and the probe at an angle of 45°. The ease of this process indicates the degree of spreading of the spray; that is, it characterizes its spreadability (area above zero). The peak on the positive side of the graph shows firmness (the ability of the spray to flow). Removing the cone probe from the sample (upward motion) provides information about the adhesive ability of the spray. The value of the adhesion force (separation of the sample from the probe surface) is shown by the maximum peak on the negative part of the graph.





2.5.8. The Geometry of the Spray Plume Study


The geometry of the spray plume is characterized by the spray angle, the structure of the spray plume, and its imprint. The spray angle was defined as the angle of the conical film of liquid at the exit of the bottle until it disintegrated into droplets. The imprint of the plume was determined visually by the area of the irrigated surface, as well as the uniformity and dispersion of the spray droplets. For this, each of the test samples was sprayed once onto the substrate from the same distance (20 cm), and the results were recorded using a photo camera. All photos were taken under the same lighting conditions. The spray was released by manual pressure after a false start to the side, similar to how it is released by the patient. Paper filters were used as the substrate.




2.5.9. Determination of Antimicrobial Activity


The antimicrobial activity of the samples was determined by the diffusion method on Mueller–Hinton agar medium (Mueller-Hinton II Agar, BBL, Cockeysville, MD, USA), using the reference microorganism cultures Staphylococcus aureus ATCC 25923, Staphylococcus epidermidis ATCC 12228, Streptococcus mutans ATCC 25175, Streptococcus mitis ATCC 6249, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 13883, Pseudomonas aeruginosa ATCC 27853, Proteus vulgaris ATCC 8427, Bacillus cereus ATCC 11778, and Candida albicans ATCC 10231 (all bacteria were obtained from the American Type Culture Collection).



For the assay, nonspored bacteria were grown for 20–24 h at 35–37 °C on BBL™ Trypticase™ Soy Agar medium (ThermoFisher Scientific, Waltham, MA, USA). The bacterial suspension was prepared from cultivated bacterial cultures in a sterile physiological sodium chloride (0.9%) solution and standardized with McFarland’s standard indicator. The bacterial suspension was considered standardized when the indicator value was 0.5 (1 mL of bacterial suspension contains 1.5 × 108 cells of the microorganism).



A reference culture of Bacillus cereus spores was grown for 7 days at 35–37 °C on BBL™ Trypticase™ Soy Agar medium. After growing the culture of spore bacteria, it was washed off the surface of the agar medium with a sterile physiological solution. The prepared suspension was heated for 30 min at 70 °C and diluted with saline until the spore concentration per ml was between 10 × 106 and 100 × 106.



A standard fungal culture of Candida albicans was grown for 20–24 h at 30 °C on Sabouraud Dextrose Agar medium (ThermoFisher Scientific, Waltham, MA, USA) for 72 h. A fungal suspension was prepared from cultured fungal cultures in physiological saline and standardized with McFarland’s standard indicator.



A 0.5 McFarland turbidity suspension of the standard bacteria was prepared. The bottom of the Petri dishes was divided into 9 segments. The analysis of the reference microorganisms on Mueller–Hinton agar was used to determine the antimicrobial activity of the CO2 extracts.



The antimicrobial activity of the spray was determined with the disk-to-agar diffusion method using the reference microorganism cultures on Mueller–Hinton agar medium (Mueller-Hinton II Agar, BBL, Cockeysville, MD, USA). The microbiological analysis of the spray was performed using pure and mixed microbial cultures. For polymicrobial analysis, a bacterial combination of reference microorganisms was prepared: S. aureus + S. epidermidis + E. faecalis + S. mutans + S. mitis + E. coli.



Determination of CO2 Extract Antimicrobial Activity


The chosen amount of CO2 extract was poured into a sterile Petri dish (0.2 to 0.005 mL nutrient agar per 1 mL). Then, the necessary quantity of Mueller–Hinton agar to reach 5 mL was added. After the solidification of the agar, suspensions of reference microorganisms were inoculated. Samples were kept in a thermostat for 20–24 h at 35 °C, then stored for 24 h at room temperature. Antimicrobial activity was evaluated. If the cultures had grown, the sample did not inhibit the growth of bacteria. If the reference culture did not grow, the sample had an antimicrobial effect against the microorganism.




Determination of Spray Antimicrobial Activity


An amount of 15.0 mL of liquid Muller–Hinton agar at a temperature of 45 °C was poured into nine sterile Petri dishes with a diameter of 90 mm. After the agar solidified, reference cultures of microorganisms were spread on the agar surface of each Petri dish with a sterile swab soaked in the reference suspension of microorganisms using the surface-spread method. After that, sterile disks with a diameter of 8 mm were placed on the agar surface of each Petri dish with a reference microorganism culture. Then, 30 µL of a given sample was dropped onto the surface of each disk. Petri dishes were incubated at 35 °C for 20 h. Positive (does not inhibit the growth of reference cultures) and negative (inhibits the growth of reference cultures) controls were performed. The antimicrobial activity of the sample was assessed by the non-growth of the reference culture around the disk and under the disk (the sample has antimicrobial activity), or growth (the sample did not inhibit the growth of microorganisms).





2.5.10. Quantification of APIs by Gas Chromatography with Flame-Ionization Detection Analysis


The clove CO2 extract and spray samples were determined using GC/FID analysis.



GC/FID analysis was performed using a GC-2010 Plus Shimadzu with a flame ionization detector and autosampler AOC-20i+s (Shimadzu Technologies, Kyoto, Japan). The separation of analytes was carried out on an Rxi-5 ms (Restek Corporation, Bellefonte, PA, USA) with a capillary column (30 m long, 0.25 mm outer diameter, and 0.25 μm liquid stationary phase thickness). A robotic autosampler and a split/splitless injection port were used.



The injection port temperature was kept at 250 °C until the end of the analysis. The separation of analytes was carried out on an Rxi-5 ms (Restek Corporation, Bellefonte, PA, USA) with a capillary column (30 m long, 0.25 mm outer diameter, and 0.25 μm liquid stationary phase thickness) with a liquid stationary phase (5% diphenyl and 95% polydimethylsiloxane) with helium at a purity of 99.999% as the carrier gas in a constant flow of 1.18 mL/min. The oven temperature was programmed to 80 °C for 1 min, then increased to 170 °C at 8 °C/min and increased to 220 °C at 35 °C/min, and kept for 5 min. The total time was 20 min. The injection volume was 1.0 μL, and the injection mode was split (split ratio: 50).



The main bioactive constituents were eugenol in the clove CO2 extract, linalool and linalyl acetate in the lavender essential oil, and limonene in the grapefruit essential oil. Hexane as a solvent was used in a ratio of 1:10.



The positivity of a substance was confirmed when the chromatogram showed a signal with a relative retention time identical to the reference substance analysed at the same time and under the same conditions.




2.5.11. Statistical Analysis


The mean values and standard deviations of the results were calculated using Microsoft Office 365 Excel 2016 (Redmond, WA, USA). The significance of differences was evaluated using Students t-test. The differences were statistically significant at p < 0.05.






3. Results and Discussion


The first stage of our research was the selection of a rational type of raw material to produce CO2 extract. For this purpose, clove CO2 extracts were obtained, using whole buds (No. 1) and stems (No. 2), which were ground before the extraction, and bud powder (No. 3). The results showed that the type of raw material affects the yield of extracts. Extract No. 1 had the highest yield of 16.64%; the yields of extracts No. 2 and No. 3 were almost 3.5 times lower than the yield of sample No. 1, and did not differ statistically in value (4.59% and 4.89%, respectively).



It is known that the composition of plant extracts depends on various factors, such as the type of plant, its used part, and growing conditions [66,67]. To compare the phytochemical properties of the obtained extracts, we analysed the quantitative determination of the main biologically active substance of clove—eugenol. The study was carried out according to the European Pharmacopoeia (Ph. Eur.) using the GC/FID method [68,69]. GC chromatograms of the studied extracts are shown in Figure 3.



From the chromatogram of all samples (Figure 3), it is clear that the CO2 extracts contain eugenol. The analysis revealed that eugenol is a volatile product separated at a retention time of 9.40 in the chromatogram. It was eluted from a capillary GC column, having a single peak. According to the content of the main compound, clove CO2 extracts can be arranged in the following order: No. 2 (83.8%) > No. 1 (81.3%) > No. 3 (75.8%). The data obtained comply with the requirements of the Ph. Eur. regarding the quantitative standards of eugenol content in clove oil (75–88%) [68].



The microbiological analysis revealed the presence of an antimicrobial effect in all extracts, beginning from 0.01% concentration, against cultures of microorganisms such as Staphylococcus aureus ATCC 25923, Staphylococcus epidermidis ATCC 12228, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 13883, Proteus vulgaris ATCC 8427, Bacillus cereus ATCC 11778, and Candida albicans ATCC 10231. However, there was no statistically significant difference in the antimicrobial effect between the three samples of clove CO2 extracts.



Thus, taking into account the results of the extract yields and the absence of a statistically significant difference in the amount of eugenol in samples No. 1 and No. 2, from an economic point of view, we chose extract No. 1, obtained from ground whole buds of Syzygium Aromaticum L. before extraction, for further research.



The next step in our research was to prepare an emulsion with clove CO2 extract and a combination of lavender and grapefruit essential oils. It is known that the size and distribution of particles of oral formulations affect the stability, release, penetration, and bioavailability of the drug [70]. Today, a widely used high-energy method to reduce the droplet size of emulsions is ultrasonic (US) processing. In this method, the mechanical vibrations of ultrasonic waves create a sinusoidal pressure change in the emulsion system, which leads to micro-jet and shock-wave impacts and collisions between the particles and, consequently, to a reduction in their size [71,72,73].



In addition to the particle size that is achieved during the US process, it is also important to understand the dynamic pathways to reduce processing time and avoid excessive energy delivery, which can conversely lead to particle agglomeration [74]. In order to establish a rational time for obtaining an emulsion with clove CO2 extract and the proposed combination of essential oils, different durations of US emulsification were used: 5, 10, 20, 30, 40, 50, and 60 min. The effect of the US exposure time on the particle size of the oil phase and the homogeneous distribution in the emulsion system was investigated by microscopic analysis (Figure 4) and laser diffraction (Figure 5 and Table 2).



As can be seen from the results (Figure 4), using a short-term sonication (5–20 min), the obtained emulsions are characterized by larger particle sizes in the oil phase. In addition, at 50 and 60 min of US exposure to the emulsions, a decrease in the number of particles and an increase in their size are observed in the field of view, in contrast to 30 and 40 min of emulsification. Thus, the long-term US exposure of emulsions with volatile components negatively affects the quality of the resulting product. This is in line with the observations of other scientists, who also show that a certain amount of energy is required to induce cavitation to minimize the droplet size in emulsions. Thus, an excess of this energy causes intense turbulence and promotes coalescence, with the formation of larger droplets [75,76,77].



The results of the microscopic analysis of the emulsion test samples correlate with the diffraction analysis data presented in Figure 5 and Table 2.



The results shown in Figure 5 show that the duration of US exposure has a significant effect on the particle size distribution of emulsions. The sample obtained after a short exposure to ultrasound (10 min) had the largest oil droplet size, which was in the range of 0.188–4.03 µm. With an increase in the time of US exposure to 20 min, the droplet size of the emulsions gradually decreased and was in the range of 0.0771–2.42 µm. It should be noted that the API emulsions’ particle size distribution values obtained at 30 and 40 min of US exposure were in the same range—from 0.0679 to 2.13 µm. Longer sonication, on the contrary, led to particle agglomeration and the formation of coarser emulsions. Thus, the particle size distribution at 50 min of US exposure ranged from 0.0876 to 3.12 µm, and at 60 min from 0.113 to 3.55 µm, respectively.



The corresponding values of the D10, D50, and D90 percentiles of all test samples are given in Table 2.



The results of Table 2 also confirm that the values of the D10, D50, and D90 percentiles gradually decreased with increasing time of US exposure from 10 to 40 min. On the contrary, exposure to ultrasound for 50 and 60 min led to an increase in these indicators. The study of Anubhav Pratap-Singh also showed that it is not necessary to constantly increase the sonication time to obtain the smallest particle size, since after a certain time, the effect of ultrasound does not have a large impact on particle size reduction [72]. Franco F.’s research also showed that the droplet size initially decreased exponentially with increasing sonication time, and then, after a certain number of minutes, tended to remain stationary [73].



Thus, based on the results of microscopic and diffraction analysis, 30 min was chosen as the rational time for obtaining API emulsions using ultrasonication, which ensures the production of particles of minimal size.



It is known that emulsions, as unstable systems, require stabilization. To ensure the kinetic and thermodynamic stability of emulsions, various surfactants are often used [78,79]. In our study, we used emulsifiers approved for oral use, namely, L-α-Lecitin soybean—3.0%, polysorbate—80–3.0%, sodium caseinate—3.0%, and sucrose stearate Sisterna® SP70-C—2.0% [80,81,82]. Clove CO2 extract and essential oils of lavender and grapefruit were emulsified in water purified in the presence of these emulsifiers in an ultrasonic bath for 30 min. The stability of the emulsions was determined visually by the ability of the system to resist changes in physicochemical properties over time. According to the results, only the polysorbate 80 emulsifier allowed us to obtain a stable emulsion, while in other samples, when stored for 1 week, system stratification was observed (Figure 6).



An increase in the concentration of emulsifiers also did not allow for stable emulsions. At the same time, an increase in the amount of sucrose stearate led to an increase in the viscosity of the system, which did not allow the resulting system to be sprayed through a spray nozzle. An increase in the concentration of sodium caseinate and lecithin led to intense foaming both during the preparation and spraying of the emulsion. In addition, it should also be noted that despite the stability of the emulsion system, the sample with polysorbate 80 was characterized by an unpleasant odour and a very bitter taste, which are typical for this emulsifier [83,84]. These characteristics, in turn, limit the use of polysorbate 80 in the oral spray being developed.



Polymer-forming mechanical barriers are also used to stabilize emulsions [85,86,87]. Given this, to stabilize the two-phase system, it was decided to include mucoadhesive polymers as emulsifiers in the spray. By increasing the viscosity of the system, these provide improved emulsion stability and adhesion, and prolong the contact time at the application site [88,89]. Polymers can stabilize an emulsion through various mechanisms. They can act by steric hindrance, forming a shell that surrounds the oil droplets, preventing coalescence or aggregation phenomena and thus increasing the physical stability of the emulsion during storage [90]. In addition, polymers can cause an additional stabilizing effect in emulsions with hydrophobic groups, forming an adsorbed viscoelastic layer [91]. Thus, the addition of polymers to emulsion systems reduces the mobility of the continuous aqueous phase, slowing down potential destabilization processes. Therefore, the next stage of the study was devoted to the choice of mucoadhesive agent and its concentration in the spray. The main criterion for choosing the concentration of the mucoadhesive components was the ability of the polymers to form a film and a stable, homogeneous system with rational viscosity, allowing the solution to be easily sprayed through a spray nozzle.



Based on data in the literature, initially, all cellulose derivatives and sodium alginates were taken at a concentration of 2.0%, xanthan at 0.6%, and PVP and PVA at 5.0% each [92,93]. However, the concentrations taken did not allow some samples to be sprayed through the nozzle, which required reducing the concentration of polymers in the spray. The final compositions of the spray samples are shown in Table 3.



It is known that selected mucoadhesive polymers also play the role of film formers [93,94,95], providing mechanical protection for the affected areas of the mucous membrane that occur during infectious and inflammatory diseases of the oral cavity. Therefore, an indirect characteristic of oromucosal sprays with mucoadhesive agents is their ability to form film.



The film-formation test showed that a decrease in the concentration of xanthan and PVP in sprays led to a deterioration in their film-forming ability. Films based on xanthan (No. 5) were very thin and fragile, with many small holes in the surface, while PVP (No. 7), on the contrary, formed hard glassy films with low elasticity after evaporation of the solvent (Figure 7). These characteristics limit the use of xanthan and PVP as mucoadhesive components in spray formulations. Samples No. 5 and No. 7 were excluded from our further studies.



For the remaining samples, the stability, pH, and viscosity of the sprays were examined. The results are presented in Table 4.



It is known that the pH of dental medicinal products must correspond to the pH of the oral cavity, the value of which depends on many factors and can range from 5.0 to 8.0 [41,96,97]. Based on the results (Table 4), all samples corresponded to the required pH range. The samples’ viscosity changed in the following order: No. 4 > No. 3 > No. 1 > No. 2 > No. 6. The spray based on sodium alginate (No. 4) had the highest viscosity, and the spray based on PVA (No. 6) had the lowest. However, despite its high viscosity characteristics, when checking the stability immediately after preparation and after a month of storage at a speed of 3000 rpm for 5 min, the sample based on sodium alginate (No. 4) did not pass the test, and at a speed of 10,000 rpm for 10 min, visible changes were observed in the sample based on PVA (No. 6) (Table 4). This fact can be explained by the different viscosities of the sprays and the stabilizing ability of the polymers used. The remaining spray samples were stable. Considering the results obtained, we excluded samples No. 4 and No. 6 from further studies.



The emulsion particle size distribution in the formed sprays was assessed by diffraction analysis. Changes in the particle sizes of samples No. 1–No. 3 were observed over a period of 1 month. Their physical stability was assessed by changes in the D10, D50, and D90 indicators every week. The results are shown in Table 5.



As can be seen from the results (Table 5), the sample based on HPC (No. 2) had the smallest size of oil droplets, and was characterized by the lowest viscosity of the formed system. The addition of HEC (No. 1) and Na-CMC (No. 3) led to an increase in the viscosity of the internal aqueous phase, which made it difficult to obtain smaller particle sizes during homogenization. However, as shown in Table 5, the oil droplet sizes of all samples increased with time. The HPC sample had the largest tendency to form larger droplets over time, and the HEC spray had the smallest. The obtained results can be explained by different rheological parameters of the studied samples, since with an increase in the viscosity of the dispersion medium, the particles of the dispersed phase become more stabilized, which makes it difficult for them to advance, involuntarily resulting in coalescence and aggregation. However, despite the fact that the spray with Na-CMC was characterized by the highest viscosity, the sample had the largest droplet size both after preparation and during storage for 1 month compared to the spray with HEC. According to Zhang M. et al., polymers can cause an increase in oil droplet size through a number of mechanisms: non-adsorbed emulsifiers/polymers can form multilayers around each droplet, or non-adsorbed emulsifiers/polymers can promote droplet flocculation by increasing the hydrophobicity of the droplet surface [86]. Thus, the coalescence of droplets is controlled by the ability of the stabilizer to adsorb at the interface and largely depends on the type, activity, and concentration of the polymer.



Since the textural properties of the composition also affect the consumer characteristics of the spray and, ultimately, the effectiveness of therapy, our goal was conducting a texture analysis of the studied samples, namely via cohesion, adhesion, and firmness evaluation. Back extrusion and spreadability tests were performed on a Texture Analyzer (Stable Micro Systems Ltd., Surrey, UK). The results of the back extrusion are given in Table 6.



As can be seen from the results (Table 6), the increase in compression force, which leads to deformation of the spray and, subsequently, forms the process of back extrusion, occurs in the following order: No. 2 < No. 1 < No. 3. Accordingly, this can be explained by an increase in the firmness of the spray, which is also proven by viscometrical studies (Table 4). The more liquid the consistency of the sample, the easier it is to deform, i.e., to destroy the cohesive bonds in the system. Cohesiveness ensures the uniform distribution of the spray on the mucous membrane and, at the same time, prevents its rapid washing out by saliva, allowing it to remain in the oral cavity for a longer time. The best results in terms of cohesiveness and adhesiveness were achieved by a sample of a spray based on Na-CMC (No.3). Samples based on HPC and HEC had a more liquid, flowing consistency compared to Na-CMC, and this in turn led to a decrease in their adhesive ability. By lifting the probe above the surface of the spray, the sample is separated from the disk, resulting in the measurement of the minimum drawing force of the spray. According to the data, the greater firmness (viscosity) of the Na-CMC-based spray led to an increase in the minimum force of separation of the spray from the contacting surface, which also characterizes the adhesive ability of the spray.



Javanbakht S. et al. provide data showing that, among cellulose derivatives, CMC demonstrates better bioadhesive properties and strong adhesion to biological surfaces compared to most non-ionic cellulose derivatives [53]. Shiva Golshani with co-authors also indicated that anionic polymers, which include sodium CMC, have stronger mucoadhesion force than non-ionic polymers (HEC, HPMC, HPC, MC) [46,98].



The results of the spreadability test are presented in Table 7.



According to the results in Table 7, the lowest values of the parameters under study were found in a sample of a spray based on HPC (No. 2). Samples based on HEC (No. 1) and Na-CMC (No. 3) had insignificant differences in the studied indicators of firmness, spreadability, and adhesiveness. As the firmness (viscosity) of the spray increases, the spreadability and pull-off force from the probe surface (adhesion) increase.



As is known, a feature of sprays as a dosage form is the method of extracting the drug from the package via micropumps of various design. The medicine is sprayed from the bottle through a dispenser nozzle in the form of fine particles, forming a spray torch, which allows achieving a high degree of penetration and the speedy onset of therapeutic effect. Given this, assessing the effectiveness of spraying a drug is a key aspect of spray technology.



In order to make the final choice of composition, we assessed the quality of spray atomization from the point of view of the geometry (structure) of the spray plume. The geometry of the spray plume was characterized by the spray angle, the structure of the spray plume, and its imprint. To undertake this, each of the test samples was sprayed once onto the substrate from the same distance (20 cm), and the results were recorded using a photo camera. The spray was released by manual pressure after a false start to the side, similar to how it is released by patients. Paper filters were used as the substrate. The results are presented in Figure 8 and Figure 9.



Visually, a significant difference in the nature of the spraying of the studied samples was noted (Figure 8 and Figure 9). Two types of spraying were clearly visible: “drip” and “jet”.



As the analysis of the data obtained has shown, the largest area of irrigated surface with a uniform distribution of finely dispersed drops of uniform size and a “full cone” shape, characteristic of the drop type of spraying, making it possible to cover most of the affected areas of the oral cavity, was created by the sample based on HEC (No. 1). The cone angle of sample No. 1 was (43 ± 3)°. The middle zone with an uneven plume imprint and a narrower asymmetric cone was created by the sample based on HPC (No. 2). The spray sample under study had a narrow spray cone angle of less than 20°, which, in turn, will provide a significantly smaller area of contact of the drug with the oral mucosa. The sample based on Na-CMC (No. 3) had a jet type of spraying in the form of one solid focused jet, resulting in a linear-point dense area with the smallest irrigated surface area.



Thus, taking into account all of the results of the experimental studies, oromucosal spray sample No. 1 was chosen as the final one. This contained 2% HEC as a mucoadhesive polymer, 0.1% sucralose and 0.2% natural grapefruit flavouring as taste additives, a combination of 0.1% potassium sorbate and 0.1% sodium benzoate as preservatives, 1.0% ethanol (96%) as a co-solvent, and purified water as a solvent.



The main biologically active ingredients of clove CO2 extract and the essential oils of lavender and grapefruit in the spray formulation with HEC as a mucoadhesive polymer were determined using the GC/FID method. Based on the chromatogram obtained, characteristic retention times were determined for the APIs of the spray as the basis for qualitative identification: limonene—4.40 min; linalool—5.31 min; linalyl acetate—7.69 min; eugenol—9.40 min. The results are presented in Figure 10.



The antimicrobial activity of the spray based on HEC was studied in vitro by the agar disk-diffusion method, which is widely used to evaluate the antimicrobial effect of formulations containing plant-derived compounds [99]. This method is based on the ability of active substances to diffuse into agar medium which has previously been inoculated with microbial cultures. The results of the study allow us to characterize both the antimicrobial activity of the drug and the release of antimicrobial substances from the base, since the zones of inhibition of microbial growth are formed as a result of the diffusion of these substances into a dense nutrient medium. For microbiological analysis, both pure and mixed microbial cultures were used. A combination of reference microorganisms was prepared for polymicrobial analysis: S. aureus + S. epidermidis + E. faecalis + S. mutans + S. mitis + E. coli. The results were recorded by measuring the zone of inhibition of microbial growth (mm). The results are shown in Figure 11.



The experimental results presented in Figure 11 indicate that the developed spray, comprising a combination of clove CO2 extract and essential oils of lavender and grapefruit, has a wide spectrum of antimicrobial action against all used cultures of bacteria and fungus of the genus Candida. Considering the scale of the inhibition zone, the oromucosal spray had the strongest inhibitory effect on C. albicans (28.1 ± 0.3 mm) and S. aureus (26.2 ± 0.2 mm), with the order of sensitivity of the other strains as follows: S. epidermidis > B. cereus > Pr. vulgaris > Kl. pneumoniae > E. faecalis > E. coli > P. aeruginosa. The spray also showed similar sensitive behaviour to a combination of microbial cultures, demonstrating pronounced bactericidal sensitivity (21.3 ± 0.5 mm). In addition, it can be argued that the viscosity of the spray formed by the HEC does not interfere with the release of APIs from the finished product, which, accordingly, will ensure its high bioavailability.



Considering that two-phase systems are prone to destabilization, the purpose of our further research was to determine the oromucosal spray’s storage stability. The developed product with plant-derived compounds was stored in two different conditions: in a climatic chamber (40 ± 2 °C/75 ± 5% RH) and at room temperature (25 ± 2 °C/60 ± 5% RH) for 3 months of storage [100]. Quality parameters (sensory properties, uniformity, pH value, centrifugation stability test, viscous characteristics, API content) were evaluated.



The organoleptic properties of the spray and the pH value during storage remained unchanged in the two temperature regimes. It passed the colloidal stability test and no phase separation or other changes were observed. During the control period of storage, the quantitative content of APIs was also determined, remaining within the permissible limit of 5 percent. The viscosity characteristics of the spray also did not undergo significant changes.



Therefore, based on the conducted research, it was established that throughout the entire storage period at two temperature regimes, the developed oromucosal spray with CO2 extract and essential oils of lavender and grapefruit remained physically, chemically, and technologically stable for 3 months.




4. Conclusions


In this research, oromucosal spray containing a combination of clove CO2 extract and essential oils of lavender and grapefruit as APIs was developed and evaluated for the first time. These plant-derived compounds exhibit anti-inflammatory, antibacterial, reparative, and analgesic properties that are suitable for the effective treatment of infectious and inflammatory diseases of the periodontium and the mucous membrane of the oral cavity.



According to the yield value and the results of the chemical and microbiological analyses, the type of raw material for obtaining clove CO2 extract was chosen. Based on the study of the size and homogeneity of the API particle distribution, a rational duration for emulsion production using ultrasonic exposure was established.



Emulsion stability depended on the type of mucoadhesive polymer and their amount. The sprays based on cellulose derivatives—HEC, HPC, and Na-CMC—had the best quality parameters. With increasing firmness (viscosity) of the system, the spreadability, cohesive, and adhesive properties of the spray were improved, but at the same time spraying quality was decreased, which, in turn, resulted in a small contact area of the drug with the oral mucosa. Considering viscous and textural characteristics, as well as film-forming, adhesive, and spraying ability, HEC was chosen as the optimal mucoadhesive polymer for the oromucosal spray formulation. It will allow the drug to remain in the oral cavity for a more prolonged period and form a protective film on the affected areas of soft tissue and mucous, isolating external irritants.



The identification of clove CO2 extract and essential oils of lavender and grapefruit in the spray was carried out by the GC/FID method.



High antimicrobial activity of the developed spray against a wide range of microorganisms was established, which indicates its potential as a medicine to prevent infections and, accordingly, treat infectious and inflammatory diseases of the oral cavity.



Future research will focus on elucidating spray bioavailability to characterize the release of active ingredients, and on conducting pharmacological tests. Additionally, ongoing stability studies will be extended to assess the developed composition over a longer period.
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Figure 1. Film-formation test of sprays. 
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Figure 2. Installation for testing the textural characteristics of the spray on the TA device. XT Plus: (a) Back extrusion; (b) spreadability. 
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Figure 3. GC chromatogram of Syzygium aromaticum L. CO2 extracts obtained from different types of raw materials: (A)—No. 1, (B)—No. 2, (C)—No. 3; 1—eugenol. 
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Figure 4. Microscopic analysis of API emulsion samples depending on the time of US exposure. Reference bar corresponds to 1 μm; 100× magnification. 
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Figure 5. Dependence of API emulsion particle size distribution on the time of US exposure. 
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Figure 6. Instability of emulsions with emulsifiers: (a) sucrose stearate; (b) soybean lecithin; (c) sodium caseinate. 
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Figure 7. Films formed by mucoadhesive polymers: HEC (No. 1); HPC (No. 2); Na-CMC (No. 3); sodium alginate (No. 4); xanthan (No. 5); PVA (No. 6); PVP (No. 7). 
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Figure 8. Geometry of the spray plume of samples based on HEC (No. 1), HPC (No. 2), and Na-CMC (No. 3). 
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Figure 9. Imprint of the spray plume of samples based on HEC (No. 1), HPC (No. 2), and Na-CMC (No. 3). 
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Figure 10. Chromatogram of spray based on HEC as mucoadhesive agent: 1—limonene; 2—linalool; 3—linalyl acetate; 4—eugenol. 
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Figure 11. Results of the antimicrobial activity of the spray. 
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Table 1. Information about ingredients used in the oromucosal spray formulation.
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	Ingredient
	Manufacturer
	Function





	Clove CO2 extract
	UAB “Eno extractum”, Kaunas, Lithuania
	API



	Lavender essential oil
	Sigma-Aldrich, Sofia, Bulgaria
	API



	Grapefruit essential oil
	SAFC Supply Solutions, St Saint Louis, MI, USA
	API



	Ethanol 96%
	AB “Vilniaus degtinė”, Vilnius, Lithuania
	Co-solvent, preservative



	Sucralose
	ThermoFisher, Kandel, Germany
	Sweetener



	Sodium benzoate
	Sigma-Aldrich, Amsterdam, The Netherlands
	Preservative



	Potassium sorbate
	Sigma-Aldrich, St Saint Louis, MI, USA
	Preservative



	Grapefruit powder flavour
	Xi’an Taima Biological Engineering Co. Ltd, Xian, China
	Flavouring



	
	
HEC



	
HPC



	
Sodium CMC



	
Sodium alginate



	
Xanthan



	
PVP



	
PVA





	Sigma-Aldrich, St Saint Louis, Missouri, USA

Alfa Aesar GmbH & Co, Karlsruhe, Germany

Sigma-Aldrich, Helsinki, Finland

Carl Roth GmbH + Co, Karlsruhe, Germany

Sigma-Aldrich, St Saint Louis, MI, USA

Sigma-Aldrich, St Saint Louis, MI, USA

Sigma-Aldrich, St Saint Louis, MI, USA
	Mucoadhesive agent, viscosifier, film former, stabilizer



	Purified water
	Ph. Eur. 01/2008:0008, LSMU laboratory, Kaunas, Lithuania
	Solvent










 





Table 2. Percentile (D10, D50, D90) values of API emulsion production with different times of US exposure (n = 3, ±SD).
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	Duration of US

Emulsification
	D10 (µm)
	D50 (µm)
	D90 (µm)





	10 min
	0.265 ± 0.015
	0.389 ± 0.019
	0.704 ± 0.026



	20 min
	0.106 ± 0.013
	0.165 ± 0.015
	0.321 ± 0.023



	30 min
	0.091 ± 0.010
	0.143 ± 0.012
	0.302 ± 0.015



	40 min
	0.090 ± 0.009
	0.139 ± 0.010
	0.298 ± 0.020



	50 min
	0.119 ± 0.020
	0.183 ± 0.017
	0.353 ± 0.025



	60 min
	0.156 ± 0.022
	0.237 ± 0.021
	0.436 ± 0.028










 





Table 3. Compositions of experimental spray samples.
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Ingredient

	
Sample No./Amount, %




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
Clove CO2 extract

	
0.5

	
0.5

	
0.5

	
0.5

	
0.5

	
0.5

	
0.5




	
Lavender essential oil

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
Grapefruit essential oil

	
0.3

	
0.3

	
0.3

	
0.3

	
0.3

	
0.3

	
0.3




	
Ethanol 96%

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
Sucralose

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1




	
Sodium benzoate

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1




	
Potassium sorbate

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1




	
Grapefruit powder flavour

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
HEC

	
2.0

	

	

	

	

	

	




	
HPC

	

	
1.5

	

	

	

	

	




	
Na-CMC

	

	

	
1.5

	

	

	

	




	
Sodium alginate

	

	

	

	
1.5

	

	

	




	
Xanthan

	

	

	

	

	
0.4

	

	




	
PVA

	

	

	

	

	

	
3.0

	




	
PVP

	

	

	

	

	

	

	
3.0




	
Purified water

	
Up to 100.00

	
Up to 100.00

	
Up to 100.00

	
Up to 100.00

	
Up to 100.00

	
Up to 100.00

	
Up to 100.00











 





Table 4. Structural viscosity, pH, and colloidal stability of sprays (n = 3, ±SD).
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	Sample No.

(Type of Mucoadhesive Polymer)
	pH
	Structural Viscosity,

mPa·s
	Stability

(After Centrifugation)





	No. 1

(HEC)
	5.824 ± 0.021
	124.4 ± 5.5
	+



	No. 2

(HPC)
	5.985 ± 0.003
	105.8 ± 2.9
	+



	No. 3

(Na-CMC)
	6.632 ± 0.006
	190.3 ± 9.0
	+



	No. 4

(Sodium alginate)
	6.373 ± 0.045
	342.2 ± 9.2
	–



	No. 6

(PVA)
	6.093 ± 0.015
	29.1 ± 3.6
	–










 





Table 5. Percentile (D10, D50, D90) values of spray samples within 1 month of storage (n = 3, ±SD).
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Storage

Period

	
Sample No. (Type of Mucoadhesive Polymer)




	
No. 1

(HEC)

	
No. 2

(HPC)

	
No. 3

(Na-CMC)




	
D10

(µm)

	
D50

(µm)

	
D90 (µm)

	
D10

(µm)

	
D50 (µm)

	
D90 (µm)

	
D10 (µm)

	
D50 (µm)

	
D90 (µm)






	
0 week

	
0.372 ± 0.005

	
0.501 ± 0.006

	
1.300 ± 0.001

	
0.287 ± 0.002

	
0.392 ± 0.004

	
0.670 ± 0.005

	
0.388 ± 0.004

	
0.559 ± 0.006

	
1.500 ± 0.002




	
1 week

	
0.393 ± 0.004

	
0.564 ± 0.005

	
1.380 ± 0.003

	
0.303 ± 0.003

	
0.434 ± 0.005

	
0.702 ± 0.004

	
0.416 ± 0.002

	
0.587 ± 0.005

	
1.610 ± 0.002




	
2 weeks

	
0.411 ± 0.006

	
0.592 ± 0.004

	
1.490 ± 0.002

	
0.334 ± 0.004

	
0.486 ± 0.005

	
0.743 ± 0.006

	
0.448 ± 0.005

	
0.628 ± 0.006

	
1.680 ± 0.004




	
3 weeks

	
0.456 ± 0.005

	
0.649 ± 0.005

	
1.830 ± 0.003

	
0.465 ± 0.006

	
0.594 ± 0.003

	
1.040 ± 0.003

	
0.454 ± 0.003

	
0.658 ± 0.005

	
1.860 ± 0.005




	
4 weeks

	
0.504 ± 0.006

	
0.706 ± 0.006

	
1.910 ± 0.002

	
0.484 ± 0.005

	
0.630 ± 0.006

	
1.160 ± 0.004

	
0.517 ± 0.005

	
0.772 ± 0.006

	
2.320 ± 0.006











 





Table 6. Back extrusion of sprays (n = 3, ±SD).
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	Sample No.

(Type of Mucoadhesive Polymer)
	Maximum Compressing Force, g
	Cohesiveness,

g·sec
	Maximum Retracting Force, g
	Adhesiveness,

g·sec





	No. 1

(HEC)
	13.77 ± 0.40
	54.76 ± 0.58
	11.31 ± 0.14
	1.97 ± 0.13



	No. 2

(HPC)
	11.09 ± 0.38
	53.03 ± 0.18
	7.83 ± 0.26
	0.89 ± 0.06



	No. 3

(Na-CMC)
	14.07 ± 0.31
	58.20 ± 0.53
	12.25 ± 0.14
	3.44 ± 0.14










 





Table 7. Spreadability of sprays (n = 3, ±SD).






Table 7. Spreadability of sprays (n = 3, ±SD).





	Sample No.

(Type of Mucoadhesive Polymer)
	Firmness,

g
	Spreadability, g·sec
	Adhesive Force, g
	Adhesiveness, g·sec





	No. 1

(HEC)
	7.957 ± 0.639
	3.797 ± 0.223
	5.216 ± 1.015
	1.237 ± 0.768



	No. 2

(HPC)
	7.133 ± 1.422
	3.138 ± 1.280
	3.945 ± 0.981
	1.231 ± 0.287



	No. 3

(Na-CMC)
	8.410 ± 1.066
	3.816 ± 0.242
	6.510 ± 1.150
	2.224 ± 0.235
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