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Abstract: (1) Background: The standard treatment for periodontal disease, a chronic inflammatory
state caused by the interaction between biofilms generated by organized oral bacteria and the local
host defense response, consists of calculus and biofilm removal through mechanical debridement,
associated with antimicrobial therapy that could be delivered either systemically or locally. The
present study aimed to determine the effectiveness of a hyaluronic acid membrane matrix as a car-
rier for the controlled release of the active compounds of a formulation proposed as a topical treat-
ment for periodontal disease, and the influence of pH on the complex system’s stability. (2) Meth-
ods: The obtained hyaluronic acid (HA) hydrogel membrane with dispersed melatonin (MEL), met-
ronidazole (MZ), and tetracycline (T) was completely characterized through FTIR, XRD, thermal
analysis, UV-Vis and fluorescence spectroscopy, fluorescence microscopy, zeta potential and die-
lectric analysis. The MTT viability test was applied to check the cytotoxicity of the obtained mem-
branes, while the microbiological assessment was performed against strains of Staphylococcus spp.
and Streptococcus spp. The spectrophotometric investigations allowed to follow up the release pro-
file from the HA matrix for MEL, MZ, and T present in the topical treatment considered. We studied
the behavior of the active compounds against the pH of the generated environment, and the release
profile of the bioactive formulation based on the specific comportment towards pH variation. The
controlled delivery of the bioactive compounds using HA as a supportive matrix was modeled ap-
plying Korsmeyer—Peppas, Higuchi, first-order kinetic models, and a newly proposed pseudo-first-
order kinetic model. (3) Results: It was observed that MZ and T were released at higher active con-
centrations than MEL when the pH was increased from 6.75, specific for patients with periodontitis,
to a pH of 7.10, characterizing the healthy patients. Additionally, it was shown that for MZ, there is
a burst delivery up to 2.40 x 105 mol/L followed by a release decrease, while for MEL and T a short
release plateau was recorded up to a concentration of 1.80 x 10-> mol/L for MEL and 0.90 x 10-5 mol/L
for T, followed by a continuous release; (4) Conclusions: The results are encouraging for the usage
of the HA membrane matrix as releasing vehicle for the active components of the proposed topical
treatment at a physiological pH.
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1. Introduction

Controlled drug release, vital for pharmaceutical therapies in healthcare, is a dy-
namic, either pulsatile or extended-release of active compounds to avoid side effects and
maintain a constant, topical, or plasma level of the medication in chronic diseases [1-6].

Periodontal disease is a chronic inflammatory state caused by the interaction between
biofilms generated by the organized oral bacteria and the local host defense response [7,8].

Following the complex physiological processes involved in the periodontal tissue
damage, the bone is lost, minerals as calcium ions are released, and the periodontal pocket
is formed [9].

The standard treatment for periodontitis consists of calculus and biofilm removal
through mechanical debridement, associated with antimicrobial therapy that could be de-
livered either systemically or locally [10]. Additionally, specific inflammatory parameters
such as bleeding on probing (BOP) and probing depth (PD) could be reduced through
chemotherapeutical treatment, which improves the healing process by reducing bacterial
load and inflammation [11,12].

Although saliva contains a significant amount of water (over 90%), it remains a com-
plex electrolyte due to the contributions of submandibular, sublingual, and other salivary
glands [8,13], as well as serum, leucocytes, microorganisms, etc. Consequently, there is a
wide concentration range of inorganic and organic compounds that makes the resting
(pooled) saliva a very complex oral environment. Usually, saliva is typically characterized
by a pH range between 6.3 and 7.8, although studies prove that the resting pH range is
much more extended, from 5 to 9 [14]. Much more, it has been shown that the pH values
differ significantly between periodontal pockets and even between readings from the
same pocket. Such observations demonstrated that there are very complex physiological
processes involved [14,15]. In healthy subjects, saliva succeeds in maintaining a pH
around 7.0 for healthy patients (pH =7.10) due to its actions in controlling bacterial activ-
ities and neutralizing the acidity through its buffering power. When acidemia is present
in the oral environment, pH lower than 7.0, then various oral diseases such as periodon-
titis could affect the patient. Local or topical treatment is preferred over systemic treat-
ment due to significantly lower side effects and less patient compliance [10]. The com-
monly used topical antimicrobial agents are chlorhexidine, metronidazole, tetracycline,
ciprofloxacin, doxycycline and minocycline [16-19]. One of the active antimicrobial
agents, MZ, is already used for local periodontal treatment, alone or in combination with
other antibiotics, such as tetracycline. Some studies have presented improved delivery
methods of MZ in such a way to improve its local action [20]. MZ, CsHoN3sOs, 2-Methyl-5-
nitro imidazole-1-ethanol, is indicated in generalized periodontitis with positive detection
for Porphyromonas gingivalis, Bacteroides forsythus, Treponema denticola, or Peptostreptococcus
micros [21,22]. Another frequently used antimicrobial agent, tetracycline-Cz2H24N20s-
(45,65,12aS)-4-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-3,6,10,12,12a-pentahy-
droxy-6-methyl-1,11-dioxo naphthacene-2-carboxamide, inhibits the activity of colla-
genase in the gingival tissue affected by periodontitis, thus exerting its modulatory effects
on the host [23]. For instance, when using T fibers for local treatment of periodontal
wounds, an important reduction in the probing depth of about 14% was recorded [24]. In
the meantime, considering that systemic antibiotic delivery generates side effects, leading
to increased bacterial antimicrobial resistance (AMR) [25-28], the local administration of
the suitable drugs that allow direct and controlled delivery inside the periodontal pocket
appears to be a wise and appropriate treatment option. A common adjunctive topical
treatment for periodontitis contains a mixture of two antibiotics, T and MZ, in a white
Vaseline vehicle, known as TM paste [29]. The last-mentioned component, white Vaseline
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(also known as petroleum jelly)-1,1,2-Trimethylbenzeindole, has proved to have healing
properties when used in topical applications. Although the TM paste is used like a topical
antimicrobial treatment, the outcomes are not satisfactory. Moreover, for increasing effi-
ciency of the topical treatment applied, a constant level of active compounds need to be
released into the periodontal pocket for a specific time period.

Additionally, tetracycline and metronidazole are mainly antimicrobial agents. There-
fore, we have proposed a new type of topical treatment in which, besides antibiotics, some
other active components for tissue repair, reducing local inflammation and improving the
antibacterial activity were introduced. Such biologically active and biocompatible compo-
nents could be melatonin (MEL) and hyaluronic acid (HA), based on their specific biolog-
ical actions.

One of the chemotherapeutical anti-inflammatory agents, MEL, has been intensively
studied lately, based on its lack of toxicity, structural, and physiological specificities [30-
35]. Therefore, in the case of periodontal compromised patients, clinical studies were per-
formed using MEL as supportive therapy after scaling and root planning (SRP) [36-39].
However, the effect of MEL in a complex active topical mixture was not sufficiently inves-
tigated [40]. MEL, C13H1sN202, N-acetyl-5-methoxy-tryptamine, is an indole amine, a nat-
ural hormone that is produced in a circadian manner by the pineal gland and in smaller
quantities by the brain, bone marrow, retina, ciliary body, thymus, placenta, gonads, gas-
trointestinal tract, and skin [41-43]. Most of the MEL involved in physiological and patho-
logical processes is generated by the pineal cells, where the sequential action of arylalkyl-
amine N-acetyltransferase and hydroxy indole-O-methyltransferase on serotonin takes
place on tryptophan, its precursor [44,45]. The MEL biochemistry evidenced its primary
degradation through the indol pathways [46,47]. Among its specific physiological func-
tions, MEL presents anti-inflammatory action and antioxidant behavior [48-52]. Thus,
Reiter et al. [53] showed that MEL acts as a scavenger for reactive oxygen and nitrogen
species, limiting oxidative stress by stimulating the antioxidant enzyme. It was shown
that MEL is essential in the processes involved in bone formation and the limitation of
bone resorption [54,55]. Carpentieri et al. [46] evidenced the passive diffusion of MEL
from the systemic circulation into resting saliva when used in periodontal therapy, re-
cording a range of MEL concentrations in plasma from 24% to 33%.

Casale et al. [56] identified the presence of hyaluronic acid in various quantities in
both non-mineralized (periodontal ligament, gingiva) and mineralized tissues (alveolar
bone). HA presents a beneficial action in wound healing, tissue injury repair, immuno-
suppression [57-61]. The linear poly-anion, structurally formed by a repeating disaccha-
ride structure [(1—3)-3-d-GlcNAc-(1—4)-3-d-GlcA-] [62] that is the HA, was first isolated
from the vitreous humor of cow’s eyes. The HA is also naturally present in the extracellu-
lar matrix of connective tissue, skin, vitreous humor, synovial fluid, and many other tis-
sues and organs of the body, accounting for 15 g in the case of a 70 kg adult [63]. Starting
from the studies of Pagnacco et al. [64] who assessed the antibacterial, anti-edematous,
and anti-inflammatory effects of HA when used as a topical treatment for periodontitis in
a clinical trial, we decided to use HA as a matrix for antibiotics and MEL. Additionally, in
the gingival crevicular fluid, a naturally high level of HA was determined, while it was
absent in cases of gingivitis or periodontitis [41]. Thus, it is possible to evaluate the pres-
ence and degree of periodontitis considering HA as a marker. Some studies highlighted
reduction in the periodontal tissue inflammatory process when HA was used [65-67].

A bioactive compound such as HA that has a proven action in reducing inflamma-
tion, and then in the osteoblast formation processes, may increase the efficaciousness of
the antibacterial behavior of topically applied antibiotics. Consequently, it is expected that
a topical formulation consisting of MEL, MZ, and T will be more effective in treating per-
iodontitis when dispersed into a HA matrix. In an extensive and well-sustained review,
Bayer [68] presented the applications of HA as a carrier for bioactive compounds and a
delivering matrix for various drugs’ controlled release. In the actual context of the high



Membranes 2022, 12, 303

4 of 29

interest in controlling the antimicrobial resistance (AMR) global phenomenon, it is neces-
sary to find viable solutions for assuring the antibiotics’ minimum inhibitory levels and
their controlled release over an adequate treatment period. The specific physical and
chemical characteristics of HA recommend it as matrix for controlled release of antibiotics,
antimicrobials, or antiseptics [69-74]. In such a context, our proposed method for loading
biocompatible material, such as HA, with antibiotics, could offer the possibility to treat
efficiently limited targeted areas, avoiding the side effects.

We proposed using the unmodified HA for controlled delivery of active topical treat-
ment with action on periodontal pathogens, with anti-inflammatory and regenerative ca-
pacity. The new topical treatment contains antibiotics, T and MZ, and an anti-inflamma-
tory chemotherapeutical agent such as MEL [75]. Our previous research, which allowed
for the development of a patent application, proved the stability and synergic action of
the active compounds within the proposed topical treatment [76,77]. The achievement of
the combination of the active compounds was followed by the evaluation of cytotoxicity
and antibacterial activity. In this study, the HA and MEL, MZ, T were associated for sev-
eral reasons: mixing HA and MEL can accelerate the periodontal healing process; the pro-
posed complex material protects the wounds from contamination and infection due to the
presence of antibiotics; HA also is expected to present a synergistic effect on the antibac-
terial activity of the mixture. The introduced releasing membrane in this investigation is
a new approach, aiming to accelerate the process of wound healing in completion of anti-
bacterial treatment. The ultimate purpose of using HA as a releasing membrane for the
active compounds is its potentially usage as a topical wound treatment in periodontitis,
improving and accelerating the overall tissue-healing process. In the meantime, the pre-
sent study aimed to evaluate the releasing profile against saliva pH for the mixture con-
taining the three active compounds, T, MZ, and MEL, using the HA as matrix.

2. Materials and Methods
2.1. Preparation of the Bioactive Formulation

The freshly prepared solutions of MEL, Ci3H1sN20:, N-acetyl-5-methoxy-tryptamine
(MEL—Sigma-Aldrich, St. Louis, MO, USA), were obtained in ethanol (Merck KGaA,
Darmstadt, Germany). The high-purity chemicals were provided by Sigma-Aldrich,
Merck, Germany: HA (HA) of 300kDa; CsH9oN3Os-1-(2-Hydroxyethyl)-2-methyl-5-nitro-
imidazole, MZ (MZ); and C2H2N20s-(45,4aS,5aS,6S,12aS)-4-(Dimethylamino)-
3,6,10,12,12a-penta hydroxy-6-methyl-1,11-dioxo-1,4,4a,5,5a,6,11,12a-octahydro tetracen-
2-carboxamid-T (T). All chemicals were analytical grade: methanol and ethanol, hydro-
chloric acid 0.1 M, sodium hydroxide 0.1 M, sodium phosphate dibasic dihydrate, sodium
phosphate monobasic monohydrate, sodium bicarbonate, citrate and glycine, potassium
chloride (Merck KGaA, Darmstadt, Germany) were also used. All necessary chemicals to
prepare the artificial saliva were procured as analytical-grade reagents from Sigma-Al-
drich, Merck, Germany (Merck KGaA, Darmstadt, Germany): KCl, MgCl-6H:0,
CaCl2H:0, K2HPOs, KH2POs, methyl-p-hydroxybenzoate, and sodium carboxymethyl
cellulose. All solutions were prepared in deionized water (conductivity 1.28 uS/cm?) ob-
tained on a Milli-Q system (Sartorius GMBH, Gottingen, Germany). For homogenization
of the active combinations, an ultrasonic bath (Elmasonic S10 H, Elma Schmidbauer
GmbH, Singen, Germany) was used for solutions and a trituration mill (Retsch-PM 100)
for solids. The necessary pH measurements were performed using a Hanna Laboratory
Multiparameter HI5522-02 with pH electrodes (HI10530, HI1343B) (Hanna Instruments
Romania, Cluj-Napoca, Romania).

The complex mixture containing T, MZ, HA (each 3% each), and MEL (1.8%) (Figure
1) was prepared in two different containers. Water (89.2%) was added into one of the con-
tainers and mixed vigorously manually and into an ultrasonic bath. By adding the water
to the mixture containing HA it was obtained the gel. This hydrogel phase also included
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the dissolved active compounds. The solid amount in the other container was mixed thor-
oughly (solid trituration), but no water was added. The mixtures were then poured into
brown tubes, sealed, and stored in dark and cool (=20 °C) conditions [78]. The membrane-
like hydrogel was made by spreading a thin layer into a Teflon support used to prepare
the ion-selective membranes, and pressing the formed film with an appropriate Teflon lid.
Finally, membranes of the complex bioactive hydrogel matrix were obtained with a width
of 0.5 mm. These membranes were used to follow up the releasing profile of MEL and
antibiotics.

oH g
o)

Figure 1. Chemical structures. (a) HA; (b) MEL; (c¢) MZ; (d) T [79-81].

2.2. Physicochemical Characterization of the Bioactive Formulation

The thermal analysis was performed on DuPont 910 DSC equipment (DuPont,
DuPont Instruments, Wilmington, DE, USA) at a heating rate of 20 °C/min, over a wide
temperature range (room temperature up to 650 °C) using ceramic pans. Thermal analysis
of the mixtures was performed under a nitrogen atmosphere, using the samples in two
different forms: gel (hyaluronic gel) and powder (solid).

Structural Analysis was performed through FTIR spectrophotometry and XRD anal-
ysis. The FTIR investigation was run on a Brucker Tensor 27 (ATR) system (Brucker Op-
tics, Ettlingen, Germany) at a spectral resolution of 4 cm™!, covering a 500-4000 cm™' range;
the OPUS NT 7.0 (Brucker Optics, Ettlingen, Germany) software was applied. XRD meas-
urements were performed using PANalytical X'Pert Pro X-Ray diffractometer (Malvern
Panalytical Ltd., Malvern, UK) equipped with Ni-filtered CuKau (A = 1.54060 A) operated
at 40 mA, 45 kV in the range of 20 from 5° to 100° with a step size of 0.03°/s.

The UV-Visible spectra for bioactive forms were recorded using a dual-beam spec-
trophotometer T80+, PG Instruments (PG Instruments Limited, Leicestershire, UK) using
10 mm quartz cuvette. The scan range was between 200 and 700 nm, the interval was 1.0
nm, and a medium speed was selected. The UV-Vis spectrophotometric analysis for each
active compound was performed and presented in our previous works [75,77]. The fluo-
rescence experiments were run on a PerkinElmer L545 Luminescence Spectrometer
(PerkinElmer Inc., Waltham, MA, USA) in 10 mm x 10 mm quartz cuvettes with excitation
wavelength at 278 nm (for MEL) and 340 nm (for T) at bandwidth (Ex): 5 nm/bandwidth
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(Em): 20 nm, response time set to 0.02 s at a medium sensitivity. The scanning speed was
200 nm/min.

The preservation of the autofluorescence characteristics of some of the bioactive com-
ponents, MEL, and T, was investigated through fluorescence microscopy. The experi-
mental part has been performed on Leica DM 3000 LED microscope (Leica Microsystems,
MEDIST Life Science, Bucharest, Romania). The image acquisition was conducted using a
reduced-noise-factor camera (MC190 HD, Leica Microsystems) and a fluorescence metal—-
halide lamp (EL6000, Leica Microsystems) taking the advantage of the toggle mode, auto-
mated correct positioning and light-intensity adjusting features.

For checking the active mixture stability, electrochemical measurements were per-
formed. The determination of the Zeta potential of the mixture was measured in an aque-
ous solution at a pH=7.0, at room temperature 25 °C, using a Zetasizer Nano-ZS (Malvern
Panalytical Ltd., Malvern, UK). The conductivity was 0.0385 mS/cm. Additionally, elec-
trochemical parameters such as ionic conductivity and ionic viscosity were investigated
with the help of the dielectric analyzer—DEA 288 —Netzsch (NETZSCH-Gerétebau
GmbH, Selb, Germany) using a detection-sensor-type Coated Tool Mountable Comb Elec-
trode (NETZSCH-Gerédtebau GmbH, Selb, Germany). The measurements were performed
at 1 kHz. The bioactive material thicknesses were 0.5 mm.

2.3. Cytotoxicity Analysis

The cytotoxicity analysis of the active mixture, both in gel and solid form, was per-
formed applying the MTT viability test [82]. The MTT assay and Dulbecco’s Modified Ea-
gle Medium (DMEM) were procured from Thermo Fisher Scientific.

The photometric readings were taken at 570 nm. The hydrogel sample was prepared
by dissolving it in DMEM to obtain a final concentration of 0.6 g/mL. The powder sample
was also prepared in DMEM when a 0.01 g/mL final concentration was obtained. Mouse
fibroblast cell line L929 (Sigma-Aldrich Merck KGaA, Darmstadt, Germany) was cultured
in a 96-well plate (10° cell/mL). Samples were held in wells for 24 h for interaction with
the cells. The cells were left at 37 °C in a CO:z incubator for 24 h, and afterward, the samples
were added to the wells. After one day, the MTT viability test was carried out. Further-
more, 1% phenol solution (Aldrich, Merck KGaA, Darmstadt, Germany) was used as a
positive control, while the culture environment was used as a negative control.

The experimental results obtained in triplicate (n = 3) are presented as mean * stand-
ard error of means. One-way ANOVA method was applied (IBM® SPSS® 18.0 statistical
software, Armonk, NY, USA), followed by Tukey’ post hoc test. Significance was set at a
p-value < 0.05.

2.4. Microbiological Assessment

2.4.1. Reactivation of Microorganisms for the Minimum Inhibitory Concentration (MIC)
Testing

Bacterial strains from stock culture were reactivated by inoculation on the blood agar
medium. After overnight incubation at 37 °C, isolated colonies were selected, and organ-
ism identity was confirmed. Isolated colonies were transferred to sterile brain-heart infu-
sion (BHI) (Merck KGaA, Darmstadt, Germany) liquid medium for bacteria and incubated
once more overnight. Using McFarland’s 0.5 turbidities standard scale, the growth con-
centration was adjusted to 10° organisms/mL.

2.4.2. The Minimum Inhibitory Concentration (MIC) Antibiogram

A volume of 180 uL of brain cord infusion broth (BHI) was added to each of the five
tubes/concentration/MIC bacterial strain. In the first MIC tube containing 200 uL broth,
20 uL of AS (active substance) was added. Different batches of AS were studied, namely
MEL, HA, MZ, T, their solid mixture, and their combination with soft paraffin (Sigma-
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Aldrich, Merck, KGaA, Darmstadt, Germany) which could be considered as an alternative
release vehicle for the bioactive compounds, and allows a comparison with the TM paste.

After a functional homogenization, 200 pL was transferred to the second MIC tube,
and the procedure was applied to all five tubes. From the last tube, the 200 uL final solu-
tion was removed. Following this dilution in series, the AS concentrations obtained were
2500, 1250, 625, 312.5, and 156.25 pg/mL. For each of the five MIC tubes with different
concentrations, 20 pL of the previously prepared strains of Staphylococcus spp. and Strep-
tococcus spp. were added. The final volume/tube was 200 uL. After incubation, MIC val-
ues were determined by visual examination of the tubes and assessing dehydrogenase
activity. For each batch of tests, positive and negative controls were placed in the brain—
heart culture infusion culture medium. The bacterial strain showed turbidity for positive
control, while the negative control containing only the brain-heart infusion culture me-
dium remained clear. In each series of tubes, the first tube with clear supernatant was
considered without any growth and was taken as a specific MIC value for the sensitive
strain. When turbidity is present in a MIC tube, it indicates an increase in bacteria, signi-
fying that the organisms were resistant to the active substances tested.

2.5. pH Influence on the Stability of the Active Compounds

In order to establish the optimal pH range for the study of the controlled release of
the bioactive mixture through the HA hydrogel membranes, experimental studies of the
influence of pH on the activity of each bioactive component were performed.

A standard stock solution of each bioactive component, MEL, MZ, and T, was pre-
pared in an adequate solvent. Before each analysis, the standard stock solutions were
freshly obtained. The pH influence on the stability of each active compound was assessed
for one week. The rationale behind the 7-day time frame is based on the duration of the
topical treatment proposed, which should be applied once a week and repeated for 60
days according to the protocol for the clinical trial ClinicalTrials.gov Identifier:
NCT03656484. The pH values were measured for each sample after certain storage time
to assure no significant pH change occurred. All experiments were triplicated.

For MEL, the 100 pg/mL stock solution was prepared in methanol, and it was subse-
quently diluted to obtain five different concentrations (10 pg/mL-10 pug/mL) used for the
calibration curve. The standard stock solution of MEL was added as 1 mL into phosphate-
buffered solutions that were adjusted at pH 2, 4, 6, 7, and 9 using 0.1 M HCl and 0.1 M
NaOH. Then, 10 mL of MEL solution was introduced to 10 mL brown graduated flasks
and stored in dark conditions at room temperature. To assess the MEL concentration
every day for one week, the solutions were taken out and measured spectrophotometri-
cally at the same moment of the day. An aliquot of each sample was taken up in a quartz
cell (1 cm) and introduced to the fluorescence spectrophotometer (Perkin-Elmer LS45 Lu-
minescence Spectrometer) to determine the remaining MEL concentration. The readings
were performed for the maximum from 570 nm when the excitation wavelength was 278
nm.

The T molecule possesses four potentially dissociable protons: keto-phenolic hy-
droxyl groups, tricarbonyl-methane, and dimethyl-amino groups. The multiple functional
groups grafted on T transformed the antibiotic into an amphoteric compound [83]. Thus,
pH becomes an essential factor affecting the stability of T in the solution. The concentra-
tion of T was determined every day for one week, at the exact same moment of the day,
through fluorescence spectrophotometric analysis at 335 nm excitation wavelength, and
reading the maximum at 530 nm. The buffer solutions, 102 mol/L, used during the deter-
minations were prepared as follows: for pH = 2, glycine with HCl; for pH =4 and pH =6,
citrate buffer; for pH =7 and pH =9, phosphate buffer. The standard stock solution of T,
50 ug/mL, was prepared using ethanol. Then, the T standard solution was subsequently
diluted with buffers according to the described procedure for preparing and storing the
MEL samples. The 50 pg/mL T stock solution was used to obtain the five different con-
centrations (10 ug/mL-10 pg/mL) needed for the calibration curve.
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The third bioactive component used, MZ, undergoes hydrolysis reaction , in presence
of hydroxyl radicals [84]. Therefore, it is important to follow the behavior of MZ solution
at various pH values. A stock solution of 50 ug/mL MZ was prepared in deionized water.
For the calibration curve, the stock MZ solution was diluted to prepare five different con-
centrations between 10 ug/mL-10 pug/mL. For the study of the pH influence on the pos-
sible MZ degradation, particular volumes of the stock MZ solution were diluted into an
appropriate amount of adjusted buffer solution. The sample solutions were stored in 10
mL brown graduated flasks and put in dark conditions at room temperature. The buffer
solutions (102 mol/L) used were prepared as shown above for T. The concentration of MZ
was assessed each time the other bioactive compounds were determined, i.e., every day
for one week, through UV spectrophotometric analysis following the variation in absorb-
ance at 320 nm.

The ionic strength influences the activity coefficient, thereby causing errors in meas-
urements. Therefore, the ionic strength of the sample solutions must be kept constant. In
order to achieve this, an indifferent salt (supporting electrolyte like KCl)—which does not
react with the target bioactive compounds—needs to be added to the sample. Conse-
quently, the constant ionic strength was maintained at 0.5 by adjusting the quantity of
potassium chloride in solution.

2.6. Release Profile Measurements

The experiments for releasing the bioactive components of the complex mixture,
MEL, T, and MZ, through the biocompatible membrane formed by the HA matrix were
performed using a homemade glass horizontal-flow diffusion cell (Figure 2). The HA
membrane was prepared as mentioned above in sub-section 2.1. The diffusion cell was
composed of two chambers, each with 20 mL capacity, that were closely clamped. The
solutions were introduced in the two chambers through separate sampling ports to avoid
any concentration polarization. Subsequently, they were stirred with the aid of a magnetic
stirrer (HI190M, Hanna Instruments Romania, Cluj Napoca, Romania) and tiny magnetic
bars introduced into the chambers. As shown in Figure 2, the hydrogel matrix membrane-
like structure introduced between both chambers/semi-cells secured the cell. In order to
differentiate the semi-cells between them, depending on the feeding electrolyte, they were
assigned as source and receiving chambers/semi-cells. The buffered saliva at pH =7.0 was
introduced into the source chamber, while the receiving chamber was filled with saliva at
pH =9.0. The rationale behind choosing different pH values for the two parts of the diffu-
sion cell is based on the reported experimental observations that the pH of the gingival
crevicular fluid (GCF) is highly basic [85], far from the neutral range of saliva. Conse-
quently, it is of interest to determine the amount of released active formulations when the
immobilizing membrane (HA hydrogel) is facing electrolytes with different pH values.
The used artificial saliva was prepared using KCl (8 x 10-2moles), MgCl>-6H20 (2.9 x 10
moles), CaCl2-2H20 (5.6 x 10~*moles), K2HPOs (4.6 x 10-*moles), KH2POs (2.4 x 103 moles),
methyl-p-hydroxybenzoate (1.3 x 102moles), and sodium carboxymethyl cellulose (3.8 x
102moles) in 1 L deionized water. The pH during the determinations was maintained at
specific values in the two chambers of the diffusion cell using adjusted Tris-buffer (Milli-
pore, Merck KGaA, Darmstadt, Germany). During the experiments, no leaking of cham-
ber fluids took place. The concentration changes of the active components (MEL, T, MZ)
were monitored spectrophotometrically. At different times, 1 mL samples were taken
from each chamber, and the concentrations of the bioactive components were measured.
For each determination, another diffusion cell with the same dimensions was used. The
migration of the active components through the HA hydrogel membrane was studied
through the UV-Vis spectrophotometric technique.

The UV-Vis spectrophotometric investigations were run on a dual-beam spectropho-
tometer Varian Cary® 50 (Victoria, Australia) UV-Vis. The spectral bandwidth was 1.5 nm
at a resolution of 1 nm and a scan rate of 300 nm/s, over wavelength range A € (200 to 800
nm). Quartz cells of 10 mm were used. The working temperature was 25 °C.
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Figure 2. Homemade horizontal-flow diffusion cell.

As it is known, the active formulations are released mainly through diffusion from
the hydrogel matrix. There are a few release kinetics models that could allow us to find
the best fit for the experimental data. Depending on the associated model, it is possible to
issue rationales on the release mechanisms. In general, the release mechanisms governed
by various kinetics of bioactive components are not accurately described by models. Such
failure could be assigned to the fact that the releasing surfaces were considered plane,
while the specific curvature imparts different characteristics than expected. If the HA hy-
drogel was considered as a flat system, then the drug diffusion could be modeled through
a one-dimensional mechanism, applying the second law of Fick [86,87]. However, in the
case of the obtained HA hydrogel, there is a three-dimensional structure [88]. Thus, the
Korsmeyer—Peppas predictive model [89] is most likely to provide an appropriate design
of the drugs’ delivery.

The most common kinetic model applied was developed by Korsmeyer and Peppas,
and is based on the relationship [89]:

M _ k-t" (1)
MOO
where M: is the total quantity of a drug released at a time t, M~ is the total quantity of
dispersed drug into the matrix that should be released, n is the diffusivity exponent, and
k stands for the kinetics constant.

If we consider that a Fickian diffusion process takes place in the HA matrix, then:

4D

where D is the diffusion coefficient of a certain drug, L is the half thickness of the mem-
brane (HA hydrogel). For a Fick-type diffusion, the diffusivity coefficient is equal to 0.45,
while for a non-Fick-type diffusion it has a value ranging between 0.45 and 0.89 with an
anomalous behavior when n has unitary value. When n = 1, there are zero-order kinetics
in place, and the swelling of the polymer is considered the trigger factor of drug release.
In general, Fick-type diffusion occurs through a rubbery polymer such as the hyaluronic
hydrogel, depending on the water behavior in the polymeric matrix and the specificity of
the diffusion rate [90].

The Higuchi model [91], which was also used, introduces a simplified equation com-
pared with (2), as it considers a value of 0.5 for the diffusivity constant, n. Thus, the equa-
tion is:

M

M—OO:k'\/E 3)
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The above model was successfully applied to model planar delivery systems and in
the case of the drug releasing under a predominantly diffusion-based process, developed
inside the three-dimensional matrices [92].

Usually, zero-order kinetics (4) and first-order kinetics (5) models are also used, for
which the following equations apply:

M

=k

Y )
M
—M; = ekt ©)

The kinetic studies provide a better understanding of the release process, namely the
drugs’ behavior in the presence of distinct bioactive components [93]. Consequently, the
release of MEL, MZ, and T from the HA hydrogel membrane was studied using the above
equations.

The correlation coefficient (R2) was used to establish the best-fitting kinetic model to
the experimental data:

— Z(Mm - M_e)z
Z(Mm - Me)z + Z(Mm - Me)z
where M. is the amount of the released drug at equilibrium obtained from experimental

data, Mn is the releasing capacity —a constant obtained from the kinetic model—and M,
is the average of M.

R? (6)

3. Results
3.1. Physicochemical Characterization of the Bioactive Formulation

The results of the thermal analysis results of the active compounds in the HA gel
matrix are shown in Figure S1. The hydrogel mixture owes 89.2% of its weight to water,
clearly shown on the TG curve —Figure S1a. However, after the vaporization of the water,
there seems to be a very slight change in the mass of the active mixture, seemingly not
resembling the thermal behavior of the powder form —Figure S1b. This is due to the high
water content that was evaporated in the first stage. DTA showed almost no changes other
than a substantial endothermic peak, indicating that evaporating water is also related to
high water content. Additionally, the large endothermic peak at 100 °C may be attributed
to the melting of the active components. The DTG curve shows tiny changes before 200
°C and around 250 °C, which is somewhat similar to the thermal behavior of the solid
form of the mixture and might indicate some overlapping decomposition process that
could be possibly visualized if a much lower heating rate (1.25 °C/min) is applied. Ther-
mal evolution up to 200 °C highlighted a mass loss of the gel form (around 9%) that was
almost identical to that of the powder mixture (about 7%) over the same temperature
range. The mass loss gradually continues after 300 °C, as can be seen on the thermal dia-
gram. At the end of the thermal analysis, the amount of residue is 4.7%. In comparison,
the solid mixture had a residue of 37.4% —Figure S1b. An interaction between HA and the
other solid materials may play a role in this large difference between the residue amounts.
It is very likely that the insoluble matter, as solid impurities present in MZ, T and MEL,
play a role in the much higher remaining residue when the solid mixture was thermally
analyzed. The impurities in HA are of protein origin, therefore are unlikely to contribute
to the final sold residue. A possible explanation for the significant increase in the thermal
stability of the powder mixture could be attributed to the HA chains that might encom-
pass the active compounds. Consequently, a higher energy would be necessary to release
the MEL, MZ and T moieties. In Figure S1b, there are two endothermic peaks; the first at
86 °C is due to MEL melting point. Additionally, a loss of a small amount of adsorbed
moisture corresponding to a mass loss of 5.7% is recorded. The second endothermic peak
at around 165 °C could assigned to the melting points of MZ (160 °C) and T (170 °C). The
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range 160 °C-210 °C is characterized by more than a single thermal event according to the
DSC curve, and a mass loss of 7.4%, which may imply the beginning of the first stage of
decomposition for HA. According to the literature, this decomposition of HA continues
toward 300 °C, and the second stage of its decomposition begins around that temperature
[94]. The third endothermic peak at 230 °C on the DTA curve may be attributed to the HA
melting point (241 °C), which is in good agreement with the literature data [94]. Deterio-
ration of T starts after 210 °C, while MZ is decomposed in two exothermic steps at 290 °C
and 375 °C, the latter probably being one of the reasons for a slight exothermal change in
the DTA curve around that temperature. As mentioned above, the final residue amount
was about 37.4%.

Figure S2 from the Supplementary Material File presents the FTIR spectra of the com-
plex mixture. The first spectrum, Figure S2a, clearly shows the specific bands for OH (3267
cm™), N-H (3094 cm™), various C-H types (between 2800-3000 cm™ (C-H stretching),
around 1400 cm™ (CHs bending), around 1360 cm™ (CHs bending), 859 cm™ (C-H out of
plane deformation), and 739 cm™).> Additionally, there are bands for C=C, C=0O bonds,
and C-O related amide (between 1600-1650 cm?), C=C (1580 cm™), C=N (between 1500—
1550 cm™), N=O (around 1480-1490 cm™" and 1360 cm™), O-H in COOH (1447 cm™), amide
(1325 cm™), C-O-C (probably at 1222 cm), C-N (1067 cm), C-O stretching due to CHz-
OH (at 1039 cm™). At 946 cm™ the bands specific to the ring asymmetrical out-of-plane
bonds deformation are visible. Some of these bonds are present in more than one compo-
nent of the mixture. As a consequence, various bonds in different components overlap
around one band so their intensity may be higher than they would have been if the specific
component was measured alone. It is highlighted that through the FTIR investigation it
was possible to identify the specific absorption bands for each active compound, as they
kept their identity within the mixed form [78].

The second FTIR spectrum of the complex hydrogel formulation, Figure S2b, evi-
denced a huge water effect on all bonds. All peaks that should be present in the functional
group region between 1500 and 4000 cm™ are totally drowned due to the presence of wa-
ter. The water absorption bands in that region can be specifically observed. This could be
explained by the formation of HA gel form following the incorporation of an important
amount of water molecules. Peaks seem to be shifted in the fingerprint region, and peak
intensities are also lowered because of both concentrations being low, and there is strong
IR absorption of water throughout the measured spectrum. So, the latter FTIR reading is
not meaningful for determining any difference between powder and hydrogel forms of
the complex mixture.

The electrochemical Investigations are presented in Figure 3. The recorded data
showed that the ionic viscosity increases when the bioactive mixture is immersed in sa-
liva. Meanwhile, the ionic conductivity decreases from 1.77 x 103 (uS/cm) for dry compo-
site to 1.41 x 102 (uS/cm) in the presence of saliva. These data are correlated with the ionic
viscosity in saliva that increases by 32% compared to the dry conditions. Viscosity is an
important feature associated with the material characteristic that affects the charge
transport capacity. Any change in the viscosity of the bioactive composite could modify
its specific transport properties, including conductivity, diffusion coefficient, or the charge
transfer rate. The observed behavior could be assigned to the formed ions' mobility. When
incorporated into the HA gel, the specific structure of the bioactive compounds has an
impact on the formation of hydrogen bonds and implicitly on the viscosity and ionic con-
ductivity as well [95].
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Figure 3. DEA analysis determined for the bioactive mixture immersed in saliva (1), and dry condi-
tions (2).

The presence of N-H and O-H functional groups on the structure of the considered
biocomponents (Figure 1), MEL, MZ, T, and HA, imply both inter- and intra-molecular
interactions through hydrogen bonding upon the formation of the hydrogel form through
the dissolution in saliva. Consequently, the viscosity increases, while the ionic conductiv-
ity decreases. The experimental results comply with such behavior.

The UV spectrum given in Figure S3 shows the specific behavior of the complex bio-
active material. Given that our sample material is a mixture, it is expected that we cannot
see some bands due to their overlapping. However, after careful comparison with litera-
ture for each component individually [77], and the derivative spectrophotometric method
[75], we identified the specific bands for the active compounds. MEL has an adsorption
band at 278 nm wavelength and a shoulder at 301 nm [77]. HA sodium salt shows gradu-
ally decreasing absorptivity from 200 nm to 230 nm [76]. MZ has two adsorption bands at
232 and 321 nm [96], while the other antibiotic, T, has two broad bands at 275 and 360 nm
wavelengths [97]. However, because of different conformations of T, the numbers of the
maximum absorbance bands and wavelengths of the maximum absorptivity can be dif-
ferent [98]. The recorded spectrum presents the specific absorption bands that are com-
patible with the presence of each biocompatible compound.

The fluorescence spectra presented in Supplementary Material, Figure S4a-d, high-
lights the maintenance of the fluorescence characteristic for each formulation when pre-
sent in the mixture due to the synergic effect. The fluorescence intensity for both individ-
ual and mixture analyses was almost the same upon the usage of the excitation wave-
length specific for each compound. However, in the case of MZ in mixture we noticed a
shift in the emission band and a broader aspect of the maximum fluorescence intensity
peak. Additionally, the presented spectrum shown in Figure 4 confirms the presence of
MEL in a lower quantity compared to the other components, according to the fluorescence
from 339 nm.
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Figure 4. Fluorescence spectra of the complex mixture—HA, MEL, MZ, and T.

In Figure 4 presents the fluorescence spectra for the complex matrix containing MEL,
MZ, T, and HA, when specific Aex= 245 nm was applied. Due to the exponential depend-
ence of the fluorescence intensity, F, on concentration:

F=Kke I+ (1—107%4¢) )

where ki is the constant rate of the fluorescence process, o is the intensity of the incident
radiation, ¢ is the absorption coefficient depending on Aex applied (L/mol.cm), d represents
the optical path (cm) and c is the concentration (mol/L). Consequently, the fluorescence
intensity of the components varies abruptly with the variation in their concentrations in
the mixture. The obtained fluorescence spectrum of the bioactive matrix at Aex = 245 nm,
that is specific for HA, highlights the presence of all components, with stress on the pres-
ence of HA with the same fluorescence intensity as in the individual HA fluorescence
spectrum, but slightly shifted to 407 nm compared to the position of the maximum peak
at 368 nm for the individual HA. The presence of T with an absorption band at 535 nm
was observed. The absorption band from 498 nm was assigned to MZ, the characteristic
wavelength being shifted from 502 nm for the singular MZ. A fluorescence process occurs
when molecular excitation takes place with the impact with a photon within 10-%5s, fol-
lowed by the excited electrons’ relaxation and the emission of the fluorescence radiation
when the molecule is restored to its fundamental state. Such photochemical action upon
a molecular system is used in the fluorescence microscopy that is largely used in clinical
and biological determinations. This sensitive technique was used to investigate if the bio-
active components from the proposed topical treatment preserve the physical-chemical
individuality of the used formulations. The images of fluorescence microscopy presented
in Figure 5a evidence the presence of the MEL autofluorescence that imparts a blue color
to the HA hydrogel when the studied sample is irradiated with Aex =278 nm. When the
sample is irradiated with Aex = 450 nm, the other component of the complex mixture, T,
with intrinsic fluorescence is excited, and it imparts a greenish color to the sample. As it
is possible to identify the presence of these components through fluorescence microscopy,
a pertinent conclusion could be drawn, namely that each component preserves its partic-
ular properties, such as the intrinsic fluorescence, although they are dispersed into a HA
hydrogel matrix. Such an observation entitles us to consider that there are no structural
changes that modify the characteristics of the components. Additionally, the fluorescence
microscopy highlighted the open pores, the lace-like morphological structure of the HA
hydrogel matrix that accommodates MEL, MZ, and T as active components.

It is known that the release profiles in terms of the specific kinetics depends on the
diffusivity of the active components inside the HA hydrogel three-dimensional network.
Such diffusivity depends on the physical-chemical characteristics of the pharmaceutical
formulations such as size and ability to form weak bonds with the matrix, and on the pore
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size of the hydrogel matrix that could generate steric hindrance. In this sense, the fluores-
cence microscopy is useful too, as it allows for the visualization of the prepared disper-
sions.

(b)
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Figure 5. (a) Fluorescence microscopy image of the complex mixture of active formulations in HA
hydrogel. (b) SEM image with included detail of the specific structure for the complex mixture; (c)
X-ray diffraction pattern of HA-MEL-MZ-T mixture.

The morphological structure of the complex matrix was observed through SEM anal-
ysis, as shown in Figure 5b. It was found that the surface had a relatively homogeneous
porous structure. Even though there are differences in the pores’ shape, the morphology
of the complex material presented in SEM images proved to have similar pore sizes, with
diameters between 2 and 6 pum. The overall aspect is like a honeycomb structure, as can
be observed in the included details in Figure 5b, with interconnected pores. The porous
network aspect is due to the crosslinking of the HA chains. The obtained structure is sim-
ilar with the morphology reported by Minaberry et al. [99] where they obtained a HA gel
with porous structure applying freeze-drying after the ice-segregation-induced self-as-
sembly procedure. The maintenance at low temperature of the formed HA hydrogel (20
°C) allows for the formation of a suitable porous-lace-like structure that facilitates the ac-
commodation of other bioactive components. As the content in HA is 3%, a favored re-
lease of the antibiotics and MEL is expected.

Figure 5c shows the XRD pattern obtained for the bioactive material. MEL has some
sharp peaks at the diffraction angles of 20: 17.9°, 24.7°, 25.3° and 26.3°, similar to those
identified by Topal et al. [100] considering that MEL has a crystalline structure. There is
no sharp peak for the HA, confirming its amorphous nature [101]. Crystalline MZ has
intense bands at the diffraction angles of 20 12.1° and 23.7°, in close accordance with the
data reported by Sabbagh et al. [102]. The presence of T generated peaks at diffraction
angles 20: 10.5° (low intensity) and 29.8°, which are in good agreement with the data re-
ported in the literature [103]. The XRD results sustain the preservation of the structural
characteristics of each compound present in the complex matrix.

The stability of the complex bioactive matrix was assessed through electrochemical
determination of zeta potential (£), which allows for the assessment of the complex system
stability. Zeta potential of the mixture was measured in an aqueous solution (pH =7.0) at
25 °C. The value obtained for & was -36.0 mV + 1.3. The £ value indicates a good physical
stability of the dispersed complex matrix. Any physical-chemical processes such as ioni-
zation or adsorption result in a change in zeta potential. Consequently, a low & value sug-
gests the presence of an important amount of charge carriers [104]. The highly negative
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zeta potential of the complex matrix is due to the incorporation of HA, as the presence of
negatively charged HA favors the absorption on the surface.

3.2. Cytotoxicity Analysis

The results of the cytotoxicity analysis run for L929 line cells are synthetically pre-
sented in Figure 6.
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Positive Control 7-HA matrix (0.6 g/mL)  8-Powder (0.01g/mL) Negative Control

Figure 6. Results of the MTT test.

The data recorded and presented in Table 1 allow for specific calculations based on
an assumed 100% viability for negative control.

Table 1. Data for MTT test.

Material Mean Absorbance % Viability
7-HA matrix (0.6 g/mL) 2.443 +0.070 132.09
8-Powder (0.01 g/mL) 2112 +0.081 114.19
Negative control 1.850 +0.033 100.00
Positive control 0.117 £ 0.005 6.34

According to the cytotoxicity tests, the active samples, either hydrogel or solid, are
excellent from the cytotoxicity point of view and highly biocompatible for dental applica-
tions. The samples showed significantly higher cell viability compared to the control.
These findings indicate cell migration and interaction with the biomaterial. Cell migration
and proliferation is increased particularly by HA, the mechanism being due to the release
of mitogenic stimulators such as growth factors and the influence of cell-to-cell interaction
by forming a pericellular coat, resulting in faster cell proliferation [105].

3.3. Microbiological Assessment

The experiments for determining the MIC value led to the results presented in
Table 2.
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Table 2. Antimicrobial activity of HA, MEL, MZ, T, soft paraffin, and mixtures against Staphylococ-
cus spp. and Streptococcus spp.

Microbial Strains

No. AS Conci::tr;ftlii)/n ug/mL Staphylococcus spp. Streptococcus spp.
2500 1250 625 3125 156.25 2500 1250 625 3125 156.25
1 T, MZ, Soft paraffin S S R R R S S S S S
2 MEL, HA, Soft paraffin S R R R R S R R R R
3 MEL, HA —solid sample S S S R R S R R R R
4 MZ, T, MEL, HA matrix S S S S R S S S S S
5 Soft paraffin S R R R R S R R R R
6 HA S S R R R R R R R R
7 MEL S S S R R S R R R R
8 MZ S S R R R S S S R R
9 T S S S S S S S S S S
10 Control + + + + + + + + + +

AS—active substance; S—sensitivity; R —resistance.

In Figure S5, the evolution of the studied systems under the action of the microbial
agents can be seen. MIC for soft paraffin against Staphylococcus spp., and Streptococcus spp.
showed sensitivity at 2500 pg/mL, while the MIC for HA against Staphylococcus spp. was
1250 pg/mL, and the strain of Streptococcus spp. was resisted at all test concentrations. The
MIC for MEL against Staphylococcus spp. exhibited sensitivity at 625 pg/mL, and
Streptococcus spp. highlighted a sensitivity at a concentration of 2500 pg/mL. In the
meantime, the MIC for MZ against Staphylococcus spp. exhibited sensitivity at 1250 pg/mL
and the strain of Streptococcus spp. evidenced sensitivity at the concentration of 312.5
ug/mL. As expected, the MIC for T against Staphylococcus spp. and Streptococcus spp.
showed sensitivity at all concentrations tested.

The experimental focus was on the proposed complex mixture’s antibacterial behav-
ior. The antimicrobial behavior of T, MZ, and HA, alone or in combination, is known and
well-represented in the literature, as reviewed in the Introduction section. Therefore, the
combination of T with HA, or MZ with HA was expected to present the same antibacterial
behavior as the individual antibiotics and was not included in the microbiological study.
On the other hand, the newly introduced combination of HA and MEL, due to their bio-
logical action (MEL improved the quality of alveolar bone, while HA reduces cell prolif-
eration in fibroblasts and lymphocytes, diminishing the inflammatory process at tissues
level), was of interest for checking if the antibacterial effects of components are preserved.
The obtained results were promising, and upon the further introduction of the antibiotics
T and MZ, the antibacterial activity was improved.

The MIC for T, MZ, and soft paraffin (TM paste) against Staphylococcus spp. exhibited
sensitivity at 1250 pg/mL and for Streptococcus spp. the strain showed sensitivity at all
tested concentrations. MIC for MEL, HA, and soft paraffin against Staphylococcus spp., and
Streptococcus spp. strains exhibited sensitivity at 2500 ug/mL. The MIC determinations for
the solid mixture of MEL and HA against Staphylococcus spp. exhibited sensitivity at 625
ug/mL, and for Streptococcus spp. the strain showed sensitivity at 2500 ug/mL. The ob-
tained MIC for MEL, MZ, T, and HA matrix against Staphylococcus spp. and Streptococcus
spp is significant. The bioactive hydrogel matrix showed sensitivity to the tested strains
at all concentrations studied. Therefore, it is expected to see an improved local targeted
action of the bioactive HA matrix compared to the TM paste. The experimental data high-
lighted that the dispersion of the antibiotics and MEL in the HA hydrogel matrix does not
inhibit the antibacterial activity but sustains it.
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3.4. pH Influence

As saliva is a complex electrolyte characterized through various values of pH, rang-
ing between 2 and 9 depending on specific health conditions and upon the consumption
of products that generate either a low acidity or a high basicity, it would be useful and
practical to study the behavior of the complex matrix in an environment mimicking saliva
characteristics.

In Figure 7 are presented the variation tendencies of the absorbances for MZ, specif-
ically the fluorescence intensities for the MEL and T active components dispersed into HA
hydrogel membrane.
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Figure 7. Variation in the normalized absorbance and fluorescence intensities as a function of pH
values. Fluorescence readings for MEL at 570 nm (Aex = 278 nm) and T at 530 nm (Aex = 335 nm);
absorbance readings for MZ at 320 nm.

The degradation of MEL, T, and MZ under storage standard conditions for one week
as a function of the solution pH is presented in Figure 8.

The plots in Figure 8 report the remaining mass of active compounds MEL, T, MZ,
namely, the m% that was calculated according to the equation:

my
m% = —- 100 (8)
mO
where m: stands for active compounds at time t, while mo is the initial mass of the same
considered compound.

To evaluate the effect of pH on the stability of MEL, T, and MZ, results were com-
pared to their concentration in electrolytes with pH values of 2, 4, 6, 7, and 9, as illustrated
in Figure 8. The active compounds’ contents in all pH solutions decreased with increasing
storage time, and degradation of all studied formulations in pH solutions demonstrated
two different comportments depending on the pH value, namely, a slow or a dramatic
degradation in time.
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Figure 8. Degradation of the bioactive compounds MEL, MZ, and T as a function of pH values
throughout the storage time of 7 days, at 25 °C.

3.5. Release Profiles
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We recorded experimental data for the three bioactive formulations, MEL, MZ, and
T, following the release against the concentration of analyte measured in the diffusion cell
at different times between 12 and 168 h covering a one-week timeframe.

The release profile as release ratio (%) for MEL, T, and MZ can be followed in Figure
9. For MEL, from a concentration of 1.80 x 105 mol/L we observe a faster release from the
hydrogel matrix that could be assimilated with a burst region. The release profile was
calculated according to:

Ap — A Co—C
R%=— "t 100=—"-100
% = : o )
where Ao is the absorbance recorded for the initial concentration co (mol/L), and At is the

absorbance recorded at a certain t when the component concentration is ct (mol/L).
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Figure 9. Release ratio (%) versus concentration of bioactive components and time.

The absorbance variation for MZ against the concentration highlights the initial slow
release of the antibiotic. The releasing profile recorded for MZ, shown in Figure 9, indi-
cates a continuous yet slow increase in its delivery from the moment of applying the treat-
ment mixture containing the bioactive compounds. In the burst phase, up to 2.40 x 10
mol/L MZ is released in a quasi-constant manner, followed by a decrease in its delivery.
For T, a similar release profile to MEL was recorded. Up to a concentration of 0.90 x 10-°
mol/L for T, a quasi-constant release was observed, followed by a burst region. The high-
est release values decreased in the following order: MEL > T > MZ.

Improving the transport mechanism across the HA matrix of the active formulations
and practical design of a proper release system is possible through a correct interpretation
and understanding of the release kinetics. The diffusion equilibrium information is a val-
uable tool for modeling the releasing process through the used HA hydrogel membranes.
Using the above-presented experimental data, various models were applied for each ac-
tive compound of the topical treatment to assess the best-fitting kinetic model.

Figure 10 presents the processed experimental data applying the models that appro-
priately describe the specific mechanism for each analyte: MEL, MZ, and T. The Higuchi
and Korsmeyer-Peppas kinetic equations, that were applied to model the behavior of the
MZ across the HA matrix, provide evidence that the release processes occur in a similar
manner to that of T, although it was expected that MZ would diffuse from the HA matrix
much faster and easier than T which has a much larger volume.
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Figure 10. The kinetic models describing the release mechanism for each active compound.

The models also apply to the release mechanism from heterogeneous surfaces. How-
ever, it should be mentioned that such modeling kinetics applies only to the intermediate
range of released concentrations, reflecting an empirical approach.

Unfortunately, a unitary model was not identified that could be applied to all the
analytes considered. Some other models could likely fit better the recorded experimental
data. Thus, we proposed an alternative kinetic model involving a possible pseudo-first-
order kinetic model that could be expressed as:

log(1— M) ky t
Og( M()_ 2.303

(10)

where ki is the pseudo-first-order rate constant, M is the total quantity of drug released
analyte after a particular time t, M= is the total quantity of dispersed drug into the matrix
that should be released, and t stands for the release time. The experimental data repre-
sented according to the proposed model for pseudo-first-order kinetics are shown in the
diagram from Figure 10.

Table 3 summarizes the corresponding kinetic model parameters, with their correla-
tion coefficients (R?) and the related standard errors for each analyte. The data recorded
in Table 3 were selected based on the best correlation coefficient and the related standard
error. For MEL, the proposed kinetic models resulted equally in a best fit of the experi-
mental data, R2= 0.9976. Meanwhile, for MZ and T, the pseudo-first-order model best fit-
ted the data obtained. The standard deviation errors for the Higuchi model cause substan-
tial fluctuations in R?, and thus, the parameters may induce deviation.
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Table 3. The kinetic constants obtained by linear fitting for the studied analytes.

L del Analyte
Kinetic Model Parameter MEL MZ T
Higuchi K 379x104+084 226x104+072 149 x 104+ 0.21
R2 0.9892 0.9870 0.9772
Korsmeyer— Kk 237x102+0.14 436x102+051  7.27x102+0.77
Peppas
R2 0.9843 0.9787 0.9793

Pseudo-first-

k 1.62x103+0.35  0.88x 103+ 0.47 0.73 x 103+ 0.31
order
R2 0.9976 0.9973 0.9927
First-order k 2.06x103+049  0.66 x103+0.55 0.60 x 103+ 0.14
R2 0.9338 0.8847 0.9339

Considering the better R? values recorded for MEL and MZ when applying the Hi-
guchi model, known as a particular situation of the Korsmeyer—Peppas model [106], it
could be concluded that the release of the active formulations is not due to the HA hydro-
gel swelling. It would be expected to have a releasing mechanism predominantly through
diffusion. As for T, a better correlation coefficient is recorded for the Peppas diffusion
exponent n equal to 0.7, suggesting that T is released following the swelling of HA matrix.
In such a case, the drugs dispersed into the HA hydrogel do not entirely obey Fick-type
diffusion, signifying that the MEL, MZ, and in a lower extent T, are facing a limited diffu-
sion through HA structural network, although their dimensions are smaller than the HA
mesh. In the case of larger drug molecule such as T, it is expected that its release would
be faster upon the deformation of HA’s three-dimensional porous structure due to the
swelling when in contact with saliva. The values obtained for the Korsmeyer—Peppas
model when applied for T could be considered supportive of such releasing mechanism.
The proposed pseudo-first-order model could assess more accurately the behavior of the
releasing profile of the bioactive compounds, taking into account the amount of the re-
maining drugs in the HA membrane. It is very likely that the simultaneous presence of
the active formulations generates reciprocal hindrance and competitive diffusion. Fur-
thermore, the difference in the volume of each component should be also considered.

4. Discussion

In view of the future usage of the proposed topical formulation for the treatment of
periodontal wounds, it is obviously necessary to determine how the bioactive components
against the pH value react. Additionally, by correlating the behavior of the drugs in the
complex combination, the optimal value of the working pH can be established to deter-
mine how the components are released into the saliva. When considering the drug release
from a hydrogel matrix such as HA, we should consider the pH influence on the solubility
of the components or on the possible interactions between the hydrogel matrix and the
dispersed drug. Such influences may impact the release profiles. Thus, controlling pH
with respect to the relevant value provides hints for an appropriate release during in vivo
experiments.

The study of the pH influence on the bioactive components’ stability in time evi-
denced either a slow or quick and significant degradation. Thus, a slower degradation
rate during storage was observed for MEL at pH =2 and pH = 4. Meanwhile, the solutions
characterized by pH value 6, 7, and 9 degraded significantly with storage time. The slow
degradation in acidic environment suggests that MEL is more stable at low pH value. The
increasing instability of MEL when the solutions turn from neutral to basic could be as-
signed to the indole group behavior, as it could suffer a deprotonation of the amide func-
tion. In contrast, for MZ an abrupt degradation in the acidic solution, pH < 6, and a slow
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degradation when the pH is neutral towards basic, pH = 7-9, were recorded. The third
studied compound, T, showed a similar behavior to MZ, changing from fast degradation
in acidic media, pH = 2-6, to a slow one for pH = 7-9. Studying the HA complex matrix
behavior against pH, Figure 7, it was observed that MZ and T were released at higher
active concentrations than MEL when the pH was increased from 6.75, specific for patients
with periodontitis, to a pH of 7.10, characterizing healthy patients. Although there is not
a consistent component of MEL, T, and MZ regarding their preservation in time as a func-
tion of pH, pH =7.0 was chosen as the working pH for further release studies of the drugs
from the HA hydrogel membrane. The rationale of the working pH =7 is based on the fact
that at this value all active components presented a slow degradation in time, even if after
7 days for MEL there was a more pronounced degradation to 56% of its initial mass com-
pared with MZ (62%) and T (64%).

The proposed kinetic models consider the possibility that the release mechanism gov-
erning the hydrogel system with three active components could be supported by a non-
linear kinetic model where both diffusional and swelling components could be involved.
The experimental data are reflected in cumulative release diagrams where the specific be-
havior for each component is visualized. Although a common release profile supposes a
burst phase when the drug is released quickly and then a slow in the release rate that
generates the formation of a plateau, the experimental data obtained for our mixture do
not comply with such a release profile. Only MZ presented a fast and significant release
in the first 48 h, followed by a slower release and the recording of a plateau—Figure 8.
Both MEL and T presented a continuous release from the HA matrix, with a clear increas-
ing trend for MEL. If for T up to 0.90 x 10> mol/L, the release values showed a limited
increase describing a plateau, for MEL the release profile had no difference between a
burst and plateau region, although from 1.80 x 10> mol/L the increasing trend was more
obvious. Regarding the behavior of T, we observed an initially short plateau for the release
profile which was followed by an increase that is in reversed order, as expected. This
could be explained by the difficulty to be released quickly through diffusion from the HA
matrix, with a certain swelling of the HA hydrogel being necessary in order to have a
higher release of T. Comparing the recorded values for the applied models, the results
obtained applying the proposed pseudo-first-order kinetic model better suit the recorded
experimental data.

In this preliminary study, we followed up the variation in the three analytical vectors,
namely the concentration of T, MZ, and MEL, when a HA matrix membrane is introduced
into the system. The general release profile of the studied system does not comply with
the commonly applied models and with accepted scenarios for the drug release from hy-
drogels. This aspect is due to the complexity of the studied mixture, as there were three
bioactive compounds dispersed into the HA hydrogel membrane, not only one. Addition-
ally, it should be considered the physical interaction between MEL, T and MZ with the
HA hydrogel forms weak H-H bonds. The experience in developing a guided bone barrier
membrane [107] and the results recorded during this study encourage us to couple the
new topical treatment proposed for periodontal disease with the application of a HA hy-
drogel membrane for controlling the active formulation’s release.

HA hydrogel membrane as a potential carrier for active compounds used for the pro-
posed topical treatment of periodontal disease is due to the biocompatibility and easily
tunable characteristics of different HA derivatives. Further studies with an extended pH
range and characterizing the varied health status of different patients are required to ob-
tain a tunable membrane for an optimal release of MEL and antibiotics in clinical applica-
tions.

5. Conclusions

All the active substances tested alone and combined had a biological response to the
strains of Staphylococcus spp. and Streptococcus spp., expressed by sensitivity/resistance to
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the specific action mechanism of the bacteria tested. The obtained results during the mi-
crobiological assessment indicate that the bioactive complex mixture (MEL, HA, MZ, T)
can be a valuable and an economic resource for use in the treatment of periodontal disease.
Additionally, it may have potential in clinical applications as a disinfectant for various
surgical and orthodontic appliances, and maintaining oral hygiene.

Regarding the pH influence on the stability of MEL, MZ, and T in time, we observed
their degradation. Upon increasing pH within the physiological range, MEL was released
at lower active concentrations compared to MZ and T. Thus, at pH characterizing healthy
patients (pH = 7.10), the degradation of T or MZ was significantly slower, despite MEL
which is stable in acidic media. Based on these observations, pH = 7.0 was chosen as the
working pH for MEL, MZ and T release profiles from the HA membrane.

The preliminary study on the controlled delivery of the active compounds through
the HA membrane allowed the modeling through various kinetic models. As there was
not a unitary model for all active compounds, we proposed an alternative kinetic model.
The proposed pseudo-first-order model adequately described the release of all bioactive
compounds.

The release profiles of the bioactive analytes from the HA matrix membrane showed
specific characteristics: MZ faced a burst phase followed by a continuous release decrease
and not by a plateau as expected; MEL from a concentration of 1.80 x 105 mol/L recorded
a quick release in time; and T from 0.901 x 10~ mol/L presented similar behavior to MEL,
after having a limited plateau of release values.

Further investigations are needed to clarify the dependence of the release behavior
on the pH variation and temperature. Nevertheless, the results are encouraging for the
usage of the HA matrix as a releasing vehicle for the active components of the proposed
topical treatment.

6. Patents

“Biocompatible paste material useful for topical treatment of slowly progressive
chronic marginal periodontitis, comprises T, MZ, MEL, HA, white Vaseline” Patent pend-
ing no RO133752-A0; Derwent Manual Code(s): B02-T; B04-B01C3; B04-C02E4; B06-D01;
B07-D09; B12-M02A; B12-M12B; B14-N06B; B14-S09; B14-S18.
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