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Abstract

:

Metronidazole (MD) is known as a periodontitis medicine and has been widely used in antibiotics for resistance to anaerobic bacteria, periodontal disease, and other threats. To treat diseases, drug delivery carriers are needed with a high bioadhesive property and enhanced drug penetration. Poly (acrylic acid) (PAA) hydrogel films have a good bioadhesive property and are able to localize the absorption site and increase the drug residence time. In this study, we fabricated a MD loaded PAA hydrogel with different MD content (0.1, 0.25, 0.5, and 1 wt%) using varying doses (25, 50, and 75 kGy) and the radiation doses (25, 50, or 75 kGy) in a one-step gamma-ray irradiation process. The chemical and physical structure were determined through a Fourier transformed infrared spectroscopy, X-ray photoelectron spectroscopy, gel content, and compressive strength. In addition, MD loaded PAA hydrogels were performed to MD release behaviors and cytotoxicity. Finally, we conducted antibacterial activity to demonstrate the prevention of growth of bacteria as a therapeutic dressing. The basic chemical structure analysis of MD was changed greatly at radiation doses of 50 and 75 kGy due to degradation by gamma-ray irradiation. However, when the absorbed dose was 25 kGy, the chemical structure analysis of MD did not change significantly, and the gel content and compressive strength of MD/PAA hydrogel were approximately 80% and 130 kPa, respectively. The MD/PAA hydrogels exhibited no cytotoxicity and good antibacterial activity against Escherichia coli, Staphylococcus aureus, and Streptococcus mutans. These results provide good evidence that MD/PAA hydrogel prepared by gamma-ray irradiation has potential as a competitive candidate for the therapeutic dressing.
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1. Introduction


Metronidazole (MD) is nitroimodazole compound that has been widely used for treating infections caused by anaerobic bacteria and otitis media [1,2,3,4,5]. The nitro group of MD is activated by nitroreductases such as ferredoxin in the body. A high antibacterial property is indicated by disturbed DNA division and nucleic acid synthesis, which could be due to destruction of the helical structure of bacterial DNA [6]. Generally, the method of administering MD includes an oral administration. However, oral administration has disadvantages in that a large amount of a drug taken internally disappears during the processes of degradation and absorption [7]. Therefore, drugs are taken in more than necessary (to kill the bacteria) to keep an effective concentration in the blood, which causes various side effects.



To overcome this problem, patches (e.g., hydrogel, cellulose, and film) containing drugs have been widely developed because a patch can be applied to the skin to release the appropriate amount of drug continuously, thereby minimizing side effects [8,9]. A hydrogel is defined as a three-dimensional polymeric network that can be contained in water or body fluids [10,11]. Hydrogels have been widely used in biological applications such as wound dressings, adhesion prevention films, and contact lenses because of their marked similarity to human tissue, excellent biocompatibility, and controllable properties [12,13,14]. In addition, hydrogels maintain a stable volume in the body owing to the formation of stable structures that show little fluidity under the application of external forces. Hydrogels are fabricated using physical and chemical cross-linking processes [15,16]. Physical crosslinking is achieved by the formation of ionic bonds, hydrogen bonds, crystallization between polymer chains, or a freezing/thawing method. In the freezing/thawing method, cross-linking is achieved by the formation of crystallites in the polymer-rich domain between water and the polymer chain during repeated freeze/thaw cycles. However, the inherent disadvantage to this approach is long process time (3 or 4 days) [17]. In contrast, chemical cross-linking processes are much faster. In this case, cross-links are formed by chemical and radical reactions. Irradiation of polymer solutions results in polymer radicals, which combine through covalent bonds to form insoluble hydrogels [18].



In the case of radiation-induced cross-linking, cross links are formed at the carbon atoms of C–C bonds in the polyvinyl polymer. The radiation cross-linking method has many advantages: Cross-linking agents are not required [19,20]; no residual toxic substances are found in the hydrogel; and hydrogels having diverse properties can be fabricated by simply controlling the radiation dose, polymer concentration, and the condition of radiation exposure [21,22,23].



Hydrogels are typically composed of polymers such as natural polymers (e.g., collagen, gelatin, hyaluronic acid, or chitosan) or synthetic polymers (e.g., poly(acrylic acid) (PAA), polyethylene oxide (PEO), or poly(vinyl alcohol) (PVA) [18,19,24]. Synthetic polymers allow a higher degree of swelling and impart superior mechanical properties and adhesion strength to the hydrogels, than with natural polymers. For example, PAA hydrogels show good adhesion strength and are used in bioadhesive drug delivery systems [25,26]. PAA is a hydrophilic and highly absorbent polymer that has been widely applied in biomaterials due to its high solubility and biodegradability [15]. PAA hydrogels have been widely used as drug carriers because of their good bioadhesive properties and enhanced drug penetration. It is possible to localize the absorption site of a drug in the PAA hydrogel and to increase the drug residence time [27].



The aim of this paper is to develop a one-step process for PAA hydrogel with excellent biocompatibility, antibacterial activity and mechanical properties by gamma-ray as a therapeutic dressing. If the drug is loaded after preparing PAA hydrogel using gamma-ray, it requires a two-step process of hydrogel preparation and drug loading. In addition, the drug loading is limited and the drug release efficiency is difficult to expect the desired effect. In this study, the MD-containing PAA hydrogels were prepared using gamma-ray in a one-step process. The stability of the molecular structure of the drug (MD) by gamma-ray was confirmed. In addition, the MD containing PAA hydrogels were verified through chemical and physical structure analysis (such as gel content, degree of swelling, Fourier transform infrared spectroscopy (FTIR), and compressive strength); cumulative release was verified by MD analysis (Figure 1 and Table 1 and Table 2). In addition, we investigated the characteristics (such as cytocompatibility and antibacterial activity) of an MD/PAA patch as therapeutic dressing for inhibiting the proliferation of various bacteria (e.g., Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Streptococcus mutans (S. mutans)). This study focused on the MD containing PAA hydrogel and revealed a promising approach for the development of radiation cross-linking processes.




2. Results and Discussion


2.1. Characterization of Iradiated MD


MD has four main physical characteristics: (1) it is difficult to dissolve in common solvents; (2) it has a crystalline structure, and the crystals are off-white in color; (3) it is temperature-sensitive; and (4) its color is easily changed upon exposure to light [28,29].



As shown in Figure 2, the 1H-NMR spectrum irradiated MD solution with various dose of 0, 25, 50, and 75 kGy were confirmed. The peak at 2.4 ppm assigned to the characteristic methyl proton. In addition, the peaks at 3.6 and 4.3 ppm were attributed to protons of CH2OH and NCH2, respectively. The peak of aromatic proton was confirmed at 8 ppm. When the radiation dose was increased, the degradation of MD was greater. However, MD irradiated at 25 kGy showed no significant change of structure to be stable to gamma-ray of dose at 25 kGy.



Figure 3 shows the chemical composition of irradiated MD analyzed by XPS and compared with that of pristine MD. High-resolution N1s spectra of the samples were deconvoluted into two peaks; namely, 402 eV (N=O) and 400.2 eV (N=C). With an increase in radiation dose, the peak intensities at 402 eV were drastically decreased. In addition, the peak intensity was decreased with increase in the radiation dose, such as with the FTIR results. These results suggest that the MD irradiated at 25 kGy can be expected to be more stable; however, MD irradiated at more than 25 kGy is less useful as a drug due to the degradation of nitroimidazole. These results showed that N=O groups and the imidazole rings of MD were degraded by gamma rays when the radiation dose was increased, in contrast to non-radiated samples. When the radiation dose was increased, the degradation of MD was greater. Radiolysis or UV-photolysis can break down N=O groups and imidazole rings of MD [30]. In addition, when UV-photolysis was used, the degradation levels of N=O groups and imidazole rings of MD increased with increased time and light intensity, relative to the degradation by non-radiation exposed UV-photolysis [31]. On the basis of the results of UV-photolysis, it is expected that radiolysis by gamma rays would result in more degradation because the energy of gamma rays is higher than that of UV rays.




2.2. Characterization of MD/PAA


Under gamma-ray irradiation, PAA formed free radicals on the polymer chain [19]. The water molecule formed a hydroxyl radical (OH·) and a hydrogen radical (H·). The C-H bond of PAA was broken by the hydroxyl radical (OH·) to form a free radical on the PAA chain. The released hydrogen radical (H·) combined with H· from water, leading to the evolution of hydrogen gas. In addition, the free radical of PAA was able to cross-link with other PAA molecules, resulting in the formation of PAA hydrogel films [30]. The overall reaction mechanism of MD/PAA is shown in Figure 4. In addition, the color of MD/PAA hydrogel films changed to dark yellow with increase in the radiation dose from 25 to 75 kGy, due to prolonged exposure to high-energy γ-radiation. The optical images of the MD/PAA are shown in Figure 1b.



Chemical structure analysis of the MD/PAA samples was carried out using ATR-FTIR, and the results are shown in Figure 5. The presence of PAA was confirmed by –COOH (carboxylic acid group) and –OH (hydroxyl group) stretching vibrations at 1700 and 3400 cm−1, respectively [27,31]. New peaks from the nitrite group of MD/PAA were observed at 1363 and 1541 cm−1 due to the presence of MD [30]. The peak intensity of N=O stretching and the imidazole ring was increased with the MD concentration (from 0 to 1 wt%). This result confirms that the PAA hydrogel was successfully impregnated with MD after irradiation.



Figure 6 shows that the chemical composition of MD/PAA was analyzed by XPS. High-resolution C1s spectra of the MD/PAA were deconvoluted at 284.83 eV (C-C), 286.27 eV (C-N) and 289.23 eV (C=O). A new peak at 286.27 eV (C-N) was observed and significantly increased with increase in the MD content (Figure 6b–e). While the N=O groups and imidazole rings of MD were degraded by gamma rays (based on the results of characterization of radiated MD), with increase in the MD content, active MD capable of its characteristic reaction remained in the PAA hydrogel films. This result confirms that the PAA hydrogel was successfully impregnated with MD after irradiation.



Figure 7 shows the chemical composition of MD/PAA hydrogel film with different MD content (0.1, 0.25, 0.5, and 1 wt%) analyzed by XPS. High-resolution N1s spectra were deconvoluted at N=O and N=C. The intensity of N=O and N=C slightly increased, and N=O was degraded at 25 kGy as the MD content increased.



The gel content of MD/PAA at different radiation dose and MD content is shown in Figure 8a. The gel content of PAA was as high as 98.43%, and formed a dense three-dimensional network. However, as the MD content was increased from 0.1 to 0.5 wt%, the gel content significantly decreased with irradiation at 25 kGy: the gel content for the 0.1, 0.25, and 0.5 wt% MD containing samples was 80.83%, 74.29%, 54.73%, and 40.71%, respectively. The possible reason for this result is that the crystallinity of MD interfered with the crosslinking reaction of PAA by radiation. This could have occurred because, the samples were kept at room temperature for a long period of time during the irradiation process.



Figure 8b shows that the degree of swelling of MD/PAA increased with increase in the MD content. This is because, the porous three-dimensional networks were affected by the incorporation of MD. While the degree of swelling of 1 MD/PAA was 2301%, the 0.1, 0.25 and 0.5 MD/PAA sample showed a swelling of 1275%, 1411%, and 1761%, respectively. This result suggests that the MD remained between the PAA chains, preventing crosslinking and decreasing the physical interactions between the PAA chains. However, after 60 min, the degree of swelling decreased due to destruction of the hydrogel structure by the crystalline nature of MD.



Figure 8c and d show the compressive strength of PAA and MD/PAA with different radiation dose and MD content. In this study, a 50% compression was chosen for the compressive strength. The compressive strength of PAA was found to increase with the radiation dose (204 kPa at 25 kGy), (242 kPa at 50 kGy), and (256 kPa at 75 kGy), because of the larger degree of cross-linking in the hydrogels. At 25 kGy, the compressive strength of 0.1MD/PAA was 139 kPa, while that of 1MD/PAA25 was 18 kPa, indicating a decrease of approximately 120 kPa. The same trend in compressive strength was observed at the other radiation doses. Generally, the results of compressive strength were proportional to the gel content (Figure 8a). In fact, the compressive strength of MD/PAA hydrogel was significantly decreased compared with pristine PAA hydrogel [32].




2.3. In Vitro Cytocompatibility of MD/PAA


NIH3T3 fibroblast was cultured to identify the cytocompatibility of MD/PAA with increase in the MD content. When NIH3T3 was cultured for one day, the fluorescence microscopy images of MD/PAA were used to perform a live/dead assay (Figure 9a–e). The cell viability was determined using a WST-1 assay. The WST-1 reagent solution was added and incubated with 5% CO2at 37 °C for 3 h. The absorbance of the solution was recorded at 450 nm using a microplate reader. The survey of PAA and MD/PAA with increase in MD content confirmed that the live cells observed were >80%, indicating good cytocompatibility. There was no significant difference in the cell viability of all samples. The cell viability of 1MD/PAA was 90%. The result of cytocompatibility was showed that MD/PAA hydrogel films was no cytotoxicity and good biocompatibility due to used biocompatible polymer.




2.4. Release Test of MD/PAA


Drug is continuously released from polymer due to the interaction between the drug and polymer. Therefore, the compatibility of the drug and polymer is an important factor in drug release efficiency [33,34].



The surface morphologies of PAA and MD/PAA25 hydrogel films were observed by SEM, as shown in Figure S1. The hydrogel films were confirmed that were smooth morphologies regardless of contained MD or not contained MD.



The MD/PAA hydrogel films were dried at room temperature. The MD was released in PBS (pH 7.4) to identify cumulative release of MD with different times (10, 20, 30, 40, 50, 60, and 120 min) using UV spectroscopy and absorbance at 319 nm. The MD/PAA25 with different concentration of MD were investigated and are shown in Figure 10. The cumulative release of MD increased with increase in the MD content. Specifically, the MD was consistently released from the 1MD/PAA, reaching approximately 80% at 120 min in PBS. The value of 1MD/PAA was increased by more than approximately 65% compared to 0.1MD/PAA. However, the release of MD was comparatively high for the first 10 min after the drug began being released.




2.5. Anti-Bacterial Activity Test


The anti-bacterial activity of MD/PAA hydrogel films against E. coli, S. aureus, and S. mutans were studied using solid growth media (Figure 11). S. mutans is considered the cause of dental caries and periodontitis [35,36]. The MD/PAA hydrogels inhibit and kill Gram-positive S. aureus bacteria and Gram-negative E. coli. The antibacterial effects of MD/PAA hydrogel films increased with increasing MD content. The MD is easily absorbed in anaerobic organisms and reduced to polar substances of deficient nitro group by nitroreductases such as ferredoxin. This reductant shows antibacterial activity that destruct DNA helical structure by disturbance of DNA cleavage and nucleic acid synthesis [6]. In the case of E. coli, high anti-bacterial activity was observed with 1 MD/PAA, whereas the 0.1 MD/PAA, 0.25 MD/PAA, and 0.5 MD/PAA hydrogel films did not exhibit antimicrobial activity due to the lower MD content (Figure 11a,d). In the case of S. aureus, 0.5 MD/PAA and 1 MD/PAA hydrogel films showed that an inhibition zone increased with increase in MD (Figure 11b,e). In addition, the MD/PAA hydrogels showed better antimicrobial activity against S. mutans causing periodontitis (Figure 11c,f). PAA and 0.1MD/PAA hydrogels did not show anti-bacterial activity against S. mutans; however, MD/PAA with increased MD content (0.25, 0.5, and 1 wt%) exhibited observable large inhibition zones. These results indicate that a radiation dose <25 kGy does not diminish the anti-bacterial activity of MD. Finally, the above results indicate that 1MD/PAA irradiated at 25 kGy can be expected to be more stable in terms of drug release, cytocompatibility, and anti-bacterial activity, and can be utilized as an antimicrobial drug delivery system, including for treatment of periodontitis.





3. Materials and Methods


3.1. Materials


PAA (molecular weight = 100,000) was purchased from Waco Pure Chemical Industries, Ltd. (Osaka, Japan). MD was obtained from Sigma-Aldrich (St. Louis, MO, USA). All other reagents and solvents were of analytical grade and used as received.




3.2. Exposure of Metronidazole by Gamma-Ray


To confirm the radiation effects of MD, MD (1 wt%) was dissolved in deionized (DI) water using a shaker-incubator at 50 °C and 100 rpm, under dark conditions. Then, the MD solution was exposed to radiation using gamma 60Co sources (ACEL type C-1882, Korea Atomic Energy Research Institute) at different radiation doses (25, 50, and 75 kGy) at a dose rate of 10 kGy/h.




3.3. Preparation of Metronidazole Containing Poly (acrylic acid) Films Using Gamma-Ray


PAA was dissolved in DI water using a magnetic stirrer to a final concentration of 7 wt%. MD (0.1, 0.25, 0.5, and 1 wt%) was dissolved in the PAA solution using a shaking incubator at 50 °C at 100 rpm until perfect dissolution, under dark conditions. The MD containing PAA solution was irradiated using a 60Co source with different radiation doses 25, 50, and 75 kGy (10 kGy/h) to prepare the MD containing PAA hydrogel film (MD/PAA).




3.4. Chemical Structure


To confirm the chemical structure, the samples were measured using ATR-FTIR (Attenuated total reflection-Fourier transformed infrared spectroscopy, Bruker TEMSOR 37, Bruker AXS. INC., Karlsruhe, Germany) over the range 650 to 4000 cm−1.



The X-ray photoelectron spectroscopy (XPS, VG Multilab 2000 Spectrometer, Thermo Scientific, Waltham, MA, USA) spectra of the irradiated MD was confirmed compared with pristine MD. The XPS was equipped with an Al Kα X-ray and then deconvoluted N1s spectra were obtained using XPS PEAK software (University of Hong Kong, China).



The nuclear magnetic resonance (NMR) spectra of radiated MD was observed by 500 MHz 1H-NMR (ECA 500 MHz spectrometer, JEOL, Tokyo, Japan) with averaged over 32 scans. Then, the MD and radiated MD solution was mixed in 0.5 mL Deuterium oxide-d solution, and NMR spectra were obtained.




3.5. Characteristic of Hydrogel


The MD/PAA samples were dried until they were completely free of water. The MD/PAA test specimens were prepared. The initial weight of the samples was recorded, and the samples were stirred in distilled water for 24 h at room temperature (RT). Then, the gel content of the PAA and MD/PAA hydrogel was calculated from the following equation:


Gel content (%) = (Wl/Wi) × 100



(1)




where Wi and Wl represent the initial and final weights of the dried samples, respectively.



To measure the degree of swelling, the dried film was soaked in DI water for different time intervals at RT, until the equilibrium swelling state was reached. The degree of swelling was determined from the following equation:


Degree of swelling (%) = [(Ww − Wd)/Wd] × 100



(2)




where Wd and Ww represent the weights of the dry and wet film, respectively.



The MD/PAA sample was prepared and then compressive strength was analyzed using a texture analyzer (TA-XT2i, Stable Micro Systems, Ltd., Godalming, UK) with a load of 50 N and a working distance of 20 mm from the punch. The compressive strength was measured under 50% compression, at a crosshead speed of 5 mm/s.



Surface morphologies were investigated using scanning electron microscopy (SEM, JSM-6390, JEOL, Tokyo, Japan) with working distance of 10 mm and an electron beam of 10 kV. To observe the high resolution SEM images, samples were coated with gold for 70 s by sputter-coating.




3.6. In Vitro Cytocompatibility Test


An in vitro test of the extracted solution was performed according to ISO 10993-5. The extraction medium was prepared by immersing the MD/PAA in DPBS (Dulbecco’s Phosphate-Buffered Saline) at 37 °C for 24 h and filtered through a 0.22 µm to exclude free-living bacteria and archaea (Sartorius Ltd., Epsom, UK).



NIH3T3 was cultured in DMEM (Dulbecco’s Modified Eagle’s Medium) medium containing 10% FBS (Fetal Bovine Serum) and 1% AA (Antibiotic-Antimycotic) with 5% CO2 at 37 °C for 24 h, seeding density of 2 × 104 cells/well. The culture medium was removed after 24 h and then extraction solution (diluted 2× in culture medium) was added to the 96-well plate and incubated with 5% CO2 at 37 °C for 24 h in humidified cell culture incubator. After cell culture, live/dead staining (LIVE/DEAD Viability/Cytotoxicity Kit, Molecular Probes Inc., Eugene, OR, USA) was performed for cytotoxicity. The culture medium was removed and washed with DPBS to stain calcein AM and ethidium homodimer-1 (diluted to 2 and 4 μm in DPBS) for incubation at 37 °C for 15 min, followed by washes with DBPS. After incubation, live/dead images were acquired using a fluorescence microscope (DMI3000B, Leica, Germany) and images were merged by Image J (NIH, MD, USA). The cell viability was determined by using a WST-1 assay. The WST-1 solution (WST-1: DMEM = 1:9) was added and incubated with 5% CO2 at 37 °C for 3 h. The absorbance of the solution was recorded at 450 nm using a microplate reader (Powerwave XS, Biotek, VT, USA) (n = 4).




3.7. Release Test


The MD/PAA hydrogels were dried at room temperature. Each dried sample was immersed in phosphate buffered saline (PBS) and incubated in a water bath (BS-21, JEIO TECH, Daejeon, Korea) at 37 °C for 120 min, with gentle shaking at 50 rpm. The samples were acquired at pre-determined time intervals (0, 10, 20, 30, 40, 50, 60, and 120 min), and the released MD was measured using a UV-Vis spectrophotometer (S-3100, Scinco, Seoul, Korea). The absorbance was recorded at 319 nm.




3.8. Anti-Bacterial Activity Test


The anti-bacterial activities of MD/PAA against E. coli (ATCC 43895), S. aureus (ATCC 14458), and S. mutans (ATCC 25175) were studied using a solid growth medium. A portion (100 µL) of each bacterial type was uniformly spread onto brain heart infusion broth (BHI) of sheep blood agar and further pre-incubated at 37 °C for 24 h with a density of 1 × 107. To confirm the anti-bacterial activity, the MD/PAA was placed on a sterile paper disc (diameter 10 mm (Advantec Quantitative Filter Paper; Toyo Roshi Kaisha, Ltd., Tokyo, Japan) for placement on a bacteria plate. The plates were then incubated at 37 °C for 12 h, after which the images were acquired and the diameters of the inhibition zones measured by Image J (NIH, MD, USA).




3.9. Statistical Analysis


All data were presented as mean and standard deviation (SD) for n = 4. The t-test (Excel, Microsoft, Redmond, WA, USA) was used to assess the statistical significance of the results (p < 0.05).





4. Conclusions


In this study, PAA and MD mixtures were exposed to γ-radiation. The presence of MD in PAA hydrogels were verified by chemical and physical structure analysis, and cumulative release of MD was determined by MD analysis. The basic chemical structure analysis of MD was changed greatly at radiation doses of 50 and 75 kGy due to degradation by gamma-ray irradiation. However, when the absorbed dose was 25 kGy, the chemical structure analysis of MD did not change significantly. When the absorbed dose was 25 kGy, the MD/PAA hydrogel showed sufficient properties such as gel content and strength to be used in dressing materials. The MD from the PAA hydrogel was consistently released and reached to approximately 80% at 120 min. The release of MD was comparatively high for the first 10 min after drug-release began. The MD/PAA hydrogels exhibited no cytotoxicity and good antibacterial activity against E. coli, S. aureus, and S. mutans. These results provide good evidence that MD/PAA hydrogel prepared by gamma-ray irradiation has potential as a competitive candidate for therapeutic dressings.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/21/1/187/s1.





Author Contributions


J.-S.P. and Y.-M.L. conceived and designed the experiments; J.-S.P., J.-O.J., and E.J.K. performed the experiments; S.-I.J. and J.-Y.L. analyzed the data; J.-O.J. and J.-S.P. wrote the manuscript. The manuscript was reviewed by all authors. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Nuclear R&D program through National Research Foundation (NRF) of Korea grant funded by the Ministry of Science and ICT (Information & Communication Technology) and Future Planning, Korea government (NRF-2017M2A2A6A02018535).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Johnson, M.B.; Mehrvar, M. Aqueous Metronidazole Degradation by UV/H2O2 Process in Single-and Multi-Lamp Tubular Photoreactors: Kinetics and Reactor Design. Ind. Eng. Chem. Res. 2008, 47, 6525–6537. [Google Scholar] [CrossRef]

	



Shemer, H.; Kunukcu, Y.K.; Linden, K.G. Degradation of the pharmaceutical Metronidazole via UV, Fenton and photo-Fenton processes. Chemosphere 2006, 63, 269–276. [Google Scholar] [CrossRef]

	



Khan, G.; Yadav, S.K.; Patel, R.R.; Nath, G.; Bansal, M.; Mishra, B. Development and Evaluation of Biodegradable Chitosan Films of Metronidazole and Levofloxacin for the Management of Periodontitis. AAPS PharmSciTech 2016, 17, 1312–1325. [Google Scholar] [CrossRef] [PubMed]

	



Dahlen, G.; Preus, H.R. Low antibiotic resistance among anaerobic Gram-negative bacteria in periodontitis 5 years following metronidazole therapy. Anaerobe 2017, 43, 94–98. [Google Scholar] [CrossRef] [PubMed]

	



Pichayakorn, W.; Boonme, P. Evaluation of cross-linked chitosan microparticles containing metronidazole for periodontitis treatment. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 1197–1202. [Google Scholar] [CrossRef] [PubMed]

	



Meng, L.; Yin, J.; Yuan, Y.; Xu, N. Near-infrared fluorescence probe: BSA-protected gold nanoclusters for the detection of metronidazole and related nitroimidazole derivatives. Anal. Methods 2017, 9, 768–773. [Google Scholar] [CrossRef]

	



Reinholz, J.; Landfester, K.; Mailänder, V. The challenges of oral drug delivery via nanocarriers. Drug Deliv. 2018, 25, 1694–1705. [Google Scholar] [CrossRef]

	



Miranda, D.G.; Malmonge, S.M.; Campos, D.M.; Attik, N.G.; Grosgogeat, B.; Gritsch, K. A chitosan-hyaluronic acid hydrogel scaffold for periodontal tissue engineering. J. Biomed. Mater. Res. B Appl. Biomater. 2016, 104, 1691–1702. [Google Scholar] [CrossRef]

	



Puppi, D.; Migone, C.; Grassi, L.; Pirosa, A.; Maisetta, G.; Batoni, G.; Chiellini, F. Integrated three-dimensional fiber/hydrogel biphasic scaffolds for periodontal bone tissue engineering. Polym. Int. 2016, 65, 631–640. [Google Scholar] [CrossRef]

	



Francis, S.; Kumar, M.; Varshney, L. Radiation synthesis of superabsorbent poly(acrylic acid)–carrageenan hydrogels. Radiat. Phys. Chem. 2004, 69, 481–486. [Google Scholar] [CrossRef]

	



Qiao, K.; Guo, S.; Zheng, Y.; Xu, X.; Meng, H.; Peng, J.; Fang, Z.; Xie, Y. Effects of graphene on the structure, properties, electro-response behaviors of GO/PAA composite hydrogels and influence of electro-mechanical coupling on BMSC differentiation. Mater. Sci. Eng. C 2018, 93, 853–863. [Google Scholar] [CrossRef] [PubMed]

	



Jabbari, E.; Nozari, S. Swelling Behaviour of Acrylic Acid Hydrogels Prepared by??-Radiation Crosslinking of Polyacrylic Acid in Aqueous Solution. Eur. Polym. J. 2000, 36, 2685–2692. [Google Scholar] [CrossRef]

	



Broom, N.D.; Oloyede, A. The importance of physicochemical swelling in cartilage illustrated with a model hydrogel system. Biomaterials 1998, 19, 1179–1188. [Google Scholar] [CrossRef]

	



Scotchford, C.A.; Cascone, M.G.; Downes, S.; Giusti, P. Osteoblast responses to collagen-PVA bioartificial polymers in vitro: The effects of cross-linking method and collagen content. Biomaterials 1998, 19, 1–11. [Google Scholar] [CrossRef]

	



Hassan, S.; Yasin, T. Synthesis of radiation crosslinked poly(acrylic acid) in the presence of phenyltriethoxysilane. Radiat. Phys. Chem. 2014, 97, 292–297. [Google Scholar] [CrossRef]

	



Rosiak, J.M.; Ulański, P. Synthesis of hydrogels by irradiation of polymers in aqueous solution. Radiat. Phys. Chem. 1999, 55, 139–151. [Google Scholar] [CrossRef]

	



Qi, X.; Hu, X.; Wei, W.; Yu, H.; Li, J.; Zhang, J.; Dong, W. Investigation of Salecan/poly(vinyl alcohol) hydrogels prepared by freeze/thaw method. Carbohydr. Polym. 2015, 118, 60–69. [Google Scholar] [CrossRef]

	



Huang, X.; Zhang, Y.; Zhang, X.; Xu, L.; Chen, X.; Wei, S. Influence of radiation crosslinked carboxymethyl-chitosan/gelatin hydrogel on cutaneous wound healing. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 4816–4824. [Google Scholar] [CrossRef]

	



Demeter, M.; Virgolici, M.; Vancea, C.; Scarisoreanu, A.; Kaya, M.G.A.; Meltzer, V. Network structure studies on γ–irradiated collagen–PVP superabsorbent hydrogels. Radiat. Phys. Chem. 2017, 131, 51–59. [Google Scholar] [CrossRef]

	



Fekete, T.; Borsa, J.; Takács, E.; Wojnárovits, L. Synthesis of cellulose derivative based superabsorbent hydrogels by radiation induced crosslinking. Cellulose 2014, 21, 4157–4165. [Google Scholar] [CrossRef]

	



Al-qudah, Y.H.F.; Mahmoud, G.A.; Abdel Khalek, M.A. Radiation crosslinked poly (vinyl alcohol)/acrylic acid copolymer for removal of heavy metal ions from aqueous solutions. J. Radiat. Res. Appl. Sci. 2014, 7, 135–145. [Google Scholar] [CrossRef]

	



Nikolic, V.M.; Krkljes, A.; Popovic, Z.K.; Lausevic, Z.V.; Miljanic, S.S. On the use of gamma irradiation crosslinked PVA membranes in hydrogen fuel cells. Electrochem. Commun. 2007, 11, 2661–2665. [Google Scholar] [CrossRef]

	



Yang, J.M.; Su, W.Y.; Leu, T.L.; Yang, M.C. Evaluation of chitosan/PVA blended hydrogel membranes. J. Membr. Sci. 2004, 236, 39–51. [Google Scholar] [CrossRef]

	



Singh, B.; Chauhan, N.; Kumar, S. Radiation crosslinked psyllium and polyacrylic acid based hydrogels for use in colon specific drug delivery. Carbohydr. Polym. 2008, 73, 446–455. [Google Scholar] [CrossRef]

	



Abd El-Rehim, H.A.; Swilem, A.E.; Klingner, A.; Hegazy, E.-S.A.; Hamed, A.A. Developing the potential ophthalmic applications of pilocarpine entrapped into polyvinylpyrrolidone-poly(acrylic acid) nanogel dispersions prepared by γ radiation. Biomacromolecules 2013, 14, 688–698. [Google Scholar] [CrossRef]

	



Nho, Y.-C.; Park, J.-S.; Lim, Y.-M. Preparation of Poly(acrylic acid) Hydrogel by Radiation Crosslinking and Its Application for Mucoadhesives. Polymers 2014, 6, 890–898. [Google Scholar] [CrossRef]

	



Vasi, A.-M.; Popa, M.I.; Tanase, E.C.; Butnaru, M.; Verestiuc, L. Poly(acrylic acid)-poly(ethylene glycol) nanoparticles designed for ophthalmic drug delivery. J. Pharm. Sci. 2014, 103, 676–686. [Google Scholar] [CrossRef]

	



Salahuddin, A.; Agarwal, S.M.; Avecilla, F.; Azam, A. Metronidazole thiosalicylate conjugates: synthesis, crystal structure, docking studies and antiamoebic activity. Bioorg. Med. Chem. Lett. 2012, 22, 5694–5699. [Google Scholar] [CrossRef]

	



Di Martino, P.; Censi, R.; Malaj, L.; Capsoni, D.; Massarotti, V.; Martelli, S. Influence of solvent and crystallization method on the crystal habit of metronidazole. Cryst. Res. Technol. 2007, 42, 800–806. [Google Scholar] [CrossRef]

	



De Souza, N.A.B.; de Souza, F.S.; Basílio, I.D.; Medeiros, A.C.D.; Oliveira, E.J.; Santos, A.F.O.; Macwdo, R.O.; Macędo, R.O. Thermal stability of metronidazole drug and tablets. J. Therm. Anal. Calorim. 2003, 72, 535–538. [Google Scholar] [CrossRef]

	



Singh, R.; Maity, S.; Sa, B. Effect of ionic crosslink on the release of metronidazole from partially carboxymethylated guar gum tablet. Carbohydr. Polym. 2014, 106, 414–421. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.-S.; An, S.-J.; Jeong, S.-I.; Gwon, H.-J.; Lim, Y.-M.; Nho, Y.-C. Chestnut Honey Impregnated Carboxymethyl Cellulose Hydrogel for Diabetic Ulcer Healing. Polymers 2017, 9, 248. [Google Scholar] [CrossRef] [PubMed]

	



Xue, J.; He, M.; Liang, Y.; Crawford, A.; Coates, P.; Chen, D.; Shi, R.; Zhang, L. Fabrication and evaluation of electrospun PCL–gelatin micro-/nanofiber membranes for anti-infective GTR implants. J. Mater. Chem. B 2014, 2, 6867–6877. [Google Scholar] [CrossRef]

	



Prabhakaran, M.P.; Zamani, M.; Felice, B.; Ramakrishna, S. Electrospraying technique for the fabrication of metronidazole contained PLGA particles and their release profile. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 56, 66–73. [Google Scholar] [CrossRef] [PubMed]

	



Villinski, J.R.; Bergeron, C.; Cannistra, J.C.; Gloer, J.B.; Coleman, C.M.; Ferreira, D.; Azelmat, J.; Grenier, D.; Gafner, S. Pyrano-isoflavans from Glycyrrhiza uralensis with antibacterial activity against Streptococcus mutans and Porphyromonas gingivalis. J. Nat. Prod. 2014, 77, 521–526. [Google Scholar] [CrossRef]

	



Eshed, M.; Lellouche, J.; Matalon, S.; Gedanken, A.; Banin, E. Sonochemical coatings of ZnO and CuO nanoparticles inhibit Streptococcus mutans biofilm formation on teeth model. Langmuir ACS J. Surf. Colloids 2012, 28, 12288–12295. [Google Scholar] [CrossRef]








[image: Ijms 21 00187 g001 550] 





Figure 1. (a) A schematic illustration of MD/PAAc hydrogel films using gamma-ray. (b) Optical images of radiated 1 wt% MD solution with different radiation dose (0, 25, 50, and 75 kGy) (c) Optical images of MD/PAAc hydrogel film with different concentration of MD. 
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Figure 2. NMR spectra of MD (a) 0 kGy (b) 25 kGy, (c) 50 kGy, and (d) 75 kGy. 
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Figure 3. XPS spectra (N1s) of radiated metronidazole: (a) 0 kGy, (b) 25 kGy, (c) 50 kGy, and (d) 75 kGy. 
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Figure 4. Mechanism of poly (acrylic acid) hydrogel formation using gamma-rays. 
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Figure 5. FTIR spectra of MD/PAA (metronidazole/poly (acrylic acid)) hydrogel films with different content of MD (0, 0.1, 0.25, and 0.5 wt%) and radiation dose at 25 kGy. 
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Figure 6. XPS spectra (C1s) of MD contained poly(acrylic acid) hydrogel films: (a) PAA, (b) 0.1MD/PAA, (c) 0.25MD/PAA, (d) 0.5MD/PAA, (e) 1MD/PAA (irradiated at 25 kGy), and (f) relative composition of carbon, nitrogen, and oxygen atoms. 
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Figure 7. XPS spectra (N1s) of MD/PAA hydrogel film with different MD content: (a) 0.1 wt%, (b) 0.25 wt%, (c) 0.5 wt%, and (d) 1 wt%. 
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Figure 8. (a) Gel content of MD/PAA hydrogel films with different content of MD from 0 to 1 wt% with radiation dose at 25 kGy, (b) degree of swelling of MD/PAA hydrogel films with different content of MD from 0 to 1 wt% with radiation dose at 25 kGy, (c) Compressive strength of 7 wt% PAA hydrogel films with different radiation dose of 0, 25, 50, or 75 kGy, and (d) MD/PAA hydrogel films with different MD content (0, 0.1, 0.25, 0.5, or 1 wt%) with radiation dose at 25 kGy. (N.D = not detected). 
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Figure 9. Live/Dead assay of NIH3T3 cells cultured on MD/PAA hydrogel films with different content of MD: (a) 0 wt%, (b) 0.1 wt%, (c) 0.25 wt%, (d) 0.5 wt%, and (e) 1 wt% irradiated at 25 kGy, and (f) cell viability of MD/PAA hydrogel film using WST-1 assay. (“*” indicates statistical significance relative to PAA, and “§” relative to the 0.1MD/PAA, with p < 0.05). 
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Figure 10. Cumulative release of metronidazole from MD/PAA hydrogel films with different content of MD (0.1, 0.25, 0.5, and 1 wt%) and radiation dose at 25 kGy. 
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Figure 11. Anti-bacterial activity of the MD/PAA hydrogel films: (a,d) Escherichia coli, (b,e) Staphylococcus aureus, and (c,f) Streptocaccus mutans. (“*” indicates statistical significance relative to the 0.25 MD/PAA and “§” relative to the 0.5 MD/PAA, with p < 0.05), (N.D = Not detected). 
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Table 1. Characteristics of metronidazole containing poly (acrylic acid) hydrogel films with different radiation doses.
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	Sample
	MD Content (wt%)
	Radiation Dose (kGy)





	MD/PAA25
	1
	25



	MD/PAA50
	1
	50



	MD/PAA75
	1
	75










[image: Table] 





Table 2. Characteristics of metronidazole containing poly (acrylic acid) hydrogel films with different MD content.
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	Sample
	MD Content (wt%)
	Radiation Dose (kGy)





	0.1MD/PAA
	0.1
	25



	0.25MD/PAA
	0.25
	25



	0.5MD/PAA
	0.5
	25



	1MD/PAA
	1
	25
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