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Abstract

:

Polyurethane foams (PUFs) have attracted attention as biomaterials because of their low adhesion to the wound area and suitability as biodegradable or bioactive materials. The composition of the building blocks for PUFs can be controlled with additives, which provide excellent anti-drug resistance and biocompatibility. Herein, nanosized Cu-BTC (copper(II)-benzene-1,3,5-tricarboxylate) was incorporated into a PUF via the crosslinking reaction of castor oil and chitosan with toluene-2,4-diisocyanate, to enhance therapeutic efficiency through the modification of the surface of PUF. The physical and thermal properties of the nanosized Cu-BTC-incorporated PUF (PUF@Cu-BTC), e.g., swelling ratio, phase transition, thermal gravity loss, and cell morphology, were compared with those of the control PUF. The bactericidal activities of PUF@Cu-BTC and control PUF were evaluated against Pseudomonas aeruginosa, Klebsiella pneumoniae, and methicillin-resistant Staphylococcus aureus. PUF@Cu-BTC exhibited selective and significant antibacterial activity toward the tested bacteria and lower cytotoxicity for mouse embryonic fibroblasts compared with the control PUF at a dose of 2 mg mL−1. The Cu(II) ions release test showed that PUF@Cu-BTC was stable in phosphate buffered saline (PBS) for 24 h. The selective bactericidal activity and low cytotoxicity of PUF@Cu-BTC ensure it is a candidate for therapeutic applications for the drug delivery, treatment of skin disease, and wound healing.
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1. Introduction


Polyurethanes (PUs), which can be synthesized by polymerization reactions between isocyanates and polyols, are versatile polymers used in various applications. PUs are omnipresent in daily life owing to their diverse compositions, excellent mechanical properties, and good biocompatibility [1,2,3,4,5]. In general, PUs are prepared from petroleum-based resources; however, with the increasing interest in sustainable and environmental issues, many kinds of sustainable natural materials such as castor oil, crude glycerol, olive stone, lignin, and sorbitol have been used to generate polyols [6,7,8,9,10]. In particular, PUs prepared from plant-based polyols provide additional advantages in biocompatibility for biomedical applications [11,12,13,14]. Therefore, the research area can be expanded to biomedical applications such as catheters, vascular prostheses, breast implants, heart valves, pacemakers, and drug delivery [1,15,16,17,18,19]. Among PU applications, polyurethane foams (PUFs) are one of the most representative products in the PU industry. PUFs can provide adequate moisture and exhibit high gas permeability. Moreover, PUFs have low adhesion to the wound area [20,21,22], and can be functionally designed as either biodegradable or bioactive materials. The composition of the building blocks for PUFs can be controlled with additives, which provide excellent anti-drug resistance and biocompatibility [15,16,17,23].



To enhance the biomedical properties of PUFs, we have attempted to incorporate chitosan and metal–organic frameworks (MOFs) as additives. Chitosan, known as the N-deacetylated derivative of chitin, has been used to prepare a variety of polymer architectures such as films, sponges, hydrogels, etc. [24]. Furthermore, it can assume dual roles as a chain extender and an antibiotic toward microorganisms like fungi and bacteria via linkage to an amine group (-NH2) [25,26,27,28]. Owing to their high surface area, crystallinity, and easy tunability, crystalline MOFs have been applied in areas such as sensors, gas sorption, separation, and catalysis processes, and have been recently extended to biomedical fields via combination with nanoparticles, antibiotics, and polymeric materials [29,30,31,32,33,34,35,36]. In particular, nanosized MOFs are known to provide a beneficial surface area effect and size dependent properties compared to bulk MOF [37]. Cu-BTC (copper(II)-benzene-1,3,5-tricarboxylate) was used in the current work, since it is utilized in many applications owing to its high porosity and unique structural composition [38,39,40,41,42,43], and exhibited excellent bioactivities toward various microbes; it is frequently applied to various antibacterial polymers [44,45,46,47,48].



Herein, we report the preparation and antibacterial activities of the nanosized Cu-BTC-incorporated PUF (PUF@Cu-BTC), which is composed of nanosized Cu-BTC incorporated with PUFs. PUF@Cu-BTC was prepared by crosslinking castor oil and chitosan with toluene-2,4-diisocyanate (TDI) in the presence of nanosized Cu-BTC and water. This is an example of the synergistic combination of sustainable PUFs based on castor oil, antibacterial chitosan, and nanosized Cu-BTC, which can be used for biomedical and therapeutic applications. The structures of the prepared materials were fully characterized, and their antibacterial activities against Pseudomonas aeruginosa (P. aeruginosa), Klebsiella pneumonia (K. pneumonia), and methicillin-resistant Staphylococcus aureus (MRSA) were tested. The biocompatibility of the materials in vitro was also examined in mouse embryonic fibroblasts.




2. Results and Discussion


2.1. Preparation of PUF and PUF@Cu-BTC


Cu-BTC, formulated as Cu3(BTC)2 (copper(II)-benzene-1,3,5-tricarboxylate), was synthesized following a previously reported method, albeit, incorporating a slight modification [49]. Typically, Cu(NO3)2∙3H2O reacted with H3BTC in mixed solvent of ethanol, deionized water, and DMF at 80 °C for 24 h. Nanosized Cu-BTC was then prepared by ball-milling the as-prepared Cu-BTC with a weight ratio of 50:1 (balls-to-Cu-BTC) for better dispersion derived from the small size of the polymer solution.



PUF@Cu-BTC was prepared as a film via foaming reaction of castor oil (polyol), chitosan (chain extender), nanosized Cu-BTC (antibacterial additive), Dabco 33 (catalyst), and water (foaming agent) with TDI in 10% excess molar ratio. The foaming processes conventionally proceed via multi-step reactions including urethane, urea, allophanate, and biuret formations as shown as Scheme 1 [50]. In detail, TDI reacts with castor oil and water to form typical urethane and urea linkage evolving CO2 foaming gas, respectively. Amines derived from water and chitosan further react with isocyanate to extend polymer chains through urea bond, and then, urethane and urea are converted to allophanate and biuret linkage by secondary reactions with isocyanate, respectively. Foam density of PUF@Cu-BTC was measured as higher, 0.69 g mL−1 than that of hard polyurethane foams [51]. The PUF was also synthesized as a control experiment via the same protocol as that for PUF@Cu-BTC, but excluding the nanosized Cu-BTC.




2.2. Characterizations of Nanosized Cu-BTC, PUF, and PUF@Cu-BTC


The crystalline natures of Cu-BTC, nanosized Cu-BTC, PUF, and PUF@Cu-BTC were determined by powder X-ray diffraction (PXRD) in range of 0 to 90°. The PXRD pattern of Cu-BTC was in line with the simulated pattern from the X-ray crystallographic data (Figure S1). After ball-milling, the crystallinity of the nanosized Cu-BTC decreased compared with Cu-BTC. PUF and PUF@Cu-BTC were observed as semi-crystalline polymers with a broad peak at 20° (Figure 1).



From TEM images, nanosized Cu-BTC was fabricated as irregular lumps comprising an agglomerated powder in the range of 100 to 200 nm (Figure 2).



In Fourier-transform infrared spectroscopy (FT-IR), both PUF and PUF@Cu-BTC exhibit broad N-H absorption band near 3344 cm−1 and the absorption band of excess isocyanate (-N=C=O) appeared at 2274 cm−1 [52]. The sharp absorption at 1730 cm−1 corresponds to typical symmetric stretching bands ν(C=O). The weak adsorption of C-N stretching was observed at 1524 cm−1, while the stretching mode ν(C=O) for the carbonyl of Cu-BTC was not observed at 1640 cm−1 due to its low concentration and overlapping with peaks derived from urethane linkage (-NH-COO-) (Figure 3).



Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed to investigate the thermal stability of nanosized Cu-BTC on PUF (Figure 4).



The glass transition temperature (Tg) did not appear in the DSC curves of both PUF and PUF@Cu-BTC because of their flexibility. However, there is an endo peak at approximately 320 °C and an exo peak at approximately 425 °C in the DSC curves of the two samples corresponding to the hard segment crystalline melting points and the degradation points, respectively (Figure 4a).



The TGA curves illustrate the two-step degradation of PUF and PUF@Cu-BTC. In the first step, the urethane bond (-NH-CO-O-) was smoothly broken from 300 to 500 °C (approximately 60%). In the second step, the urethane linkages (-HN-CO-NH) and polyol bonds were cleaved in the temperature range of 500 to 580 °C because of the higher bond strength (approximately 37%) [53]. Additionally, the degradation of Cu-BTC was weakly observed in the PUF-Cu-BTC plot from 350 to 500 °C. Moreover, PUF@Cu-BTC decomposed slightly less than PUF (approximately 1%) because of the thermal stability of the CuO derived from Cu-BTC (Figure 4b).



Figure 5 presents representative SEM images and the corresponding elemental distribution spectra (EDS) elemental mapping data for PUF and PUF@Cu-BTC.



The C, O, and N elements were distributed evenly throughout the network of the two samples. In addition, the presence of nanosized Cu-BTC in PUF@Cu-BTC was further confirmed by EDS mapping of Cu. The micrograph illustrates that PUF@Cu-BTC comprises more cells in smaller sizes than those in PUF, and the average cell size of the foam was decreased from 350 to 50 μm after Cu-BTC was incorporated into PUF (Figure S2). This phenomenon implies that CO2 gas is necessary for cell growth, and possibly absorbs into the porous Cu-BTC or bonds on its active metal sites, resulting in a decreased cell size and slightly increased density than PUF (0.69 vs. 0.64 g mL−1) [31,43].




2.3. Swelling Properties of PUF@Cu-BTC


PUF and PUF@Cu-BTC’s swelling ratios were observed as 1.11 ± 0.06 and 1.22 ± 0.04, respectively (Table 1). Meanwhile, PUF@Cu-BTC exhibited a slightly larger swelling ratio compared to that of PUF, which can be explained by the porosity of Cu-BTC which allows for favorable water storage owing to the smaller cells. From these results, PUF@Cu-BTC was considered to maintain polymeric structures similar to those of the control PUF.




2.4. Bactericidal Test


The bactericidal properties of PUF and PUF@Cu-MOF were tested for potential therapeutic applications; the antibacterial properties of the antibacterial chitosan-based PUF were tested against P. aeruginosa, K. pneumoniae, and MRSA (Figure 6 and Table 2).



Bactericidal percentage increased in the following order: MRSA (30.8%), P. aeruginosa (66.3%), and K. pneumoniae (99.3%). PUF exhibited considerable antibacterial properties against K. pneumoniae, and this may be attributed to the inclusion of chitosan [25,26]. When Cu-BTC was incorporated into PUF (PUF@Cu-BTC), its bactericidal property increased significantly toward MRSA (30.87 to 77.6%) and P. aeruginosa (66.3 to 97.8%), but the bactericidal percent toward K. pneumoniaee increased to 99.9% at 2 mg/mL, where elimination of all bacteria is preferred (99.9%), instead of natural selection leading to resistance (99.3%) [53,54,55,56,57]. Both PUF and PUF@Cu-BTC had the highest bioactivity against K. pneumoniae.



In conclusion, these results indicate that PUF@Cu-BTC exhibits a synergistic bactericidal effect derived from the combination of chitosan and Cu-BTC on MRSA and P. aeruginosa.




2.5. Ion Release Test


The degradation tests of PUF@Cu-BTC were performed for 6, 12, and 24 h in PBS at 25 °C, respectively. The amount of copper (II) ions released from PUF@Cu-BTC was observed using inductively coupled plasma mass spectrometry (ICP-MS). Although the concentration of metal ions released from 1 mg mL−1 of PUF @Cu-BTC increased to 6 h and then suddenly reduced as 9 ppb until 24 h (Figure 7). Conversely, the concentration of Cu(II) ions released from Cu-BTC was observed as 5366 ppb at 24 h, which was over 596 times higher than that of PUF@Cu-BTC (9 ppb). Cu-BTC presents synergistic bactericidal property against all bacterial strains, while it stays stably at PUF network releasing very lower concentration of Cu (II) ion than Cu-BTC.




2.6. Cytotoxicity of PUF@Cu-BTC


Based on prior study, we investigated the cell biocompatibility of PUF@C-BTC [58,59]. To verify the toxicity of the control PUF and PUF@Cu-BTC, each sample was prepared using the same method. Furthermore, as an additional positive control (blank), an MEF monolayer with no contact was prepared. An MEF monolayer contact with a 10% EtOH solution was employed as a negative control. Both live/dead staining and a colorimetric MTS test were used to monitor MEF viability. The cell viabilities for the blank, PUF, and PUF@Cu-BTC samples exceeded 95% at 1 day after culture, as demonstrated in the fluorescence microscopy images (Figure 8a), but the majority of cells died after exposure to EtOH.



After seeding, the cells gradually attached, spread, and flattened on the surface before creating a confluent layer that lasted for 3 days; however, this was not observed in the EtOH group (data were not shown). These results indicate that PUF and PUF@Cu-BTC were not harmful to the cells. An MTS assay was used for further quantification (Figure 8b). PUF and PUF@Cu-BTC extracted from cell culture media solutions were serially diluted. For example, 100% denotes the original extraction medium, while 25% denotes a fourfold dilution of the original extraction media. Following the creation of the MEF monolayer, the culture media was replaced to a media containing the extraction solution at the required concentration and cultivated. The acquired MTS results showed that PUF@Cu-BTC had good cytocompatibility, with MEF viability over 95% in all the cases; however, most MEFs died when exposed to EtOH, validating the low cytotoxicity of the PUF and PUF@Cu-BTC extracts.





3. Materials and Methods


3.1. Preparation of Nanosized Copper(II)-Benzene-1,3,5-Tricarboxylate (Cu-BTC)


Cu-BTC was prepared by a previously reported solvothermal method utilizing copper(II) ions and 1,3,5-benzenetricarboxylate ligands [49]. In a 20 mL vial, copper(II) nitrate trihydrate (Cu(NO3)2∙3H2O, 99%, Acros, Seoul, Korea) (0.725 g, 3.0 mmol) was dissolved in deionized water (10 mL). Meanwhile, 1,3,5-benzenetricarboxylic acid (H3BTC, C9H6O6, 98%, Acros, Seoul, Korea) (0.210 g, 1.0 mmol) was dissolved in ethanol (10 mL). The Cu(NO3)2 solution was quickly added to the H3BTC solution at 25 °C and stirred and then, DMF (0.7 mL) was added into this solution. The reaction mixture was rose to 80 °C and placed for 24 h at this temperature. After cooling naturally to 25 °C, the resultant product was collected through centrifuging and dried under vacuum for 24 h after several times washing with deionized water and ethanol.



Nanosized Cu-BTC was prepared using a ball-milling method. The as-prepared Cu-BTC was ball-milled at 350 rpm for 6 h at a weight ratio of 50:1 (balls-to-Cu-BTC) using a Fritsch™ Planetary Mill Pulverisette 5 (Fritsch GmbH, Idar-obertein, Germany).




3.2. Preparation of PUF and Nanosized Cu-BTC Incorporated Polyurethane Foam (PUF@Cu-BTC)


PUF@Cu-BTC was prepared by crosslinking a mixture of castor oil (10 g, H-35, Itoh Oil Chemicals Co., LTD, Yokkaichi, Japan), chitosan (160 mg, Aldrich, Darmstadt, Germany), nanosized Cu-BTC (15 mg), 1,4-diazabicyclo[2.2.2]octane (Dabco 33, 30 mg, Aldrich, Darmstadt, Germany), and water (100 mg) with toluene-2,4-diisocyanate (TDI, Aldrich, Darmstadt, Germany) in 10% excess molar ratio. In detail, a mixture of castor oil (10 g), chitosan (160 mg), Dabco 33 (30 mg), and water (100 mg) was first mixed with nanosized Cu-BTC (15 mg). Subsequently, TDI was added to the above mixture, and the obtained suspension was pipetted into a silicone rubber mold for vulcanizing for 24 h at 25 °C.



For the control experiment, PUF was prepared using the same protocol, but, excluding nanosized Cu-BTC.




3.3. Instrumentation


PXRD patterns were obtained using a Rigaku MiniFlex diffractometer (Neu-Isenburg, Germany; 30 kV, 15 mA, scan speed: 2° min−1, step size: 0.02°). FTIR spectra were measured on a Nicolet iS10 FTIR spectrometer with KBr pellets (Thermo Fisher Scientific, Waltham, Massachusetts, USA). DSC and TGA was performed using DSC (DSC 214 polyma, NETZSCH, Burlington, MA, USA), and TGA (TG 209 F3 Tarsus®, NETZSCH, Burlington, MA, USA), respectively. The surface morphology and elemental composition of PUFs were characterized using SEM-EDS (FE-SEM, JEOL JSM-5800F, Peabody, MA, USA) and TEM (JEOL JEM-2100F, Peabody, MA, USA). Degradation of PU@Cu-BTC was tested by inductively coupled plasma mass spectrometry (NexION 350D, Perkin-Elmer SCIEX, Waltham, MA, USA). The fluorescence intensity was read with a microplate reader (Synergy H1, BioTek, Winooski, VT, USA) and the stained cells were imaged by a fluorescent microscope (IX83, Olympus, Center Valley, PA, USA).




3.4. Swelling Ratio of PUF@Cu-BTC


PUF and PUF@Cu-BTC were swollen for 48 h in 0.01 M PSB for the swelling ratio tests. The residual moisture on the surface of fully swollen PUF and PUF@Cu-BTC samples was drained using filter paper after they were removed from the PBS solution. The swollen samples were individually weighed (Ws) and freeze-dried and weighed (Wd), and their swelling ratios were calculated using the following equation (Equation (1)):


Swelling ratio = Ws/Wd (n = 4)



(1)








3.5. Degradation and Metal Ion Release Test


Three test solutions consisting of PUF@Cu-BTC were prepared for the ion leakage test at a concentration of 1 mg mL−1 in PBS and stirred for 6, 12, and 24 h at 25 °C. Nanosized Cu-BTC (1 mg mL−1) was evaluated using the same method. The quantity of Cu(II) ions released in the samples was measured by ICP-MS with the supernatant separated from each test tube after centrifugation. The degree of degradation is expressed as ppb (μg Kg−1), and the concentration of Cu(II) ions released into the medium at each release test time.




3.6. Antibacterial Test


According to a previously published test method, the antibacterial properties of PUF and PUF@Cu-BTC were assessed against three bacteria strains: P. aeruginosa, K. pneumoniae, and MRSA [60]. In brief, the antibacterial properties of PUF@Cu-BTC were tested against three strains of bacteria, three specimens of 50 × 50 mm2 (within 10 mm thickness) and a Stomacher film of the same size was prepared as a control. As a positive control, PUF (without Cu-BTC) was made and tested. The test specimen’s surface was wiped with ethanol 2−3 times using gauze before being completely dried. Platelets containing precultured test bacteria were routinely inoculated with 105~106 colony-forming units (cfu)·mL−1. The test side of each test component was placed in a Petri dish. Using a pipette, 0.2 mL of the test solution was inoculated onto each test piece. To disseminate the test bacteria over the film, the film on the fallen test bacterium was covered and lightly squeezed. The test piece inoculated with the test strain and the control Petri dish were incubated at 37 °C for 24 h. To wash away the test bacteria, 10 mL of SCDLP medium was added. The viable cells were counted using this washed solution. After incubation, the test bacteria were washed off. The washing solution (1 mL) was added to 9 mL of physiological saline and mixed completely. The washing solution was diluted by step by step as described in this procedure, and the 100 μL of the diluted solution was plated onto three nutrient agar plates and incubated at 37 °C for 24 h. All of the experiments were carried out in three times.




3.7. Cytotoxicity Assays


Cytotoxicity of PUF and PUF@Cu-BTC was assessed as described in prior papers [58]. MEFs were maintained at 37 °C in a humidified incubator with 5% CO2 in T75 flasks containing DMEM (supplemented with 10% (v/v) FBS, 200 IU·mL−1 penicillin, and 200 μg·mL−1 streptomycin). On the collagen type I-coated glass slide (1.25 cm × 1.25 cm), MEFs were seeded at a density of 5 × 104 cells·cm−1 and cultured for 3 h. Non-adherent cells were rinsed in PBS, transferred to a well plate, and cultured. Each PUF and PUF@Cu-BTC (1.5 cm diameter) was carefully placed on the cell monolayer at the next day. The incubation period was 24 h. The live/dead assay (ThermoFisher Scientific, Waltham, MA, USA) was used to examine the cells, with the live cells fluorescing green and the dead cells fluorescing red. Inverted fluorescence microscopy (IX83, Olympus, Center Valley, PA, USA) was used to examine the labeled cells after they had been washed in PBS. The ratio of living cells to the total number of cells was used to determine cell viability. In addition, the viability of cells was quantified using an MTS test, which assesses the metabolic rates. PUF and PUF@Cu-BTC were incubated in a cell culture medium for 24 h to obtain the extract solutions, and the cells were seeded on a 24-well plate at a density of 5 × 104 cells per well, as stated in earlier reports. The culture media in each well was changed with DMEM containing the extract solution (200 μL) after 24 h of incubation at 37 °C [59]. The DMEM-containing extract solution was carefully removed after 24 h of incubation, and each well was subsequently filled with an MTS cell proliferation assay kit solution (20 μL) and a fresh media (200 µL). The absorbance at a wavelength of 490 nm was measured using a microplate reader after an additional 4 h of incubation (Synergy H1, BioTek, Winooski, VT, USA). The number of proliferating cells was determined using the following equation and a standard curve of cells (Equation (2)):


Cell viability (%) = (ODsample − ODblank/ODcontrol − ODblank) × 100



(2)




where the absorbance of the wells containing extract solution was OD sample, the absorbance of the wells containing only culture media was OD control, and the absorbance of the wells without cell was OD blank.





4. Conclusions


In this study, nanosized Cu-BTC was successfully incorporated into the PUF surface via a crosslinking process at 25 °C to afford PUF@Cu-BTC. The physical and thermal properties seemed to be similar to those of the as-prepared PUF. The release test of Cu(II) ions indicated that PUF@Cu-BTC was stable in a PBS solution, and PUF@Cu-BTC exhibited significant antibacterial activities and selectivity against three strains of bacteria, P. aeruginosa, K. pneumoniae, and MRSA, and low cytotoxicity in MEFs at 2 mg mL−1. Furthermore, PUF@Cu-BTC exhibited an excellent synergistic effect for bactericidal properties when combined with chitosan and Cu-BTC, compared with PUF. The low cytotoxicity and high bactericidal activity of PUF@Cu-BTC indicate its suitability as a candidate for therapeutic applications for the drug delivery, treatment of skin disease, and wound healing.








Supplementary Materials


The following are available online at www.mdpi.com/article/10.3390/ijms222413622/s1. PXRD and SEM data are supplied as supporting information.





Author Contributions


Conceptualization, D.N.L.; methodology, K.G., Y.N. and S.J.L.; validation, Y.N., S.J.L. and N.M.T.; formal analysis, K.G., Y.N. and S.J.L.; investigation, S.J.L.; data curation, K.G., Y.N., S.J.L. and N.M.T.; writing—original draft preparation, D.N.L., H.Y. and K.G.; writing—review and editing, H.Y., K.G. and D.N.L.; supervision, H.Y. and D.N.L.; funding acquisition, H.Y., K.G., S.J.L. and D.N.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Science Research Program of the National Research Foundation of Korea (2021R1A2C1004285, 2020R1A2C1004006, 2017R1A6A3A11030955) and by the excellent research support project of Kwangwoon University in the year 2021. This work was also supported by the Center for Women in Science, Engineering, and Technology (WISET) Grant funded by the Ministry of Science and ICT(MSIT) under the Program for Returners into R&D.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We cordially thank Kwangwoon University for the excellent research support project in the year 2021 and the Nano-Material Technology Development Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT and Future Planning (2009-0082580).




Conflicts of Interest


The authors declare no competing financial interest.




References


	



Chen, Q.; Liang, S.; Thouas, G.A. Elastomeric biomaterials for tissue engineering. Prog. Polym. Sci. 2013, 38, 584–671. [Google Scholar] [CrossRef]

	



Chen, F.-M.; Liu, X. Advancing biomaterials of human origin for tissue engineering. Prog. Polym. Sci. 2016, 53, 86–168. [Google Scholar] [CrossRef] [PubMed]

	



Alves, P.; Ferreira, P.; Gil, M.H. Biomedical Polyurethane-Based Materials in: Polyurethane: Properties, Structure and Application; Nova Publishers: New York, NV, USA, 2012; ISBN 978-1-61942-453-1. [Google Scholar]

	



Zdrahhala, R.J.; Zdrahhala, I.J. Biomedical applications of polyurethanes: A review of past promises, present realities, and a vibrant future. J. Biomater. Appl. 1999, 14, 67–90. [Google Scholar] [CrossRef]

	



Mehdizadeh, M.; Yang, J. Design strategies and applications of tissue bioadhesives. Marcromol. Biosci. 2013, 13, 271–288. [Google Scholar] [CrossRef]

	



Agrawal, A.; Kaur, R.; Walia, R.S. PU foam derived from renewable sources: Perspective on properties enhancement: An overview. Eur. Polym. J. 2017, 95, 255–274. [Google Scholar] [CrossRef]

	



Pawar, M.S.; Kadam, A.S.; Dawane, B.S.; Yemul, O.S. Synthesis and characterization of rigid polyurethane foams from algae oil using biobased chain extenders. Polym. Bull. 2016, 73, 727–741. [Google Scholar] [CrossRef]

	



Petrović, Z.S. Polyurethanes from vegetable oils. Polym. Rev. 2008, 48, 109–155. [Google Scholar] [CrossRef]

	



Guo, A.; Javni, I.; Petrovic, Z. Rigid polyurethane foams based on soybean oil. J. Appl. Polym. Sci. 2000, 77, 467–473. [Google Scholar] [CrossRef]

	



Sawpan, M.A. Polyurethanes from vegetable oils and applications: A review. J. Polym. Res. 2018, 25, 184. [Google Scholar] [CrossRef]

	



Vermette, P.; Griesser, H.J.; Laroche, G.; Guidoin, R. Biomedical Application of Polyurethanes; Landes Bioscience: Georgetown, TX, USA, 2001. [Google Scholar]

	



Kaushiva, B.D.; McCartney, S.R.; Rossmy, G.R.; Wilkes, G.L. Surfactant level influences on structure and properties of flexible slabstock polyurethane foams. Polymer 2000, 41, 285–310. [Google Scholar] [CrossRef]

	



Chattopadhyay, D.K.; Raju, K.V.S.N. Structural engineering of polyurethane coatings for high performance applications. Prog. Polym. Sci. 2007, 32, 352–418. [Google Scholar] [CrossRef]

	



Lu, Y.; Larock, R.C. Novel polymeric materials from vegetable oils and vinyl monomers: Preparation, properties, and applications. ChemSusChem 2009, 2, 136–147. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.Q.; Kodama, M. Porous polyurethane vascular prostheses with variable compliances. J. Biomed. Mater. Res. 1992, 26, 1489–1502. [Google Scholar] [CrossRef]

	



Hoffman, D.; Sisto, D.; Yu, L.S.; Dahm, M.; Kolff, W.J. Evaluation of stented polyurethane mitral valve prosthesis. Trans Am. Soc. Artif. Intern. Organs. 1991, 37, M354–M355. [Google Scholar]

	



Shi, H.; Liu, H.; Luan, S.; Shi, D.; Yan, S.; Liu, C.; Li, R.K.Y.; Yin, J. Antibacterial and biocompatible properties of polyurethane nanofiber composites with integrated antifouling and bactericidal properties. Compos. Sci. Technol. 2016, 127, 28–35. [Google Scholar] [CrossRef]

	



Unnithan, A.R.; Gnanasekaran, G.; Sathishkumar, Y.; Lee, Y.S.; Kim, C.L. Electrospun antibacterial polyurethane-cellulose acetate-zein composite mats for wound dressing. Carbohydr. Polym. 2014, 102, 884–892. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, P.; Xiang, P.; Lu, J.; Jyuan, J.; Shen, J. Electrospun polyurethane/keratin/AgNP biocomposite mats for biocompatible antibacterial wound dressings. J. Mater. Chem. 2016, 4, 635–648. [Google Scholar] [CrossRef] [PubMed]

	



Flemming, R.G.; Proctor, R.A.; Cooper, S.L. Bacterial adhesion to functionalized polyurethanes. J. Biomater. Sci. Polym. Ed. 1999, 10, 679–697. [Google Scholar] [CrossRef]

	



Flemming, R.G.; Capelli, C.C.; Cooper, S.L.; Proctor, R.A. Bacterial colonization of functionalized polyurethanes. Biomaterials 2000, 21, 273–281. [Google Scholar] [CrossRef]

	



Ancelin, M.L.; Vial, H.J. Quaternary ammonium compounds efficiently inhibit Plasmodium falciparum growth in vitro by impairment of chlorine transport. Antimicrob. Agents Chemother. 1986, 29, 814–820. [Google Scholar] [CrossRef]

	



Sahraro, M.; Yeganeh, H.; Sorayya, M. Guanidine hydrochloride embedded polyurethanes as antimicrobial and absorptive wound dressing membranes with promising cytocompatibility. Mater. Sci. Eng. C 2016, 59, 1025–1037. [Google Scholar] [CrossRef]

	



Majeti, N.V.; Kumar, R. A review of chitin and chitosan applications. React. Funct. Polym. 2000, 46, 1–27. [Google Scholar]

	



Rabea, E.I.; Badawy, M.E.-T.; Stevens, C.V.; Smagghe, G.; Steurbaut, W. Chitosan as antimicrobial agent: Applications and mode of action. Biomacromolecules 2003, 4, 1457–1465. [Google Scholar] [CrossRef] [PubMed]

	



Sahariah, P.; Másson, M. Antimicrobial chitosan and chitosan derivatives: A review of the structure–activity relationship. Biomacromolecules 2017, 18, 3846–3868. [Google Scholar] [CrossRef]

	



Mohy Eldin, M.S.; Soliman, E.A.; Hashem, A.I.; Tamer, T.M. Antimicrobial Activity of Novel Aminated Chitosan Derivatives for Biomedical Applications. Adv. Polym. Technol. 2012, 31, 414–428. [Google Scholar] [CrossRef]

	



Liu, N.; Chen, X.-G.; Park, H.-J.; Liu, C.-G.; Liu, C.-S.; Meng, X.-H.; Yu, L.-J. Effect of MW and concentration of chitosan on antibacterial activity of Escherichia Coli. Carbohydr. Polym. 2006, 64, 60. [Google Scholar] [CrossRef]

	



Rosi, N.L.; Eckert, J.; Eddaoudi, M.; Vodak, D.T.; Kim, J.; O’Keeffe, M.; Yaghi, O.M. Hydrogen storage in microporous metal-organic frameworks. Science 2003, 300, 1127. [Google Scholar] [CrossRef] [PubMed]

	



Peng, Y.; Krungleviciute, V.I.; Eryazici, J.T.; Hupp, O.; Farha, K.; Yildirim, T. Methane storage in metal–organic frameworks: Current records, surprise findings, and challenges. J. Am. Chem. Soc. 2013, 135, 11887. [Google Scholar] [CrossRef]

	



Sumida, K.; Rogow, D.L.; Mason, J.A.; McDonald, T.M.; Bloch, E.D.; Herm, Z.R.; Bae, T.-H.; Long, J.R. Carbon dioxide capture in metal-organic frameworks. Chem. Rev. 2012, 112, 724. [Google Scholar] [CrossRef]

	



Alavijeh, R.K.; Beheshti, S.; Akhbari, K.; Morsali, A. Investigation of reasons for metal–organic framework’s antibacterial activities. Polyhedron 2018, 156, 257. [Google Scholar] [CrossRef]

	



Chowdhury, P.; Bikkina, C.; Meister, D.; Dreisbach, F.; Gumma, S. Comparison of adsorption isotherms on Cu-BTC metal organic frameworks synthesized from different routes. Micropor. Mesopor. Mat. 2009, 117, 406. [Google Scholar] [CrossRef]

	



Glaeser, R.; Dreisbach, F.; Moellmer, J.; Moeller, A.; Staudt, R. High pressure adsorption of hydrogen, nitrogen, carbon dioxide and methane on the metal–organic framework CU-BTC. Micropor. Mesopor. Mat. 2011, 138, 140. [Google Scholar]

	



Martı’n-Calvo, A.; Garcı´a-Pe´rez, E.; Garcı´a-Sa´nchez, A.; Bueno-Pe´rez, R.; Hamad, S.; Calero, S. Effect of air humidity on the removal of carbon tetrachloride from air using Cu-BTC metal-organic framework. Phys. Chem. Chem. Phys. 2011, 13, 11165. [Google Scholar] [CrossRef]

	



Chowdhury, P.; Mekala, S.; Dreisbach, F.; Gumma, S. Adsorption of CO, CO2 and CH4 on Cu-BTC and MIL-101 metal organic frameworks: Effect of open metal sites and adsorbate polarity. Micropor. Mesopor. Mat. 2012, 152, 246. [Google Scholar] [CrossRef]

	



Cai, H.; Huang, Y.-L.; Li, D. Biological metal–organic frameworks: Structures, host–guest chemistry and bio-applications Coord. Chem. Rev. 2019, 378, 207–221. [Google Scholar] [CrossRef]

	



DeCoste, J.B.; Peterson, G.W.; Schindler, B.J.; Killops, K.L.; Browe, M.A.; Mahle, J.J. The effect of water adsorption on the structure of the carboxylate containing metal–organic frameworks Cu-BTC, Mg-MOF-74, and UiO-66. J. Mater. Chem. A 2013, 1, 11922. [Google Scholar] [CrossRef]

	



Chen, M.; Ye, Q.; Jiang, S.; Shao, M.; Jin, C.; Huang, Z. Two-step elution recovery of cyanide platinum using functional metal organic resin. Molecules 2019, 24, 2779. [Google Scholar] [CrossRef] [PubMed]

	



Kaura, R.; Kaura, A.; Umarb, A.; Anderson, W.A.; Kansal, S.K. Metal organic framework (MOF) porous octahedral nanocrystals of Cu-BTC: Synthesis, properties and enhanced adsorption properties. Mater. Res. Bull. 2019, 109, 124. [Google Scholar] [CrossRef]

	



Davydovskaya, P.; Pohle, R.; Tawil, A.; Fleischer, M. Work function based gas sensing with Cu-BTC metal-organic framework for selective aldehyde detection. Sens. Actuators B 2013, 187, 142. [Google Scholar] [CrossRef]

	



Hosseini, M.S.; Zeinali, S.; Sheikhi, M.H. Fabrication of capacitive sensor based on Cu-BTC (MOF-199) nanoporous film for detection of ethanol and methanol vapors. Sensor. Actuat. B-Chem. 2016, 230, 9. [Google Scholar] [CrossRef]

	



Kidanemariam, A.; Lee, J.; Park, J. Recent innovation of metal-organic frameworks for carbon dioxide photocatalytic reduction. Polymers 2019, 11, 2090. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.; Souillard, G.; Chassat, L.; Gao, Y.; Mulet, X.; Doherty, C.M. Fabricating bioactive 3D metal–organic framework devices. Adv. Sustain. Syst. 2020, 4, 2000059. [Google Scholar] [CrossRef]

	



Liang, K.R.; Ricco, C.M.; Doherty, M.J.; Styles, S.; Bell, N.; Kirby, S.; Mudie, D.; Haylock, A.J.; Hill, C.; Doonan, J. Biomimetic mineralization of metal-organic frameworks as protective coatings for biomacromolecules. Nat. Commun. 2015, 6, 7240. [Google Scholar] [CrossRef] [PubMed]

	



Liao, F.-S.; Lo, W.-S.; Hsu, Y.-S.; Wu, C.-C.; Wang, S.-C.; Shieh, F.-K.; Morabito, J.V.; Chou, L.-Y.; Wu, K.C.-W.; Tsung, C.-K. Shielding against Unfolding by Embedding Enzymes in Metal–Organic Frameworks via a de Novo Approach. J. Am. Chem. Soc. 2017, 139, 6530. [Google Scholar] [CrossRef] [PubMed]

	



Lian, X.; Fang, Y.; Joseph, E.; Wang, Q.; Li, J.; Banerjee, S.; Lollar, C.; Wang, X.; Zhou, H.-C. Enzyme–MOF (metal–organic framework) composites. Chem. Soc. Rev. 2017, 46, 3386. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, Q.; Chen, H.; Wang, Y.; Ying, Y. Recent advances in the rational synthesis and sensing applications of metal-organic framework biocomposites. Coord. Chem. Rev. 2019, 387, 60. [Google Scholar] [CrossRef]

	



Jeong, N.C.; Samanta, B.C.; Lee, Y.; Farha, O.K.; Hupp, J.T. Coordination-chemistry control of proton conductivity in the iconic metal−organic framework material HKUST-1. J. Am. Chem. Soc. 2012, 134, 51–54. [Google Scholar] [CrossRef]

	



Stachak, P.; Łukaszewska, I.; Hebda, E.; Pielichowski, K. Recent Advances in Fabrication of Non-Isocyanate Polyurethane-Based Composite Materials. Materials 2021, 14, 3497. [Google Scholar] [CrossRef]

	



Cinelli, P.; Anguillesi, I.; Lazzeri, A. Green synthesis of flexible polyurethane foams from liquefied lignin. Eur. Polym. J. 2013, 49, 1174–1184. [Google Scholar] [CrossRef]

	



Gu, R.; Sain, M. Effects of Wood Fiber and Microclay on the Performance of Soy Based Polyurethane Foams. J. Polym Environ. 2013, 21, 30–38. [Google Scholar] [CrossRef]

	



Yagci, M.B.; Bolca, S.; Heuts, J.P.A.; Ming, W.; de With, G. Antimicrobial polyurethane coatings based on ionic liquid quaternary ammonium compounds. Prog. Org. Coat. 2011, 72, 343–347. [Google Scholar] [CrossRef]

	



Khan, R.; Islam, B.; Akram, M.; Shakil, S.; Ahmad, A.; Ali, S.M.; Siddiqui, M.; Khan, A.U. Antimicrobial activity of five herbal extracts against multi drug resistant (MDR) strains of bacteria and fungus of clinical origin. Molecules 2009, 14, 586–597. [Google Scholar] [CrossRef]

	



Bužarovskaa, A.; Dinescu, S.; Lazar, A.D.; Serban, M.; Pircalabioru, G.G.; Costache, M.; Gualandi, C.; Avérous, L. Nanocomposite foams based on flexible biobased thermoplastic polyurethane and ZnO nanoparticles as potential wound dressing materials. Mater. Sci. Eng. C 2019, 104, 109893. [Google Scholar] [CrossRef] [PubMed]

	



Panda, S.S.; Samal, S.K.; Mohanty, S.; Nayak, S.K. Preparation, characterization, and properties of castor oil-based flexible polyurethane/Cloisite 30B nanocomposites foam. J. Compos. Mater. 2018, 52, 531–542. [Google Scholar] [CrossRef]

	



Wang, R.; Zhou, B.; Zhu, Y.; Wang, Z. Preparation and characterization of rigid polyurethane foams with different loadings of lignin-derived polycarboxylic acids. Int. J. Polym. Sci. 2019, 3710545. [Google Scholar] [CrossRef]

	



Gwon, K.; Jo, E.-J.; Sahu, A.; Lee, J.Y.; Kim, M.-G.; Tae, G. Improved near infrared-mediated hydrogel formation using diacrylated Pluronic F127-coated upconversion nanoparticles. Mater. Sci. Eng. C 2018, 90, 77. [Google Scholar] [CrossRef]

	



Cheng, X.; Liu, J.; Wang, L.; Wang, R.; Liu, Z.; Zhuo, R. Preparation and applications of peptide-based injectable hydrogels. RSC Adv. 2016, 6, 101334. [Google Scholar] [CrossRef]

	



Gwon, K.; Han, I.; Lee, S.; Kim, Y.; Lee, D.N. Novel Metal–Organic Framework-Based Photocrosslinked Hydrogel System for Efficient Antibacterial Applications. ACS Appl. Mater. Interfaces 2020, 12, 20234. [Google Scholar] [CrossRef]








[image: Ijms 22 13622 sch001 550] 





Scheme 1. Schematic diagram for foaming reaction of toluene-2,4-diisocyanate with castor oil, chitosan, water, and nanosized Cu-BTC for biomedical application: diisocyanate (toluene-2,4-diisocyanate), polyol (castor oil), and amine (chitosan). 
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Figure 1. Powder X-ray diffraction pattern of nanosized Cu-BTC (black), PUF (blue), and PUF@Cu-BTC (red). 
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Figure 2. Transmission electron microscopy (TEM) images of nanosized Cu-BTC. Scale bar: 100 nm, 200 nm, and 0.5 μm, respectively. 
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Figure 3. Fourier-transform infrared spectroscopy spectra of nanosized Cu-BTC (black), PUF (blue), and PUF@Cu-BTC (red). 
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Figure 4. (a) Differential scanning calorimetry and (b) thermogravimetric analysis of nanosized Cu-BTC (black), PUF (blue), and PUF@Cu-BTC (red). 
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Figure 5. Scanning electron microscopy (SEM) images and the corresponding elemental distribution spectra (EDS) elemental mappings for (a) PUF and (b) PUF@Cu-BTC. Scale bar: 200 μm. 
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Figure 6. Antibacterial efficiency of PUF and PUF@Cu-BTC towards Pseudomonas aeruginosa, Klebsiella pneumoniae, and methicillin resistant Staphylococcus aureus. (Mean ± standard deviation with n = 3; NS: not significant, ** p < 0.01, *** p < 0.001). 
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Figure 7. Metal ion release property. Concentration of Cu (II) ions released from 1 mg of Cu-BTC (black) and PUF@Cu-BTC (red) in 1 mL PBS. 






Figure 7. Metal ion release property. Concentration of Cu (II) ions released from 1 mg of Cu-BTC (black) and PUF@Cu-BTC (red) in 1 mL PBS.



[image: Ijms 22 13622 g007]







[image: Ijms 22 13622 g008 550] 





Figure 8. (a) Live/dead staining images of Mouse Embryonic Fibroblasts (MEFs) after contact with PUF only or PUF@Cu-BTC on day 1. Positive control (blank): cells cultured with no contact. Negative control: cells contacted with EtOH. (b) In vitro cytotoxicity of extract solution of PUF only or PUF@Cu-BTC toward MEFs. (Mean ± standard deviation with n = 4; NS: not significant, *** p < 0.001. Scale bar = 200 μm). 
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Table 1. Swelling ratio of PUF and PUF@Cu-BTC.
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	Sample
	PUF
	PUF@Cu-BTC





	Swelling ratio
	1.11 ± 0.03
	1.22 ± 0.04
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Table 2. Bactericidal activity of PUF and PUF@Cu-BTC against various bacteria.
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Test Strain

	
Test Sample

	
Test Results a,b




	
Early Conc.

(cfu·mL−1)

	
After 24 h, Conc.

(cfu·mL−1)

	
Reduction Rate of Bacteria (%)






	
P. aeruginosa

	
Blank

	
3.7 × 105

	
9.5 × 106

	
-




	
PUF

	
3.7 × 105

	
3.2 × 106

	
66.3




	
PUF@Cu-BTC

	
3.7 × 104

	
2.0 × 105

	
97.8




	
K. pneumoniae

	
Blank

	
3.1 × 105

	
4.0 × 106

	
-




	
PUF

	
3.1 × 105

	
2.8 × 104

	
99.3




	
PUF@Cu-BTC

	
3.1 × 104

	
<10

	
99.9




	
MRSA

	
Blank

	
3.7 × 105

	
9.4 × 106

	
-




	
PUF

	
3.7 × 105

	
6.5 × 106

	
30.8




	
PUF@Cu-BTC

	
3.7 × 105

	
1.5 × 106

	
77.6








a Test method: KCL-FIR1003: 2018. b Test environment: (37.0 ± 0.2) °C, Conc. 2 mg mL−1.
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