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Abstract

:

Cellulose and chitosan solutions were prepared in 60% LiBr and mixed with a different weight ratio. The washing and drying of the prepared cellulose–chitosan composite films were performed under identical conditions. The color of the liquefied mixtures and films was initially transparent but changed from colorless to brownish yellow depending on the ratio of chitosan in the solution. The cross section observed in the SEM results indicated that the film developed with a higher ratio of chitosan was more robust and possessed greater antibacterial properties. FT-IR analysis of the films showed that hydrogen bonds between cellulose and chitosan in composite films were successfully achieved and retained excellent mechanical properties. The proper ratio of chitosan in the cellulose solution can increase the tensile strength and improve the elongation of the films; however, the E-modulus property was consistently reduced. The antibacterial activity and mechanical properties of the films were greatly improved as the amount of chitosan in the film increased.
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1. Introduction


Environmental problems such as resource depletion and climate change have emerged as a result of the increase in fossil fuel consumption associated with industrial and technological development. To help solve these problems, biomass materials must be developed that do not use toxic or noxious components and have biodegradable properties [1].



Cellulose, a well-known biomass, has a linear structure of β-(1−4) glycosidic bonds linked to d-glucose units. It also has a crystalline structure because of inter- and intra-molecular hydrogen bonds [2,3,4]. Cellulose is insoluble in water and other typical organics such as NMMO (N-methylmorpholine-N-oxide), LiCl/DMAc (N,N-dimethyl acetamide, NaOH/Urea solution, the dimethyl sulfoxide/ tetrabutylammonium fluoride (DMSO/TBAF), and an ionic liquid. Recently, a new aqueous process for cellulose dissolution and regeneration has been developed. First, cellulose is dissolved in the LiBr solution and then regenerated by cooling it down and washing it to remove the LiBr [5,6,7,8,9].



Chitosan, another type of biomass, has a similar chemical structure to cellulose. It is obtained through the N-deacetylation of chitin—the main component of crustaceans such as crabs and shrimp. Chitosan has various properties including biodegradability, biocompatibility, non-toxicity, and antimicrobial activity. Because of these properties, chitosan has been studied and used as a material across many fields, such as biotechnology, pharmaceutics, agriculture, food, cosmetics, and so on [10,11,12,13].



Recently, cellulose–chitosan blending has been studied to overcome the materials’ separate limitations and provide a variety of applications. The blended materials could be obtained from a dissolved polymer solution by various solvent systems including trifluoroacetic acid, NaOH/thiourea, N-methylmorpholine-N-oxide (NMMO), ZnCl2·3H2O, and ionic liquids. The properties of blended materials with cellulose and chitosan are antibacterial, mechanical characteristics, high adsorption capacities, high porosity, metal ions adsorption, barrier properties, etc. [14,15,16,17,18,19].



The purpose of this study was to prepare composite films mixed with cellulose and chitosan; specifically, cellulose and chitosan were dissolved in a 60% LiBr solution. Furthermore, the composite films were characterized by their physicochemical properties and antibacterial activity.




2. Materials and Methods


2.1. Materials


Filter paper (Whatman Filter Paper No. 5, Whatman International, Berkhamsted, UK) and chitosan powder (MW 190~310 kDa, deacetylation degree 75~85%, Sigma Aldrich, St. Louis, MO, USA) were used for the cellulose and chitosan samples. Lithium bromide (Samchun, Pure Chemical Co., Ltd., Seoul, South Korea) was used as the cellulose and chitosan solvent.




2.2. Preparation of the Cellulose–Chitosan Composite (CCH) Film


For the preparation, 1 wt % of cellulose and 1 wt % of chitosan were added to 60% LiBr solution and stirred at 300 rpm for 5 min. Then, these suspensions were heated 120 °C at for 20 min. After the cellulose and chitosan were entirely dissolved, the solutions were mixed according to cellulose to chitosan weight ratios of 10:0, 9:1, 8:2, and 7:3 and stirred for an additional 10 min. Mixed solutions were cast on a glass mold to manufacture gels of the same size. The glass mold was preheated to 90 °C to prevent the solution from cooling to a gel during casting. The solution became a gel at 70–80 °C. Then, it cooled down to room temperature. Regenerated composite gels were washed with water for 24 h. The CCH film was manufactured by pressing the composite gels with 2.5 kg weights for 30 min and oven drying at 105 ± 1 °C for 24 h. The CCH films were abbreviated to CCH10, 9, 8, and 7 to represent the ratios of cellulose to chitosan, 10:0, 9:1, 8:2, and 7:3, respectively.




2.3. Materials Characterization


The morphologies of the cross section of the CCH films were characterized by scanning electron microscopy (EM-30 Mini SEM, COXEM Co., Ltd., Daejeon, South Korea). The infrared spectra of the composite films were measured using the Fourier transform infrared spectrometer (FTIR; Vertex70, Bruker Optics Ltd, Billerica, MA, USA). The mechanical properties—tensile strength, elongation-at-break, E-modulus—of the CCH films were measured using L&W Tensile Tester (AB Lorentzen & Wettre, Kista, Sweden). The film samples were cut into 1.5 × 15 cm for this test.




2.4. Antibacterial Evaluation


Escherichia coli (KCCM 11234) and Staphylococcus aureus (KCCM 12256), obtained from the Korean Culture Center of Microorganisms, were the bacterial strains used in this study. E. coli and S. aureus were grown in Tryptic Soy Broth (30 g/L, Difco Laboratories Inc., Detroit, MI, USA) for 24 h at 35 °C to test the antibacterial activity of the CCH films. The CCH film samples were prepared and cut into 1.5 × 6 strips. The film samples and 1 mL of the inoculum were added to 1.7-mL microtubes, mixed by vortexing, and incubated for 24 h at 35 °C in a shaking water bath (NEX-703SWO, Nexus Technologies Co., Seoul, South Korea). The inhibitive property of the CCH film was calculated using the dilution plate method.





3. Results


3.1. Visual Analysis


The cellulose solution was transparent and the color of the chitosan solution was transparent brown. As the ratio changes from 10:0 to 9:1, 8:2, and 7:3, the solution gradually changed from colorless to brownish yellow. Figure 1 shows photos of the CCH films, which were manufactured from the mixed solution in ratios of 10:0, 9:1, 8:2, and 7:3.




3.2. SEM Analysis


Figure 2 shows SEM images of the cross section of the CCH10, 9, 8, and 7 films. The cross section of CCH10, which contained no chitosan, exhibits a uniform layer structure. CCH9 and CCH8 have a similar layer structure, but they become relatively rougher as the ratio of chitosan increases. CCH7 shows a rough and non-uniform cross section compared to the other films. This is probably because of chitosan agglomeration and phase separation [16,20].




3.3. FT-IR Analysis


FT-IR spectroscopy was obtained to analyze the chemical changes of the CCH films as the ratio of chitosan increased. Figure 3 illustrates the FT-IR spectra of the CCH films and chitosan. The FT-IR spectra of chitosan show a typical spectrum of pure chitosan. The peaks at around 894 and 1153 cm−1 correspond to a saccharide structure, similar to cellulose. The band at 1336 cm−1 is assigned to a vibration of C–H, and 1558 cm−1 is assigned to stretching vibration of the amino group of chitosan. The band at 1593 cm−1 was related to the NH bending of the amide II. The bands at 1660 and 1323 cm−1 have been reported as the amide I and III peaks, respectively. The broad band from 3000 to 3600 cm−1 is due to the stretching vibrations of the OH groups, which were overlapped by the stretching vibration of the NH2 groups [19,21,22,23,24]. Comparing CCH10, which is only cellulose, with other CCH films, including chitosan, the peak of NH bending vibrations at 1593 cm−1 of chitosan increased as the ratio of chitosan increased in the films. In the range from 3000 to 3600 cm−1, the peaks at 3292 cm−1 disappeared and the 3359 cm−1 shifted higher frequency (3367 cm−1). This can be attributed to the intermolecular interaction that occurred between the OH and NH groups of cellulose and chitosan during the process of dissolution and regeneration.




3.4. Mechanical Analysis


Figure 4 shows the tensile strength, elongation, and E-modulus of the composite films across the different ratios of cellulose and chitosan. The tensile strength of the CCH10, 9, 8, and 7 were 5.08, 5.45, 4.84, and 4.69 kN/m, respectively (Figure 4a). The tensile strength increased from CCH10 to CCH9, but the strength of the other films decreased as the ratio of chitosan increased. The elongation of the CCH10, 9, 8, and 7 were 1.64, 2.20, 2.33, and 1.77 mm, respectively (Figure 4b). The elongation increased from CCH10 to CCH8 but rapidly decreased at CCH7. The E-modulus of the CCH10, 9, 8, and 7 were 10.07, 8.73, 6.31, and 6.39 Gpa, respectively (Figure 4c). The E-modulus continuously decreased with an increase of chitosan. It is because the elongation rate is higher than the tensile strength. The increase in tensile strength and elongation can be attributed to a certain amount of chitosan causing an increase in the intermolecular interaction between the –OH group of cellulose and the –OH and –NH2 groups of chitosan—this works as a reinforcement for the cellulose matrix. However, the addition of more than a certain amount of chitosan caused tensile strength and elongation decrease. This is because chitosan intramolecular bonds rather than intermolecular bonds with cellulose are formed. It occurs during phase separation between two components, thus causing nonhomogeneous interaction in the film and weakened mechanical properties [16,20,25,26].




3.5. Antibacterial Analysis


Figure 5 shows how E. coli and S. aureus were used to test the antibacterial activity of the CCH films. The antibacterial activity of both E. coli and S. aureus gradually increased as the content of chitosan increased in the CCH films. In particular, the CCH films prepared with chitosan profoundly reduced the growth rate of E. coli. Many researchers have found numerous antibacterial mechanisms associated with chitosan. One of the most accepted of these is that the positive charges (protonated ammonium group) in chitosan react with negative charges in bacterial cell membranes. This study shows that the chitosan in CCH films exhibited strong antimicrobial activity toward E. coli and S. aureus [19,27,28,29].





4. Conclusions


CCH films were prepared by dissolving cellulose and chitosan in a 60% LiBr solution. As the ratio of chitosan increased, the color of the dissolved mixtures and films gradually changed from colorless to brownish yellow, and the cross section of the films became increasingly robust, with improved mechanical properties. The hydrogen bonds between cellulose and chitosan were formed successfully according to an FT-IR analysis of the films. Additionally, the proper amount of chitosan in the films increased their tensile strength and elongation properties. The antibacterial activity of the composite films was greatly improved as the ratio of chitosan increased. Cellulose–chitosan composite films could serve as a potential biomedical application for biomaterial, medical dressings, and skin tissue engineering.







Author Contributions


J.Y., K.H., and G.-J.K. designed the experiments. J.Y. performed the experiments, analyzed the data, and wrote the manuscript. D.-Y.K. revised the manuscript.




Funding


This research was funded by Export Promotion Technology Development Program (Ministry for Food, Agriculture, Forestry and Fisheries, Republic of Korea, No. 112152-03-3) and Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (No. 2018R1A6A1A03025582).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ray, S.S.; Bousmina, M. Biodegradable polymers and their layered silicate nano composites: In greening the 21st century materials world. Prog. Mater. Sci. 2005, 50, 962–1079. [Google Scholar] [CrossRef]

	



Sen, S.; Martin, J.D.; Argyropoulos, D.S. Review of cellulose non-derivatizing solvent interactions with emphasis on activity in inorganic molten salt hydrates. ACS Sustain. Chem. Eng. 2013, 1, 858–870. [Google Scholar] [CrossRef]

	



VandeVyver, S.; Geboers, J.; Jacobs, P.A.; Sels, B.F. Recent Advances in the Catalytic Conversion of Cellulose. ChemCatChem 2011, 3, 82–94. [Google Scholar] [CrossRef]

	



Yang, J.; Kwon, G.; Hwang, K.-J.; Hwang, W.; Hwang, J.-H.; Kim, D.-Y. Dissolution Characteristics and Regenerated Miscanthus Sinensis Holocellulose Film Prepared by Dissolving the LiBr Solution. J. Korea Tech. Assoc. Pulp Pap. Ind. 2015, 47, 89–97. [Google Scholar] [CrossRef][Green Version]

	



Yang, Y.J.; Shin, J.M.; Kang, T.H.; Kimura, S.; Wada, M.; Kim, U.J. Cellulose dissolution in aqueous lithium bromide solutions. Cellulose 2014, 21, 1175–1181. [Google Scholar] [CrossRef]

	



Zhou, J.; Zhang, L. Solubility of Cellulose in NaOH/Urea Aqueous Solution. Polym. J. 2000, 32, 866–870. [Google Scholar] [CrossRef][Green Version]

	



Feng, L.; Chen, Z. lan Research progress on dissolution and functional modification of cellulose in ionic liquids. J. Mol. Liq. 2008, 142, 1–5. [Google Scholar] [CrossRef]

	



Fink, H.-P.; Weigel, P.; Purz, H.J.; Ganster, J. Structure formation of regenerated cellulose materials from NNMO-solutions. Prog. Polym. Sci. 2001, 26, 1473–1524. [Google Scholar] [CrossRef]

	



Lindman, B.; Karlström, G.; Stigsson, L. On the mechanism of dissolution of cellulose. J. Mol. Liq. 2010, 156, 76–81. [Google Scholar] [CrossRef]

	



He, Q.; Ao, Q.; Gong, Y.; Zhang, X. Preparation of chitosan films using different neutralizing solutions to improve endothelial cell compatibility. J. Mater. Sci. Mater. Med. 2011, 22, 2791–2802. [Google Scholar] [CrossRef] [PubMed]

	



Ostadhossein, F.; Mahmoudi, N.; Morales-Cid, G.; Tamjid, E.; Navas-Martos, F.J.; Soriano-Cuadrado, B.; Paniza, J.M.L.; Simchi, A. Development of chitosan/bacterial cellulose composite films containing nanodiamonds as a potential flexible platform for wound dressing. Materials 2015, 8, 6401–6418. [Google Scholar] [CrossRef] [PubMed]

	



Jayakumar, R.; Prabaharan, M.; Sudheesh Kumar, P.T.; Nair, S.V.; Tamura, H. Biomaterials based on chitin and chitosan in wound dressing applications. Biotechnol. Adv. 2011, 29, 322–337. [Google Scholar] [CrossRef] [PubMed]

	



Jang, M.K.; Nah, J.W. Characterization of chitin and chitosan as a biomedical polymer. J. Korean Ind. Eng. Chem. 2008, 19, 457–465. [Google Scholar]

	



Abdul Khalil, H.P.S.; Saurabh, C.K.; Adnan, A.S.; Nurul Fazita, M.R.; Syakir, M.I.; Davoudpour, Y.; Rafatullah, M.; Abdullah, C.K.; Haafiz, M.K.M.; Dungani, R. A review on chitosan-cellulose blends and nanocellulose reinforced chitosan biocomposites: Properties and their applications. Carbohydr. Polym. 2016, 150, 216–226. [Google Scholar] [CrossRef]

	



Twu, Y.-K.; Huang, H.-I.; Chang, S.-Y.; Wang, S.-L. Preparation and sorption activity of chitosan/cellulose blend beads. Carbohydr. Polym. 2003, 54, 425–430. [Google Scholar] [CrossRef]

	



Fu, R.; Ji, X.; Ren, Y.; Wang, G.; Cheng, B. Antibacterial blend films of cellulose and chitosan prepared from binary ionic liquid system. Fibers Polym. 2017, 18, 852–858. [Google Scholar] [CrossRef]

	



Trivedi, P.; Saloranta-Simell, T.; Maver, U.; Gradišnik, L.; Prabhakar, N.; Smått, J.-H.; Mohan, T.; Gericke, M.; Heinze, T.; Fardim, P. Chitosan–Cellulose Multifunctional Hydrogel Beads: Design, Characterization and Evaluation of Cytocompatibility with Breast Adenocarcinoma and Osteoblast Cells. Bioengineering 2018, 5, 3. [Google Scholar] [CrossRef] [PubMed]

	



Kuzmina, O.; Heinze, T.; Wawro, D. Blending of Cellulose and Chitosan in Alkyl Imidazolium Ionic Liquids. ISRN Polym. Sci. 2012, 2012, 1–9. [Google Scholar] [CrossRef][Green Version]

	



Lin, S.; Chen, L.; Huang, L.; Cao, S.; Luo, X.; Liu, K.; Huang, Z. Preparation and Characterization of Chitosan/Cellulose Blend Films using ZnCl2·3H2O as a Solvent. Bioresources 2012, 7, 5488–5499. [Google Scholar] [CrossRef]

	



Shih, C.-M.; Shieh, Y.-T.; Twu, Y.-K. Preparation and characterization of cellulose/chitosan blend films. Carbohydr. Polym. 2009, 78, 169–174. [Google Scholar] [CrossRef]

	



Anicuta, S.; Dobre, L.; Stroescu, M.; Jipa, I. Fourier transform infrared (FTIR) spectroscopy for characterization of antimicrobial films containing chitosan. Analele Univ. din Oradea Fasc. 2010, 1234–1240. [Google Scholar]

	



De Souza Costa, E.; Pereira, M.M.; Mansur, H.S. Properties and biocompatibility of chitosan films modified by blending with PVA and chemically crosslinked. J. Mater. Sci. Mater. Med. 2009, 20, 553–561. [Google Scholar] [CrossRef] [PubMed]

	



Negrea, P.; Caunii, A.; Sarac, I.; Butnariu, M. The study of infrared spectrum of chitin and chitosan extract as potential sources of biomass. Dig. J. Nanomater. Biostruct. 2015, 10, 1129–1138. [Google Scholar]

	



Silva, S.M.L.; Braga, C.R.C.; Fook, M.V.L.; Raposo, C.M.O.; Carvalho, L.H.; Canedo, E.L. Application of Infrared Spectroscopy to Analysis of Chitosan/Clay Nanocomposites. Infrared Spectrosc. Mater. Sci. Eng. Technol. 2012, 43–62. [Google Scholar] [CrossRef]

	



Xu, Y.X.; Kim, K.M.; Hanna, M.A.; Nag, D. Chitosan-starch composite film: Preparation and characterization. Ind. Crops Prod. 2005. [Google Scholar] [CrossRef]

	



Shapi’i, R.A.; Othman, S.H. Effect of concentration of chitosan on the mechanical, morphological and optical properties of tapioca starch film. Int. Food Res. J. 2016, 23, S187–S193. [Google Scholar]

	



Venkatesan, J.; Jayakumar, R.; Mohandas, A.; Bhatnagar, I.; Kim, S.-K. Antimicrobial Activity of Chitosan-Carbon Nanotube Hydrogels. Materials 2014, 7, 3946–3955. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Chung, Y.-C.; Chen, C.-Y. Antibacterial characteristics and activity of acid-soluble chitosan. Bioresour. Technol. 2008, 99, 2806–2814. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, N.A.; Fahmy, M.M. Synthesis and Antimicrobial Activity of Some Novel Cross-Linked Chitosan Hydrogels. Int. J. Mol. Sci. 2012, 13, 11194–11209. [Google Scholar] [CrossRef] [PubMed][Green Version]








[image: Polymers 10 01058 g001 550] 





Figure 1. Photo of the CCH films. 






Figure 1. Photo of the CCH films.
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Figure 2. SEM images of the cross section of the CCH films (×5000). 
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Figure 3. FT-IR spectra of the CCH films in the range of 3600 to 2800 cm−1 (a) and 1700 to 850 cm−1 (b). 
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Figure 4. Tensile strength (a), elongation (b), and E-modulus (c) of the CCH films. 
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Figure 5. Antibacterial activity of the CCH films on the growth of E. coli (a) and S. aureus (b). 
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