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Abstract

:

Hydrogels are considered to be the most ideal materials for the production of wound dressings since they display a three-dimensional structure that mimics the native extracellular matrix of skin as well as a high-water content, which confers a moist environment at the wound site. Until now, different polymers have been used, alone or blended, for the production of hydrogels aimed for this biomedical application. From the best of our knowledge, the application of a xanthan gum–konjac glucomannan blend has not been used for the production of wound dressings. Herein, a thermo-reversible hydrogel composed of xanthan gum–konjac glucomannan (at different concentrations (1% and 2% w/v) and ratios (50/50 and 60/40)) was produced and characterized. The obtained data emphasize the excellent physicochemical and biological properties of the produced hydrogels, which are suitable for their future application as wound dressings.
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1. Introduction


The skin is the largest organ of the human body, with a weight ranging from 3.5–10 kg and occupying an area of 1.5–2.0 m2. It plays an important role in organism homeostasis [1]. When skin integrity is compromised, as a consequence of traumatic or chronic events, the wound healing process begins to re-establish the structure and functions of the tissue as soon as possible [2]. In order to improve patients’ odds of survival, and to minimize the loss of skin vital functions, the wound must be covered immediately after an injury occurs [3]. To accomplish this, different dressings have been developed, including hydrocolloids, transparent films, foams, hydrogels, sponges, bandages, etc. These dressings have been developed for the treatment of wounds as well as to provide a protective physical barrier for the wound site from the external environment. However, despite these efforts, none of the wound dressings that have been produced so far are fully capable of mimicking all the natural features of skin tissue.



Among the wound dressings developed, hydrogels have attracted the attention of researchers due to their intrinsic capacity to reproduce the three-dimensional (3D) structure of the skin extracellular matrix. Furthermore, hydrogels are hydrophilic 3D networks that are capable of absorbing significant amounts of water or biological fluids, like wound exudate [4,5]. In addition, hydrogels are able to clean dry, sloughy, or necrotic wounds by rehydrating dead tissues (moist healing), leading to an increment of autolytic debridement and cooling of the surface of the wound. Thus, hydrogels contribute to pain reduction and, consequently, increase patient acceptance of the dressing. Moreover, the biodegradability of hydrogels avoids the complications associated with wound dressing replacement, such as the risk of infection, tissue maceration and pain [6,7].



To accomplish the production of hydrogels, researchers have been using different natural polymers, like alginate [8], chitosan [9], collagen [10], dextran [11], hyaluronan [12], xanthan [13], and konjac [14], among others. Catanzano et al. produced a hydrogel composed of alginate and hyaluronan aiming to improve the wound healing process [8]. These authors verified that the produced hydrogels were able to promote cell migration as well as reduce the area of wounds previously induced on animal models. On the other hand, Miguel et al. developed a thermo-responsive hydrogel composed of chitosan and agarose that displayed excellent biocompatibility and was able to enhance the wound healing process [9].



Herein, a xanthan gum–konjac glucomannan blend was used for the first time to produce a wound dressing that was subsequently evaluated in physicochemical and biological assays. Konjac glucomannan (KGM) is a natural polysaccharide [15] extracted from the tubers of the Amorphophallus konjac plant [16]. It is composed of β-1,4-linked d-glucose units with glucose/mannose (G/M), with a G/M ratio around 1:1.6 [17,18,19,20]. KGM has been widely used in the food industry as a gelling agent or thickener due to its biocompatibility and biodegradability [21]. Nevertheless, KGM application in the production of wound dressings is restricted by the weak mechanical properties displayed in aqueous solutions. Such behavior occurs as a consequence of the high number of hydroxyl groups available in its polymeric chain [22]. To overcome this limitation, xanthan gum (XG) was used to upgrade the mechanical strength of the produced hydrogel. XG is a negatively charged and high molecular weight extracellular hetero-polysaccharide, with a cellulose-like backbone, obtained from Xanthomonas campestris [23,24,25]. It is composed of 1,4 linked β-d-glucose residues, with a trisaccharide side chain of β-d-mannose β-d-glucuronic acid-α-d-mannose attached to alternate d-glucose units of the main chain [23,24,25]. In general, XG can present approximately 2.54–4.41% acetyl and 6.43% pyruvate groups, which can vary according to the culture conditions [26]. XG, in contact with aqueous solutions, presents two different conformations: an ordered and rigid double helical strand structure at low temperature and a disordered and flexible coil structure at high temperatures [27]. When the temperature of a XG solution is below its midpoint transition temperature (Tm)—about 40–50 °C—the ordered double helical strand structure forms a three-dimensional network, exhibiting a gel-like behavior [21]. This thermal gelation property of XG was already tested by Dyondi et al., who prepared an injectable hydrogel by combining gellan gum with XG which displayed gelation temperature values around 37–40 °C [28]. The produced hydrogel was then applied directly at the desired site without eliciting any harmful side effects [29,30]. Taking into account the features of XG and KGM, these materials were used herein to produce a new in situ forming hydrogel composed of XG and KGM to be applied as a wound dressing.




2. Materials and Methods


2.1. Materials


Xanthan gum was purchased from Acofarma (MW > 1,000,000 Da) (Terrassa, Spain); konjac glucomannan was obtained from Sports Supplemented Ltd. (Colchester, UK); 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was acquired from VWR (Radnor, PA, USA); dimethyl sulfoxide (DMSO) and L(+)-ascorbic acid were bought from Appli Chem. Panreac (Barcelona, Spain); sodium hydroxide (NaHCO3) was purchased from José Manuel Gomes dos Santos, Lda. (Odivelas, Portugal); bovine serum albumin (BSA) was obtained from Biowest; Dulbecco’s modified Eagle’s medium (DMEM)-F12, fetal bovine serum (FBS), phosphate-buffered saline (PBS) and trypsin were purchased from Sigma (Sintra, Portugal); normal human dermal fibroblast (NHDF) cells were bought from PromoCell (Labclinics, S.A., Barcelona, Spain).




2.2. Synthesis of XG/KGM Hydrogels


The XG/KGM hydrogels were produced by mixing XG and KGM powder in distilled water at a final concentration of 1% and 2% (w/v) using different ratios (1%_XG/KGM_(50/50), 1%_XG/KGM_(60/40), 2%_XG/KGM_(50/50), 2%_XG/KGM_(60/40)). The polymeric solutions were homogenized by autoclaving at 121 °C, for 30 minutes. After that, the XG/KGM hydrogels were formed by decreasing the temperature to 37 °C. The produced hydrogels were stored at 3 °C until use.




2.3. Structural Analysis and Characterization of XG/KGM Hydrogels


2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


FTIR analysis was performed to characterize the composition of the produced hydrogels. The spectra were acquired by using an average of 128 scans, with a spectral width ranging from 400 cm−1 to 4000 cm−1 and a spectral resolution of 32 cm−1. All the samples were mounted on a diamond window and the spectra were recorded using a Nicolet iS10 FTIR spectrophotometer (Thermo Scientific, Waltham, MA, USA). In order to compare the spectra of individual components with those of the produced hydrogels, all the raw components used for hydrogel production were also analyzed [31].




2.3.2. Characterization of the Mechanical Properties


The mechanical properties were determined by using a Texture Analyzer (TA-XT Plus, Stable Micro Systems, Surrey, UK). The assays were performed by using a 35 mm diameter disc that was compressed into the hydrogel and redrawn. The method settings selected were a 5 kg load cell with a penetration depth of 10 mm and a test speed of 2 mm/s. After penetrating the sample, the probe returned to a position 30 mm above the platform surface. From the force (g)/time (s) plot obtained, the parameter firmness (maximum force), cohesiveness (positive area) and adhesiveness (negative area) were determined. The firmness represents the hardness of the hydrogel formulation, whereas the cohesiveness is defined as the work required to deform the hydrogel with the downward movement of the probe [32]. The measurements were performed in quadruplicate at controlled room temperature (RT).




2.3.3. Determination of Moisture Content


Standard International Union of Pure and Applied Chemistry (IUPAC) method was used to evaluate the moisture content. A sample of the hydrogels (Wi) was taken in a porcelain crucible and heated in a temperature-controlled water bath for about six hours at 105 °C. The sample was then cooled in desiccators and weighed again (Wt) [13]. The moisture percentage in hydrogels was calculated using the following formula:


Moisture (%) = ((Wi − Wt)/Wi) × 100



(1)








2.3.4. Study of Water Uptake Capacity (Swelling)


To evaluate the water uptake capacity of XG/KGM hydrogels, a known weight (Wi) of each hydrogel was immersed in 1 mL Tris buffer at pH 5 and 37 °C (n = 5). At predetermined intervals, the swollen samples were removed from the solution, quickly wiped to remove the excess water on the surface and then weighed (Wt), as previously described in the literature [9].



The water uptake ratio was evaluated using the equation:


Water uptake ratio (%) = ((Wt − Wi)/Wi) × 100



(2)








2.3.5. Determination of the Contact Angle


The water contact angle of hydrogels was determined using a data physics contact angle system OCAH 200 apparatus (DataPhysics Instruments GmbH, Filderstadt, Germany) operating in static mode at room temperature. For each sample, water drops were placed at various locations on the hydrogel surface [33]. The determined contact angles are the average of at least three measurements.




2.3.6. Surface Morphology Characterization


XG/KGM hydrogel morphologies were characterized by scanning electron microscopy (SEM). The samples were frozen (−80 °C) and then freeze-dried at −110 °C and lower pressure for 3 h. After that, samples were mounted onto aluminum stubs and sputter-coated with gold using a Quorum Q150R ES sputter coater (Quorum Technologies Ltd., Laughton, East Sussex, UK). The SEM images were acquired at variable magnifications using an acceleration voltage of 20 kV with a Hitachi S-3400N scanning electron microscope (Hitachi, Tokyo, Japan) [31].





2.4. Characterization of the Biological Performance of the Produced Hydrogels


2.4.1. Proliferation and Adhesion of Fibroblasts in the Presence of XG/KGM Hydrogels


To evaluate the growth of human fibroblast cells in the presence of XG/KGM hydrogel, they were seeded in 96-well plates with DMEM-F12, containing the sterilized hydrogels (20 µL/well) using a cellular density of 3 × 104 cells/well, and incubated at 37 °C in a 5% CO2 humidified atmosphere for 24 h and 72 h. Ethanol (96%) was added to cells to be used as positive controls (K+), whereas cells without biomaterials were used as negative controls (K−). Cell growth was monitored with an Optika inverted light microscope equipped with an Optikam B5 digital camera (Bergamo, Italy).



Additionally, using the same cell density (3 × 104 cells/well), fibroblast cells adhesion to the hydrogel surface was also characterized by SEM. The samples were fixed with glutaraldehyde (2.5% (v/v)) overnight and then analyzed by SEM as previously described in Section 2.3.6.




2.4.2. Characterization of the Cytotoxic Profile of XG/KGM Hydrogels


The cytotoxic profile of the hydrogels was characterized using an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay that was performed according to the guidelines set by the International Organization for Standardization (ISO) 10993-5 standard. Briefly, 20 µL of XG/KGM hydrogel was placed in each well of a sterile 96 well plate, and then human fibroblast cells were seeded at a density of 3 × 104 cells/well and incubated at 37 °C in a 5% CO2 humidified atmosphere for 24 h and 72 h. The medium was then removed and 50 µL of MTT (5 mg/mL PBS) was added to each sample (n = 5), followed by incubation for 4 h at 37 °C in a 5% CO2 atmosphere. Then, cells were treated with 200 µL of DMSO (0.04 N) for 30 min. A microplate reader (Biorad xMark microplate spectrophotometer, Waltham, MA, USA) was used to read the absorbance at 570 nm of the samples from each well. Cells cultured without materials were used as a negative control (K−), whereas cells cultured with EtOH (96%) were used as a positive control (K+).




2.4.3. Fibroblast Distribution within XG/KGM Hydrogels


Confocal laser scanning microscopy (CLSM) was used to visualize the cell distribution within hydrogels. Cells (1.6 × 104 cells/well) were seeded in hydrogels in μ-Slide 8-well Ibidi imaging plates (Ibidi GmbH, Planegg/Martinsried, Germany) on the surface of the hydrogel. After 24 h and 72 h, the nucleus of the cells were stained with Hoechst 33342 (2 μM, Thermo Fisher Scientific, Waltham, MA, USA), whereas the hydrogels were labelled with calcein (40 μg/mL). Then, the imaging experiments were performed using a Zeiss LSM710 laser scanning confocal microscope (Carl Zeiss AG, Oberkochen, Germany), where consecutive z-stacks were acquired. The 3D reconstruction and image analysis were performed using Zeiss Zen 2010 software [33].




2.4.4. Migration of Fibroblasts in a Wound Healing Scratch Assay


Cell migration was evaluated through a scratch wound healing assay as described by Jonkman et al. [34], where 2.5 × 105 cells/well were seeded in a 24-well plate with 1 mL of DMEM-F12 until confluence was attained. Then, a linear scratch wound was generated in the monolayer with a sterile 20 µL plastic tip. Any cellular debris was removed by washing the plate with PBS. Then, 100 µL of hydrogel and 1mL of fresh medium were added to the cultures, which were then incubated at 37 °C inside an incubator with a 5% CO2 humidified atmosphere for 24 h. Cell migration was determined after 0 h, 3 h, 6 h, 9 h, 12 h and 24 h using an Optika inverted light microscope equipped with an Optikam B5 digital camera (Bergamo, Italy). The area of cell migration into the wound site was quantified using ImageJ (Scion Corp., Frederick, MD, USA) and presented as a relative migration compared with t = 0, which was considered as 100% [34].





2.5. Statistical Analysis


The statistical analysis of the obtained results was performed using one-way analysis of variance (ANOVA) with Tukey’s post hoc test. A p-value lower than 0.05 (p < 0.05) was considered statistically significant.





3. Results


3.1. Characterization of the Morphologic and Physicochemical Properties of XG/KGM Hydrogels


Hydrogels are known for exhibiting a 3D network quite similar to that found in native skin, as well as by presenting a high content of water. These properties are essential for these dressings being capable of enhancing the healing process [13,35]. In this study, the XG/KGM hydrogels were obtained when the solution temperature value was decreased to 37 °C or below, as represented in Figure 1A. The thermo-responsive character of hydrogels results from the presence of XG, which has a gel-like behavior at temperatures around 37 °C [27]. This property allowed the production of an in situ forming hydrogel that can be directly applied at the wound site and that can acquire the shape and size of the wound.



Furthermore, it is possible to see in Figure 1B that the produced hydrogels display a transparent and moisturized appearance, which allows the continuous monitoring of the wound healing process without requiring dressing removal. On the other hand, the high moisture content of hydrogels enables a cooling effect at the wound, which reduces the pain and improves patient acceptability [36,37].



Apart from the easy conformability of hydrogels at the wound site, the morphological features of its surface play a crucial role in the interaction with surrounding tissues. In this way, the surface morphology of XG/KMG hydrogels was characterized by SEM analysis. The obtained SEM images (Figure 2) showed that all formulations presented an irregular and rough surface, which is favorable for cell recruitment/adhesion, proliferation, differentiation, and ultimately skin regeneration improvement [22]. Indeed, the rough surfaces exhibit a higher surface area and topographical motifs that constitute anchoring points for cells or proteins that mediate fibroblast adhesion [11]. Deligianni et al. have already demonstrated that the cell adhesion, proliferation and differentiation is enhanced at rough surfaces [38].



Moreover, the chemical composition of the hydrogels was characterized through FTIR analysis in order to identify the conformational changes and intermolecular interaction of each polymer in the hydrogel formulation (see Figure 3 for further details). The KGM and XG spectra exhibited peaks at 3300 cm−1 (–OH), 2910 cm−1 (C–H bond of the macromolecule hexatomic ring), 1620 cm−1 (band of carbonyl of acetyl groups), 1240 cm−1 (C–O stretching) and at 1410 cm−1 (–CH2). Furthermore, these peaks and an additional peak at 2349 cm−1 (O=C=O stretching) were also observed in the hydrogel spectra.



Additionally, in the hydrogel spectra, the characteristic peaks of both KGM and XG presented a shift to lower wavenumbers, which was more noticeable for the band located at 1630–1620 cm−1. Such an effect may be explained by the establishment of new hydrogen bonds between XG and KGM [16,39,40].




3.2. Determination of Firmness, Cohesiveness and Adhesiveness of XG/KGM Hydrogels


An ideal wound dressing must have optimal mechanical properties (hardness and cohesiveness) and bio-adhesion (prolonged contact time at a wound site) in order to act as a stable protective barrier and simultaneously interact with the cell components present at the wound site [41].



The results obtained in these assays are summarized in Table 1, demonstrating that higher polymer concentrations lead to an increase of the firmness and cohesiveness of hydrogel formulations. Furthermore, the change in polymer ratio from 50/50 to 60/40 resulted in a decrease of firmness and cohesiveness values. Such results evidenced that the polymer concentration and the amount of gelling agent (XG) have a direct impact on the mechanical properties of hydrogels. This influence was already evidenced by Hurler et al. [32], who verified that an increase in polymer concentration and gelling agent prompted an increase of the hardness and cohesiveness of Carbopol and poloxamer hydrogels. Similarly, Karavana et al. found an increase in gel cohesiveness with an increase in hydroxypropylmethylcellulose concentration [42] and Cevher et al. reported identical observations for Carbopol gels [43].



In relation to the adhesiveness values obtained in this study (Table 1), it is possible to notice that all produced hydrogels exhibited similar results, confirming their excellent bio-adhesion. In turn, the adhesiveness reflects the ability of hydrogel formulations to interact with surrounding tissues [44,45]. These data are in agreement with those previously reported in the literature, where bio-adhesive ability was associated with the presence of hydrophilic polymers [32,46,47]. In fact, the presence of hydroxyl, amino and carboxyl groups at a material’s surface promotes protein adsorption, providing optimal conditions for cell adhesion and proliferation [48]. Considering the obtained results, all hydrogel formulations presented the firmness, cohesiveness and adhesiveness required to be applied as a wound dressing.




3.3. Characterization of Water Content, Water Uptake Profile and Wettability of XG/KGM Hydrogels


Enhanced cell proliferation in moist environments was demonstrated for the first time by George Winter when he discovered that the epithelialization process occurred twice fast in moist environments in comparison to the dry environments [49]. In this way, it is crucial to develop wound dressings able to provide suitable moisture for cell adhesion and proliferation [50].



In this study, the water content of hydrogels was determined (Figure 4A) and the results revealed that all the different blends of XG/KGM had a water content higher than 99%. Such results confirm the suitability of XG/KGM hydrogels to provide moist environments as well as prevent the dehydration of the wound [51,52].



Additionally, the hydrophilicity of the XG/KGM hydrogel surface was also evaluated by determining the water contact angles. As shown in Figure 4B, all XG/KGM formulations had water contact angle values below 90°, confirming their hydrophilic character, which is considered beneficial for cell adhesion [31].



However, it is worth noticing that an excess of humidity at the wound site may lead to the formation of excessive exudate. The abnormal accumulation of wound exudate can cause tissue maceration, impair cell migration and hinder the healing process. Therefore, it is crucial that wound dressings provide a moist environment and are simultaneously able to absorb excess wound exudate.



Therefore, the water uptake profile of hydrogels was evaluated and the results (Figure 4C) revealed that 1% XG/KMG (1%_XG/KGM (50/50) and 1%_XG/KGM (60/40)) exhibited a lower water uptake ability in comparison to the 2% XG/KMG hydrogels (2%_XG/KGM (50/50) and 2%_XG/KGM (60/40)). Such differences were observed since a higher content of polysaccharides (XG/KGM) leads to the presence of more hydrophilic compounds (hydroxyl and carboxyl groups), which can easily interact with water molecules and consequently increase the water uptake [9,44,45]. Previous studies presented similar results for other polysaccharides-based hydrogels [53,54]. Overall, all the produced hydrogels were able to provide a moist environment and improve cell adhesion (due to their hydrophilic character) while avoiding the accumulation of exudate at the wound site.




3.4. Characterization of the Biological Properties of XG/KMG Hydrogels


3.4.1. Evaluation of the Cytotoxic Profile of the Hydrogels


The biocompatibility of the produced hydrogels was evaluated through their incubation with fibroblasts cells. These cells were used as a model since they play an important role in the production of extracellular matrix (ECM) components (collagen and fibronectin), cytokines and growth factors that are essential for tissue repair [31].



The microscope images (Figure 5) showed that the morphology and proliferation of fibroblasts were not affected by the presence of hydrogels for 24 h and 72 h. These cells displayed similar features to those available on the negative control (cells seeded in contact with culture medium).



Further, the cytotoxic profile of the XG/KGM hydrogels was also assessed by MTT assay after 24 h and 72 h. The metabolic conversion of MTT to purple formazan crystals occurs in living cells and is proportional to the number of viable cells present in each well. The results obtained in the MTT assay (Figure 6A) showed that fibroblast cell viability was not compromised during the 24 h and 72 h that cells were in contact with XG/KGM hydrogels. Such results were expected since the biocompatibility of XG and KGM-based hydrogels was previously reported in the literature [55,56,57].




3.4.2. Characterization of Cell Adhesion and Infiltration into Hydrogels


Apart from having a biocompatible profile, a wound dressing must also act as a 3D scaffold that is able to support cellular attachment, growth and migration. Hence, cell interaction with the hydrogel surface was evaluated through SEM analysis. Figure 6B showed that the hydrophilic character and roughness of the hydrogel surface was suitable for cell adhesion and proliferation. In fact, after 72 h, it can be observed that the cells presented with typical fibroblastic morphology; interconnections between cells were established that led to the formation of a continuous cell layer [58].



In addition, fibroblast migration and proliferation within XG/KGM hydrogels was also characterized by confocal laser scanning microscopy (CLSM) analysis. The CLSM images (Figure 6C) showed that cells were able to migrate into the inner structure of XG/KGM hydrogels. Cellular internalization was also noticeable in the orthogonal projection. Further, the depth color coding images also confirmed that the fibroblast cells migrated within the hydrogels during the incubation period. The majority of cells remained at a depth of 0–20 µm after 24 h (which appear in red), whereas after 72 h, the cells appeared at a depth of 80–120 µm (which appear in green).




3.4.3. In Vitro Wound Healing Assay


In order to study the effect of XG/KGM hydrogels on fibroblast migration, a scratch wound healing assay was performed following a procedure reported by Gabbiani et al. [59]. The migration of fibroblast cells was measured using an image analysis software after 3 h, 6 h, 9 h, 12 h and 24 h and compared to 0 h.



Through the analysis of the results presented in Figure 7, it is possible to see that the 1%_XG/KGM_(50/50), 2%_XG/KGM_(50/50) and 2%_XG/KGM_(60/40) hydrogels promoted full cover of the wound site after 12 h, whereas the wound area was filled only after 24 h for the control group. Even more, 1%_XG/KGM_(60/40) promoted an improved and quick wound closure in comparison to all formulations, which occurred after 6 h.



Such results highlight that the products resulting from XG/KGM polysaccharide degradation (e.g., residues of glucose, mannose, glucuronic acid and glucomannan) encourage cell migration. Indeed, according to Shahbuddin et al., the glucomannan interacts with growth factor receptors available on fibroblast membranes, stimulating their activity and proliferation [55,60]. Further, Al-Ghazzewi et al. also reported that the mannose-rich carbohydrates (such XG) enhance the wound healing process [61].



All together, these results demonstrate the potential of XG/KGM hydrogels to improve the wound healing process by promoting fibroblast migration, adhesion and proliferation. When the fibroblasts are present at the wound site, they produce ECM components (namely collagen type III) and secrete growth factors (such as fibroblast and vascular endothelial growth factors) involved in the reestablishment of the structure of the damaged skin [62,63].






4. Conclusions


Hydrogels are known as ideal wound dressings since they possess intrinsic properties that favor cell adhesion, migration and proliferation, thus encouraging the healing process. More recently, in situ wound dressings have received special attention from researchers due to their ability to be directly applied at the wound site and their ability to acquire the required size and shape of the wound. In this work, an in situ thermo-reversible hydrogel was produced through the combination of two polysaccharides (XG and KGM) without the use of chemical crosslinkers. To the best of our knowledge, this combination has not been used previously to accomplish the production of a wound dressing. All data gathered herein demonstrated that XG/KGM hydrogels are hydrophilic and able to provide a moist environment while absorbing excess exudate. In addition, the hydrogels also possessed adequate biological properties for supporting cell adhesion, migration and proliferation.



In the near future, other complementary in vitro assays (e.g., evaluation of the viscoelastic properties, porosity, and biodegradability) may be performed in order to fully depict the potential of hydrogels for the treatment of skin injuries. Additionally, the incorporation of antimicrobial molecules (e.g., silver nanoparticles and/or natural extract-derived products) can be hypothesized to further improve the wound healing process, as well as avoiding the occurrence of skin infections.







Author Contributions


Conceptualization, M.P.R. and P.C.; Data curation, A.A.; Funding acquisition, M.P.R. and P.C.; Investigation, A.A., S.P.M. and M.P.R.; Methodology, M.P.R. and P.C.; Project administration, P.C.; Supervision, M.J.d.J.V., A.S.N., I.J.C., M.P.R. and P.C.; Validation, A.R.T.S.A., I.J.C., M.P.R. and P.C.; Visualization, S.P.M.; Writing—original draft, A.A., S.P.M. and A.R.T.S.A.; Writing—review & editing, M.J.d.J.V., A.S.N., I.J.C., M.P.R. and P.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundação para a Ciência e Tecnologia (FCT), grant number PEst-OE/EGE/UI4056/2014, POCI-01-0145-028989 and supported by the Ph.D. fellowship of Sónia P. Miguel (SFRH/BD/109563/2015).




Acknowledgments


The authors acknowledge Maria del Carmen Arau Ribeiro for writing assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sorg, H.; Tilkorn, D.J.; Hager, S.; Hauser, J.; Mirastschijski, U. Skin wound healing: An update on the current knowledge and concepts. Eur. Surg. Res. 2017, 58, 81–94. [Google Scholar] [CrossRef] [PubMed]

	



Beldon, P. Basic science of wound healing. Surgery 2010, 28, 409–412. [Google Scholar] [CrossRef]

	



Zhong, S.P.; Zhang, Y.Z.; Lim, C.T. Tissue scaffolds for skin wound healing and dermal reconstruction. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2010, 2, 510–525. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.C.; Metters, A.T. Hydrogels in controlled release formulations: Network design and mathematical modeling. Adv. Drug Deliv. Rev. 2006, 58, 1379–1408. [Google Scholar] [CrossRef]

	



Hamidi, M.; Azadi, A.; Rafiei, P. Hydrogel nanoparticles in drug delivery. Adv. Drug Deliv. Rev. 2008, 60, 1638–1649. [Google Scholar] [CrossRef]

	



Boateng, J.S.; Matthews, K.H.; Stevens, H.N.; Eccleston, G.M. Wound Healing Dressings and Drug Delivery Systems: A Review. J. Pharm. Sci. 2008, 97, 2892–2923. [Google Scholar] [CrossRef]

	



Jones, A.; Vaughan, D. Hydrogel dressings in the management of a variety of wound types: A review. J. Orthop. Nurs. 2005, 9, S1–S11. [Google Scholar] [CrossRef]

	



Catanzano, O.; D’Esposito, V.; Acierno, S.; Ambrosio, M.; De Caro, C.; Avagliano, C.; Russo, P.; Russo, R.; Miro, A.; Ungaro, F.; et al. Alginate–hyaluronan composite hydrogels accelerate wound healing process. Carbohydr. Polym. 2015, 131, 407–414. [Google Scholar] [CrossRef]

	



Miguel, S.P.; Ribeiro, M.P.; Brancal, H.; Coutinho, P.; Correia, I.J. Thermoresponsive chitosan–agarose hydrogel for skin regeneration. Carbohydr. Polym. 2014, 111, 366–373. [Google Scholar] [CrossRef]

	



Lei, J.; Chen, P.; Li, Y.; Wang, X.; Tang, S. Collagen hydrogel dressing for wound healing and angiogenesis in diabetic rat models. Int. J. Clin. Exp. Med. 2017, 10, 16319–16327. [Google Scholar]

	



Ribeiro, M.; Morgado, P.; Miguel, S.; Coutinho, P.; Correia, I. Dextran-based hydrogel containing chitosan microparticles loaded with growth factors to be used in wound healing. Mater. Sci. Eng. C 2013, 33, 2958–2966. [Google Scholar] [CrossRef] [PubMed]

	



Tokatlian, T.; Cam, C.; Segura, T. Porous hyaluronic acid hydrogels for localized nonviral DNA delivery in a diabetic wound healing model. Adv. Healthc. Mater. 2015, 4, 1084–1091. [Google Scholar] [CrossRef] [PubMed]

	



Disha, J.S.; Begum, M.H.A.; Shawan, M.M.A.K.; Khatun, N.; Ahmed, S.; Islam, M.S.; Karim, M.R.; Islam, M.R.; Hossain, M.M.; Hasan, M.A. Preparation and characterization of xanthan gum-based biodegradable polysaccharide hydrogels. Res. J. Mater. Sci. 2016, 4, 13–18. [Google Scholar]

	



Chen, H.; Lan, G.; Ran, L.; Xiao, Y.; Yu, K.; Lu, B.; Dai, F.; Wu, D.; Lu, F. A novel wound dressing based on a Konjac glucomannan/silver nanoparticle composite sponge effectively kills bacteria and accelerates wound healing. Carbohydr. Polym. 2018, 183, 70–80. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez-Manceñido, F.; Landin, M.; Lacík, I.; Martínez-Pacheco, R. Konjac glucomannan and konjac glucomannan/xanthan gum mixtures as excipients for controlled drug delivery systems. Diffusion of small drugs. Int. J. Pharm. 2008, 349, 11–18. [Google Scholar] [CrossRef] [PubMed]

	



Fan, J.; Wang, K.; Liu, M.; He, Z. In vitro evaluations of konjac glucomannan and xanthan gum mixture as the sustained release material of matrix tablet. Carbohydr. Polym. 2008, 73, 241–247. [Google Scholar] [CrossRef]

	



Mao, C.F.; Klinthong, W.; Zeng, Y.C.; Chen, C.H. On the interaction between konjac glucomannan and xanthan in mixed gels: An analysis based on the cascade model. Carbohydr. Polym. 2012, 89, 98–103. [Google Scholar] [CrossRef]

	



Kök, M.S.; Abdelhameed, A.S.; Ang, S.; Morris, G.A.; Harding, S.E. A novel global hydrodynamic analysis of the molecular flexibility of the dietary fibre polysaccharide konjac glucomannan. Food Hydrocoll. 2009, 23, 1910–1917. [Google Scholar] [CrossRef]

	



Liu, F.; Luo, X.; Lin, X. Adsorption of tannin from aqueous solution by deacetylated konjac glucomannan. J. Hazard. Mater. 2010, 178, 844–850. [Google Scholar] [CrossRef]

	



Wang, C.; Xu, M.; Lv, W.P.; Qiu, P.; Gong, Y.Y.; Li, D.S. Study on Rheological Behavior of Konjac Glucomannan. Phys. Procedia 2012, 33, 25–30. [Google Scholar] [CrossRef]

	



Zhang, Y.Q.; Xie, B.J.; Gan, X. Advance in the applications of konjac glucomannan and its derivatives. Carbohydr. Polym. 2005, 60, 27–31. [Google Scholar] [CrossRef]

	



Shahbuddin, M.; Bullock, A.J.; MacNeil, S.; Rimmer, S. Glucomannan-poly(N-vinyl pyrrolidinone) bicomponent hydrogels for wound healing. J. Mater. Chem. B 2014, 2, 727–738. [Google Scholar] [CrossRef]

	



Bueno, V.B.; Bentini, R.; Catalani, L.H.; Petri, D.F.S. Synthesis and swelling behavior of xanthan-based hydrogels. Carbohydr. Polym. 2013, 92, 1091–1099. [Google Scholar] [CrossRef] [PubMed]

	



Iijima, M.; Shinozaki, M.; Hatakeyama, T.; Takahashi, M.; Hatakeyama, H. AFM studies on gelation mechanism of xanthan gum hydrogels. Carbohydr. Polym. 2007, 68, 701–707. [Google Scholar] [CrossRef]

	



Shalviri, A.; Liu, Q.; Abdekhodaie, M.J.; Wu, X.Y. Novel modified starch–xanthan gum hydrogels for controlled drug delivery: Synthesis and characterization. Carbohydr. Polym. 2010, 79, 898–907. [Google Scholar] [CrossRef]

	



Kang, Y.; Li, P.; Zeng, X.; Chen, X.; Xie, Y.; Zeng, Y.; Zhang, Y.; Xie, T. Biosynthesis, structure and antioxidant activities of xanthan gum from Xanthomonas campestris with additional furfural. Carbohydr. Polym. 2019, 216, 369–375. [Google Scholar] [CrossRef] [PubMed]

	



Roy, A.; Comesse, S.; Grisel, M.; Hucher, N.; Souguir, Z.; Renou, F. Hydrophobically Modified Xanthan: An Amphiphilic but Not Associative Polymer. Biomacromolecules 2014, 15, 1160–1170. [Google Scholar] [CrossRef]

	



Dyondi, D.; Webster, T.J.; Banerjee, R. A nanoparticulate injectable hydrogel as a tissue engineering scaffold for multiple growth factor delivery for bone regeneration. Int. J. Nanomed. 2013, 8, 47–59. [Google Scholar] [CrossRef]

	



Du, L.; Tong, L.; Jin, Y.; Jia, J.; Liu, Y.; Su, C.; Yu, S.; Li, X. A multifunctional in situ-forming hydrogel for wound healing. Wound Repair Regen. 2012, 20, 904–910. [Google Scholar] [CrossRef]

	



Balakrishnan, B.; Mohanty, M.; Umashankar, P.; Jayakrishnan, A. Evaluation of an in situ forming hydrogel wound dressing based on oxidized alginate and gelatin. Biomaterials 2005, 26, 6335–6342. [Google Scholar] [CrossRef]

	



Saraiva, S.M.; Miguel, S.P.; Ribeiro, M.P.; Coutinho, P.; Correia, I.J. Synthesis and characterization of a photocrosslinkable chitosan–gelatin hydrogel aimed for tissue regeneration. RSC Adv. 2015, 5, 63478–63488. [Google Scholar] [CrossRef]

	



Hurler, J.; Engesland, A.; Poorahmary Kermany, B.; Škalko-Basnet, N. Improved texture analysis for hydrogel characterization: Gel cohesiveness, adhesiveness, and hardness. J. Appl. Polym. Sci. 2012, 125, 180–188. [Google Scholar] [CrossRef]

	



Miguel, S.P.; Cabral, C.S.; Moreira, A.F.; Correia, I.J. Production and characterization of a novel asymmetric 3D printed construct aimed for skin tissue regeneration. Colloids Surf. B Biointerfaces 2019, 181, 994–1003. [Google Scholar] [CrossRef] [PubMed]

	



Jonkman, J.E.N.; Cathcart, J.A.; Xu, F.; Bartolini, M.E.; Amon, J.E.; Stevens, K.M.; Colarusso, P. An introduction to the wound healing assay using live-cell microscopy. Cell Adhes. Migr. 2014, 8, 440–451. [Google Scholar] [CrossRef]

	



Hoare, T.R.; Kohane, D.S. Hydrogels in drug delivery: Progress and challenges. Polymer 2008, 49, 1993–2007. [Google Scholar] [CrossRef]

	



Sakaguchi, T.; Nagano, S.; Hara, M.; Hyon, S.H.; Patel, M.; Matsumura, K. Facile preparation of transparent poly(vinyl alcohol) hydrogels with uniform microcrystalline structure by hot-pressing without using organic solvents. Polym. J. 2017, 49, 535–542. [Google Scholar] [CrossRef]

	



Wu, M.; Shi, Z.; Huang, H.; Qu, J.; Dai, X.; Tian, X.; Wei, W.; Li, G.; Ma, T. Network structure and functional properties of transparent hydrogel sanxan produced by Sphingomonas sanxanigenens nx02. Carbohydr. Polym. 2017, 176, 65–74. [Google Scholar] [CrossRef]

	



Deligianni, D.D.; Katsala, N.D.; Koutsoukos, P.G.; Missirlis, Y.F. Effect of surface roughness of hydroxyapatite on human bone marrow cell adhesion, proliferation, differentiation and detachment strength. Biomaterials 2000, 22, 87–96. [Google Scholar] [CrossRef]

	



Popa, N.; Novac, O.; Profire, L.; Lupusoru, C.E.; Popa, M.I. Hydrogels based on chitosan–xanthan for controlled release of theophylline. J. Mater. Sci. Mater. Med. 2010, 21, 1241–1248. [Google Scholar] [CrossRef]

	



Li, Q.; Qi, W.; Su, R.; He, Z. Preparation and Characterization of Enzyme-Modified Konjac Glucomannan/Xanthan Blend Films. J. Biomater. Sci. Polym. Ed. 2009, 20, 299–310. [Google Scholar] [CrossRef]

	



Carvalho, F.C.; Calixto, G.; Hatakeyama, I.N.; Luz, G.M.; Gremião, M.P.D.; Chorilli, M. Rheological, mechanical, and bioadhesive behavior of hydrogels to optimize skin delivery systems. Drug Dev. Ind. Pharm. 2013, 39, 1750–1757. [Google Scholar] [CrossRef] [PubMed]

	



Karavana, S.Y.; Güneri, P.; Ertan, G. Benzydamine hydrochloride buccal bioadhesive gels designed for oral ulcers: Preparation, rheological, textural, mucoadhesive and release properties. Pharm. Dev. Technol. 2009, 14, 623–631. [Google Scholar] [CrossRef] [PubMed]

	



Cevher, E.; Taha, M.A.; Orlu, M.; Araman, A. Evaluation of Mechanical and Mucoadhesive Properties of Clomiphene Citrate Gel Formulations Containing Carbomers and Their Thiolated Derivatives. Drug Deliv. 2008, 15, 57–67. [Google Scholar] [CrossRef] [PubMed]

	



Bhat, S.; Tripathi, A.; Kumar, A. Supermacroprous chitosan–agarose–gelatin cryogels: In vitro characterization and in vivo assessment for cartilage tissue engineering. J. R. Soc. Interface 2011, 8, 540–554. [Google Scholar] [CrossRef] [PubMed]

	



Pasparakis, G.; Bouropoulos, N.; Pasparakis, G. Swelling studies and in vitro release of verapamil from calcium alginate and calcium alginate–chitosan beads. Int. J. Pharm. 2006, 323, 34–42. [Google Scholar] [CrossRef] [PubMed]

	



Sandolo, C.; Coviello, T.; Matricardi, P.; Alhaique, F. Characterization of polysaccharide hydrogels for modified drug delivery. Eur. Biophys. J. 2007, 36, 693–700. [Google Scholar] [CrossRef] [PubMed]

	



Calixto, G.; Yoshii, A.C.; Rocha e Silva, H.; Stringhetti Ferreira Cury, B.; Chorilli, M. Polyacrylic acid polymers hydrogels intended to topical drug delivery: Preparation and characterization. Pharm. Dev. Technol. 2015, 20, 490–496. [Google Scholar] [CrossRef]

	



Oliveira, S.M.; Alves, N.M.; Mano, J.F. Cell interactions with superhydrophilic and superhydrophobic surfaces. J. Adhes. Sci. Technol. 2014, 28, 843–863. [Google Scholar] [CrossRef]

	



Winter, G.D. Formation of the Scab and the Rate of Epithelization of Superficial Wounds in the Skin of the Young Domestic Pig. Nature 1962, 193, 293–294. [Google Scholar] [CrossRef]

	



Xu, R.; Xia, H.; He, W.; Li, Z.; Zhao, J.; Liu, B.; Wang, Y.; Lei, Q.; Kong, Y.; Bai, Y.; et al. Controlled water vapor transmission rate promotes wound-healing via wound re-epithelialization and contraction enhancement. Sci. Rep. 2016, 6, 24596. [Google Scholar] [CrossRef]

	



Fan, L.; Yang, H.; Yang, J.; Peng, M.; Hu, J. Preparation and characterization of chitosan/gelatin/PVA hydrogel for wound dressings. Carbohydr. Polym. 2016, 146, 427–434. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.P.; Kung, H.N.; Tsai, Y.S.; Tseng, T.N.; Hsu, K.D.; Cheng, K.C. Novel dextran modified bacterial cellulose hydrogel accelerating cutaneous wound healing. Cellulose 2017, 24, 4927–4937. [Google Scholar] [CrossRef]

	



Smeds, K.A.; Grinstaff, M.W. Photocrosslinkable polysaccharides for in situ hydrogel formation. J. Biomed. Mater. Res. 2001, 54, 115–121. [Google Scholar] [CrossRef]

	



Haseeb, M.T.; Hussain, M.A.; Yuk, S.H.; Bashir, S.; Nauman, M. Polysaccharides based superabsorbent hydrogel from Linseed: Dynamic swelling, stimuli responsive on–off switching and drug release. Carbohydr. Polym. 2016, 136, 750–756. [Google Scholar] [CrossRef] [PubMed]

	



Shahbuddin, M.; Shahbuddin, D.; Bullock, A.J.; Ibrahim, H.; Rimmer, S.; MacNeil, S. High molecular weight plant heteropolysaccharides stimulate fibroblasts but inhibit keratinocytes. Carbohydr. Res. 2013, 375, 90–99. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Yao, P. Injectable thermo-responsive hydrogel composed of xanthan gum and methylcellulose double networks with shear-thinning property. Carbohydr. Polym. 2015, 132, 490–498. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Yuan, Y.; Wang, L.; Wang, X.; Mu, R.; Pang, J.; Xiao, J.; Zheng, Y. A Review on Konjac Glucomannan Gels: Microstructure and Application. Int. J. Mol. Sci. 2017, 18, 2250. [Google Scholar] [CrossRef]

	



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

	



Gabbiani, G.; Gabbiani, F.; Heimark, R.L.; Schwartz, S.M. Organization of actin cytoskeleton during early endothelial regeneration in vitro. J. Cell Sci. 1984, 66, 39–50. [Google Scholar]

	



Shahbuddin, M.; MacNeil, S.; Rimmer, S. The potential use of konjac glucomannan for wound healing and cell transportation. Eur. Cells Mater. 2011, 22, 43. [Google Scholar]

	



Al-Ghazzewi, F.; Elamir, A.; Tester, R.; Elzagoze, A. Effect of depolymerised konjac glucomannan on wound healing. Bioact. Carbohydr. Diet. Fibre 2015, 5, 125–128. [Google Scholar] [CrossRef]

	



Kathuria, N.; Tripathi, A.; Kar, K.K.; Kumar, A. Synthesis and characterization of elastic and macroporous chitosan–gelatin cryogels for tissue engineering. Acta Biomater. 2009, 5, 406–418. [Google Scholar] [CrossRef] [PubMed]

	



Weng, L.; Romanov, A.; Rooney, J.; Chen, W. Non-cytotoxic, in situ gelable hydrogels composed of N-carboxyethyl chitosan and oxidized dextran. Biomaterials 2008, 29, 3905–3913. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 12 00099 g001 550] 





Figure 1. The solid and the gel states of hydrogels observed at different temperatures (A) and the macroscopic images of the hydrogels produced in this study (B) XG/KGM: xanthan gum–konjac glucomannan. 
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Figure 2. Representative scanning electron microscopy (SEM) images of the different ratios and percentages of XG/KGM used to produce hydrogels. Scale bar: 100 μm. 
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Figure 3. FTIR spectra of the individual components (XG and KGM) and of the different blends (1%_XG/KGM_(50/50), 1%_XG/KGM_(60/40), 2%_XG/KGM_(50/50) and 2%_XG/KGM_(60/40)) used for the production of hydrogels. 
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Figure 4. Physicochemical characterization of the hydrogels’ properties. (A) Moisture content. (B) Water contact angle (WCA). (C) Water uptake assay. *, ** Significant differences between groups. The data are shown as means ± standard deviations (n = 3). 
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Figure 5. Microscopic images of human fibroblast cells in contact with XG/KMG hydrogels after 24 h and 72 h. K− (negative control), K+ (positive control). Scale bar: 100 µm. 






Figure 5. Microscopic images of human fibroblast cells in contact with XG/KMG hydrogels after 24 h and 72 h. K− (negative control), K+ (positive control). Scale bar: 100 µm.



[image: Polymers 12 00099 g005]







[image: Polymers 12 00099 g006 550] 





Figure 6. Characterization of the cytocompatibility of the hydrogels. (A) MTT assay of human fibroblast cells grown in the presence of different hydrogels. Wells treated with ethanol were used as positive controls. n.s: no statistically significant groups. The data are shown as means ± standard deviations (n = 3). (B) Representative SEM images of fibroblast cell adhesion and proliferation on the surface of the 1%_XG/KGM_(60/40) hydrogel, after 24 h and 72 h of incubation. (C) Confocal laser scanning microscopy (CLSM) images of cell internalization in 1%_XG/KGM_(60/40) after 24 h and 72 h, where different colors correspond to distinct depth values (as indicated in the color-coding scale). 






Figure 6. Characterization of the cytocompatibility of the hydrogels. (A) MTT assay of human fibroblast cells grown in the presence of different hydrogels. Wells treated with ethanol were used as positive controls. n.s: no statistically significant groups. The data are shown as means ± standard deviations (n = 3). (B) Representative SEM images of fibroblast cell adhesion and proliferation on the surface of the 1%_XG/KGM_(60/40) hydrogel, after 24 h and 72 h of incubation. (C) Confocal laser scanning microscopy (CLSM) images of cell internalization in 1%_XG/KGM_(60/40) after 24 h and 72 h, where different colors correspond to distinct depth values (as indicated in the color-coding scale).



[image: Polymers 12 00099 g006]







[image: Polymers 12 00099 g007 550] 





Figure 7. Cell migration response to biomaterial conditioned medium. (A) Fibroblast migration in the presence of hydrogels formulations and only culture medium (control). (B) Effect of the different hydrogels on the migratory activities of fibroblasts in the scratch assay. Data are expressed as a percentage of cell area compared to the control. Scale bar: 100 µm. 
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Table 1. Texture analysis of XG/KGM hydrogels.






Table 1. Texture analysis of XG/KGM hydrogels.





	Hydrogel
	Firmness (g)
	Cohesiveness (g.s)
	Adhesiveness (g.s)





	1%_ XG/KGM_(50/50)
	3816 ± 160
	16,474 ± 1075
	−4253 ± 558



	1%_ XG/KGM_(60/40)
	2364 ± 170
	11,536 ± 334
	−2879 ± 176



	2%_ XG/KGM_(50/50)
	4156 ± 325
	19,762 ± 1425
	−2554 ± 527



	2%_ XG/KGM_(60/40)
	3265 ± 159
	15,456 ± 1129
	−2950 ± 703
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