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Abstract

:

Hydrogels from natural polymers such as sodium alginate have great potential in regenerative medicine because of their biocompatibility, biodegradability, mechanical properties, bioresorption ability, and relatively low cost. Sodium alginate, a polysaccharide derived from brown seaweed, is the most widely investigated and used biomaterial in biomedical applications. Alginate dressings are also useful as a delivery platform in order to provide a controlled release of therapeutic substances (e.g., pain-relieving, antibacterial, and anti-inflammatory agents). In our work, we aimed to analyze process of degradation of alginate hydrogels. We also describe an original hybrid crosslinking process by using not one, as usual, but a mixture of two crosslinking agents (calcium chloride and barium chloride). We proved that different crosslinking agents allow producing hydrogels with a spectrum of mechanical properties, similar to the urethra tissue. Hydrogels were formed using a dip-coating technique, and then examined by mechanical testing, FTIR (Fourier-Transform Infrared Spectroscopy), and resorption on artificial urine. Obtained hydrogels have a different degradation rate in artificial urine, and they can be used as a material for healing of urethra injuries, especially urethra strictures, which significantly affect the quality of life of patients.
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1. Introduction


In tissue regeneration, biodegradable materials are desirable, because they can support tissue healing in the time of need. Biodegradable hydrogels are well known, and they have great potential as biomaterials in regenerative medicine. Currently, hydrogel materials are used on the commercial market as wound dressings, in stomatology, as a coating for catheters, and as drug carriers [1]. Hydrogels made from synthetic polymers more often contain polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), or polyamide [2,3]. Hydrogels made from natural polymers have great potential in regenerative medicine because of their biocompatibility, biodegradability, mechanical properties, bioresorption ability, and relatively low cost. In the group of natural polymers, the most popular and desired hydrogels are gelatin, chitosan, and sodium alginate. They are in use for clinical applications since the 1960s, when they were initially used in ocular applications including contact lenses and intraocular lenses due to their favorable oxygen permeability and lack of irritation leading to inflammation and foreign body reaction, which was observed with other plastics. Hydrogels as crosslinked polymeric networks contain hydrophilic groups that promote swelling due to interaction with water. Polymer chain arrangement and the presence of almost 75% water allows building a structure similar to the extracellular matrix, thereby supporting tissue integration [1,4]. The presence of water in hydrogel and its swelling in the bodily fluids support the diffusion of ions, proteins, and other components that are important for tissue healing. The water which accumulates between the hydrogel polymer chains may also be a carrier for drugs. The swelling and degradation ratio of hydrogel drug carriers influence the drug release close to the target, e.g., skin injury. The polymer chain arrangement and high water content are important in the proliferation phase of wound formation, where epithelization occurs and newly formed granulation tissue consisting of endothelial cells, macrophages, and fibroblasts begins to cover and fill the wound area by producing a new extracellular matrix (ECM). The presence of the new extracellular matrix is crucial for proper healing because it provides conditions for sustaining the cells and blood vessels, which provide nutrients needed to restore the tissue integrity and homeostasis [5]. The extracellular matrix (ECM) also serves as a porous and pliable scaffold for supporting the movement of the cells, nutrients, and growth factors through the wound environment. Studies on the chemical composition of the ECM during wound healing indicated that the deposition of a number of matrix components is different in chronic and acute wounds. The native ECM has the ability to coordinate stromal cells for synthesizing new tissue (e.g., if injured) with control over the tissue structure through the regulation of cell phenotype. Biomaterials act as an artificial ECM and, in the context of a scaffold, they must have biological and mechanical properties that match the native body tissue, and they must facilitate the localization and delivery of cells and/or transforming factors to the desired sites in the body. This includes providing a two- or three-dimensional space for the formation of new tissues with appropriate structure and guiding the development of new tissues with appropriate function [6]. Therefore, drug-incorporated scaffolds with a structure similar to ECM are particularly promising for synergistically accelerating the healing process of chronic wounds [7]. A wide range of applications of hydrogels results from their valuable properties, primarily their ability to swell, which allows water to be accumulated in a particular or desired localization, e.g., in a slow-healing wound. Polymeric hydrogels, due to their specific three-dimensional (3D) structure, are highly biocompatible with soft tissues, and they are able to regenerate the damage tissues and restore their functions. These characteristics make them potential candidates for use in biomedical and pharmaceutical applications such as tissue engineering [8,9,10]. Chen et al. [11] proved that the 3D microenvironment, especially the elastic and relaxation moduli of the cell culture hydrogel matrix, can regulate the metabolic properties of the living cells. The authors showed that the molecular weight and chemical properties of the polymers used for the cell culture matrix influence the three-dimensional cell culture system. Summa et al. [12] assumed that hydrogel films based on sodium alginate and their polysaccharide chains organized in a 3D structure on a micro level enhance wound healing and induce cell proliferation, whereas the presence of antiseptic povidone iodine in the films prevents bacterial infections.



Sodium alginate, a polysaccharide derived from brown seaweed, is the most widely investigated and used biomaterial in biomedical applications. Alginate is highly hydrophilic and able to absorb wound exudate while maintaining a moist microenvironment. Alginate dressings are also useful as a delivery platform in order to provide controlled release of therapeutic substances (e.g., pain-relieving, antibacterial, and anti-inflammatory agents) [12]. Moreover, their high biological affinity supports tissue integration, and they have biomechanical properties similar to tissues [13,14,15,16,17,18]. Biomechanical compatibility with tissue is a crucial factor that determines successful tissue regeneration [19]. Researchers, like Barros at al., made attempts to assess hydrogel materials based on sodium alginate, used in ureteral stents, to unblock the ureter and restore the urinary transport function from kidneys to the bladder. The motivation to carry out research on stents for the genitourinary system is the increasing number of male patients with strictures in the urethra, caused by tissue hypertrophy, which impairs the urine flow [20,21,22]. During the development of novel stents made from hydrogels, particular attention should be paid to the material’s mechanical characteristics, especially stress and deformation, as well as the stent shape, which should provide a proper interaction in the place of contact between the implant and the tissue [22]. Sodium alginate is a popular and cheap material obtained from brown seaweed. Sodium alginate is anionic and hydrophilic, which enables obtaining a crosslinked polymeric structure with elasticity and strength proper for tissue regeneration. Sodium alginate contains residues of the α-l-guluronic acid (G-blocks) and β-d-mannuronic acids (M-blocks). The G-blocks have a snake structure, while M-blocks have of a more stretched structure than G-blocks. G-blocks and M-blocks are connected by glycosidic bonds. The guluronic and mannuronic acid residues in the hydrogel structure may arrange in three variants/configurations: two β-d-mannuronic acids residues (MM), two α-l-guluronic acid residues (GG), or alternating connections of the M- and G-blocks (MG). The hydrogels obtained from alginate with a higher number of β-d-mannuronic acid residues have higher elasticity than those made from alginate with a higher number of α-l-guluronic acid residues [13,14,16,17,23]. One of the mechanisms leading to the formation of alginate hydrogels is crosslinking by divalent cations, like Ca2+. The G-blocks in the alginate bond with cation in the polymer chains, forming a structure called an “egg-box”. The divalent cation bonds covalently with two polymer chains and four G-blocks (two from each chain). The number of divalent ions and their dimensions determine the physicochemical properties of the hydrogel. The affinity of alginates for divalent ions decreases in the following order: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn > Mn [24]. A hydrogel structure crosslinked by divalent ions may be spread by single-valent ions like sodium or potassium, which exchange the divalent ions in the “egg-box” structure, leading to a decrease in the attraction force between G-blocks, thereby increasing the distance between them until they become free from the polymeric structure.



The research described in the present work is focused on the alginate crosslinking process and the resorption on artificial urine, which is rich in sodium and potassium. Motivation for the research and analysis was based on actual problems with tissue regeneration in the urinary tract, especially the urethra. In our research, we developed a hydrogel material able to prevent and to heal urethra strictures, caused by wound healing after surgical treatment, inflections, and other reasons. Alginates are natural polymers, which can build hydrogels with properties similar to soft tissues. In this paper, we aimed to analyze the process of alginate hydrogel crosslinking and the degradation of the alginate hydrogels in artificial urine. We also describe an original hybrid crosslinking process using not one, as usual, but a mixture of two crosslinking agents (calcium chloride and barium chloride). It is assumed that different cross-linking agents allow producing hydrogels with different degradation rates in artificial urine, with a spectrum of mechanical properties, similar to the urethra tissue. The aim was to obtain an alginate-based hydrogel that can be used as a biodegradable material for the healing of urethra injuries, especially urethra strictures, which significantly affect the quality of life of patients. In this work, we analyze two processes: crosslinking and degradation of alginate hydrogels.




2. Materials and Methods


2.1. Materials


All chemical components used in the research were as follows: alginic acid sodium salt (Sigma-Aldrich, 180947) with the parameters viscosity 15–25 cP, 1% H2O, pH 6.5–8.5, molecular weight 120–190 g/mol, and density 1.601 g/cm3; calcium chloride (Sigma-Aldrich), barium chloride (Sigma-Aldrich), urea (Sigma-Aldrich), sodium chloride (Sigma-Aldrich), ammonium chloride (Chempur), sodium sulfate (Avantor Performance Materials Poland S.A.), and monobasic sodium phosphate (Avantor Performance Materials Poland S.A.). All solutions were prepared using deionized water. The artificial urine solution was prepared according to the recipe described by Mayrovitz and Sims [25], which is presented in Table 1.



The sample preparation, as well as the determination of the degradation process, mechanical properties, and FTIR (Fourier-Transform Infrared Spectroscopy) research methodology, is described below. The nomenclature of the samples and the examined concentrations of sodium alginate and crosslinking agents are presented in Table 2. The amounts of alginate and crosslinking agents were selected on the basis of the results of other researchers [21,26].




2.2. Samples Preparation


To prepare samples with different amounts of sodium alginate and different crosslinking levels, 30 mg/mL and 50 mg/mL sodium alginate was dissolved in deionized water. The solutions were mixed for 16 h at room temperature using an electromagnetic stirrer. After stirring, the alginate solutions were sonicated using a sonic washer to remove the air bubbles. Formation of alginate hydrogel samples was carried out by crosslinking of the sodium alginate solution using three different crosslinking solutions with 1 M concentration: calcium chloride, barium chloride, and a mixture of calcium and barium chloride (volume ratio 1:1). The samples were formed as beads with dimensions of 10 mm and 2 mm thickness (for resorption and FTIR) and as tubes of 5–6 mm width, 6–7 mm free outer radius, and 0.55–0.63 mm thickness for mechanical testing (Figure 1a). The mechanical examination of the tubular hydrogel samples using a static tensile test is related to the proposed application of the obtained hydrogel as a biodegradable material for tubular stents for healing of the urethra injuries, which have a tubular shape. The alginate beads were formed in a 3D-printed mold, and the alginate tubes were formed using the dip-coating method on a polymer matrix (Figure 1b). The material was manufactured at an ambient temperature of 23 °C.




2.3. Degradation, Swelling, and Water Loss


Material degradation studies were performed in an artificial urine solution prepared according to the recipe AU-5 of Mayrovitz and Sims [25]. The resorption was performed for all materials, repeating the procedure three times for each type of sample with specified concentrations of sodium alginate and crosslinker. The resorption studies were carried out for 14 days via continuous immersion of samples in artificial urine. Each sample was immersed in sterile containers with 15 mL of artificial urine. The temperature of the artificial urine solution and test conditions was 23 °C. After the set time of immersion in urine, the hydrogel was drained off with a laboratory filter for 15 s. The material resorption or swelling was calculated based on Equation (1).


Resorption or swelling (%) = [(M0 − M1)/M0] × 100,



(1)




where M0 is the initial mass of the sample before immersion in the artificial urine solution, and M1 is the wet mass of the sample after immersion in the artificial urine solution.



The loss of water from the tested samples was determined on the basis of an analysis of change in the sample weight after drying for 2.5 h in a dryer while maintaining a constant temperature of 70 °C. The loss of water was calculated based on Equation (2).


Water loss (%) = [(M1 − Ms)/M1] × 100,



(2)




where M1 is the wet mass of the sample after immersion in the artificial urine solution, and Ms is the sample mass after drying in an oven at 70 °C for 2.5 h.




2.4. Examination of Mechanical Properties


Mechanical testing of the obtained tubular samples (Figure 2) was carried out using a testing machine with an electromechanical actuator Zwick Roel EPZ 005. The alginate hydrogel tubes were examined in a static tensile test in the radial direction with a speed of 5 mm/min, according to Reference [27]. To measure the geometrical parameters of the samples, especially the surface area, the samples were photographed. The photos were analyzed and the surface area was calculated using MS Office 2016. The Young’s modulus value was calculated for the linear region of deformation at 0.05 mm/mm. The tests were conducted at a temperature of 23 °C.




2.5. Fourier-Transform Infrared Spectroscopy (FTIR)


To determine the composition of the alginate samples and the crosslinking agent bondage, the samples were examined using FTIR-ATR (Fourier-Transform Infrared Spectroscopy-Attenuated Total Reflection). The tests were carried out on a Thermo Scientific™ Nicolet™ iS50 FTIR Spectrometer. The absorption was measured within the range of 500 to 4000 cm−1 using an ATR detector with a resolution of 16 scans per spectrum. Before testing, the samples were dried for 12 h to get rid of the water, which could distort the spectrum.





3. Results and Discussion


3.1. Degradation, Swelling, and Water Loss


Resorption of the ball-shaped sodium alginate material was carried out for samples with different concentration combinations of sodium alginate and crosslinker. The results obtained for the pre-drained material are presented graphically in Figure 3. Their analysis shows that the type of crosslinking substance affected the resorption time of the material. It was observed that samples with both 30 mg/mL and 50 mg/mL sodium alginate dissolved in 100 mL of deionized water crosslinked with different combinations of crosslinkers showed different degrees and times of degradation. Samples of the materials crosslinked with Ca2+ cations featured slow material degradation, causing point-blank swelling in extreme cases by up to 50%. This was most likely due to the penetration and replacement of free bonds and cation sites by H2O molecules into the deeper layers of the material, which were exposed after partial degradation in the initial period of immersion in artificial urine. In case of the 5.0Ca1.0 sample during the 14-day test of resorption, the sample mass grew, showing large swelling, while the 3.0Ca1.0 sample did not begin to degrade until 12 days. The hydrogel material crosslinked with the Ca2+/Ba2+ cation combination showed degradation throughout the entire 14-day resorption study cycle. Both 5.0CaBa1.0 and 3.0CaBa1.0 samples lost weight. After completion of the degradation studies (14 days), their mass decreased by an average of about 18%. Assuming that the conducted biodegradation tests were accelerated tests, because the sample was immersed continuously in the artificial urine, it can be assumed that the material would be able to stay in the urethra for up to 77 days (11–12 weeks). The water loss in the material after drying at 70 °C for 2.5 h for all samples was about 75% on average.



The obtained results are comparable to those described in the literature [21,28], where it was also observed that the time and rate of the resorption are affected by the ratio of the concentrations of the polymer used and the crosslinker. An important aspect when analyzing the degradation of the hydrogel materials dedicated to future application as stents of the genitourinary system is the amount of urine excreted throughout the day. According to the research carried out by Barros, it appears that their proposed material is intact for up to three days, while, after 10 days, there is full degradation [21].




3.2. Mechanical Properties of Alginate Hydrogels


Mechanical examinations of the tubular hydrogel samples were carried to determine the strain characteristics and elasticity in terms of the Young’s modulus value. The average values of Young’s modulus following six repetitions for each type of material are presented in Figure 4. The results show that using the mixture of calcium and barium ions as a crosslinking agent led to the formation of hydrogels with a higher value of longitudinal elasticity in comparison to crosslinking with only calcium ions. Moreover, the Young’s modulus value was the highest for samples with 50 mg/mL sodium alginate. The obtained mechanical properties of the alginate hydrogels were similar to those of the urethra, and the potential of using the proposed hydrogels for urethra injury healing is promising. The urethra mechanical properties described in the literature are different. Yao et al. [29] provided evidence of human urethra strength with a Young’s modulus of 2.4 MPa. More researchers described the White New Zealand Rabbit urethra properties. Zhang et al. [30] published that the Young’s modulus for this tissue is 0.25 MPa, and Feng et al. [31] stated that it is 0.5 MPa. The differences in this value for animal models may be caused by features of individual variation. The tissue properties of animal and human models depend on the age of the model, as well as its health and living conditions. The human urethra strength may also depend on these factors. Mechanical properties of alginate hydrogels were also described by researchers; however, as they used other sodium alginate concentrations and calcium ions as a crosslinking agent, a comparison of obtained results is difficult. In the literature, there are no results related to a mixture of crosslinking ions. A comparison of the obtained results in terms of the mechanical strength for different sodium alginate hydrogels and crosslinking agents described in the literature is presented in Figure 4.



The mechanical characteristics of the urethra show the features of a hyper-elastic material. In order for a stent structure to be used as an implant to unblock fibrosis in the urethra during flow, the stiffness of the material should be close to or higher than the stiffness of the tissue into which it will be inserted. It is best for a hydrogel stent to work in a resilient deformation range. The study showed that, depending on the hydrogel concentration applied and the type of crosslinking agent, values close to or higher than the Young’s modulus of a rabbit urethra could be obtained. Further evaluation of the results obtained could be achieved by conducting clinical trials using the proposed materials in the form of a urethra stent.




3.3. Fourier Transform Infrared Spectroscopy (FTIR-ATR)


The FTIR-ATR spectra for the alginate hydrogel samples crosslinked with calcium and a mixture of calcium and barium ions are presented in Figure 5. The analysis revealed differences in the absorbance values for the examined sodium alginate concentrations and crosslinking agents. The absorbance in the range 3000 to 3500 cm−1, characteristic for the stretching of hydroxyl bonds (O–H), was the highest for samples crosslinked with calcium ions. Tensile vibration bands of symmetrical and asymmetrical CO carboxyl bonds and divalent ions were observed at values ranging from 1400 to 1600 cm−1, while bands from 1000 to 1200 cm−1 characteristic for C–O bond vibration, at 800 cm−1 characteristic for mannuronic acid, and at 700 cm−1 characteristic for guluronic acid were also observed upon binding crosslinking ions [32,33].





4. Conclusions


Hydrogel materials, in particular those based on natural polymers, have great potential, and they gave promising results in tissue engineering research. Their properties including their 3D structure, high water content, and many others support tissue regeneration. The hydrogels based on natural polymers, especially on sodium alginate, allow increasing the effectivity and development of novel products and knowledge in tissue engineering and regeneration medicine [20,21]. The alginate-based hydrogels developed in the presented research show their potential as a material for genitourinary tissue healing. The obtained alginate hydrogels have mechanical properties similar to the urethra tissue, and they contain 75% water, which is also a value compatible with the water content in tissues. The content of alginate and crosslinking with a mixture of divalent calcium and barium ions increased the tensile strength with an influence on the resorption ratio and swelling process. The results show that further research can be carried out, aimed at even more accurate analysis, leading to the improvement of the material properties of ureteral stents based on sodium alginate. By choosing the right ratio of ingredients, it is possible to obtain a material with the desired physicochemical properties and adjust the resorption process ratio. Hydrogels are materials that can be easily formed in various shapes depending on the needs and place of application in the body. When developing the degradation and strength properties of urethra stents in the future, it is absolutely necessary to take into account the actions of muscles, urine flow simulations, and the technology of introducing the stent.
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Figure 1. (a) Samples of hydrogel material; (b) station for forming hydrogel material in the shape of tubes. 






Figure 1. (a) Samples of hydrogel material; (b) station for forming hydrogel material in the shape of tubes.



[image: Processes 08 00304 g001]







[image: Processes 08 00304 g002 550] 





Figure 2. Tensile test tubular hydrogel material on the machine. 
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Figure 3. Assessment of wet mass change of hydrogel materials based on sodium alginate crosslinked with Ca2+ cations and a Ca2+/Ba2+ mixture during continuous immersion in an artificial urine solution after pre-draining in a laboratory filter for 15 s. 
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Figure 4. Young’s modulus values for tubular alginate samples obtained in mechanical testing. 
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Figure 5. FTIR (Fourier Transform Infrared Spectroscopy) spectrum analysis for alginate samples. 
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Table 1. Components of artificial urine with the amount needed to prepare 1 L of solution.
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	Source
	Chemical Reagent
	Quantity in Grams





	Sigma-Aldrich
	Urea
	124.9



	Sigma-Aldrich
	NaCl
	45.0



	CHEMPUR
	NH4Cl
	12.85



	Avantor Performance Materials Poland S.A.
	Na2SO4
	15.0



	Avantor Performance Materials Poland S.A.
	NaH2PO4
	13.7
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Table 2. Type and name of prepared materials based on sodium alginate.
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Type of Crosslinker

	
Concentration of Crosslinker

	
30 mg/mL Sodium Alginate

	
50 mg/mL Sodium Alginate






	
CaCl2

	
1.0 M

	
3.0Ca1.0

	
5.0Ca1.0




	
CaCl2/BaCl2

	
3.0CaBa1.0

	
5.0CaBa1.0
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