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Abstract

:

To improve business performance and achieve sustainable development through the concept of hot spring resource reuse, this study investigated the antibacterial effect of alginate-coated tea tree essential oil microcapsules and the effect of alginate microcapsules on the release of tea tree essential oil. The results revealed that 450 μm alginate/tea tree essential oil microcapsules (containing 720 ppm of tea tree essential oil) prepared using microfluidic assemblies effectively inhibited total bacteria, Escherichia coli, and Staphylococcus aureus in hot spring water. For alginate/tea tree essential oil microcapsules prepared under different conditions, at a fixed concentration of cross-linking reagents, the release time increased with the cross-linking time (10 min > 5 min > 1 min). At a fixed cross-linking time, the release time increased with the concentrations of cross-linking reagents (1 M > 0.5 M > 0.1 M). When the concentrations of cross-linking reagents and the cross-linking time were the same, the release time of cross-linking reagents increased with the strength of metal activity (Ca > Zn).
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1. Introduction


Water is essential to sustain life on earth and is used for drinking and irrigation purposes. Moreover, water regulates body temperature in humans [1]. Water is available in diverse forms. Hot spring resources can be divided into hot, cold, mud, and submarine according to their temperature, type, and landform [2]. Hot springs are a destination for tourism and leisure and recreational activities. In addition, hot spring resources have medical treatment, agriculture, geothermal system, and biotechnology applications [3]. Therefore, hot springs have become a crucial resource for the development of the tourism industry worldwide [4].



Surrounded by seas, Taiwan has abundant geothermal resources, including 18 sulfur, sulfuric acid, sodium bicarbonate, salt mud, and mineral-free hot spring areas [5]. Before the COVID-19 pandemic, these hot spring areas attracted a steady stream of visitors. According to official statistics, 6,063,000 tourists visited hot spring areas in Taiwan in 2021, thus providing substantial business opportunities and effectively promoting the development of local tourism-related industries and the urban economy [6]. Thus, hot spring water resources are crucial for decision making related to tourism in Taiwan and local economic development.



Total hot spring water resources in all areas are not unlimited. The government and firms collect, use, store, and transport water from hot spring sources or dig wells to exploit hot spring sources [4,6]. However, hot spring sources should be strictly protected because factors such as artificial development and overuse can adversely affect landforms and water quality, cause pollution, and reduce water temperature, thus decreasing the quality of hot springs [7,8]. Moreover, because of the COVID-19 pandemic, the demand for safe public areas and high-quality hot spring water has gradually increased [9]. In addition, although hot spring water resources are limited, numerous individuals bathe in hot springs; thus, changing the water in hot spring pools at any time is impossible. Because of repeated use by abundant tourists, unchanged hot spring water resources are likely to promote the growth of various bacteria, such as Escherichia coli, which can affect the health and safety of individuals using these hot springs [4,10]. Therefore, maintaining the quality of hot spring water, solving the problem of bacterial growth, and developing sustainable methods to use and manage hot spring water resources are necessary.



The goal of the sustainable management of hot spring water resources is to maintain their safety by using bactericidal methods that do not increase the redox potential of spring water, do not change the water quality of hot springs, are inexpensive, and exert a strong antibacterial effect [11]. However, effective bactericidal methodologies are not yet available, and the quantitative relationship between various bactericidal methods and pollution in hot spring water remains uncertain. In addition, in hot spring pools, a positive result should not be obtained if five tubes of 10 mL of E. coli samples are cultured in every 100 mL of water, and the total plate count should not exceed 500 per mL after culture for 24 h at 37 °C [12]. The bactericidal effect differs between raw hot spring pool water and circulated filtered water [13]. In this study, we attempted to develop a bactericidal method that can meet health management standards, is suitable for sustainable water resource management, and can maintain spring water quality without changing water temperature.



1.1. Microcapsule Technology


Research on microcapsule technology began in the United States in 1940; however, it was used from the 1950s after commercial product availability and patent applications [14,15]. Capsules refer to protective capsule-like containers formed by filling fine, coated materials, such as nuclei and core materials, into one or more skin or shell walls to isolate them from the external environment [16]. Capsules are prepared using physicochemical, chemical, and mechanical methods. Natural or synthetic polymer materials are typically used to prepare shells, and highly dispersed nuclear substances are used as coating materials. The particle size ranges between 1 μm and 100 mm [17]. Low-cost polymer materials that easily form films are typically used for shells. Such shell materials should be more stable than nuclear substances, should not cause decomposition or side reactions, and should be able to surround nuclear substances, such as dispersed fine solid or liquid, and polymerize to form strong capsules [18]. Moreover, the oil-soluble liquid protoplasm is often used as the nuclear substance. If the solid protoplasm is used as the fine coating material, an appropriate solvent can be added according to dissolution characteristics to liquidize it and fully mix it with oily shell material monomers. This process can improve the reaction rate and is favorable for the interface contact for the polymerization reaction and the formation of high-quality capsules [17,18]. Therefore, encapsulated materials exhibit improved physical properties, stability, and compatibility; demonstrate reduced photosensitivity; and are isolated from air [15]. Microcapsules are widely used in many industrial products.




1.2. Capsule Preparation Technology and Dru-Release System


Capsules can be prepared using physicochemical, chemical, and mechanical methods; among them, interfacial condensation polymerization and in situ condensation polymerization are the most commonly used [19]. Capsules with different coated states and particle size distributions can be prepared through interfacial condensation polymerization and in situ condensation polymerization by using synthetic polymer monomers as raw materials and by controlling formulation and operating conditions [20].



Various polymer compounds can be used as shell materials. The selected polymers should not react with nuclear substances chemically and should be stable, permeable, tough, and low-cost. The polymers polyamide, polyester, and cellulose are commonly used as shell materials, and different polymer materials can form shell layers of different materials [19,20].



Controlled-release drug-carrier materials are beneficial for disease treatment [21]. Controlled-release drugs are transmitted to the target point regularly and quantitatively. Thus, reduced drug decomposition during the controlled transmission process avoids the loss of drugs, increasing drug efficacy and preventing drug decomposition due to high temperature [22]. Therefore, capsule preparation should be conducted according to the drug-release system (Figure 1).




1.3. Sodium Alginate, Chitosan, and Tea Tree Essential Oil


Sodium alginate, a natural polysaccharide substance extracted from seaweeds, can cross-link with divalent cations and can be concentrated in solutions and form gels and films [23]. Therefore, sodium alginate is widely used for immobilization in foods, medical dressings, drug carriers, heavy metal adsorption, and biological enzymes and is employed as a liquid homogenizer and thickener in the food industry [24,25]. Furthermore, calcium alginate exhibits high biocompatibility and moisture absorption capacity; it can easily remove substances and adsorb heavy metals. Thus, calcium alginate is suitable for coating living organisms to prevent their harm under special environmental conditions or when transferring matter into living organisms.



Chitosan, a positive cation, electrostatically interacts with anions on the surface of bacteria, changes the permeability of bacterial cell membranes, causes abnormal access of materials in and out of cells, and exerts an antibacterial effect. Moreover, chitosan promotes the synthesis of inducible nitric oxide synthase (iNOS) by macrophages to produce nitric oxide (NO) [26], enabling macrophages to engulf bacteria and attack cancer cells [27] and exerting antibacterial effects. In particular, chitosan is the most effective in controlling the growth of Staphylococcus aureus and Salmonella. Chitosan with an MIC50 value of > 5mg/mL exerted the strongest inhibitory effect on E. coli, Pseudomonas aeruginosa, S. aureus, Candida albicans, Streptococci, and S. enteritidis [28].



Tea tree, also known as Melaleuca alternifolia, originates from Australia and belongs to the family Myrtaceae. Tea tree oil is composed of terpenes, mainly monoterpenes, sesquiterpenes, and related alcohols, which are volatile aromatic hydrocarbons. The antibacterial activity of tea tree oil is mainly attributed to terpinene-4-ol, the main component in the essential oil. Tea tree essential oil has poor hydrophilicity. At a high concentration, tea tree oil exerts a bactericidal effect and can inhibit tumor necrosis factor [29]; thus, tea tree oil can be used as a natural bactericide. Moreover, tea tree oil exerts antiviral effects and can inhibit mold growth, stimulate leukocyte proliferation, increase immune cell activity, enhance immunity, prevent infection, inhibit infection spread, promote wound healing, relieve pain and discomfort, and reduce inflammation [29,30,31]. Tea tree oil is often used for anti-inflammatory purposes in surgery and dental operations [32,33] and is widely used in aromatherapy [34].



Because of the antibacterial and anti-inflammatory properties of chitosan, polycaprolactone nonwoven mats (PCLNM) prepared using tea tree essential oil (TTO) exhibit anti-inflammatory and bactericidal effects [35,36,37]. After being injected into capsules and placed in water at 50 °C, the time required for the release of tea tree essential oil is similar to that at 70 °C–90 °C [38]. Therefore, sodium alginate, chitosan, and tea tree essential oil can eliminate pollutants from used hot spring water and thus achieve the goal of the sustainable management of hot spring water.



In summary, microcapsules prepared using sodium alginate, chitosan, and tea tree essential oil exert a bactericidal effect without causing any side effects to humans. Thus, they can be used for water resource management to achieve the sustainable management of hot spring water resources.





2. Materials and Methods


2.1. Drugs, Experiment Equipment, and Instruments


This research used Ultraviolet-Visible Spectrophotometer (DU800); Syringe Pump (kd Scientific 200 Series, Scientific Hightek Co., Taipei, Taiwan); Inverted microscope (Leica DM IL LED, Major Instruments Co., Taipei, Taiwan); Syringe (50 mL, TERUMO, Taipei, Taiwan); Needle (18Gx1 1/2″(1.20 × 38 mm), TERUMO, Taipei, Taiwan); Polyethylene Tubing (PE190, I.D. 1.19 mm (0.047″), O.D. 1.70 mm (0.067″)), INTRAMEDIC CLAY ADAMS Brand, Hondwen Co., Taipei, Taiwan); pipette tip (0.1–10 μL) (I.D. 0.47 mm, O.D. 0.91 mm), 1–10 μL (I.D. 0.42 mm, O.D. 0.667 mm); pipette tip (10–200 μL); and other instruments for experimental tests and microcapsule production experiments.



Moreover, it used eight kinds of chemicals (including sodium alginate) produced in the United States, Japan, Belgium, Australia, Taiwan, and other countries as the main raw materials for experiments. Details on the raw materials, sources, and places of origin are shown in Table 1.




2.2. Experimental Procedure—Preparation of Composite Alginate/Chitosan Microcapsules


Two-tube or three-tube microfluidic devices can use different arrangements and combinations to fabricate single-droplet and double-droplet microfluidic elements. Alternatively, the diameter of the pipette tip material can be changed to achieve any desired microfluidic element [39]. Therefore, we use the characteristics of this device to separate and configure the elements.



The experimenter used the two-tube microfluidic device to mix the alginate and the aqueous solution of chitosan. In the injection tube, the injection of the isooctane oil transfer tube was used to cut the mixed aqueous solution of alginate and chitosan to form water-in-oil forms. Finally, they entered the aqueous solution of curing agents (CaCl2, ZnCl2) to form composite microcapsules. In order to reduce experimental variables, the composite microcapsules were controlled at 450 μm with the use of the microfluidic technology (the flow rate of the injection tube was fixed at 100 μL/min, and the flow rate of the transfer tube was fixed at 1000 μL/min).



The microfluidic device consisted of two polypropylene pipette tips. The microfluidic body was arranged in a coaxial alignment, and the tips of the two pipette tips were 1.5 cm apart. The plastic tube (I.D. 1.19 mm) was connected to the outer tube and fixed on the glass plate. Furthermore, the pipette tips (I.D. 0.47 mm, O.D. 0.91 mm) were used for sealing and fixation, as shown in Figure 2.



The 1.5% alginate (containing 2% chitosan) was injected into the two-tube microfluidic device through the injection tube by the microsyringe, and isooctane was injected into the two-tube microfluidic device using the transfer tube. After that, the flow rate of the injection tube was fixed at 100 μL/min, and the flow rate of the transfer tube was fixed at 1000 μL/min. The alginate mixture was cut into droplets by isooctane and flowed into the aqueous solution of curing agents (CaCl2, ZnCl2) to form alginate/chitosan microcapsules through curing. In the process of suction and filtration, deionized water was used for cleaning to obtain composite wet pellets of alginate/chitosan. Finally, they were vacuumized and dried to obtain composite microcapsules of alginate/chitosan. The diameter of the composite microcapsules of alginate/chitosan was about 450 μm, as shown in Figure 3.




2.3. Preparation of Composite Microcapsules of Alginate/Tea Tree Essential Oil


Sodium dodecyl sulfate (SDS) was added to make the tea tree essential oil evenly mixed with the alginate. The three-tube microfluidic device was used to prepare composite microcapsules, and an additional layer of alginate was added to block the release of tea tree essential oil during curing. Then, the injection of the isooctane oil transfer tube was used to cut the composite aqueous solution of alginate and tea tree essential oil to form water-in-oil forms. Finally, they entered the aqueous solution of curing agents (CaCl2, ZnCl2) to form composite microcapsules. In order to reduce experimental variables, the composite microcapsules were controlled at 450 μm with the use of the microfluidic technology (with the flow rate of the injection tube 1 fixed at 100 μL/min, the flow rate of the injection tube 2 fixed at 100 μL/min, and the flow rate of the transfer tube fixed at 1000 μL/min).



The microfluidic device consisted of 3 polypropylene pipette tips. The microfluidic body was arranged in a coaxial alignment, and the tips of the 3 pipette tips were 1.5 cm apart. The plastic tube (I.D. 1.19 mm) was connected to the outer tube and fixed on the glass plate. Furthermore, the pipette tips (I.D. 0.47 mm, O.D. 0.91 mm) were used for sealing and fixation, as shown in Figure 4.



Next, 70 g (1%) alginate aqueous solution, 0.2 g sodium dodecyl sulfate, and 30 g tea tree essential oil were mixed evenly. This aqueous solution was injected into the three-tube microfluidic device through injection tube 1 using the microsyringe. Then, the (1%) alginate aqueous solution was injected into the three-tube microfluidic device through injection tube 2 using the microsyringe. Isooctane was injected into the three-tube microfluidic device through the transfer tube using the microsyringe. The flow rate of injection tube 1 was fixed at 100 μL/min, the flow rate of injection tube 2 was fixed at 100 μL/min, and the flow rate of the transfer tube was fixed at 1000 μL/min. At this time, the fluid in injection tube 1 and the fluid in injection tube 2 flowed in a laminar flow mode, and they were cut into droplets by isooctane. Then, they flowed into the aqueous solution of curing agents (CaCl2, ZnCl2) for curing to form composite microcapsules of alginate/tea tree essential oil. Finally, in the process of suction and filtration, deionized water was used for cleaning to obtain composite microcapsule wet pellets of alginate/tea tree essential oil. The diameter of the composite microcapsules of alginate/tea tree essential oil was about 450 μm, as shown in Figure 5.



2.3.1. Establishment of the Calibration Curve of Tea Tree Essential Oil


In the UV-visible spectrum, it can be found that tea tree essential oil has an obvious characteristic peak of absorption at λ = 268 nm, as shown in Figure 6. This characteristic peak of absorption was used to make a decline curve for 0–2500 ppm, as shown in Figure 7.




2.3.2. Release of Composite Microcapsules of Alginate/Tea Tree Essential Oil


Tea tree essential oil is a volatile substance. However, in order to meet the properties of “not increasing its redox potential”, “not changing the water quality of hot springs”, and “having a high efficiency in antibacterial effect”, tea tree essential oil is safer and more effective than the commonly used chlorine compounds. In order to conform to the form of hot spring water in the open space, the open-system release experiment was performed [40,41]. It can be seen that in the open-system environment, the essential oil in the water began to volatilize into the air, and the release amount was gradually stable. At this time, the release rate was basically the same as the volatilization rate. However, after the fourth hour, the release curve in the open system gradually decreased, indicating that the release rate at this time was smaller than the volatilization rate. In the closed-system environment, since the essential oil did not evaporate out of the system, although the release amount continued to increase after 1.5 h, the release balance was basically reached after the third hour. From this test, it could be seen that the volatilization and release effect of the essential oil may be affected by the environmental system. Therefore, the environment may be a limiting or influencing factor of the experiment, as shown in Figure 8.



Then, an appropriate amount of the mixed solution of alginate/tea tree essential oil was taken to replicate the microcapsules. They were put into 1 L of sodium bicarbonate hot spring water at 45 °C with a stirring speed of 100 rpm. Samples were periodically measured at 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 h, respectively. The absorbance was analyzed with the Ultraviolet-Visible Spectrophotometer, and the released amount was converted and interpreted according to the standard curve. In addition, two factors were designed to test a total of 18 (2 × 3 × 3) experiments to explore the effect of cross-linking agent type, cross-linking agent concentration, and cross-linking time on the release time of the essential oil. As shown in Table 2.




2.3.3. FTIR


Figure 9 presents the FT-IR results of calcium alginate composite microspheres. Figure 3 shows that the characteristic peaks of Ca-alginate at 1400 cm−1 and 1600 cm−1 are weaker than those of alginate, mainly because the cross-linking of calcium forms a –C–O–Ca–O–C– group structure. This indicates that the sodium ion (Na+) of sodium alginate is exchanged with the calcium ion (Ca2+), and the carboxyl group and Ca2+ are cross-linked to form a network molecule. The characteristic peak of alginate–chitosan at 1600 cm−1 appears wider and stronger, indicating that the carboxyl and amine groups are cross-linked to form a network molecule.



In the figure, the characteristic peak of alginate–chitosan at 1600 cm−1 appears wider and stronger, indicating that the carboxyl and amine groups are cross-linked to form a network molecule. As shown in Table 3.




2.3.4. TGA


Figure 10 shows the TGA results of calcium alginate composite microspheres. It is known from Table 4 that the thermal cracking temperature of alginate–chitosan is 314 °C when the weight loss is 30%, which is 14 °C higher than that of Ca-alginate. It indicated that adding chitosan could increase the thermal properties of calcium alginate composite microspheres. Figure 4 shows that the TGA loss of alginate–chitosan is 38%, and that of Ca-alginate is 31% at 800 °C. It means that alginate–chitosan has a less thermogravimetric loss, proving that the connection between amine groups and calcium ions leads to more inorganic substances.




2.3.5. DSC


Figure 11 shows the DSC results of calcium alginate composite microspheres. Table 5 shows that the melting point temperature of Ca-alginate and alginate–chitosan is similar. Figure 11 shows that the alginate–chitosan peak is wider than the Ca-alginate peak, resulting from the cross-linking of chitosan and calcified alginate.






3. Analysis Methods


3.1. Instrumental Analysis


With the use of the Inverted Stereomicroscope (Leica DM IL LED, Wetzlar, Germany), the object to be observed directly was placed directly under the microscope objective. The Ultraviolet-Visible Spectrophotometer (HITACHI U-3900 Spectrophotometer type, Sano, Japan) was used to detect the situation where the electrons in the orbitals were excited to generate transitions after the solvent was placed into the square quartz tube and the sample slot of the instrument, and then, the desired spectrum was obtained.




3.2. Bacterial Culture, Detection, and Analysis


The pre-work was conducted by disinfecting the sterile bench with ethanol and irradiating it with UV light for 1 h before the operation. After each use, the bench was cleaned and covered with a dust cloth to avoid contamination. Microbiological testing instruments were sterilized in a sterilizer before each usage. After use, the reusable instruments were collected, washed, and dried with the cleaning agent with a disinfecting effect after the inspection to prevent the spread of contaminants.



In the operation steps, the sterilization process of equipment and medicines was completed. After labeling the Petri dishes, we began microbiological testing. TTC (2,3,5-Triphenyl tetrazolium chloride) was added to PCA (Plate count agar) and mixed well. The PCA with TTC was poured into the Petri dish. After solidification, 9 mL of MLB (Modified Letheen broth) was pipetted into the test tube for use. Before the test tube was used, a slight cauterization was performed at the mouth of the Bunsen burner. The bottle was cauterized with a slight rotation to remove the internal moisture. After adding MLB, we sprayed the sample with 75% ethanol and placed it on the operating table.



After the sample was well-mixed with MLB, 0.1 mL was pipetted into the Petri dish and shaken slightly to mix well. After the culture substrate had absorbed the dilution, the surface of the Petri dish substrate was smeared with a smear stick to cause the sample dilution to evenly adhere to the surface. Finally, the Petri dish was put into the bag and then put into an oven at 33–35 °C for 48 h. Finally, the calculation and analysis were carried out according to the theoretical standard and the actual test data (addition 30%, release rate 47%). The calculation formula is as follows:


  η =   Q   actual   Q   theory    











Q actual: the amount actually released in the hot spring water.



Q theory: the theoretical amount released in hot spring water.



η: release rate.





4. Results


4.1. Antibacterial Test of Composite Microcapsules


In the experiment, the unused hot spring water (uncontaminated) and the used hot spring water (contaminated) were tested, including the total bacteria count, as well as tests of mold, Escherichia coli, and Staphylococcus aureus. The composite microcapsules were added to the used (contaminated) hot spring water for antibacterial testing. Alginate composite microcapsules disintegrate in the presence of sodium ions at pH > 7 [42]. Therefore, our study will not consider discussing the state where the SDS content is less than 0.1%.



4.1.1. Strain Test and Antibacterial Test of Composite Microcapsules in Unused (Uncontaminated) Hot Spring Water


The alginate/tea tree essential oil microcapsules and alginate/chitosan microcapsules were put into the unused hot spring water, respectively, to test the antibacterial ability. Through the test, it can be seen that the hot spring water experienced an antibacterial effect after adding alginate/tea tree essential oil microcapsules, and the release amount of tea tree essential oil was 0.7 mg/mL, which was greater than the minimum antibacterial dose of 0.08 mg/mL. In contrast, the addition of alginate/chitosan microcapsules to hot spring water had no antibacterial effect. As shown in Table 6.




4.1.2. Strain Test and Antibacterial Test of Composite Microcapsules in Used (Contaminated) Hot Spring Water


The test of used hot spring water showed that the total number of bacterial colonies was greater than 250 CFU/g, the number of Escherichia coli colonies was 50 CFU/g, and the number of Staphylococcus aureus colonies was 8 CFU/g, indicating that the used hot spring water had been contaminated with Escherichia coli and Staphylococcus aureus. Then, the used hot spring water was applied as the matrix of the polluted water to add composite microcapsules for the antibacterial test.



It was added to 50 g sterile water of alginate/tea tree essential oil microcapsules, mixed well, and placed for 4 h before testing. The test results showed that the total bacterial colonies of the alginate/tea tree essential oil microcapsules were all 0 CFU/g, indicating that the alginate/tea tree essential oil microcapsules were not contaminated. It was put into the used hot spring water, mixed well, and placed for 4 h before testing. The test results showed that the total bacteria, Escherichia coli, and Staphylococcus aureus colonies of the alginate/tea tree essential oil microcapsules were all 0 CFU/g, indicating that the alginate/tea tree essential oil microcapsules had an obvious antibacterial effect, as shown in Table 7.





4.2. Analysis of the Release of Microcapsules Obtained with the Same Concentration of Cross-Linking Agent for Different Cross-Linking Time


4.2.1. Effects of Cross-Linking Time on the Release of Calcium Alginate/tea Tree Essential Oil Microcapsules with Different Cross-Linking Agent Concentrations of CaCl2


The release of microcapsules in hot spring water obtained by using CaCl2 as the cross-linking agent for the cross-linking time of one, five, and ten minutes are shown as follows. According to the analysis of the release curve, in the presence of the cross-linking agent of 0.1 M CaCl2, the microcapsules showed the slowest release rate after ten minutes of cross-linking, and the release equilibrium time was about 2 h after the start of the release. The microcapsules showed the second slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 1.6 h after the start of the release. The microcapsules showed the fastest release rate after one minute of cross-linking, and the release equilibrium time was about 1.3 h after the start of the release. The experimental data showed that the longer the cross-linking time, the thicker the calcification thickness and the smaller the porosity, and the longer the tea tree essential oil encapsulated in the microcapsules may be released in the hot spring water, as shown in Figure 12.



The 0.5 M cross-linking agent was used instead, and the cross-linking time was unchanged. The microcapsules showed the slowest release rate after ten minutes of cross-linking, and the release equilibrium time was about 3.4 h after the start of the release. The microcapsules showed the second slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 2.8 h after the start of the release. The microcapsules showed the fastest release rate after one minute of cross-linking, and the release equilibrium time was about 2.4 h after the start of the release. These results were not significantly different from the 0.1 M group, as shown in Figure 13.



The 1 M cross-linking agent was used instead, and the cross-linking time was unchanged. In the presence of the cross-linking agent of 1 M CaCl2, the release curves of the microcapsules obtained after the cross-linking time of one minute, five minutes, and ten minutes were slightly different, but the difference was not obvious. The release equilibration time was approximately 3.5 h after the start of the release. In addition, from the release curves of microcapsules obtained by the cross-linking agent of 0.1 M and 0.5 M CaCl2 in hot spring water, it can be seen that in the presence of the cross-linking agent of 0.5 M CaCl2, the release time of microcapsules obtained after the cross-linking time of ten minutes was 3.4 h, which fully indicated that the alginate was almost completely cross-linked. According to the above experimental results, all the total releases were around 720 ppm regardless of the cross-linking time, as shown in Figure 14.




4.2.2. Effects of Cross-Linking Time on the Release of Zinc Alginate/Tea Tree Essential Oil Microcapsules with Different Cross-Linking Agent Concentrations of ZnCl2


The release of microcapsules in hot spring water obtained by using ZnCl2 as the cross-linking agent for the cross-linking time of one, five, and, ten minutes are shown as follows. According to the release curve, in the presence of the cross-linking agent of 0.1 M ZnCl2, the microcapsules showed the slowest release rate after ten minutes of cross-linking, and the release equilibrium time was about 1.7 h after the start of the release. The microcapsules showed the second slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 1.3 h after the start of the release. The microcapsules showed the fastest release rate after one minute of cross-linking, and the release equilibrium time was about 1 h after the start of the release. The experimental data showed that the longer the cross-linking time, the thicker the zincization thickness, and the smaller the porosity, and the longer the tea tree essential oil encapsulated in the microcapsules may be released in the hot spring water, as shown in Figure 15.



The 0.5 M cross-linking agent was used instead, and the cross-linking time was unchanged. In the presence of the cross-linking agent of 0.5 M ZnCl2, the microcapsules showed the slowest release rate after ten minutes of cross-linking, and the release equilibrium time was about 3 h after the start of the release. The microcapsules showed the second slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 2.4 h after the start of the release. The microcapsules showed the fastest release rate after one minute of cross-linking, and the release equilibrium time was about 1.9 h after the start of the release. These results were the same as 0.1 M ZnCl2, as shown in Figure 16.



The cross-linking agent of 1 M ZnCl2 was used instead, and the cross-linking time was unchanged. In the presence of the cross-linking agent of 1 M ZnCl2, the release curves of the microcapsules obtained after the cross-linking time of one minute, five minutes, and ten minutes were slightly different, but the difference was not obvious. The release equilibration time was approximately 2.9 h to 3.5 h after the start of the release. In addition, from the release curves of microcapsules obtained by the cross-linking agent of 0.5 M ZnCl2 in hot spring water, it can be seen that in the presence of the cross-linking agent of 0.1 M and 0.5 M ZnCl2, the release time of microcapsules obtained after the cross-linking time of ten minutes was 3 h, which indicated that the alginate was almost completely cross-linked. According to the above experimental results, all the total releases were around 720 ppm regardless of the cross-linking concentration, as shown in Figure 17.





4.3. Analysis of the Release with Different Concentrations of Cross-Linking Agent for the Same Cross-Linking Time


4.3.1. Release of Cross-Linking Agents with Different CaCl2 Concentrations for the Same Cross-Linking Time


The release situations of microcapsules in hot spring water obtained by using CaCl2 with different concentrations as cross-linking agents for the cross-linking time of one minute are shown as follows. In the presence of the cross-linking agent of 1 M CaCl2, the microcapsules showed the slowest release rate after one minute of cross-linking, and the release equilibrium time was about 3.3 h after the start of the release. In the presence of the cross-linking agent of 0.5 M CaCl2, the microcapsules showed the second slowest release rate after one minute of cross-linking, and the release equilibrium time was about 2.4 h after the start of the release. In the presence of the cross-linking agent of 0.1 M CaCl2, the microcapsules showed the fastest release rate after one minute of cross-linking, and the release equilibrium time was about 1.3 h after the start of the release. The experimental data showed that the higher the concentration, the thicker the calcification thickness and the smaller the porosity, and the longer the tea tree essential oil encapsulated in the microcapsules may be released in the hot spring water, as shown in Figure 18.



The release situations of microcapsules in hot spring water obtained by using CaCl2 with different concentrations as cross-linking agents after the cross-linking time of five minutes are shown as follows. In the presence of the cross-linking agent of 1 M CaCl2, the microcapsules showed the slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 3.5 h after the start of the release. In the presence of the cross-linking agent of 0.5 M CaCl2, the microcapsules showed the second slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 2.8 h after the start of the release. In the presence of the cross-linking agent of 0.1 M CaCl2, the microcapsules showed the fastest release rate after five minutes of cross-linking, and the release equilibrium time was about 1.6 h after the start of the release. These results were the same as that after one minute of cross-linking. As for the release time, it is that 1 M > 0.5 M > 0.1 M, as shown in Figure 19.



The release situations of microcapsules in hot spring water obtained by using CaCl2 with different concentrations as cross-linking agents after the cross-linking time of ten minutes are shown as follows. In the presence of the cross-linking agent of 0.1 M CaCl2, the microcapsules showed the fastest release rate after ten minutes of cross-linking, and the release equilibrium time was about 2.0 h after the start of the release. In the presence of the cross-linking agent of 0.5 M and 1 M CaCl2, the release curves of microcapsules were similar after ten minutes of cross-linking, and the release equilibrium time was about 3.5 h after the start of the release. This showed that in the presence of the cross-linking agent of 0.5 M CaCl2, the alginate inside the microcapsules was almost completely cross-linked after the cross-linking time of ten minutes. According to the above experimental results, all the total releases were around 720 ppm regardless of the cross-linking time, as shown in Figure 20.




4.3.2. Release of Cross-Linking Agents with Different ZnCl2 Concentrations for the Same Cross-Linking Time


The release situations of microcapsules in hot spring water obtained by using ZnCl2 with different concentrations as cross-linking agents for the cross-linking time of one minute are shown as follows. In the presence of the cross-linking agent of 1 M ZnCl2, the microcapsules showed the slowest release rate after one minute of cross-linking, and the release equilibrium time was about 2.9 h after the start of the release. In the presence of the cross-linking agent of 0.5 M ZnCl2, the microcapsules showed the second slowest release rate after one minute of cross-linking, and the release equilibrium time was about 1.9 h after the start of the release. In the presence of the cross-linking agent of 0.1 M ZnCl2, the microcapsules showed the fastest release rate after one minute of cross-linking, and the release equilibrium time was about 1 h after the start of the release. This fully showed that the higher the cross-linking agent concentration of the ZnCl2, the longer the tea tree essential oil encapsulated in the microcapsules may be released in the hot spring water. The experimental data showed that the higher the concentration, the thicker the zincization thickness and the smaller the porosity, and the longer the tea tree essential oil encapsulated in the microcapsules may be released in the hot spring water, as shown in Figure 21.



The release situations of microcapsules in hot spring water obtained by using ZnCl2 with different concentrations as cross-linking agents after the cross-linking time of five minutes are shown as follows. In the presence of the cross-linking agent of 1 M ZnCl2, the microcapsules showed the slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 3.1 h after the start of the release. In the presence of the cross-linking agent of 0.5 M ZnCl2, the microcapsules showed the second slowest release rate after five minutes of cross-linking, and the release equilibrium time was about 2.4 h after the start of the release. In the presence of the cross-linking agent of 0.1 M ZnCl2, the microcapsules showed the fastest release rate after five minutes of cross-linking, and the release equilibrium time was about 1.3 h after the start of the release. These results were the same as that after one minute of cross-linking. As for the release time, it is that 1 M > 0.5 M > 0.1 M, as shown in Figure 22.



The release situations of microcapsules in hot spring water obtained by using ZnCl2 with different concentrations as cross-linking agents after the cross-linking time of ten minutes are shown as follows. In the presence of the cross-linking agent of 0.1 M ZnCl2, the microcapsules showed the fastest release rate after ten minutes of cross-linking, and the release equilibrium time was about 1.7 h after the start of the release. In the presence of the cross-linking agent of 0.5 M and 1 M ZnCl2, the release curves of microcapsules were similar without much difference after ten minutes of cross-linking, and the release equilibrium time was about 3 h to 3.5 h after the start of the release. This showed that in the presence of the cross-linking agent of 0.5 M ZnCl2, the alginate inside the microcapsules was almost completely cross-linked after the cross-linking time of ten minutes. According to the above experimental results, all the total releases were around 720 ppm regardless of the cross-linking time, as shown in Figure 23.





4.4. Analysis of the Release of Microcapsules Obtained with Different Types of Cross-Linking Agents


Release of microcapsules with different cross-linking agents of 0.1 M after the cross-linking time of one minute, five minutes, and ten minutes are shown as follows. Although the release curves of microcapsules obtained by the cross-linking agent of 0.1 M CaCl2 and ZnCl2 after the cross-linking time of one minute, five minutes, and ten minutes were very similar, it could still be seen that the obtained release rate of the microcapsules obtained by different cross-linking agents of 0.1 M had been affected after the cross-linking time of one minute, five minutes, and ten minutes. The release curves for the cross-linking time of one minute, five minutes, and ten minutes intersected at approximately 1.5 h, 2 h, and 2.5 h after the start of the release. The release rate of microcapsules is 0.1 M ZnCl2 > that with 0.1 M CaCl2, as shown in Figure 24.



The release of microcapsules with different cross-linking agents of 0.5 M after the cross-linking time of one minute, five minutes, and ten minutes are shown as follows. Although the release curves of microcapsules obtained by the cross-linking agent of 0.5 M CaCl2 and ZnCl2 after the cross-linking time of one minute, five minutes, and ten minutes were very similar, it could still be seen that the obtained release rate of the microcapsules obtained by different cross-linking agents of 0.5 M had been affected after the cross-linking time of one minute, five minutes, and ten minutes. The release curves for the cross-linking time of one minute, five minutes, and ten minutes intersected at approximately 2.5 h, 3 h, and 3.5 h after the start of the release. The release rate is that microcapsules with 0.5 M ZnCl2 > that with 0.5 M CaCl2, as shown in Figure 25.



The release of microcapsules with different cross-linking agents of 1 M after the cross-linking time of one minute, five minutes, and ten minutes are shown as follows. Although the release curves of microcapsules obtained by the cross-linking agent of 1 M CaCl2, aluminum chloride, and ZnCl2 after the cross-linking time of one minute, five minutes, and ten minutes were very similar, it could still be seen that the obtained release rate of the microcapsules obtained by different cross-linking agents of 1 M had been affected after the cross-linking time of one minute, five minutes, and ten minutes. The release curves for the cross-linking time of one minute, five minutes, and ten minutes intersected at approximately 3.5 h, 4 h, and 4 h after the start of the release. The release rate of microcapsules with 1 M ZnCl2 > that with 1 M aluminum chloride > that with 1 M CaCl2 All the total releases were around 720 ppm regardless of the type, time, and concentration of the cross-linking agent (Figure 26).





5. Discussion


5.1. The Antibacterial Effect of Alginate/Tea Tree Essential Oil Microcapsules and Alginate/Chitosan Microcapsules


Sodium alginate is a natural polysaccharide with the ability to concentrate solutions, form gels, and form films [23]. Chitosan also has inhibitory effects on Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Candida albicans, streptococcus, and salmonella [28]. However, tea tree essential oil can damage cell membranes, prevent cell adhesion, cause irregular aggregation of cytoplasm, and lead to cell disintegration [40]. Therefore, compared with the antibacterial liquid prepared by simply combining alginate substances, the antibacterial effect of microcapsules made of tea tree essential oil is better than that of sodium alginate. This result has been confirmed by [23,28].




5.2. Discussion on the Release of Microcapsules Obtained with the Same Concentration of Cross-Linking Agent for Different Cross-Linking Time


The experiment objective was to meet the properties of “not increasing its redox potential”, “not changing the water quality of hot springs”, and “having a high efficiency in antibacterial effect”. The experiment showed that the longer the cross-linking time, the thicker the zincization thickness and the smaller the porosity, and the longer the tea tree essential oil encapsulated in the microcapsules may be released in the hot spring water. It also revealed that it could be completely cross-linked with the alginate after 3 h. However, since the metal activity of calcium is higher than that of zinc, the time to reach complete cross-linking in the experimental group added with CaCl2 can last for 3.4 h during the experiment. Therefore, in the experiment of adding different concentrations of CaCl2 and ZnCl2 into the microcapsules, the release time of the CaCl2 group was longer, and it could maintain the effective antibacterial effect for a longer time.




5.3. Discussion on the Release with Different Concentrations of Cross-Linking Agents for the Same Cross-Linking Time


The microcapsules extracted from alginate have high water absorption. They can easily remove stains and can absorb heavy metals [41,42]. Moreover, the metal activity of CaCl2 is higher than that of ZnCl2, so it is helpful for the release of microcapsules in hot spring water. However, the temperature of hot spring water is generally at least 40 degrees or above. Although substances such as alginate, chitosan, and tea tree essential oil have the effect of removing heavy metals and sterilizing, their chemical substances are prone to qualitative change under long-term immersion in high temperatures, which reduces their existing functions. As a result, although each of 0.1 M, 0.5 M, and 1 M has antibacterial benefits, the release time of 1 M is longer. In addition, considering factors such as production technology, cost, release time, and antibacterial benefit, when the concentration of the substance loaded in the microcapsules is set above 1 M, the release time and antibacterial effect of 3 h can be achieved.





6. Conclusions


The composite microcapsules of alginate/tea tree essential oil have an obvious antibacterial effect on microorganisms in hot spring water, while the composite microcapsules of alginate/chitosan have no antibacterial effect in hot spring water. When the concentration of the cross-linking agent is fixed, the longer the cross-linking time is (10 min > 5 min > 1 min), the longer the release equilibrium time of the essential oil in the microcapsules in the hot spring water is. When the cross-linking time is fixed, the higher the concentration of the cross-linking agent (1 M > 0.5 M > 0.1 M) and the longer the release equilibrium time of the essential oil in the microcapsules in the hot spring water is. When the concentration of the cross-linking agent and the cross-linking time are fixed, the higher the metal activity of the cross-linking agent (Ca > Zn) is and the longer the release equilibrium time of the essential oil in the microcapsules in the hot spring water is.
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Figure 1. Drug of controlled release and dosage of tradition. 
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Figure 2. Two-tube microfluidic device (left) chart, (right) entity picture. 
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Figure 3. Microcapsules of alginate/chitosan. 
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Figure 4. Three-tube microfluidic device (left) chart, (right) entity picture. 
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Figure 5. Microcapsules of alginate/tea tree essential oil. 
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Figure 6. The UV-visible spectrum of tea tree essential oil. 
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Figure 7. The calibration curve of tea tree essential oil by UV-visible spectroscopy. 
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Figure 8. The essential oil released from microcapsules of alginate/tea tree essential oil in opened and closed system. 
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Figure 9. FT-IR spectrum of sodium alginate, chitosan, and calcium alginate composite microspheres. 
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Figure 10. TGA profile of sodium alginate, chitosan, and calcium alginate composite microspheres. 






Figure 10. TGA profile of sodium alginate, chitosan, and calcium alginate composite microspheres.



[image: Water 14 01391 g010]







[image: Water 14 01391 g011 550] 





Figure 11. DSC pattern of calcium alginate composite microspheres. 
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Figure 12. The effect of cross-linking time by 0.1 M CaCl2 on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 13. The effect of cross-linking time by 0.5 M CaCl2 on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 14. The effect of cross-linking time by 1 M CaCl2 on releasing of tea tree essential oil from. 
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Figure 15. The effect of cross-linking time by 0.1 M ZnCl2 on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 16. The effect of cross-linking time by 0.5 M ZnCl2 on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 17. The effect of cross-linking time by 1 M ZnCl2 on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 






Figure 17. The effect of cross-linking time by 1 M ZnCl2 on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water.



[image: Water 14 01391 g017]







[image: Water 14 01391 g018 550] 





Figure 18. The effect of CaCl2 concentration (cross-linking time of one minute) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 19. The effect of CaCl2 concentration (cross-linking time of five minutes) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 20. The effect of CaCl2 concentration (cross-linking time of ten minutes) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 21. The effect of ZnCl2 concentration (cross-linking time of one minute) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 22. The effect of ZnCl 3 concentration (cross-linking time of five minutes) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 23. The effect of ZnCl2 concentration (cross-linking time of ten minutes) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 24. The effect of different cross-linking reagents (0.1 M, cross-linking time of 1 (a), 5 (b), 10 (c) minute) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot spring water. 
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Figure 25. The effect of different cross-linking reagents (0.5 M, cross-linking time of 1 (a), 5 (b), 10 (c) minute) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the hot. 
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Figure 26. The effect of different cross-linking reagents (1 M, cross-linking time of 1 (a), 5 (b), 10 (c) minute) on releasing of tea tree essential oil from alginate/tea tree essential oil microcapsules in the. 
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Table 1. Introduction of sources and places of origin of experimental materials and instruments.
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	Name of Material
	Source
	Place of Origin





	Alginic acid sodium salt
	ACROS
	Geel, Belgium



	Chitosan, water soluble
	Charming and Beauty Co., Ltd.
	Taipei, Taiwan



	Tea tree oil, anhydrous
	Lian Yuan Biotechnology Co., Ltd.
	Lianyuan, China



	Isooctane (95%)
	TEDIA
	Fairfield, CT, USA



	Calcium chloride, anhydrous (95%)/CaCl2
	Kojima Chemicals Co., Ltd.
	Saitama, Japan



	Zinc chloride, anhydrous (95%)/ZnCl2
	Kojima Chemicals Co., Ltd.
	Saitama, Japan



	Deionized water/H2O
	MILLIPORE
	Decatur, CT, USA



	Sodium dodecyl sulfate, SDS
	ACROS
	Geel, Belgium
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Table 2. Factors and variables in this study.
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	Research Variables
	Types of Cross-Linking Agent
	Concentration of Cross-Linking Agent
	Cross-Linking Time





	1
	CaCl2
	0.1 M
	1 min



	2
	ZnCl2
	0.5 M
	5 min



	
	
	1 M
	10 min
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Table 3. Changes in functional groups at different wavenumbers in FT-IR spectra.
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	Wavwe Numbers (cm−1)
	Type





	1000–1100
	–C–O–C–



	1350–1488 (1400)
	–C–O



	1540–1650 (1600)
	–C=O



	2800–3200(2981)
	–CH



	3100–3900
	–OH



	1560–1650 (1500)
	–NH
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Table 4. Thermal cracking temperature (Td) of TGA spectrum.
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	Thermal Cracking Temperature (Td) at 30 % Weight Loss





	Alginate
	280 °C



	Chitosan
	258 °C



	Ca-Alginate
	300 °C



	Alginate–Chitosan
	314 °C
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Table 5. Melting temperature (Tm) of DSC spectrum.
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	Melting Temperature (Tm)





	Alginate
	160 °C



	Chitosan
	164 °C



	Ca-Alginate
	139 °C



	Alginate–Chitosan
	140 °C
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Table 6. The antibacterial effect of unused hot spring water by the microcapsules.
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	Types of Microcapsules
	Culture Method
	Bacterial Concentration (CFU/g)





	Total bacteria count (pre-test data)
	PCA (Plate count agar)
	31



	Alginate/tea tree essential oil
	PCA (Plate count agar)
	0



	Alginate/chitosan
	PCA (Plate count agar)
	TNTC







TNTC, too numerous to count; CFU, colony-forming unit.
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Table 7. The antibacterial effect of used hot spring water by the microcapsules of alginate/tea tree essential oil.






Table 7. The antibacterial effect of used hot spring water by the microcapsules of alginate/tea tree essential oil.





	

	
Test Strain

	
Culture Method

	
Bacterial Concentration (CFU/g)






	
Used hot spring water

	
Total bacteria (blank experiment)

	
PCA

	
TNTC




	
Escherichia coli (blank experiment)

	
MCA

	
50




	
Staphylococcus aureus (blank experiment)

	
BP

	
8




	
Used hot spring water added with microcapsules of alginate/tea tree essential oil

	
Sterile water (total bacteria)

	
PCA

	
0




	
Total bacteria

	
PCA

	
0




	
Escherichia coli

	
MCA

	
0




	
Staphylococcus aureus

	
BP

	
0








TNTC, too numerous to count; CFU, colony-forming unit.
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