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Abstract

:

The ginger essential oil/β-cyclodextrin (GEO/β-CD) composite, ginger essential oil/β-cyclodextrin/chitosan (GEO/β-CD/CTS) particles and ginger essential oil/β-cyclodextrin/chitosan (GEO/β-CD/CTS) microsphere were prepared with the methods of inclusion, ionic gelation and spray drying. Their properties were studied by using scanning electron microscopy (SEM), differential scanning calorimetry (DSC), thermo-gravimetry analysis (TGA), Fourier transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD). The results showed that the particle size of GEO/β-CD composite was smaller than that of β-CD and GEO/β-CD/CTS particles were loose and porous, while the microsphere obtained by spray drying had certain cohesiveness and small particle size. Besides, results also indicated that β-CD/CTS could modify properties and improve the thermal stability of GEO, which would improve its application value in food and medical industries.
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1. Introduction


Ginger (Zingiber officinale RoscoE) possesses various medicinal properties including antioxidant, anti-inflammatory, anticancer and antimicrobial activities and could also be used as a spice in food processing [1,2,3], which has been widely used in food, medical and cosmetic industries [4]. Its diethyl ether extract contains 95% of terpenes, including zingiberene, sesquiphellandrene or geranial. However, gingerols and shogaols are the main constituents of hydrophilic extract [5]. As reported, GEO has exhibit strong antimicrobial, antifungal and antioxidant activities [6,7]. Although the medical value of GEO was recognized a long time ago, the study of ginger is still at the primary stage and the deeply processed products of ginger are still not available in Chinese market. Furthermore, analysis of GEO and identification of functional materials need a further survey on the basis of mature extract technology.



Microencapsulation is a technology to package solids, liquids or gaseous materials and the contents in microencapsulation would be released out under specific conditions [8]. Considering many sensitive contents are easily affected by external conditions (e.g., heat, moisture, light and air), the microcapsule technique could effectively protect their structure and bioactivities [9,10]. Furthermore, prepared microencapsulation can also change their physicochemical properties [11]. It has been proved that the crosslinked microparticles have a higher thermal stability than the wall material and core material that also exhibit a higher release in simulated intestinal fluid [12]. Therefore, choosing an appropriate encapsulating agent is very important and would be responsible for the quality of microencapsulation.



Cyclodextrin (CD) is the cyclic oligosaccharide formed by hydrolysis of starch with the action of glucosyltransferase, containing six (α-CD), seven (β-CD), or eight (γ-CD) α-1,4-linked glucopyranose [13,14]. There are hydrophilous glycosidic oxygen atoms and hydrophobic hydrogen atoms inside the CD and it is common that hydrogen atoms cover up the oxygen atoms, leading to a higher hydrophobicity [15,16]. Meanwhile, the presence of exterior hydroxyl is responsible for the hydrophilicity outside of CD [17]. So, hydrophobic molecules have access to occupy the cavity of CD, which contributes to the formation of inclusion complex and the size of cavity is responsible for the type of inclusion. The cavity of α-CD is used to include mononuclear aromatics, the cavity of β-CD is used to include naphthalene, the cavity of γ-CD is used to include tricyclic aromatic hydrocarbons thanks to the largest size [18]. However, β-CD presents a higher stability, rigidity and price advantage, leading to the extensive application of β-CD in industry and market. It has been proved that application of β-CD increases the solubility of hydrophobic compounds and improves the flavor of bitter substances [19]. Furthermore, as a wall material of microcapsules, β-CD can improve stability and protect the active ingredients of inclusion.



Chitosan is a potential enhancer of transmucosal drug delivery and has shown many beneficial activities including high biocompatibility, antimicrobial activity [20] and enhancement on the retention time of topically co-administered drugs [21,22]. Besides, Several studies proved that chitosan could increase cell permeability by reversibly affecting paracellular and intracellular pathways of epithelial cells, which might be caused by the binding of positively charged chitosan to the cell membrane [23].



The purpose of the study was evaluating the properties of prepared GEO/β-CD composite, GEO/β-CD/CTS particles and GEO/β-CD/CTS microsphere by using SEM, FT-IR, XRD, DSC and TGA, which would provide a theoretical basis for their further applications in food and medical industries.




2. Materials and Methods


2.1. Materials


Essential oil of ginger (Zingiber officinale L., collected from Laiwu, Shandong, China) was extracted by supercritical CO2 extraction (a pressure of 300 bar and a temperature of 47 °C) in the Lab. β-CD was obtained from Tianjin Jiangtian Chemical Technology Co., Ltd. (Tianjin, China) and CTS was from Tianjin Chemical Reagent Factory.




2.2. Preparation of GEO/β-CD Composite


The volume of emulsion was set at 500 mL. β-CD (0.5–3.0% w/v) were prepared separately. A certain amount of β-CD was added to the distilled water and the mixture was heated and stirred until the β-CD was completely dissolved. Then GEO (half of the β-CD’s mass) was dissolved in anhydrous ethanol. The ethanol solution of GEO was added to the β-CD solution dropwise, while heated and stirred at 20–70 °C for 30–180 min.




2.3. Preparation of GEO/β-CD/CTS Particles


GEO/β-CD composite and CTS were mixed (4:3), then 1% acetic acid was added and stirred for 1 h. Thereafter, the obtained mixture was added to the 6% sodium tripolyphosphate (STPP) dropwise, followed by washing with distilled water. The obtained wet particles were placed for 24 h at −80 °C and GEO/β-CD/CTS particles were prepared by using vacuum freeze-drying technology.




2.4. Microencapsulation by Spray Drying


The process of spray drying was conducted for the emulsions obtained in Section 2.2 and Section 2.3. The feed emulsions were dried by using a spray-dryer (Shanghai Pilotech Instrument Equipment Co., Ltd., Shanghai, China) equipped with a two-fluid nozzle atomizer. The following operational conditions were used, as described in previous studies: inlet temperature of 120 °C, outlet temperature of 80 °C and feed rate of 0.8 L·h–1. The atomizing air flow was kept in 35 L·min–1. The dried powder was collected and stored in opaque airtight containers at 4 °C for further analysis.




2.5. Characterization of the Microencapsulation


2.5.1. Determine of Encapsulation Efficiency


GEO in the microparticles was determined as described by Li et al [24] with certain modifications. sample of 1000 mg was dissolved in 20 mL distillate water at 45 °C in glass tubes assisted by ultrasound at 160 W of nominal power (Branson Digital Sonifier®, Model S-450D, Branson Ultrasonics Corporation, Danbury, CT, USA), followed by the addition and mixture with 10 mL hexane for 1 min. Essential oil was extracted with hexane by heating the sample in glass tubes at 45 °C in a water bath with intermittent mixing during 30 min. The tubes were cooled to room temperature and hexane was separated from the aqueous phase by centrifuging at 3000 rpm for 5 min. The extraction was repeated four times. The absorbance was measured at 232 nm by using a UV-Vis spectrophotometer (Bel Photonics, Piracicaba, Brazil) and expressed as the amount of GEO in hexane. The concentration was calculated by using a calibration curve and the encapsulation efficiency (EE) was determined using the following formula:


  E E ( % ) = M /  M 0  × 100  



(1)




where M is the amount (mg) of oil in microparticles and M0 is the initial oil amount (mg) added to the emulsion.




2.5.2. Scanning Electron Microscopy (SEM)


The external structures of microcapsules were examined by SEM (SU-1510, HITACHI Ltd., Tokyo, Japan). Microcapsules were placed on the SEM stub mounts by using double sided adhesive tape, coated with a layer of gold (40–50 nm) and analyzed with a 5.0 kV acceleration voltage.




2.5.3. Fourier Transform Infrared Spectroscopy (FT-IR)


The infrared spectroscopic analysis was performed by using a Fourier transform infrared spectroscopy (Vector 22, Brooke Spectrometer Company, Karlsruhe, Germany). Briefly, a certain amount of sample was mixed with KBr and was fully ground. Then the obtained mixture was tableted by using a pressure machine, followed by scanning with an infrared spectrometer. The scanning wavelength ranged from 400 to 4000 cm–1 and the resolution ratio was 4 cm–1.




2.5.4. X-ray Diffraction (XRD)


The physicochemical properties were analyzed by using an X-ray diffractometer (TD-3500, Tongda Instrument Co., Ltd., Dandong, China). Briefly, a certain amount of powder sample was poured into grooves and compacted. The analysis was made by using Cu-K1 radiation with a wavelength of 1.54 Å at 30 kV and 30 mA. Samples were analyzed at angles from 4° to 40° in 2 h with an increment of 0.02° (1.2° min–1) as described by Botrel et al. [25].




2.5.5. Thermo-Gravimetry Analysis (TGA)


Thermo-gravimetric (mass loss) and derivative thermo-gravimetric (dTG) curves were obtained by using a TGA50H thermobalance (Corporation Shimadzu, Kyoto, Japan). Samples of 5 mg–7 mg were used for the experiment and the analysis was conducted under the following operating conditions: dynamic nitrogen atmosphere with flow of 20 mL/min, heating rate: 10 °C/min and temperature range: 50–550 °C.




2.5.6. Differential Scanning Calorimetry (DSC)


The thermal properties were analyzed by using a differential scanning calorimeter (DSC204F1, Netzsch Scientific Instrument Trading Co., Ltd., Selb, Germany). 2.5 mg of samples was put into a crucible and pressed. The analysis was conducted under the following operating conditions: initial temperature: room temperature, final temperature: 200 °C and heating rate: 10 °C/min.




2.5.7. Statistical Analysis


All values were presented as the mean ± standard deviation (S.D.) of three independent experiments performed in triplicate and statistically analyzed using SPSS for windows (version 19.0, SPSS Inc., Chicago, IL, USA).






3. Results and Discussion


3.1. Effect of Different Conditions to Prepare GEO/β-CD Composite


The effects of different core-wall ratios to prepare GEO/β-CD composite were carried out in the core-wall ratio range from 1:3 to 1:8 (Figure 1A). With the increase of β-CD, the encapsulation efficiency increased initially, reached maximum and then decreased, which demonstrated that the core-wall ratio of 1:5 was suitable to prepare GEO/β-CD composite.



The concentrate of wall material was varied from 0.5% to 3% (Figure 1B). With the increase of wall material concentration, encapsulation efficiency increased initially and then decreased. For a higher concentration of wall material (2.0% and 2.5%), more water was occupied in the cavity of β-CD, leading to the decreased GEO in the cavity. Therefore, the optimum wall material concentration was selected as 2.0%.



The effects of different temperatures on the encapsulation efficiency were shown in Figure 1C. With the increase of temperature, encapsulation efficiency increased initially, reached maximum value and then decreased. Therefore, the encapsulation efficiency at 50 °C was higher than others.



GEO/β-CD composites were prepared using six different reactive times (Figure 1D). With the increase of reactive time, encapsulation efficiency increased initially and when the time reached 60 min, the encapsulation efficiency decreased, which showed that the encapsulation efficiency of 60 min was chosen for further experiments.




3.2. Encapsulation Efficiency


The GEO/β-CD composite was prepared by using the following conditions. The core wall ratio was 1:5 and the concentration of wall material was 2.0%. The encapsulation efficiency of GEO was calculated by using the formula shown in Section 2.5.1, which demonstrated that the encapsulation efficiency of prepared GEO/β-CD composite was 72.02% ± 1.46%.




3.3. Scanning Electron Microscopy (SEM)


As shown in Figure 2, the SEM photographs of β-CD and GEO/β-CD composite were presented in A and B. The results showed that the particle size of GEO/β-CD composite was smaller than that of β-CD and the particles of the former had obvious aggregation, while the internal structures of β-CD and GEO/β-CD composite were dense, which indicated that β-CD changed its physicochemical properties thanks to the inclusion with GEO. β-CD was separated from aqueous solution during the process of inclusion, which contributes to the aggregation.



The dry product of GEO/β-CD/CTS particles was prepared by using the vacuum freeze-drying technology, leading to the folded surface and porous internal structure. The SEM photographs of the dry product were presented in C. It revealed that both surfaces of particles and its internal structure were porous and loose. Meanwhile, the structure was different from that of GEO/β-CD composite, which deduced that ionic polymerization of CTS and STPP adsorbed GEO/β-CD composite.



The results in D revealed that the GEO/β-CD/CTS microsphere had a much smaller particle size than GEO/β-CD/CTS particles. The microsphere had a folded surface and poorer aggregation, which was different from the structure of GEO/β-CD composite. It declared that there was a crosslinking reaction between GEO/β-CD composite and CTS.




3.4. Fourier Transform Infrared Spectral (FT-IR)


The infrared spectra were presented in Figure 3. It was exhibited that β-CD had an absorption peak at 3385.90 cm–1, corresponding to the stretching vibration of –OH. The GEO/β-CD composite had a red shift of –OH stretching vibration absorption peak but β-CD did not, which appeared at 3373.64 cm–1. GEO/β-CD composite also had a red shift of > CH– and –CH2– stretching vibration absorption peak compared with β-CD, 2923.63 cm–1 and 2925.78 cm–1 with a stronger intensity of the peak. Meanwhile, the absorption peaks at 1414–1335 cm–1, 1156–1028 cm–1 and 756–530 cm–1 corresponded to flexural vibration of C–O–H (C–C–H), stretching vibration of C/C, O, H as well as vibrational mode of intramolecular cyclization and framework, respectively, which all had a red shift in the infrared spectra of GEO/β-CD composite [26]. It was deduced that there was an inclusion reaction between GEO and β-CD. However, the composite had a blue shift of > C=O stretching vibration absorption peak compared with β-CD, 1639.35 cm–1 and 1636.98 cm–1 with a weaker intensity of the peak, demonstrating formation of the composite. As shown in Figure 3, there was no significant difference between the characteristic absorption peaks of β-CD and the composite. The guest molecules were included in hydrophobic cavity and its content was less than 25%. Thus the characteristic absorption peaks of guest molecules were covered by that of β-CD, leading to the difficulty to identify [27].



The results in B, C, D and E indicated that the infrared spectra of physical mixture (with STPP) were superimposed by the characteristic absorption peaks of GEO/β-CD composite, CTS and STPP. The absorption peaks at 3373.54 cm–1, 2923.71 cm–1 and 1640.64 cm–1 presented stretching vibration of –OH, > CH–, –CH2– and > C=O in the infrared spectra of physical mixture (with STPP). Its characteristic vibration peaks at 500–1500 cm–1 were similar to that of GEO/β-CD composite [28]. Compared with physical mixture (with STPP), GEO/β-CD/CTS particles had = CH2 symmetric stretching vibration peak at 2852.75 cm–1 and –CH3 variable angle vibration peak at 1456.89 cm–1 but without the (C–N) stretching vibration peak at 1247.06 cm–1. Meanwhile, it had a blue shift of –OH characteristic absorption peak compared with physical mixture (with STPP), 3416.65 cm–1 and 3373.54 cm–1, respectively. It was deduced that GEO/β-CD/CTS particles had fracture and formation of bonds. It also further confirmed that there was a crosslinking reaction among CTS, STPP and GEO/β-CD composite instead of physical mixture.



The photograph shown in H represented the infrared spectrum of GEO/β-CD/CTS microsphere. The absorption peaks at 3373.87 cm–1, 2924.14 cm–1 and 1637.11 cm–1 presented stretching vibration of –OH, > CH– and –CH2– as well as > C=O in the infrared spectrum of microsphere. Its characteristic vibration peaks at 500–1500 cm–1 were similar to that of GEO/β-CD composite but the former was more gentle because of the fewer characteristic peaks of CTS and its weaker intensity, leading to the covered by GEO/β-CD composite [29]. Compared with the infrared spectrum of physical mixture (without STPP), the microsphere did not have a red shift but the intensities of its vibration peaks have strengthened. And it had a CNH vibration peak at 1560.61 cm–1. It was deduced that GEO/β-CD/CTS microsphere was different from physical mixture (without STPP). Furthermore, it confirmed that there was a crosslinking reaction between CTS and GEO/β-CD composite in the microsphere.




3.5. X-ray Diffraction (XRD)


As shown in Figure 4, the XRD patterns of β-CD and GEO/β-CD composite are presented in A and B, which reveal the crystal structures of β-CD and its composite. As shown, both β-CD and GEO/β-CD composite had apparent crystal structures but there were significant differences between the two. β-CD had apparent diffraction peaks at 9.06°, 12.67°, 22.77°, 27.17° and 34.90°, while GEO/β-CD composite had apparent diffraction peaks at 6.61°, 11.59°, 17.37°, 17.97°and 20.79° but without the above peaks of β-CD and the intensities of its diffraction peaks at 17.37°and 17.97° were stronger than that of β-CD. Meanwhile, GEO/β-CD composite had no diffraction peaks after 25°, which was also different from β-CD. It confirmed that GEO and β-CD formed a composite, which changed the crystalline properties of β-CD.



The XRD patterns also revealed that both GEO/β-CD composite and STPP had apparent crystal structures, while CTS had amorphous structures, so the physical mixture (with STPP) presented crystal structures with certain amorphous structures [30]. CTS had a wider diffraction peak at 19.56°, while STPP had diffraction peaks at 18.86°, 19.39°, 19.87°, 29.68°, 32.49°, 33.33°, 34.15°, 34.59° and 36.60°. Meanwhile, the XRD peaks of physical mixture (with STPP) were superimposed by that of GEO/β-CD composite, CTS and STPP. However, the diffraction peaks of GEO/β-CD/CTS particles were different from physical mixture (with STPP), which appeared at 6.74°, 11.71° and 17.59°. GEO/β-CD/CTS particles also presented an apparent amorphism. It was deduced that GEO/β-CD/CTS particles were different from physical mixture (with STPP) and there was a crosslinking reaction in the process of preparation, leading to the changes of crystalline properties.



The photograph shown in H represented the XRD patterns of GEO/β-CD/CTS microsphere. It indicated that the mixture prepared by GEO/β-CD composite and CTS presented crystal structures with certain amorphous structures [31]. The diffraction peaks of GEO/β-CD/CTS microsphere were apparently different from the physical mixture (without STPP). The intensity of its diffraction peak at 11.84° was weaker than that of physical mixture (without STPP), while the intensity of diffraction peak at 17.53° was stronger. Meanwhile, the microsphere formed a new diffraction peak at 18.68° but without the diffraction peaks at 17.82° and 20.66°. It was deduced that crystalline properties of the microsphere changed during the process of spray drying.




3.6. Thermogravimetric Analysis (TGA)


The TGA spectra of β-CD and its complexes were expressed in Figure 5. As shown, β-CD had two stages of weight loss. The first stage of the thermal weight loss was from room temperature to final temperature (108.58 °C). The weight-loss rate was 12.52% and the temperature of maximum weight-loss rate was 79.09 °C. The second was the stage of apparent thermal weight loss. The initial temperature was 260.58 °C. The final temperature was 409.18 °C. The weight-loss rate reached 76.2% and the temperature of maximum weight-loss rate was 321.27 °C. The TGA spectrum of GEO/β-CD composite was different from that of β-CD. It had two successive stages of weight loss. The first stage of the thermal weight loss was from 27.02 °C to 134.10 °C and the weight-loss rate reached 9.06%. The second was the stage of apparent thermal weight loss. The initial temperature was 249.81 °C. The final temperature was 400.11 °C. The weight-loss rate reached 78.59% and the temperature of maximum weight-loss rate was 321.27 °C. At the first stage of weight loss, β-CD had the losses of internal water and absorbed water. But when the temperature reached 108 °C, there was no weight loss in β-CD, while GEO/β-CD composite still had a weight loss with increased temperature thanks to the thermal protection of β-CD. At the second stage of weight loss, the weight-loss rate and temperature of maximum weight-loss rate of GEO/β-CD composite were the same as β-CD, because β-CD had a thermal degradation with the production of CO2, CO and H2O. Meanwhile, the initial temperature and final temperature of the GEO/β-CD composite were lower than that of β-CD, which illustrated that the clathration of β-CD changed its thermal properties and β-CD exhibited a thermal protection for GEO.



The thermogravimetric analysis of GEO/β-CD/CTS particles was shown in F of Figure 5. The results revealed that GEO/β-CD composite had the apparent thermal weight loss. When the temperature reached 595.76 °C, the amount of residue was 7.222%. STPP exhibited a stronger thermal stability and its weight loss was 1.592% from room temperature to 595.75 °C. At the first stage of weight loss, the weight-loss rate of GEO/β-CD/CTS particles was lower than that of physical mixture (with STPP). At the second stage of weight loss, both GEO/β-CD/CTS particles and physical mixture (with STPP) exhibited a severe decomposition and higher thermal weight loss. Meanwhile, physical mixture (with STPP) had higher weight-loss rate, lower temperature of maximum weight-loss rate, lower initial temperature and final temperature than that of GEO/β-CD/CTS particles thanks to the formed covalent bond between CTS and STPP. The covalent bond was not destroyed easily with increased temperature, while the three materials in physical mixture (with STPP) all had a loss and decomposition during the whole process. GEO/β-CD/CTS particles had a lower weight-loss rate than that of GEO/β-CD composite from room temperature to 200 °C, which indicated that ionic gelation changed the thermal properties of the particles and GEO/β-CD/CTS particles had a thermal protection for GEO.



The results also revealed that the GEO/β-CD/CTS microsphere had two stages of weight loss. The first stage of the thermal weight loss was from room temperature to 219.18 °C and the weight-loss rate was 6.01%. The second was the stage of apparent thermal weight loss. The initial temperature was 219.18 °C. The final temperature was 417.69 °C. The weight-loss rate reached 68.64% and the temperature of maximum weight-loss rate was 324.67 °C. The physical mixture (without STPP) had also two stages of weight loss. The first stage of the thermal weight loss was from room temperature to 207.27 °C and the weight-loss rate was 15.01%. The second was the stage of apparent thermal weight loss. The initial temperature was 207.27 °C. The final temperature was 400.11 °C. The weight-loss rate reached 61.16% and the temperature of maximum weight-loss rate was 336.58 °C. At the first stage of weight loss, GEO/β-CD/CTS microsphere presented a lower weight-loss rate than that of physical mixture (without STPP). It was due to the formation of chemical bond between GEO/β-CD composite and CTS, which was not destroyed easily with the increased temperature. When the temperature reached 325 °C, the spectrum of GEO/β-CD/CTS microsphere was similar to that of physical mixture (without STPP) thanks to the decomposition of CTS and β-CD. However, the microsphere had a lower weight-loss rate than that of GEO/β-CD composite before 125 °C. It was deduced that there was a formation of chemical bond between GEO/β-CD composite and CTS by spray drying and GEO/β-CD/CTS microsphere had a thermal protection for GEO.




3.7. Differential Scanning Calorimetry (DSC)


The changes of DSC absorption peaks can be used to judge the formation of composite. The enthalpy of A-H was −331.18 J/g, −199.20 J/g, −178.94 J/g, −15.63 J/g, −146.51 J/g, −212.47 J/g, −182.72 J/g and −300.26 J/g, respectively. The thermograms of β-CD and GEO/β-CD composite are presented in A and B of Figure 6. As shown, β-CD had an absorption peak at 113.65 °C, corresponding to the dehydration in the cavity of β-CD and the enthalpy was −331.18 J/g. The absorption peaks of GEO/β-CD composite had an apparent shift and its enthalpy was reduced significantly. Meanwhile, the final temperature of GEO/β-CD composite was higher than that of β-CD. It revealed that the guest molecules changed or were replaced, which was responsible for the formation of composite and the protection for guest molecules was strengthened. It can be deduced that the water presented in the cavity of β-CD was replaced with GEO, leading to the formation of GEO/β-CD composite and the thermal stability was strengthened.



The thermograms of physical mixture (with STPP) and GEO/β-CD/CTS particles were shown in E and F of Figure 6. The results revealed that physical mixture (with STPP) had an absorption peak at 200 °C and its enthalpy was −146.51 J/g, while the enthalpy of GEO/β-CD/CTS particles was −212.47 J/g. It demonstrated that covalent bond was formed by the reaction of CTS and STPP and the covalent bond was more stable than ionic bond. So, GEO/β-CD/CTS particles had a higher enthalpy with increased temperature, leading to the improvement of thermal stability.



The results in G and H of Figure 6 revealed that GEO/β-CD/CTS microsphere had a higher enthalpy than that of physical mixture (without STPP), −300.26 J/g and −182.72 J/g, respectively. It declared that spray drying changed the combination mode between CTS and β-CD and the covalent bond was formed during the process of heating and cooling, which presented a stronger thermal stability. It also certified that GEO/β-CD/CTS microsphere was prepared with the method of spray drying and the particles had certain stability.





4. Discussion


β-CD can be utilized in foods mainly carrying flavors and other sensitive ingredients through molecular encapsulation [32] and has the ability to establish specific interactions with various types of molecules [33]. Essential oil, a plant-derived bioactive substance, has exhibited various bioactivities including antimicrobial [34], antioxidant [35] and antitumor activities [36]. As reported, the structure and activity of essential oil would be strengthened after encapsulated by β-CD [37,38], thus we prepared β-CD and GEO/β-CD composite and researched their physicochemical properties in the experiment. It was found that GEO/β-CD composite had a smaller particle size and certain aggregation. The results shown in the FT-IR spectra revealed that GEO/β-CD composite had a red shift of characteristic vibration absorption peaks compared with β-CD and it formed a new stretching vibration absorption peak. Meanwhile, the intensities of stretching vibration absorption peaks also changed. As shown in the XRD patterns, compared with β-CD, GEO/β-CD composite had the disappearance and formation of diffraction peaks and the intensities changed. The results presented in the TGA spectra indicated that the clathration of β-CD changed its thermal properties and β-CD exhibited a thermal protection for GEO. And the results in the thermograms demonstrated that the water presented in the cavity of β-CD was replaced with GEO and GEO/β-CD composite exhibited a thermal protection for GEO, which were consistent with previous studies [39,40].



As is known to us, CTS is widely used encapsulate material because of its biocompatibility and low toxicity, besides, it can also produce different forms of nanomaterials [41,42], β-CD modified chitosan (β-CD/CTS) system could effectively control release of essential oil [43]. In the present study, we prepared GEO/β-CD/CTS particles and GEO/β-CD/CTS microsphere by ionic gelation and spray drying methods respectively. Results indicated that they both had a higher enthalpy than that of physical mixture (with STPP), leading to a stronger thermal stability, which indicated that CTS could modify the properties of GEO/β-CD and improve the thermal stability.




5. Conclusions


The GEO/β-CD composite, GEO/β-CD/CTS particles and GEO/β-CD/CTS microsphere were prepared and their properties were investigated via SEM, DSC, TGA, FT-IR and XRD methods in this study. The results showed that β-CD/CTS could modify properties and improve the thermal stability of GEO, leading to the higher water solubility and lower volatility, which indicated that β-CD/CTS composite would exhibit better application value in food and medical industry.
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Figure 1. Effects of different conditions to prepare ginger essential oil (GEO)/β-CD composite: (A) Core-wall ratio; (B) Wall material concentration; (C) Temperature; (D) Reactive time. 
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Figure 2. Scanning electron microscopy (SEM) photographs of different materials: (A) β-CD; (B) GEO/β-CD composite; (C) GEO/β-CD/CTS particles; (D) GEO/β-CD/CTS microsphere. 
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Figure 3. Fourier transform–infrared (FT-IR) spectra of different materials. A: β-CD; B: GEO/β-CD composite; C: Chitosan; D: sodium tripolyphosphate (STPP); E: Physical mixture (with STPP); F: GEO/β-CD/CTS particles; G: Physical mixture (without STPP); H: GEO/β-CD/CTS microsphere. 
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Figure 4. X-ray diffraction (XRD) patterns of different materials. A: β-CD; B: GEO/β-CD composite; C: Chitosan; D: STPP; E: Physical mixture (with STPP); F: GEO/β-CD/CTS particles; G: Physical mixture (without STPP); H: GEO/β-CD/CTS microsphere. 
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Figure 5. Thermogravimetric analysis (TGA) spectra of different materials. A: β-CD; B: GEO/β-CD composite; C: Chitosan; D: STPP; E: Physical mixture (with STPP); F: GEO/β-CD/CTS particles; G: Physical mixture (without STPP); H: GEO/β-CD/CTS microsphere. 
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Figure 6. Thermograms of different materials. A: β-CD; B: GEO/β-CD composite; C: Chitosan; D: STPP; E: Physical mixture (with STPP); F: GEO/β-CD/CTS particles; G: Physical mixture (without STPP); H: GEO/β-CD/CTS microsphere. 






Figure 6. Thermograms of different materials. A: β-CD; B: GEO/β-CD composite; C: Chitosan; D: STPP; E: Physical mixture (with STPP); F: GEO/β-CD/CTS particles; G: Physical mixture (without STPP); H: GEO/β-CD/CTS microsphere.



[image: Coatings 08 00305 g006]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  coatings-08-00305


  
    		
      coatings-08-00305
    


  




  





media/file8.jpg
2 U8 = o=

<o

=

40 45 50

35

(syuno))Lpsudjuy

2-Thera(® )





media/file11.png
Weight(%)

100

D
80 -
60
F
40 - £
C
20 - H
G
s A
B
0 T | b 1 b | 1 1
0 100 200 300 400 500 600

Temperature(°C)





media/file6.jpg
Transmittance(%)

4000

3500

3000

2500 2000

Wavenumber(em™)

1500

1000

500





media/file1.png
—- -
% % & " ¢
(%) AduaId1jJo uone[Nsdesus]

A =

r T " T = L
m m w m =

(%) Aduaionyya uonensdeouy

30

25

05 10 15 20

0.0

1:7 1:8

1:6

L

1:4

1:3

Concentrations (%)

Core-wall Ratio

| 1 1 1
120 150 180 210

I
9%

-2

-

r T T T hd T el

(%) Aouaio1yya uonensdesus

L

T ¢ R
(%) Aduaid1yy2 uonensdeouy

Reactive Time (min)

Temperatures (°C)





media/file13.png
DSC(mW/mg)

40

Temperature(°C)

v B
\/-' C

sccny g D
N’—— E
F\\/' F
V G
\/———/ H

I ] I 1 |
80 120 160 200





media/file10.jpg
Weight(%)

1004

804

m

wrOz Om

T
100

T T T
200 300 400

Temperature(°C)

T
500

1
600





media/file7.png
Transmittance(%)

I I I I I | |
4000 3500 3000 2500 2000 1500 1000 500

Wavenu mber(cm'l)





media/file12.jpg
DSC(mW/mg)

©

= 0" m

T
120
Temperature(°C)

T
160





media/file3.jpg





media/file9.png
P
—

1 1 1
30 35 40 45 50

2-Thera(® )

25

15

10

(Syuno)H))Aysudu|





media/file5.png
-





media/file0.jpg
o

1

s

1

Concentrations (%)

£ 3 3 L
(%) AdU310J woE[NSaEUT

-

2 2 ) 2 <
(%) Kouarouyo onesdeougy

oons e o1
Core-wall Ratio

3

£ r] 3

(%) Kouaouyo uoneinsdeouz

(%) Kouaiouya uon

R

i

Reactive Time (min)

Temperatures (°C)





media/file2.jpg





