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The potential of a drug delivery system of the longan seed extract (LSE) incorporated in the alginate/chitosan (Alg/CS) beads has been studied. The LSE-loaded Alg/CS beads were prepared using the ionic gelation method via the interaction between protonated amino groups of CS and negatively charged carboxylic groups of Alg. Properties of the LSE-loaded Alg/CS beads were investigated including the morphology of the beads, particle sizes, encapsulation efficiency (%EE), controlled release profile, cytotoxicity, and biocompatibility. From the results, the amount of gallic acid, ellagic acid, and corilagin found in LSE was 25.61 ± 0.48,18.83 ± 3.75, and 21.92 ± 1.42 mg/g (based on the weight of LSE), respectively. The half-maximum inhibitory concentration (IC50) of LSE was 24.29 ± 1.08 μg/ml. SEM images of the LSE-loaded Alg/CS beads showed spherical shapes and rough surfaces with some aggregation. The particle sizes were between 1.9 and 2.5 µm with the PDI values of 0.1503–0.3183. Encapsulation efficiencies were between 11 and 18%. The released amount of LSE from the LSE-loaded Alg/CS beads was ranging between 68 and 93%. Moreover, cytotoxicity and biocompatibility tests showed that the beads were non-toxic to both NCTC clone 929 and NHDF cells and promoted the attachment of NHDF cells. Thus, these beads could be used as polymeric drug carriers.
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INTRODUCTION
Polymeric carriers have been developed to control drug levels within the desired range and prolong the contact time to the specific body site. They play an important role in controlling drug delivery systems for pharmaceutical and medical applications because of their efficient carrier characteristics such as sustained, controlled, and prolonged release and reduced drug toxicity (Gagliardi et al., 2012; George et al., 2019; Venditti, 2019). Moreover, they have the ability to protect the active compound or drug from degradation.
The main properties of polymeric carriers suitable for drug delivery systems are biocompatibility, biodegradability, and non-toxicity. For that reason, alginate (Alg) and chitosan (CS) are popular materials (Kumari et al., 2010; Sun et al., 2009). Alg has numerous uses in pharmaceutical and medical applications due to its non-immunogenicity, affordability, and absorption of wound exudate (Lee and Mooney 2012; Sarei et al., 2013). CS is a cationic polysaccharide that is derived from the deacetylation of chitin. It is composed of N-acetyl-d-glucosamine linked by β-(1-4) glycosidic bonds. Many research studies illustrated CS as polymeric carriers and reported that CS has the ability to control the release of active agents with antibacterial and hemostatic properties (Bernkop-Schnürch and Dünnhaupt 2012; Ji et al., 2011; Nguyen et al., 2017; Sinha et al., 2004).
Alg and CS can be formulated into the form of beads, which provide more benefits to controlled drug delivery systems. The Alg/CS beads could prevent rapid diffusion of the encapsulated drug in acid conditions and delay the degradation of drugs from oxidation, enzymatic degradation, and hydrolysis (Morsi et al., 2015; Nalini et al., 2019). Moreover, they could improve the stability, drug encapsulation efficiency, and the release of drug (Rajendran and Basu, 2009; Nagarwal et al., 2012). Alg and CS were used to fabricate the polymeric carriers using an ionic gelation method. This technique is a simple and mild process without the need for high temperature (De Pinho Neves et al., 2014). The attraction between protonated amino groups of CS and the negatively charged carboxylic groups of Alg creates the electrostatic interaction in the Alg/CS beads (Ahdyani et al., 2019; Nagarwal et al., 2012; Rahaiee et al., 2015; Rajendran and Basu, 2009). Rajendran and Basu prepared the nimodipine-loaded Alg/CS beads using the ionic gelation method for sustained drug release. The results showed that the nimodipine-loaded Alg/CS beads exhibited sustained drug release (Rajendran and Basu, 2009). Rahaiee et al. improved the stability of crocin by encapsulating in Alg/CS beads using a modified ionic gelation method. The results showed that Alg and CS biopolymers were the highly promising carriers for the delivery of crocin (Rahaiee et al., 2015). Moreover, Song et al. prepared Alg and CS nanoparticles loaded with curcumin. The results showed that Alg and CS nanoparticles exhibited the sustained release profiles and enhanced the uptake efficiency and cytotoxicity to cancer cells (Song et al., 2018). Thus, the Alg/CS beads have the potential for use as drug carriers. 
Longan (Dimocarpus longan Lour.) is widely grown in Southeast Asia, China, and Taiwan. Chinese medicinal formulation uses longan for medication as an agent in the relief of neural pain (Yang et al., 2011). Due to the high content of polyphenolic compounds mainly corilagin, gallic acid, and ellagic acid (Worasuttayangkurn et al., 2012; Zhang et al., 2020), the longan seed extract (LSE) has several biological activities such as antioxidant ability, anti-tyrosinase, and anticancer activities (Lim 2013). Corilagin showed good antimicrobial, antitumor, and antioxidant activities. Gallic acid and ellagic acid were reported to be potent antioxidant and anticarcinogenic agents (Li et al., 2018; Tang et al., 2019). 
This study aimed to fabricate the LSE-loaded Alg/CS beads for use as the drug delivery system. The LSE-loaded Alg/CS beads were prepared using the ionic gelation method. Various stirring methods, including the magnetic stirrer, homogenizer, and ultrasonicator, were employed for preparing the beads. High-performance liquid chromatography (HPLC) was used to determine the chemical compounds in LSE (i.e., gallic acid, ellagic acid, and corilagin). The antioxidant activity of LSE was investigated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. The LSE-loaded Alg/CS beads were characterized for their morphology, particle size, polydispersity index (PDI), and encapsulation efficiency (%EE). The release profiles of LSE from the LSE-loaded Alg/CS beads, cytotoxicity, and biocompatibility were also investigated.
MATERIALS AND METHODS
Materials
Materials for the polymeric carrier, alginate acid sodium salt (viscosity: 15-25 cP), and chitosan (Mw = 20–30 kDa, degree of deacetylation ≥95%) were obtained from Sigma-Aldrich (United States) and Bio 21 Co., Ltd. (Thailand), respectively. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and Span 80 (viscosity: 1,000–200 mPa s) were purchased from Sigma-Aldrich (United States). l-Ascorbic acid was bought from Chem-Supply Pty Ltd. (Australia). Glacial acetic acid was bought from Merck KGaA (Germany). Ethanol, methanol, propan-2-ol, and dimethyl sulfoxide were purchased from RCI LabScan Limited (Bangkok, Thailand). Anhydrous sodium carbonate (Na2CO3), sodium chloride (NaCl), anhydrous disodium hydrogen orthophosphate (Na2HPO4), and paraffin oil were purchased from Ajax Finechem (Australia).
Methods
Extraction of Longan Seed
Edor cultivar longan seeds from a farm in Lamphun Province, Thailand, were selected for this study. The extraction procedures were carried out following Pankongadisak and Suwantong’s method with slight modification (Pankongadisak and Suwantong 2018). The dried longan seeds (approximately 10 g) were ground using mortar and pestle and then soaked in 600 ml of distilled water. The extraction process was carried out at room temperature for 72 h. After that, the mixture was filtered using a filter paper (Whatman No. 1). The extracted solution was then dried using lyophilization. Finally, the longan seed extract (LSE) was obtained and stored in a desiccator before use.
High-Performance Liquid Chromatography (HPLC) Analysis
The amounts of gallic acid, corilagin, and ellagic acid in LSE were analyzed using the HPLC technique. HPLC analysis was performed using a Waters Acquity Arc HPLC System. The chromatographic conditions were as follows: a column (Cortecs®C18 2.7 µm 4.6 × 50 mm, Waters); 0.1% v/v formic acid in Milli-Q water (solvent A), and acetonitrile (solvent B) for gradient elution were used as a mobile phase; and a total run time is 10 min. The sample injection volume was 1 µl/injection at a flow rate of 1.0 ml/min with a PDA detector-type HPLC 2998 detector used at a wavelength of 270 nm.
LSE solutions were prepared by dissolving LSE powder in Milli-Q water. The sample was filtered using a 0.22-µm membrane filter before injection. The standard solutions with concentrations varied as 25, 50, 100, 150, 200, 250, and 300 ppm were used to evaluate the amounts of gallic acid, ellagic acid, and corilagin in LSE. Quantitative analysis of polyphenolic compounds of gallic acid, ellagic acid, and corilagin was conducted by evaluating the peak area based on a standard curve.
Antioxidant Activity of Longan Seed Extract
The antioxidant activity of LSE was analyzed by DPPH assay according to the method of Blois with some modifications (Blois 1958). First, the test solutions were prepared by dissolving LSE powder in distilled water to make various concentrations as 3.125, 6.25, 12.5, 25, and 50 μg/ml. l-Ascorbic acid was used as a standard compound, and the solutions were prepared by using distilled water to make the same concentrations as LSE test solutions. Next, 50 µl of each solution was mixed with 150 µl of 100 µM DPPH solution. After that, the reaction mixture was kept in the dark at room temperature for 30 min. The antioxidant activity of LSE and l-ascorbic acid against DPPH radicals was determined by measuring the absorbance at 517 nm using a microplate reader (BioTek Instruments, United States). The percentage antioxidant activity (%AA) was calculated according to the following equation:
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where Acontrol and Asample are the absorbance values of the testing solution without and with LSE or l-ascorbic acid, respectively.
Indirect Cytotoxicity of Longan Seed Extract
The indirect cytotoxicity of LSE was investigated using NCTC clone 929 and normal human dermal fibroblast (NHDF) cells. NCTC clone 929 (16th passage) and NHDF (16th passage) cells were cultured at 37°C in a humidified atmosphere of 95% air and 5% CO2 using Dulbecco’s modified Eagle medium (DMEM; GIBCO, United States). The DMEM contains 10% fetal bovine serum (FBS; GIBCO, United States) and 1% antibiotic and antimycotic formulation (GIBCO, United States). LSE powder was dissolved in a serum-free medium (SFM; containing DMEM and 1% antibiotic agent) to produce various concentration solutions as 5, 2.5, 1.25, 0.625, 0.313, 0.156, 0.078, 0.039, and 0.02 mg/ml. The LSE solutions were sterilized before testing by 0.22-μm Minisart syringe filters (Sartorius, Germany). Four replicates were performed in 96-well tissue culture plates (TCPS; SPL Life Science, Korea). The plates were seeded with cell suspension at 8,000 cells/well and incubated for 24 h at a 37°C humidified incubator with 5% CO2. Then, the cells were starved with SFM for 24 h. After 24 h, the medium was changed to LSE solution, and the cells were re-incubated for 24 h. Then 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; AMRESCO, United States) assay was used to determine the viability of cells cultured with LSE solution. The assay was carried out in triplicate (n = 3) with an Epoch Microplate Spectrophotometer (BioTek Instruments, United States) at the wavelength of 570 nm.
Preparation of LSE-Loaded Alg/CS Beads
The LSE-loaded Alg/CS beads were prepared by using the ionic gelation method. First, 4.5% w/v of Alg solution was prepared by dissolving 0.225 g of Alg in 5 ml of distilled water at room temperature. After that, 0.2 g (2% w/w, based on the weight of Alg and CS powder) of LSE was added to the Alg solution with stirring. The mixture (aqueous phase) was added dropwise into an oil phase that contained 25 ml of paraffin oil and 1.25 ml of Span 80 with a stirring speed of 1,200 rpm for 30 min. Then, 1% w/v of chitosan solution was prepared by dissolving chitosan in 1% v/v of acetic acid at room temperature for 24 h. After that, the LSE-loaded Alg/CS beads were obtained by adding 1% w/v CS solution (pH of 4) drop by drop to the mixture at different stirring conditions (see Table 1). A total of 10% w/v of CaCl2 solution was then added to the mixture with stirring at room temperature for 2 h. Then 10 ml of propan-2-ol was added to harden the beads. The LSE-loaded Alg/CS beads were collected by centrifugation at room temperature and subsequently washed several times with propan-2-ol and distilled water, respectively. The LSE-loaded Alg/CS beads were lyophilized for 1 day. Finally, the LSE-loaded Alg/CS beads were collected and stored in a desiccator before use.
TABLE 1 | Preparation of LSE-loaded Alg/CS beads with different stirring methods.
[image: Table 1]Morphology and Particle Size of LSE-Loaded Alg/CS Beads
Morphology characterization of the LSE-loaded Alg/CS beads was carried out using an LEO 1450 VP Scanning Electron Microscope (SEM) with an accelerating voltage of 20 kV. The dry beads were deposited on a thin aluminum plate and then coated with a thin layer of gold. The SEM images of the LSE-loaded Alg/CS beads were obtained.
The particle size and PDI of the LSE-loaded Alg/CS beads were determined by dynamic light scattering (DLS) using a particle size analyzer (Zetasizer nano series, Malvern instrument, United Kingdom). The LSE-loaded Alg/CS bead diameter was determined after the dispersion of beads with distilled water in the ultrasonic bath for 2 min. The results were reported as the mean value and performed in triplicate.
Fourier Transform Infrared Spectroscopy (FTIR)
The LSE-loaded Alg/CS beads were mixed with KBr and prepared as a pellet to identify the structure of the LSE-loaded Alg/CS beads by FTIR (PerkinElmer, United States) in the range of 4,000–400 cm−1, with a resolution of 32 cm−1. The spectra are shown in Figure 4.
Encapsulation Efficiency of LSE-Loaded Alg/CS Beads
The LSE-loaded Alg/CS beads were first dissolved in phosphate-buffered solution (PBS) at 37°C for 1 day. The amount of LSE in PBS was determined by a UV–Vis spectrophotometer at the wavelength of 277 nm. The amounts of LSE in the beads were calculated using a calibration curve. The encapsulation efficiency (%EE) was calculated following Eq. 2.
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Release Study
The LSE release profiles from the LSE-loaded Alg/CS beads were analyzed by using the total immersion method at 37°C for two days. Using a dialysis bag (molecular weight cut-off 12,000–14,000), the LSE/Alg/CS beads were loaded in a bag followed by 10 ml of PBS. The dialysis bag was then immersed in 20 ml of PBS. The release profiles were performed by collecting the sample solution at a specified time. Once the sample solution was collected, the same amount of fresh PBS was added. The UV–Vis spectrophotometer (Perkin-Elmer, United States) was used to analyze the amount of LSE released. The released amount of LSE was calculated using the calibration curve of LSE at 277 nm.
Indirect Cytotoxicity of LSE-Loaded Alg/CS Beads
NCTC clone 929 (14th passage) and NHDF (13th passage) cells were cultured at 8,000 cells/well in DMEM containing 10% FBS and 1% antibiotic and antimycotic formulation at 37°C in a humidified atmosphere of 95% air and 5% CO2 for 24 h to enable cell attachment. The LSE-loaded Alg/CS beads were immersed in SFM at 37°C for 24 h to produce various concentrations of the extraction media (i.e., 0.5, 5, and 10 mg/ml). This assay was performed in four replicate wells in 96-well plates. Before investigation, the extraction media were sterilized using 0.22-µm Minisart syringe filters. After that, the cultured cells were then starved with the serum-free medium (SFM) for 24 h. The medium was then replaced with the extraction media, and the cells were re-incubated for 24 h. Finally, the cell viability was determined by MTT assay. The viability of cells cultured with fresh SFM was used as a control.
Biocompatibility Evaluation of LSE-Loaded Alg/CS Beads
The biocompatibility evaluation of the LSE-loaded Alg/CS beads was performed with NHDF cells. First, NHDF cells (density of 25,000 cells/well) were allowed to grow in 24-well tissue culture polystyrene plates (TCPS; SPL Life Science, Korea) for 24 h. The LSE-loaded Alg/CS beads (2.5 mg) were sterilized under UV for 1 h and then added into each well. NHDF cells cultured with the LSE-loaded Alg/CS beads were allowed to grow for 2, 24, and 72 h. At each time point, the cell viability was investigated by MTT assay.
The morphology of cells cultured with the LSE-loaded Alg/CS beads was observed by using a SEM. NHDF cells (cell density of 25,000 cells/well) were seeded on a cover glass in 24-well plates and then cultured for 24 h to allow cell attachment. After that, the sterilized LSE-loaded Alg/CS beads were added to each well of 24-well plates. After 24 h, the culture medium in each well was removed and washed with PBS. The cells cultured with the beads were then fixed with 3% v/v glutaraldehyde for 30 min. After that, the cells were dehydrated with different concentrations (30, 50, 70, 90, and 100% v/v) of ethanol solution for two min each. The cells were immersed with 500 μl of 100% hexamethyldisilazane for five min and then left to dry in a desiccator at room temperature for 24 h. Finally, the cells were coated with gold before SEM observation.
Statistical Analysis
The experiments were represented as means ± standard derivation (SD). Analysis of variance (one-way ANOVA) and Tukey’s post hoc test in SPSS were carried out (IBM SPSS statistics 24, United States). The statistical significance was accepted at p < 0.05.
RESULTS AND DISCUSSION
Extraction of Longan Seed Extract
The bioactive compounds in longan seeds such as phenolic acid, flavonoids, and polysaccharides showed antimicrobial, antioxidant, and anti-inflammatory activities (Rangkadilok et al., 2007). In this study, the ground longan seeds were extracted with distilled water. The percent yield of LSE was 7.46 ± 0.17%. The amount of gallic acid, ellagic acid, and corilagin, which are the major polyphenolic compounds found in the longan seed, was 25.61 ± 0.48, 18.83 ± 3.75, and 21.92 ± 1.42 mg/g (based on the weight of LSE), respectively. These values are in the same order with the results reported by Pankongadisak and Suwantong (Pankongadisak and Suwantong 2018).
Antioxidant Activity of Longan Seed Extract
The antioxidant activity of LSE as compared with l-ascorbic acid was determined by DPPH assay. In Figure 1, the antioxidant activity of LSE and l-ascorbic acid increased with increasing concentration. The maximum antioxidant activity of LSE and l-ascorbic acid at a concentration of 50 μg/ml was 89.10 and 92.71%, respectively. The half-maximum inhibitory concentration (IC50) of LSE was 24.63 ± 0.71 μg/ml, which is close to the standard drug (l-ascorbic acid) of 15.12 ± 0.09 μg/ml. Thus, the polyphenolic compounds such as gallic acid, ellagic acid, and corilagin in LSE showed strong antioxidant activity.
[image: Figure 1]FIGURE 1 | Antioxidant activity of LSE and L-ascorbic acid. *p < 0.05 compared with l-ascorbic acid at each concentration.
Indirect Cytotoxicity of Longan Seed Extract
The indirect cytotoxicity of LSE was carried out by MTT assay using NCTC clone 929 and NHDF cells. The cell viability was measured after 24 h of incubation (Figure 2). The results showed that the viability of NCTC clone 929 cells cultured with LSE ranged between ∼86 and ∼103%, while that of NHDF cells cultured with LSE ranged between ∼93 and ∼128% at a concentration of 0.02–0.625 mg/ml. These results confirmed that LSE at concentrations of 0.02–0.625 mg/ml was non-toxic to the cells and had potential use for further study.
[image: Figure 2]FIGURE 2 | Indirect cytotoxicity of LSE cultured with (A) NCTC clone 929 and (B) NHDF cells. *p < 0.05 compared with the fresh culture medium.
Morphology, Size, and PDI of LSE-Loaded Alg/CS Beads
The LSE-loaded Alg/CS beads were prepared by using the ionic gelation method. The negatively charged carboxylic groups of Alg interacted with the protonated amino groups of CS to form the Alg/CS beads (Nagarwal et al., 2012; Rahaiee et al., 2015). Figure 3 shows that LSE/Alg/CS-S and LSE/Alg/CS-H exhibited more spherical shapes and dispersed particles. In contrast, LSE/Alg/CS-U showed an aggregation between particles because the shear force and time from the ultrasonicator were not enough to separate the particles completely. Besides, the merging of the polymer network during freeze-drying caused the aggregation of particles (Rahaiee et al., 2015). Moreover, the sizes of LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U were 1.88 ± 0.40, 2.41 ± 0.21, and 2.54 ± 0.15 μm, respectively. The PDIs of LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U were 0.198 ± 0.142, 0.150 ± 0.104, and 0.318 ± 0.048, respectively, as shown in Table 2.
[image: Figure 3]FIGURE 3 | SEM images of (A) LSE/Alg/CS-S, (B) LSE/Alg/CS-H, and (C) LSE/Alg/CS-U.
TABLE 2 | Particle size, PDI, and EE (%) of LSE-loaded Alg/CS beads.
[image: Table 2]FTIR Analysis
Figure 4 shows the FTIR spectra for LSE, Alg, CS, and LSE-loaded Alg/Cs beads. FTIR spectra of all samples between 3,000 and 3,600 cm−1 showed broad absorption bands indicating the O‒H stretching and N‒H stretching frequencies in the structure. For the spectrum of LSE, the peaks at 1,706 and 1,609 cm−1 were attributed to C‒H aromatic and C=C alkene stretching, respectively. The peaks at 1,522 cm−1 represented N‒O stretching. The peak at 1,050 cm−1 showed the strong intensity of C‒O stretching of ether (Aziz et al., 2018; Chollakup et al., 2021). For Alg, the FTIR spectrum represented the carboxyl anion stretching vibrations (asymmetric and symmetric) at 1,610 and 1,423 cm−1. The FTIR spectrum of CS showed the peak at 1,663 attributing to C=O stretching in amide I. The peaks at 1,592 cm−1 were assigned to N–H bending in amide II. In addition, the spectrum of CS showed the peak at 1,323 cm−1 which was assigned to N–H stretching in amide III (Bajpai 2019; Butt et al., 2019; Pereira et al., 2019). The LSE-loaded Alg/CS beads showed the shifted band intensity of 3,382 cm−1 (O–H, N–H) and 2,924 cm−1 (C–H). Moreover, the peak at 1,610 cm−1 of Alg was shifted to 1,606 cm−1. The peaks at 1,422 cm−1 were observed. This might be due to the shifting of asymmetrical and symmetrical stretching of -COO- of Alg. The peak at 1,530 cm−1 due to the protonation of amine groups of CS was not observed. This might be due to the overlap with the peak at 1,606 cm−1. From these results, it could be proved that the carboxylate groups of Alg reacted with the protonated amino groups of CS by intermolecular or electrostatic interactions to form the LSE-loaded Alg/CS beads (Butt et al., 2019; Rahaiee et al., 2015). Moreover, the absorption band of the O‒H stretching and N‒H stretching was shifted to 3,382 cm−1 due to the interaction of the hydroxyl group of LSE with Alg and CS. The disappearance of the peaks at 1,706, 1,609, and 1,522 cm−1 of LSE was due to the interaction of LSE with Alg and CS. The results confirmed that LSE was loaded in the Alg/CS beads successfully. In addition, the %EE of the LSE-loaded Alg/CS beads was another investigation to confirm that LSE was successfully loaded into the beads.
[image: Figure 4]FIGURE 4 | FTIR spectra of LSE, Alg, CS, and LSE-loaded Alg/CS beads.
Encapsulation Efficiency
The % EE is the percentage of LSE that successfully entrapped into the Alg/CS beads. The %EE was quantified by the UV–Vis spectrophotometer at a wavelength of 277 nm. The %EE of the LSE-loaded Alg/CS beads is shown in Table 1. The %EE of LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U was 11.97 ± 0.91, 13.80 ± 2.99, and 18.42 ± 0.79%, respectively. The LSE/Alg/CS-U showed the highest value of %EE. This result showed that the large particle size of LSE/Alg/CS-U increased the ability to entrap LSE in high amounts (Lecaroz et al., 2006). Moreover, after freeze-drying, LSE/Alg/CS-U showed the merging of the polymer network caused by the formation of irregular shapes and particle aggregates.
Release Study
The release characteristics of LSE from the LSE-loaded Alg/CS beads were investigated by using the total immersion method for two days, and the results are shown in Figure 5. All samples showed similar profiles of the cumulative released amount. The release rate was fastest between 0 and 120 min. After that the cumulative released amounts were gradually increased and reached a plateau at the longest immersion time. The maximum cumulative released amount of LSE from LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U was 93, 86, and 68%, respectively. LSE/Alg/CS-U showed the lowest released amount of LSE, whereas LSE/Alg/CS-S and LSE/Alg/CS-H showed similar values. The low released amount of LSE observed from LSE/Alg/CS-U could be the merging of the beads that caused the formation of irregular shapes of the beads after the freeze-drying method. The merging of the beads makes the beads have large size with the low surface area. Thus, this can cause the lower released amount of LSE from the LSE/Alg/CS-U than the others. While, LSE/Alg/CS-S and LSE/Alg/CS-H showed the small spherical shape without the merging of the beads, resulting in the higher released amount of LSE from LSE/Alg/CS-S and LSE/Alg/CS-H.
[image: Figure 5]FIGURE 5 | (A) Release profiles of LSE from LSE-loaded Alg/CS beads and (B) expanded figure of the release profile at first 120 min.
Indirect Cytotoxicity of LSE-Loaded Alg/CS Beads
The indirect cytotoxicity of the LSE-loaded Alg/CS beads was carried out by MTT assay using NCTC clone 929 cells and NHDF cells. The viability of cells was measured after 24 h incubation with different concentrations (0.5, 5, and 10 mg/ml) of extraction media from the LSE-loaded Alg/CS beads (Figure 6). The results showed that the viability of NCTC clone 929 cells cultured with the extraction media from LSE/Alg/CS-S, LSE/Alg/CS-H, and LSE/Alg/CS-U ranged between 74 and 95%, while the viability of NHDF cells ranged between 86 and 101%. According to the ISO 10993-5 cytotoxicity standard, if the percent cell viability is increased to >70%, it has a non-cytotoxic potential. Thus, these beads were non-toxic to both NCTC clone 929 cells and NHDF cells and had the potential for use in biomedical applications.
[image: Figure 6]FIGURE 6 | Indirect cytotoxicity of LSE-loaded Alg/CS beads cultured with (A) NCTC clone 929 and (B) NHDF cells (n = 3). *p < 0.05 compared with the fresh culture medium.
Biocompatibility
For use in biomedical applications, materials must exhibit good biocompatibility, non-toxic, and support cell growth (Kim et al., 2008). Thus, the biocompatibility of cells cultured with the LSE-loaded Alg/CS beads was carried out. The viability of NHDF cells cultured with the fresh culture medium was the control. The Alg/CS beads without the loading of LSE were designated as Alg/CS. Figure 7 demonstrates the viability of NHDF cells cultured with samples at different incubation times (2, 24, and 72 h). After incubation, the viability of cells was determined by MTT assay. The viability of NHDF cells cultured with all samples was between 97 and 126%. The viability of NHDF cells was more than 70% after treatment with samples at different time points, indicating these beads were non-toxic and compatible with the cells.
[image: Figure 7]FIGURE 7 | Cell biocompatibility of LSE-loaded Alg/CS beads with NHDF cells. *p < 0.05 compared with the fresh culture medium.
The morphology of NHDF cells cultured with LSE-loaded Alg/CS beads was observed by using a SEM (see Table 3). From the results, the NHDF cells cultured with all samples showed good attachment on the cover glass and exhibited a spindle shape on the surface. Therefore, these LSE-loaded Alg/CS beads had the potential for use in biomedical applications.
TABLE 3 | Morphology of NHDF cells cultured with LSE-loaded Alg/CS beads after 24 h.
[image: Table 3]CONCLUSION
In this study, the LSE-loaded Alg/CS beads were successfully prepared. The polymeric carriers were made from Alg and CS using the ionic gelation method. The LSE was added as an active ingredient. The LSE-loaded Alg/CS beads showed the spherical shape with some aggregation. The particle sizes of the LSE-loaded Alg/CS beads were ranging between ∼1.9 and ∼2.5 μm. PDI ranged between 0.150 and 0.318. LSE/Alg/CS-S had the smallest sizes, while LSE/Alg/CS-U showed the highest %EE. The cumulative released amount of LSE from LSE/Alg/CS-S had the highest value. Finally, these beads were non-toxic to both NCTC clone 929 and NHDF cells and promoted the attachment of NHDF cells. These results suggested that these beads can be used as drug carriers for biomedical applications.
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