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Hybrid pectin and resistant starch–based hydrogel beads loaded with bromelain using the extrusion gelation method were prepared and evaluated to enhance the activity of bromelain during gastrointestinal passage and thermal processing. The solutions of pectin–resistant starch with bromelain were dropped into the gelation bath containing calcium chloride (0.2 M) solution to develop various types of hydrogel beads. The physicochemical characteristics of the synthesized hydrogel beads were evaluated. The ratio (4.5:1.5 w/w) of pectin and resistant starch concentration significantly (p < 0.05) enhanced the encapsulation efficiency (80.53%). The presence of resistant starch resulted in increased entrapment of bromelain, improved swelling properties with sustained release behavior, and improved gastric stability than pectin hydrogels alone. The swelling of hydrogel beads was higher at pH 7.4 than pH 1.2. Optimized batch of hybrid pectin/resistant starch exhibited a spherical shape. Optical and scanning electron microscopy showed a more packed and spherical shape from the pectin/resistant starch hydrogel bead network. Fourier transformation infrared spectroscopy was also used to confirm the presence of bromelain in the hydrogel beads. The encapsulated bromelain in the pectin/hi-maize starch beads produced at a pectin/hi-maize ratio of 4.5:1.5 (percent w/w; formulation P4) obtained the highest relative bromelain activity in all heat treatments including at 95°C, whereas the highest activity of free bromelain was found only at 30°C. Bromelain encapsulated in hydrogels released at a faster rate at simulated intestinal fluid (SIF, pH 7.4) than at simulated gastrointestinal fluid (SGF, pH 1.2).
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INTRODUCTION
There has been a growing interest in recent years on bioactive compounds from agro-industrial waste for their health benefits (Ghosh et al., 2019; Náthia-Neves and Alonso, 2021). The bioactive proteins/peptides have recently been developed as effective nutraceuticals and in functional foods, such as bioactive peptides obtained from Pterophylla beltrani (Bolivar & Bolivar), peptides from leatherjacket (Meuchenia sp.), protein hydrolysates, and bioactive proteolytic enzymes derived from pineapple (Salampessy et al., 2017; Montiel-Aguilar et al., 2020; Chakraborty et al., 2021). Bromelain, a protease enzyme, is abundant in the pineapple fruit pulp and its byproducts (Ketnawa et al., 2012; Mala et al., 2021a). In the food industry, it is used for meat tenderization, grain protein solubilization during the baking process, beer clarification, and as a supplement (Tochi et al., 2008). Bromelain has also been found effective as a therapeutic agent, including as a suppressor of tumor growth and as an antibacterial, anti-inflammatory, anticoagulant, antiemetic, and antidiarrheal agent (Siow and Lee, 2012; Secor et al., 2013). In cosmetics industries, bromelain is used as an active ingredient in various body care products to provide gentle peeling effects (Aehle, 2007). Bromelain is also used for skin pre-tanning, softening and bating, improving the dyeing properties of protein fibers, and decomposing or partially solubilizing protein fibers from silk and wool (Koh et al., 2006).
However, bromelain is sensitive to extreme conditions such as high temperature, gastric proteases in stomach juice, high acidity, and organic solvents, and thus, reduces its functionalities and bioavailability (Xue et al., 2010; Mala et al., 2021a). Its instability under such stress conditions reduce its enzymatic activity, decrease its health benefits, and limit its pharmacological applications. Susceptibility of protein/peptides to enzymatic degradation, acidic hydrolysis, extending their short half-life, and minimizing passage time in the gastrointestinal tract continue to be major challenges in developing these protein/peptides with optimum bioavailability (Dumont et al., 2019; Kuhlmann et al., 2021). As a result, an optimal and effective oral distribution system for such bioactive ingredients are required for controlled gastrointestinal passage and targeted delivery with improved bioavailability (Anal and Stevens, 2005; Giroux et al., 2016; Ozel et al., 2020).
The encapsulation technique has proven to be a reliable and effective approach for the entrapment of bioactive ingredients into carrier matrices (Bernela et al., 2016; Lan et al., 2021; Marcillo-Parra et al., 2021). Encapsulation has the potential to enhance the protection against severe gastrointestinal conditions (Zhang et al., 2017; Gao et al., 2021). Various carbohydrates such as pectin, alginate, chitosan, starch, and k-carrageenan have shown effective encapsulation matrices for bioactive molecules (Bernela et al., 2016; Zhou et al., 2018; Sun et al., 2020).
Pectin, a high-value functional component in foods, has received significant recognition for probiotic encapsulation in food products being natural, non-toxic, low cost, and biocompatible (Dafe et al., 2017). Pectin is an acidic heteropolysaccharide consisting mainly of D-galacturonic acids linked by 1,4-glycosidic bonds and neutral monosaccharides such as D-arabinose, D-galactose, and L-rhamnose. Pectin is resistant to intestinal or gastric enzymes such as amylase and protease present in the upper gastrointestinal tract. However, it is easily digestible by pectinases produced by the colonic microflora (Wang et al., 2007). Pectin rapidly swells in an aqueous condition due to the presence of several hydroxyl groups. Some natural hydrophobic polymers, including chitosan and hydroxypropyl methylcellulose, have been used to modify pectin to retard its swelling and thus to reduce the release of entrapped bioactive compounds in the stomach (Rampino et al., 2016; Xiang et al., 2020). Similarly, starch, being an inexpensive, abundantly available, and edible polysaccharide has a long history as an excipient in drug compositions (Shrestha et al., 2018; Zhu et al., 2019). Furthermore, the incorporation of starch into the encapsulation matrix results in increased chemical and mechanical stability, improved encapsulation efficiency, and sustained release of different active compounds.
The encapsulation of bromelain in a hydrogel beads comprised of pectin and resistant starch (Hi-maize) as wall materials to protect it from higher processing temperature and its controlled passage and release in the simulated gastrointestinal tract (GIT). This study thus aims to evaluate the effects of resistant starch (Hi-maize) on the activity and controlled delivery of bromelain microencapsulated with the pectin in the simulated digestive system and higher processing temperatures. Hi-maize starch, a modified resistant starch, is considered along with pectin which remains as macromolecular aggregates in the upper portions of GIT. The application of these two biomolecules forms a densely packed matrix (superior protection and tightly packed hydrogel beads) in which the active compounds such as bromelain can be embedded for protection against GIT and thermal conditions.
MATERIALS AND METHODS
Materials
Low methoxyl pectin (LMP, degree of esterification 26%) from citrus peel was obtained from Ingredient Flavours Co., Ltd., Thailand. Hi-maize starch was procured from National Starch and Chemical Co., Ltd., Bangkok, Thailand. Bromelain from pineapple was purchased from Sisco Research Laboratories Pvt. Ltd., India. Pancreatin enzyme was purchased from Sigma-Aldrich, United States, and Pepsin from Acros, Denmark. All other chemicals used in the study were of analytical grade.
Preparation of Pectin/Hi-Maize Starch Hydrogel Beads Containing Bromelain
Pectin/hi-maize starch hydrogel beads were prepared by gelation method adopting the protocol described by Praepanitchai et al. (2019), with slight modifications (Table 1). Pectin solutions of different concentrations (6, 5.5, 5, 4.5, and 4% w/v) were prepared in distilled water at room temperature (25°C). Hi-maize starch solutions of different concentrations (0, 0.5, 1, 1.5, and 2% w/v) were prepared separately by dissolving them in distilled water at room temperature (25°C). Various ratios of homogenous aqueous solutions of pectin and hi-maize starch (as shown in Table 1) were mixed together at room temperature (25°C). For the preparation of bromelain-loaded pectin/hi-maize starch, the solution of bromelain (100 mg/ml) in a phosphate buffer solution (pH 7) was added in dropwise to the pectin/hi-maize starch solution under constant stirring (200 rpm) on the digital hotplate with a stirrer (UC152D, Stuart, United Kingdom) at room temperature (25°C).
TABLE 1 | Properties of various pectin/hi-maize starch hydrogel beads.
[image: Table 1]The mixed solution (200 ml, Pectin, hi-maize starch, and bromelain) was dropped through an 18 gauge hypodermic needle (WJ309, Shaoxing Wanjia Appliance Co., Ltd., China) at a controlled pump speed of 6 rpm using a peristaltic pump (YZ1515x, Longer Precision Pump Co., Ltd., China) into coagulation bath containing 0.2 M calcium chloride solution (50 ml) using a hydrogel bead making unit (Figure 1), designed and fabricated at the Bioprocess Technology Laboratory workshop, Asian Institute of Technology, Thailand. The hydrogel beads formed were further incubated in the same coagulation fluid for 30 min with stirring (50 rpm). The subsequent hydrogel beads were isolated and washed in excess normal saline solution (0.9% w/v NaCl) before drying at room temperature (25°C) for 24 h. The prepared hydrogel beads were coded as P1, P2, P3, P4, and P5, and the characteristics of hydrogel beads are shown in Table 1. Three batches of each hydrogel beads were produced for further analysis.
[image: Figure 1]FIGURE 1 | Schematic diagram and working of bead making unit (designed and fabricated of low cost encapsulation machine): peristaltic pump (1); air pump (2); pressure regulator (3); pressure gauge (4); air filter membrane (5); magnetic stirrer control (6); double stainless steel jacket (7); needle (8); rubber tube (9); mixture solution (10); and gelling beaker (11).
Particle Size Determination of Hydrogel Beads
The particle size was determined with a micrometer (Mittotuyo micrometer, NSK Co. Ltd., Japan) and expressed as the average of 100 hydrogel beads.
Determination of Encapsulation Efficiency of Bromelain
The bromelain content in the hydrogel beads was analyzed by following the method described by Anal and Stevens (2005), with some modifications. The bromelain-loaded hydrogel beads (0.1 g) were pulverized and incubated in a 0.02 M phosphate buffer (10 ml, pH 7.4) for 24 h at room temperature (25°C) with 100 rpm shaking. The suspension was further centrifuged (CN-2060, Hsiang Tai Co. Ltd., Taiwan) at 4,000 × g for 30 min. The protein content of the supernatant was measured using a UV-vis spectrophotometer (UNICAM, UV/Vis Spectrophotometer, United Kingdom) at 595 nm. The supernatant from the empty hydrogel beads (without bromelain) was used as a blank. The encapsulation efficiency was calculated from the actual bromelain loading of the hydrogel beads and the theoretical bromelain loading using the formula provided in Eq. 1. Three replicates of each experiment were conducted, and the average values were recorded.
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Theoretical loading corresponds to the initial amount of bromelain used in the pectin/hi-maize hydrogel beads preparation.
Swelling Ratio of Dried Hydrogel Beads
The swelling ratio of hydrogel beads was determined by following the methods described by Wang et al. (2019), with slight modifications. Three swelling media were chosen for this study: distilled water, simulated gastric (SGF, pH 1.2), and intestinal (SIF, pH 7.4), without adding digestive enzymes. The dried hydrogel beads (0.1 g) were weighed using an analytical balance (Mettler Toledo, United States) and immersed in different swelling media at 25°C. After a fixed duration of intervals (30, 60, 120, and 240 min), the swollen hydrogel beads were carefully separated from the medium, and the water adsorbed on the hydrogel bead surface was wiped away with a filter paper. After sorption, the weight of the hydrogel beads was evaluated, and their swelling percentage was calculated as explained by Eq. 2:
[image: image]
where S is the percentage of swelling of the hydrogel beads, while Wt and Wo are the weight of swollen hydrogel beads at a fixed time interval and the initial weight of the hydrogel beads, respectively.
Surface Morphology of Pectin/Hi-Maize Starch Hydrogel Beads
A scanning electron microscope (SEM) (SU5000 EM Wizard, Hitachi, Japan) was used to evaluate the morphology and surface appearance of hydrogel beads. The samples were mounted to a specimen stub with double-sided tape and coated with a thin layer of gold on an ion sputter coater to improve their visibility and sufficient resolution. Additionally, the physical appearance of the hydrogel beads was observed through a digital camera (DSC-W530, Sony Corporation, Japan).
Fourier Transform Infrared Spectroscopy Analysis
Infrared spectra of the pectin, hi-maize starch, bromelain, and encapsulated bromelain in pectin/hi-maize starch were measured using FTIR spectrophotometer (Nicolet iS50, Thermo Scientific, United States). The pellets were scanned in the range of 4,000–400 cm−1, and spectra of all samples were collected and analyzed using the system software (OMNIC software).
Disintegration of Hydrogel Beads
The disintegration of the hydrogel beads in SIF (pH 7.4) was studied by following the method described by Anal and Stevens (2005), with some modifications. Hydrogel beads (0.1 g) were preincubated with 10 ml of SGF (pH 1.2) for 2 h at 37°C in an incubator (JSGI-150T, JS Research Inc., Korea) with 100 rpm shaking. Following filtering, the swollen hydrogel beads were transferred to another vial containing 10 ml of SIF (pH 7.4). The samples were further incubated at 37°C at 100 rpm in a shaking incubator (JSGI-150T, JS Research Inc., Korea). The time required for complete disintegration was measured. Triplicate examinations were performed on all of the samples.
In Vitro Bromelain Release Studies
In vitro release of entrapped bromelain was performed using a conical flask (125 ml) by following the methods described by Zhang et al. (2017) and Anal et al. (2003), with slight modifications. The release media were SGF (pH 1.2) and SIF (pH 7.4) maintained at 37 ± 1°C in an incubator (JSGI-150T, JS Research Inc., Korea) under a constant rotation speed of 100 rpm. Further, the hydrogel beads (0.1 g) were placed into a beaker flask with 20 ml of SGF medium (pH 1.2) for 2 h, and subsequently in the same volume of SIF media (pH 7.4) for 3 h. Additionally, 1 ml of solution was collected from the release medium at regular intervals and immediately replaced by the same volume of fresh medium. After removing debris by centrifugation (CN-2060, Hsiang Tai Co. Ltd., Taiwan) at 4,000 × g for 30 min, bromelain in the release medium was directly evaluated using a UV-vis spectrophotometer (UNICAM, UV/Vis Spectrophotometer, United Kingdom) for measurement of protein content by Bio-Rad Bradford assay at the wavelength of 595 nm using bovine serum albumin (BSA) as a reference standard. The empty pectin/hi-maize hydrogel beads (without bromelain) in pepsin solution were used as a blank in the SGF study, and the empty pectin/hi-maize hydrogel beads (without bromelain) in pancreatin solution was used as a blank in the SIF study.
Effect of Temperature on the Activities of Non-Encapsulated and Encapsulated Bromelain
The thermal stability test was conducted by following the method described by Naghdi et al. (2019), with some modifications. Free bromelain (2 mg; 0.6 Unit/mL) and 100 mg of encapsulated bromelain in dried hydrogel beads were added to separate tubes containing 2 ml of phosphate buffer saline (PBS) (at constant pH 7.4) and incubated in a water bath (SV 1422, Memmert GmbH + Co. KG, Germany) at 30, 65, 72, and 95°C for 1, 2, 3, 4, and 5 min. Following the incubation period, aliquots were taken at various time intervals, and the samples were cooled to 25°C. The bromelain activity of free and encapsulated samples was measured spectrophotometrically (UNICAM, UV/Vis Spectrophotometer, United Kingdom) at 660 nm based on the method explained in bromelain activity determination. Subsequently, the residual protease activity was measured, and the relative proteolytic activity (%) was further calculated through Eq. 3:
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Bromelain Activity Determination
The proteolytic activity of the solution was determined using casein and L-tyrosine as a substrate and a standard, respectively, following the method described by Mala et al. (2021b), with slight modifications. Based on this assay, the casein was hydrolyzed by bromelain, resulting in the release of L-tyrosine. Under standard assay conditions, the amount of enzyme that produced a product equal to 1 µg of tyrosine min−1 ml−1 was described as one unit of enzyme activity, which can be expressed as Units/ml. The enzyme solution (1 ml) was mixed with casein (5 ml, 0.65% w/v) in 0.05 M potassium phosphate buffer (0.05 M, pH 7.5). The reaction was performed at 37°C in a water bath (SV 1422, Memmert GmbH + Co. KG, Germany) for 10 min. Subsequently, the reaction was terminated by the addition of trichloroacetic acid (5 ml, 0.1 M). After that, the mixture was then filtered through a syringe filter (0.45 µm diameter) (SC13P045S, HyundaiMicro, Korea). The filtrate (2 ml) was mixed with 5 ml of 0.5 M sodium carbonate solution and 1 ml of 20% (v/v) Folin Ciocalteu’s phenol reagent and incubated for 30 min in a water bath at 37°C. Then the solution was filtered through a syringe filter (0.45 µm diameter) (SC13P045S, HyundaiMicro, Korea), and the absorbance of the mixture was measured at 660 nm with a UV-vis spectrophotometer (UNICAM, UV/Vis Spectrophotometer, United Kingdom). The bromelain activity was calculated as Eq. 4:
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where 11 = total volume (in milliliters) of assay, 10 = time of assay (in minutes) as per the unit definition, 1 = volume of enzyme (in milliliter) of enzyme used, and 2 = volume (in milliliters) used in colorimetric determination.
Statistical Analysis
The experiments were performed in three replicates, and the data were presented as mean with standard deviation. A statistical analysis was performed using a commercial statistical package (SPSS Version 22, Chicago, IL, United States) in which ANOVA and Tukey’s HSD test were conducted to evaluate the significant differences (p < 0.05) among mean observations.
RESULTS AND DISCUSSION
Bromelain-Loaded Pectin/Hi-Maize Starch Hydrogel Beads
In this study, bromelain was encapsulated in a pectin/hi-maize starch hydrogel using an extrusion method. Intermolecular cross-linking between Ca2+ ions and the negatively charged carboxylate (-COO-) on the pectin backbone was used to create hydrogels. Divalent metals promote polyanion–cation–polyanion interactions between pairs of carboxylate groups on neighboring helices of the pectin structure (Patel et al., 2014; Dafe et al., 2017). Pectin and pectin/hi-maize starch hydrogel beads showed mean particle size values ranging from 3,873 to 4,115 µm (Table 1). The size of the hydrogel beads produced by the extrusion technique varied significantly (p < 0.05) in the presence of different pectin and hi-maize starch ratios.
Additionally, previous studies indicated that the size of the hydrogel beads varied depending on the material used (Anal and Stevens, 2005). It can be observed that the incorporation of hi-maize starch filler resulted in reduction in particle size, as illustrated in Figure 3. Dafe et al. (2017) also reported the moderate decrease of particle size with the increase of hi-maize starch content. However, Zafeiri et al. (2021) demonstrated that the quantity of starch encapsulated in the alginate hydrogel beads decreases in size as the amount of starch utilized to produce the formulation rises. However, the starch-rich alginate beads are more resistant to deformation than the starch-free alginate beads because the native starch granules serve as mechanically inactive filler particles.
Encapsulation Efficiency of Bromelain in Hydrogel Beads
The encapsulation efficiency (Table 1) was determined based on the ratio amount of bromelain loading after encapsulation over the initial amount of bromelain. Bromelain entrapment in pectin/hi-maize starch hydrogel beads was significantly affected by variations in pectin and hi-maize starch concentrations. The encapsulation efficiency improves significantly as the hi-maize starch content increases. The hydrogel beads made of only pectin (P1) had an encapsulation efficiency of 67.66 ± 2.06%. This occurs due to inadequate cross-linking and a large pore size, which allows the entrapped active ingredients to diffuse out during and after gelation (Anal and Stevens, 2005). Moreover, the entrapment of bromelain was also low (71.29%) at the low hi-maize starch concentration of P2 formulation.
The formulation P4 had a maximum encapsulation efficiency of 80.53 ± 1.51%, which can be attributed to the high amount of modified starch interacting with pectin, which generates stability between the two polysaccharides to retain the highest bioactive content in the polymer matrix of the microcapsule formed (Basilio Cortes et al., 2021).
The obtained values showed a high range of encapsulation efficiency values compared to earlier reports for bromelain encapsulation in materials such as chitosan nanoparticles, chitosan nanofibers, and katira gum as carriers (Bernela et al., 2016; Bayat et al., 2019; Ataide et al., 2021). Martin et al. (2013) revealed the increased encapsulation efficiency of Lactobacillus fermentum CECT5716Lb Casei cells with increased concentration of starch in alginate–starch–calcium chloride–based hydrogel beads. Similarly, Pankasemsuk et al. (2016) demonstrated that an alginate bead containing 1% (w/w) hi-maize starch provided higher viable cells for both gastric and bile fluids than alginate beads alone. Hosseini et al. (2014) revealed that adding resistant starch to alginate–starch hydrogel beads improved nisin-loading capacity values compared to alginate beads alone.
Swelling Ratio of Dried Hydrogel Beads
Swelling is regarded as the initial step towards releasing the enclosed material and disintegration of the hydrogel beads. The difference in osmotic pressure between the fluid within and outside the hydrogel beads causes the hydrogel beads to swell (Kumaree et al., 2015). In addition, polysaccharides have a high affinity for water, allowing encapsulated active ingredients to disperse out rapidly. In this case, cross-linking with an inorganic compound is used to minimize the permeability of polysaccharides (Arica et al., 2002). As a polyanion natural polymer, pectin has a strong ability to associate with cations including Ca2+ or Sr2+, promoting the gel network structure by intermolecular cross-links between the calcium ions (Ca2+) and the negatively charged carboxyl groups (COO−). The ratio and composition of ionic and non-ionic functional groups in hydrogels determine their swelling potential (Mahdavinia et al., 2015; Dafe et al., 2017).
The dynamic swelling behavior of hydrogel beads in distilled water is illustrated in Figure 2A. The rate of water absorption increased dramatically at the first 30 min and then started to level off. The swelling degree of hydrogels indicated a systemic pattern attributed to their compositions. The percentage swelling in water decreased with increasing the ratio of hi-maize starch content.
[image: Figure 2]FIGURE 2 | The percentage swelling of hydrogel beads in water (A), pH 1.2 (B), and pH 7.4 (C).
The swelling capacity of prepared hydrogel beads was further investigated at pH 1.2 and pH 7.4 to simulate the gastrointestinal conditions (Dafe et al., 2017; Zhu et al., 2019). Figure 2B illustrates the results of percentage swelling in simulated gastric juice pH 1.2. The swelling capability gradually increased initially for 30 min and then reached the saturation level without any evidence of disintegration during the incubation time. The findings revealed that the swelling index of pectin/hi-maize starch hydrogel beads (P3–P5) increased up to 93.30–94.40% during 4 h. On the other hand, pectin hydrogel beads (P1) exhibited a lower swelling rate of 76.58%. Maximum swelling capacities were obtained for pectin/hi-maize starch hydrogel beads than pectin hydrogel beads alone. Since the carboxyl groups of pectin are protonated in an acidic medium, the hydrogen bonding and hydrophobic forces between or within pectin molecules result in a more compact structure and lower swelling capacity (Chang and Lin, 2000; Dafe et al., 2017).
In the following sequence of tests, swollen hydrogel beads in the gastric fluid were subsequently incubated in PBS (pH 7.4), as shown in Figure 2C. Hydrogel beads prepared without hi-maize starch in P1 presented a swelling index up to 119.33%. The addition of hi-maize starch (P3–P5) resulted in stronger hydrogel beads with decreased swelling index to 85.92–106.82%. The swelling pattern of pectin/hi-maize starch hydrogel beads is significantly influenced (p < 0.05) by pectin and hi-maize starch concentrations. A combination of 1.5% hi-maize starch (P4) played an important role in percentage swelling at 85.92%. Carboxylic acid groups on pectin chains convert to negatively charged carboxylate ions in basic and neutral environments. Consequently, electrostatic repulsion between the deprotonated carboxyl groups causes the network to expand and swell (Dafe et al., 2017). The combination of 1.5% hi-maize starch (P4) provided stronger protection than the lower and higher concentrations. This is related to the protective effect of hi-maize starch at appropriate concentrations against media penetration (Pankasemsuk et al., 2016).
Surface Morphology of Pectin/Hi-Maize Starch Hydrogel Beads
The shape and sizes of pectin hydrogel beads (Figure 3A) show significant differences from pectin/hi-maize starch hydrogel beads (Figures 3B–E). The addition of hi-maize starch in the pectin matrix resulted in a more packed and spherical shape, as evidenced by the surface morphology of the hydrogel beads (Figures 3, 4). This is mainly due to homogeneously dispersed starch, which can maintain interstitial spaces in the matrix, promoting the pectin/hi-maize starch hydrogel beads structure and preventing cracking and shrinkage (Córdoba et al., 2014). Hosseini et al. (2014) reported a similar observation, indicating that starch serves as structural support, thus limiting shrinkage and preserving the spherical form of dried hydrogel beads. This indicates that hi-maize starch encouraged a more adhesive reaction than the hydrogel bead without starch. In addition, Pankasemsuk et al. (2016) demonstrated that alginate along with 1% hi-maize starch matrix appeared more compact with probiotic cells. The application of hi-maize starch and alginate for coating bacterial cells allowed for a prebiotic ability from the starch and the adhesion of more probiotic cells into the hydrogel beads (Anal and Singh, 2007).
[image: Figure 3]FIGURE 3 | Scanning electron microscopy (SEM) images (magnification ×50) showing the surface morphology of pectin/hi-maize starch hydrogel beads with different pectin:hi-maize starch ratios: (A) bead P1 (6: 0), (B) bead P2 (5.5: 0.5), (C) bead P3 (5: 1), (D) bead P4 (4.5: 1.5), and (E) bead P5 (4: 2).
[image: Figure 4]FIGURE 4 | Scanning electron microscopy (SEM) images showing the surface morphology of pectin/hi-maize starch hydrogel beads. (A) Only pectin hydrogel bead (magnification ×50), (B) only pectin hydrogel bead (magnification ×500), (C) only pectin hydrogel bead (magnification ×5000), (D) pectin/hi-maize starch hydrogel bead (ratio 4.5:1.5; magnification ×50), (E) pectin/hi-maize starch hydrogel bead (ratio 4.5:1.5; magnification ×500), and (F) pectin/hi-maize starch hydrogel bead (ratio 4.5:1.5; magnification ×5000).
Figure 5 illustrates the shape and appearance of the hydrogel beads. The pectin hydrogel beads without starch contents were clear and transparent. The cracks were found on the surface of hydrogel beads when the hi-maize starch was applied along with pectin. This was related to hi-maize starch’s insolubility in pectin solution. Furthermore, when hi-maize starch was applied, the pectin/hi-maize hydrogel beads showed a uniform distribution of hi-maize starch and provided an opaque appearance.
[image: Figure 5]FIGURE 5 | Digital photo of pectin/hi-maize starch hydrogel beads with different pectin:hi-maize starch ratios: (A) bead P1 (6: 0), (B) bead P2 (5.5: 0.5), (C) bead P3 (5: 1), (D) bead P4 (4.5: 1.5), and (E) bead P5 (4: 2).
Fourier-Transforms Infrared Spectroscopic Studies
The FTIR spectra of pectin, hi-maize starch, bromelain, and hydrogel beads with bromelain and without bromelain loading are presented in Figure 6. Pectin shows characteristic spectra corresponding to the polysaccharide chemical structures. The intense bands at 3,600–3,000 cm−1 are attributed to the characteristic band for the stretching vibration of the -OH group. The bands at 1700–1,600 and 1,210–1,050 cm−1 are attributed to the intramolecular hydrogen bond and C-O stretching, respectively. The vibrational absorption peaks of the C-H bond of monosaccharide are observed at 1,000–850 cm−1 (Zhu et al., 2019).
[image: Figure 6]FIGURE 6 | FTIR spectra of pectin (A), hi-maize starch (B), hydrogel bead without bromelain (C), bromelain (D), and bromelain-loaded hydrogel bead (E).
In hi-maize starch, the broad peak at a wavelength around 3,300–3,200 cm−1 represents -OH stretching vibrations (Ahmad et al., 2016), and regions between 995–985 cm−1 are usually associated with stretching or bending vibrations of C=C. The intense bands at 1,085–1,050 cm−1 are attributed to the characteristic band for the stretching vibration of the C-O stretching group (Yu and Huang, 2010; Ahmad et al., 2019).
The spectra of bromelain show a peak at 3,400–3,300 cm−1 showing the existence of NH–stretching vibrations. The peak at 1,632 cm−1 shows the presence of C=O stretching groups (amide I region at 1,690–1,600 cm−1). The characteristic of C-N stretching vibration frequencies are assigned to IR peaks at 1,513, 1,224, and 1,102 cm−1. Bernela et al. (2016) reported the appearance of a similar band of bromelain encapsulated in katira gum nanoparticles.
Bromelain-loaded hydrogel beads exhibited the characteristic peaks of bromelain, pectin, and hi-maize starch. Similar peaks with a broad range were observed in the bromelain hydrogel bead, which represents the encapsulation of bromelain in the pectin–starch matrix
without any evident interaction (Bernela et al., 2016). The slight shift of these wavenumber frequencies was observed in bromelain-loaded hydrogel beads. The hydrogel bead composited with bromelain is determined by a band at 1,632 cm−1 (COO-Ca) corresponding to pectin (Khorasani and Shojaosadati, 2017). Previous studies have reported that hydrogen bonding is considered as the major interaction between phenolic compounds and starch-based wall materials (Liu et al., 2011; Ahmad et al., 2019).
Disintegration of Hydrogel Beads
The disintegration of hydrogel beads was investigated in SIF (pH 7.4). The term “hydrogel bead disintegration” refers to the loss of the bead-like structure as observed under a microscope (Anal et al., 2006). The time needed for complete disintegration of various hydrogel beads, prepared by the extrusion method, is presented in Table 1. Each sample exhibited a different profile of dissolving in the dissolution media. The hydrogel beads prepared in formulation P4 showed a delay in disintegration and consequently a slow release of bromelain (Figure 7). The pectin hydrogel beads (P1) swollen in SGF appeared not to be stable for long periods in the intestinal fluid. In SIF, the pectin hydrogel beads completely disintegrated by bursting within an hour. In all types of hydrogel beads, the presence of hi-maize starch in the pectin/hi-maize starch hydrogel beads delayed the disintegration and retarded the erosion process. However, the presence of insufficient resistant starch resulted in a lack of stability and, therefore, a reduced protective impact. However, an excessive amount of resistant starch may have been produced as a result of a thick starch layer causing weakness in the coating material (Pankasemsuk et al., 2016); as a result, a combination of 2% hi-maize starch hydrogel bead (P5) was found to be less stable over longer periods of time than a combination of 1.5% hi-maize starch hydrogel bead (P4). Disintegration time is also influenced by the pH of the medium (Anal et al., 2006). After their transfer to neutral pH in SIF, the hydroxyl ions tend to displace the anionic pectin in the calcium–pectin complex, and as a consequence, the complex dissociates and the matrix erodes (Bhopatkar et al., 2005; Dafe et al., 2017).
[image: Figure 7]FIGURE 7 | Bromelain release behavior of the hydrogel beads in the simulated gastric fluid (SGF) for 2 h and in simulated intestinal fluid (SIF) for 3 h at 37°C with a stir rate of 100 rpm.
In Vitro Bromelain Release Studies
In vitro release experiments were conducted to identify variations in the release profiles of hydrogel beads. The release of the bromelain from the pectin/hi-maize starch is strongly affected by the pH of the medium. Bromelain is a water-soluble polymer that readily diffuses out (Chakraborty et al., 2021).
Figure 7 illustrates the release profile of encapsulated bromelain in both SGF and SIF simulated conditions for pectin and various pectin/hi-maize starch matrix formulations. The pectin and pectin/hi-maize hydrogel beads were incubated in SGF (pH 1.2) for 2 h and then in SIF (pH 7.4) for the next 3 h. Bromelain release from pectin hydrogel beads (P1) was around 44.37% in SGF after 2 h (Figure 7). Pectin hydrogel beads that were not strengthened with hi-maize starch most likely lacked the necessary cross-linking density to prevent entrapment from diffusing out. Conversely, during the first 2 h in SGF, the pectin/hi-maize starch (P2–P5) significantly decreased the release of entrapped bromelain and the release of entrapped bromelain hydrogel beads were reduced to 27.41–33.85%. First, there is a rapid release step, in which bromelain is physically entrapped on the surface of hydrogel beads, which was covered by a very thin coating of materials. Furthermore, the rapid initial release is due to the potential uptake of water into the hydrogel beads, as well as the volume expansion of the matrix as a result of the water uptake. This second stage is caused by polymer degradation or bromelain diffusion from the inside to the outside (Hosseini et al., 2014; Zhu et al., 2019).
The hydrogel beads were further transferred to SIF after 2 h in SGF. Within an hour in SIF, the pectin hydrogel beads (P1) disintegrated and lost all remaining bromelain. A statistical analysis of the release after 3 h in SIF reveals that increasing the content of hi-maize starch considerably decreases the release of bromelain. As shown in Figure 7, the release behavior of pectin hydrogel beads (P1), up to 64.69% of bromelain contained in the hydrogel beads, was released after passage through the gastrointestinal system. The pectin/hi-maize starch hydrogel beads in P4 showed only a 45.65% release within 3 h in SIF; this release pattern is suited for controlled release. Furthermore, pectin/hi-maize starch in formulations P3–P5 remained stable for around 2–3 h, whereas pectin/hi-maize hydrogel beads P4 released bromelain continuously for more than 3 h. The delay in releasing hydrogel beads containing hi-maize starch correlates with the delay in the erosion and disintegration of hydrogel beads.
The addition of hi-maize starch to the hydrogel beads prolonged the period of release. The slower erosion and consequently more prolonged release of bromelain from pectin/hi-maize starch hydrogel beads most certainly affect the beads strengthening by starch. The hydrogel network becomes denser as the concentration of starch in the hydrogel matrix increases, which may decrease the rate of solution diffusion through the hydrogel.
Bromelain encapsulated in hydrogels released at a faster rate at pH 7.4 (SIF) than at pH 1.2 (SGF). The carboxylic acid group on the backbone of pectin transforms into negatively charged carboxylate ions at higher pH values (pH 7.4); as a result of electrostatic repulsion between carboxylate ions, the network expands and bromelain diffusion from the pectin/starch hydrogels increases. Under acidic conditions, the anionic carboxylate (pKa∼4.5) on the pectin backbone is transformed to neutral carboxylic acid, resulting in a hydrogen-bonded network (Dafe et al., 2017). Similarly, the greater release from Ca–alginate beads is attributed to the presence of phosphate ions in SIF, which chelates the Ca2+ at neutral pH (Anal et al., 2003; Bhopatkar et al., 2005). Previous research indicated that the release of macromolecules such as bovine serum albumin is mostly caused by hydrogel bead erosion. Erosion is most possibly influenced by a reduction in the number of cross-links and the dissolution of the ionotropic coherence in the hydrogel beads (Anal et al., 2003; Bhopatkar et al., 2005).
The presence of resistant starch in the alginate matrix slowed the release of nisin, resulting in a higher time required value for alginate/hi-maize microparticles (Hosseini et al., 2014). In addition, a mixture of 1% hi-maize starch resulted in optimum cell survivability (Pankasemsuk et al., 2016).
Effect of Temperature on the Activities of Non-Encapsulated and Encapsulated Bromelain
Encapsulation of enzymes in hydrogel beads provides some protection against temperature variations, which results in increased stability as compared to free enzyme. Improving this property allows the systems for manufacturing applications in the operating temperature ranges (Gassara-Chatti et al., 2013; Naghdi et al., 2019). An Enzyme with a matrix generally increases enzyme’s thermostability resulting from interactions between the enzyme and the support, which enhances molecular rigidity (Kunamneni et al., 2008; Ko et al., 2012). Thermostability of free and encapsulated enzyme was evaluated by incubating free bromelain and encapsulated bromelain in various hydrogel beads at 30, 63, 72, and 95°C for 1, 2, 3, 4, and 5 min, and the results are summarized in Figure 8. After heat treatment, both free and all hydrogel beads lost activity, especially at higher temperatures. However, the thermostability of the encapsulated bromelain hydrogel beads was better than the free enzyme.
[image: Figure 8]FIGURE 8 | Effect of temperature (in PBS at pH 7.4) on the activity of free bromelain and encapsulated bromelain (P1, P2, P3, P4, and P5) for 1 min (A), 2 min (B), 3 min (C), 4 min (D), and 5 min (E) in an incubator with 100 rpm shaking.
While considering the temperature range of 30–95°C, bromelain activity was found highest at 30°C for all hydrogel bead formulations. All the free bromelain showed the lowest relative activity (%) at all temperatures. On the other hand, encapsulated bromelain significantly increased bromelain activity in pectin/hi-maize starch hydrogel beads. Increasing the content of hi-maize starch at a different ratio of pectin content (i.e., pectin/hi maize starch ratios from 6:0 to 4:2% w/w) also enhanced the bromelain activity. However, the encapsulated bromelain in the pectin/hi-maize starch hydrogel beads produced at a pectin/hi-maize ratio of 4.5:1.5 percent w/w (formulation P4) obtained the highest relative bromelain activity in all heat treatments. The pectin and hi-maize starch hydrogel beads at optimal concentration have reduced porosity and a thicker structure, which results in the hydrogel bead limiting solution entry (Koo et al., 2001). Furthermore, the starch-coated hydrogel provided superior protection for the encapsulated active compounds. Specifically, this feature results from a tightly packed environment given by hydrogels, which effectively shields the active compounds from external stress conditions such as oxygen, heat, and humidity (Dafe et al., 2017). The alginate–soy protein isolate hydrogel beads containing L. plantarum cells in mango juice demonstrated effective resistance against thermal treatment (72°C for 90 s). Moreover, probiotic bacteria encapsulated in chitosan–alginate beads and alginate–fish gelatin protein were reported to be more resistant to stress conditions associated with food processing and high temperatures related to pasteurization, while retaining their functional characteristics (De Prisco et al., 2015; Kumaree et al., 2015).
CONCLUSION
Encapsulated beads of bromelain were successfully obtained by the extrusion gelation method of various ratios of two different biopolymers, pectin and resistant starch with different ratios into the gelation solution. The encapsulated bromelain in hydrogel beads developed with the combination of these polyelectrolytes can protect bromelain from harsh gastric conditions (lower pH) and higher processing temperatures. The presence of hi-maize starch at a concentration of 1.5% w/w in pectin 4.5% w/w formulation resulted in a higher percentage of encapsulation efficiency compared to the formula of pectin alone. The application of resistant starch blending had a significant influence on the extended and gradual release as well as activity of bromelain. Furthermore, the combination of resistant starch with pectin biopolymer significantly protected bromelain from the extreme environments of high temperature processing. Due to high efficiency in protection and controlled release carrier for bromelain, bromelain-loaded pectin and resistant starch hydrogel beads can be applied for bromelain delivery applications in food and pharmaceutical products development for controlled intestinal release.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aehle, W. (2007). “Enzymes in Industry,” in Enzymes in Industry: Production and Applications . Darmstadt: WILEY-VCH. doi:10.1002/9783527617098
 Ahmad, M., Gani, A., Shah, A., Gani, A., and Masoodi, F. A. (2016). Germination and Microwave Processing of Barley ( Hordeum Vulgare L ) Changes the Structural and Physicochemical Properties of β- D -glucan & Enhances its Antioxidant Potential. Carbohydr. Polym. 153, 696–702. doi:10.1016/j.carbpol.2016.07.022
 Ahmad, M., Mudgil, P., Gani, A., Hamed, F., Masoodi, F. A., and Maqsood, S. (2019). Nano-encapsulation of Catechin in Starch Nanoparticles: Characterization, Release Behavior and Bioactivity Retention during Simulated In-Vitro Digestion. Food Chem. 270, 95–104. doi:10.1016/j.foodchem.2018.07.024
 Anal, A. K., Bhopatkar, D., Tokura, S., Tamura, H., and Stevens, W. F. (2003). Chitosan-alginate Multilayer Beads for Gastric Passage and Controlled Intestinal Release of Protein. Drug Develop. Ind. Pharm. 29 (6), 713–724. doi:10.1081/DDC-120021320
 Anal, A. K., and Singh, H. (2007). Recent Advances in Microencapsulation of Probiotics for Industrial Applications and Targeted Delivery. Trends Food Sci. Technol. 18 (5), 240–251. doi:10.1016/j.tifs.2007.01.004
 Anal, A. K., and Stevens, W. F. (2005). Chitosan-alginate Multilayer Beads for Controlled Release of Ampicillin. Int. J. Pharmaceutics 290 (1–2), 45–54. doi:10.1016/j.ijpharm.2004.11.015
 Anal, A. K., Stevens, W. F., and Remuñán-López, C. (2006). Ionotropic Cross-Linked Chitosan Microspheres for Controlled Release of Ampicillin. Int. J. Pharmaceutics 312 (1–2), 166–173. doi:10.1016/j.ijpharm.2006.01.043
 Arica, B., Caliş, S., Kaş, H., Sargon, M., and Hincal, A. (2002). 5-Fluorouracil Encapsulated Alginate Beads for the Treatment of Breast Cancer. Int. J. Pharm. 242 (1–2), 267–269. doi:10.1016/S0378-5173(02)00172-2
 Ataide, J. A., Geraldes, D. C., Gérios, E. F., Bissaco, F. M., Cefali, L. C., Oliveira-Nascimento, L., et al. (2021). Freeze-dried Chitosan Nanoparticles to Stabilize and Deliver Bromelain. J. Drug Deliv. Sci. Technol. 61, 102225. doi:10.1016/J.JDDST.2020.102225
 Basilio Cortes, U. A., Chávez Gutiérrez, M., González Mendoza, D., González Salitre, L., Suarez Vargas, A., Ail Catzim, C. E., et al. (2021). Microencapsulation and Antimicrobial Activity of Extract Acetone-Methanol of Hibiscus sabdariffa L. Using a Blend Modified Starch and Pectin as a wall Material. Ind. Crops Prod. 170, 113725. doi:10.1016/J.INDCROP.2021.113725
 Bayat, S., Amiri, N., Pishavar, E., Kalalinia, F., Movaffagh, J., and Hashemi, M. (2019). Bromelain-loaded Chitosan Nanofibers Prepared by Electrospinning Method for Burn Wound Healing in Animal Models. Life Sci. 229, 57–66. doi:10.1016/J.LFS.2019.05.028
 Bernela, M., Ahuja, M., and Thakur, R. (2016). Enhancement of Anti-inflammatory Activity of Bromelain by its Encapsulation in Katira Gum Nanoparticles. Carbohydr. Polym. 143, 18–24. doi:10.1016/j.carbpol.2016.01.055
 Bhopatkar, D., Anal, A. K., and Stevens, W. F. (2005). Ionotropic Alginate Beads for Controlled Intestinal Protein Delivery: Effect of Chitosan and Barium Counter-ions on Entrapment and Release. J. Microencapsulation 22 (1), 91–100. doi:10.1080/02652040400026434
 Chakraborty, A. J., Mitra, S., Tallei, T. E., Tareq, A. M., Nainu, F., Cicia, D., et al. (2021). Bromelain a Potential Bioactive Compound: A Comprehensive Overview from a Pharmacological Perspective. Life 1111 (4), 317. doi:10.3390/LIFE11040317
 Chang, K., and Lin, J. (2000). Swelling Behavior and the Release of Protein from Chitosan-Pectin Composite Particles. Carbohydr. Polym. 43 (2), 163–169. doi:10.1016/S0144-8617(00)00145-4
 Dafe, A., Etemadi, H., Dilmaghani, A., and Mahdavinia, G. R. (2017). Investigation of Pectin/starch Hydrogel as a Carrier for Oral Delivery of Probiotic Bacteria. Int. J. Biol. Macromolecules 97, 536–543. doi:10.1016/J.IJBIOMAC.2017.01.060
 De Prisco, A., Maresca, D., Ongeng, D., and Mauriello, G. (2015). Microencapsulation by Vibrating Technology of the Probiotic Strain Lactobacillus Reuteri DSM 17938 to Enhance its Survival in Foods and in Gastrointestinal Environment. LWT - Food Sci. Technol. 61 (2), 452–462. doi:10.1016/j.lwt.2014.12.011
 Dumont, C., Bourgeois, S., Fessi, H., Dugas, P.-Y., and Jannin, V. (2019). In-vitro Evaluation of Solid Lipid Nanoparticles: Ability to Encapsulate, Release and Ensure Effective protection of Peptides in the Gastrointestinal Tract. Int. J. Pharmaceutics 565, 409–418. doi:10.1016/J.IJPHARM.2019.05.037
 Gao, J., Liu, C., Shi, J., Ni, F., Shen, Q., Xie, H., et al. (2021). The Regulation of Sodium Alginate on the Stability of Ovalbumin-Pectin Complexes for VD3 Encapsulation and In Vitro Simulated Gastrointestinal Digestion Study. Food Res. Int. 140, 110011. doi:10.1016/J.FOODRES.2020.110011
 Gassara-Chatti, F., Brar, S. K., Ajila, C. M., Verma, M., Tyagi, R. D., and Valero, J. R. (2013). Encapsulation of Ligninolytic Enzymes and its Application in Clarification of Juice. Food Chem. 137 (1–4), 18–24. doi:10.1016/j.foodchem.2012.09.083
 Ghosh, S., Gillis, A., Sheviryov, J., Levkov, K., and Golberg, A. (2019). Towards Waste Meat Biorefinery: Extraction of Proteins from Waste Chicken Meat with Non-thermal Pulsed Electric fields and Mechanical Pressing. J. Clean. Prod. 208, 220–231. doi:10.1016/j.jclepro.2018.10.037
 Giroux, H. J., Robitaille, G., and Britten, M. (2016). Controlled Release of Casein-Derived Peptides in the Gastrointestinal Environment by Encapsulation in Water-In-Oil-In-Water Double Emulsions. LWT - Food Sci. Technol. 69, 225–232. doi:10.1016/j.lwt.2016.01.050
 Hosseini, S. M., Hosseini, H., Mohammadifar, M. A., German, J. B., Mortazavian, A. M., Mohammadi, A., et al. (2014). Preparation and Characterization of Alginate and Alginate-Resistant Starch Microparticles Containing Nisin. Carbohydr. Polym. 103 (1), 573–580. doi:10.1016/j.carbpol.2013.12.078
 Ketnawa, S., Chaiwut, P., and Rawdkuen, S. (2012). Pineapple Wastes: A Potential Source for Bromelain Extraction. Food Bioproducts Process. 90 (3), 385–391. doi:10.1016/J.FBP.2011.12.006
 Khorasani, A. C., and Shojaosadati, S. A. (2017). Pectin-non-starch Nanofibers Biocomposites as Novel Gastrointestinal-Resistant Prebiotics. Int. J. Biol. Macromolecules 94, 131–144. doi:10.1016/j.ijbiomac.2016.10.011
 Ko, J. A., Lee, Y. L., Jeong, H. J., and Park, H. J. (2012). Preparation of Encapsulated Alliinase in Alginate Microparticles. Biotechnol. Lett. 34 (3), 515–518. doi:10.1007/s10529-011-0791-5
 Koh, J., Kang, S.-M., Kim, S.-J., Cha, M.-K., and Kwon, Y.-J. (2006). Effect of Pineapple Protease on the Characteristics of Protein Fibers. Fibers Polym. 7 (2), 180–185. doi:10.1007/BF02908264
 Koo, S.-M., Cho, Y. H., Huh, C. S., Baek, Y. J., and Park, J. (2001). Improvement of the Stability of Lactobacillus Casei YIT 9018 by Microencapsulation Using Alginate and Chitosan. J. Microbiol. Biotechnol. 11 (3), 376–383. 
 Kuhlmann, N., Nehls, C., Heinbockel, L., Correa, W., Moll, R., Gutsmann, T., et al. (2021). Encapsulation and Release of as Pidasept Peptides in Polysaccharide Formulation for Oral Application. Eur. J. Pharm. Sci. 158, 105687. doi:10.1016/J.EJPS.2020.105687
 Kumaree, K. K., Akbar, A., and Anal, A. K. (2015). Bioencapsulation and Application of Lactobacillus Plantarum Isolated from Catfish Gut as an Antimicrobial Agent and Additive in Fish Feed Pellets. Ann. Microbiol. 65 (3), 1439–1445. doi:10.1007/s13213-014-0982-0
 Kunamneni, A., Ghazi, I., Camarero, S., Ballesteros, A., Plou, F. J., and Alcalde, M. (2008). Decolorization of Synthetic Dyes by Laccase Immobilized on Epoxy-Activated Carriers. Process Biochem. 43 (2), 169–178. doi:10.1016/j.procbio.2007.11.009
 Lan, M., Fu, Y., Dai, H., Ma, L., Yu, Y., Zhu, H., et al. (2021). Encapsulation of β-carotene by Self-Assembly of Rapeseed Meal-Derived Peptides: Factor Optimization and Structural Characterization. LWT 138, 110456. doi:10.1016/J.LWT.2020.110456
 Liu, H., Chaudhary, D., Yusa, S.-i., and Tadé, M. O. (2011). Glycerol/starch/Na+-montmorillonite Nanocomposites: A XRD, FTIR, DSC and 1H NMR Study. Carbohydr. Polym. 83 (4), 1591–1597. doi:10.1016/j.carbpol.2010.10.018
 López-Córdoba, A., Deladino, L., and Martino, M. (2014). Release of Yerba Mate Antioxidants from Corn Starch-Alginate Capsules as Affected by Structure. Carbohydr. Polym. 99, 150–157. doi:10.1016/j.carbpol.2013.08.026
 Mahdavinia, G. R., Etemadi, H., and Soleymani, F. (2015). Magnetic/pH-responsive Beads Based on Caboxymethyl Chitosan and κ-carrageenan and Controlled Drug Release. Carbohydr. Polym. 128, 112–121. doi:10.1016/j.carbpol.2015.04.022
 Mala, T., Sadiq, M. B., and Anal, A. K. (2021a). Comparative Extraction of Bromelain and Bioactive Peptides from Pineapple Byproducts by Ultrasonic‐ and Microwave‐assisted Extractions. J. Food Process. Eng. 44 (6), e13709. doi:10.1111/jfpe.13709
 Mala, T., Sadiq, M. B., and Anal, A. K. (2021b). Optimization of Thermosonication Processing of Pineapple Juice to Improve the Quality Attributes during Storage. Food Measure , 15, 4325-4335. doi:10.1007/S11694-021-01011-8
 Marcillo-Parra, V., Tupuna-Yerovi, D. S., González, Z., and Ruales, J. (2021). Encapsulation of Bioactive Compounds from Fruit and Vegetable By-Products for Food Application - A Review. Trends Food Sci. Technol. 116, 11–23. doi:10.1016/J.TIFS.2021.07.009
 Martin, M. J., Lara-Villoslada, F., Ruiz, M. A., and Morales, M. E. (2013). Effect of Unmodified Starch on Viability of Alginate-Encapsulated Lactobacillus Fermentum CECT5716. LWT - Food Sci. Technol. 53 (2), 480–486. doi:10.1016/J.LWT.2013.03.019
 Montiel-Aguilar, L. J., Torres-Castillo, J. A., Rodríguez-Servin, R., López-Flores, A. B., Aguirre-Arzola, V. E., Méndez-Zamora, G., et al. (2020). Nutraceutical Effects of Bioactive Peptides Obtained from Pterophylla Beltrani (Bolivar & Bolivar) Protein Isolates. J. Asia-Pacific Entomol. 23 (3), 756–761. doi:10.1016/J.ASPEN.2020.06.006
 Naghdi, M., Taheran, M., Brar, S. K., Kermanshahi-pour, A., Verma, M., and Surampalli, R. Y. (2019). Fabrication of Nanobiocatalyst Using Encapsulated Laccase onto Chitosan-Nanobiochar Composite. Int. J. Biol. Macromolecules 124, 530–536. doi:10.1016/j.ijbiomac.2018.11.234
 Náthia-Neves, G., and Alonso, E. (2021). Valorization of sunflower By-Product Using Microwave-Assisted Extraction to Obtain a Rich Protein Flour: Recovery of Chlorogenic Acid, Phenolic Content and Antioxidant Capacity. Food Bioproducts Process. 125, 57–67. doi:10.1016/j.fbp.2020.10.008
 Nipa Tochi, B., Wang, Z., - Ying Xu, S., and Zhang, W. (2008). Therapeutic Application of Pineapple Protease (Bromelain): A Review. Pakistan J. Nutr. 7 (4), 513–520. doi:10.3923/pjn.2008.513.520
 Ozel, B., Zhang, Z., He, L., and McClements, D. J. (2020). Digestion of Animal- and Plant-Based Proteins Encapsulated in κ-carrageenan/protein Beads under Simulated Gastrointestinal Conditions. Food Res. Int. 137, 109662. doi:10.1016/J.FOODRES.2020.109662
 Pankasemsuk, T., Apichartsrangkoon, A., Worametrachanon, S., and Techarang, J. (2016). Encapsulation of Lactobacillus Casei 01 by Alginate along with Hi-maize Starch for Exposure to a Simulated Gut Model. Food Biosci. 16, 32–36. doi:10.1016/j.fbio.2016.07.001
 Patel, H., Srinatha, A., and Sridhar, B. K. (2014). External Cross-Linked Mucoadhesive Microbeads for Prolonged Drug Release: Development and In Vitro Characterization. Indian J. Pharm. Sci. 76 (5), 437–444.
 Praepanitchai, O.-A., Noomhorm, A., Anal, A. K., and Potes, M. E. (2019). Survival and Behavior of Encapsulated Probiotics (Lactobacillus Plantarum) in Calcium-Alginate-Soy Protein Isolate-Based Hydrogel Beads in Different Processing Conditions (pH and Temperature) and in Pasteurized Mango Juice. Biomed. Res. Int. 2019, 1–8. doi:10.1155/2019/9768152
 Rampino, A., Borgogna, M., Bellich, B., Blasi, P., Virgilio, F., and Cesàro, A. (2016). Chitosan-pectin Hybrid Nanoparticles Prepared by Coating and Blending Techniques. Eur. J. Pharm. Sci. 84, 37–45. doi:10.1016/j.ejps.2016.01.004
 Salampessy, J., Reddy, N., Phillips, M., and Kailasapathy, K. (2017). Isolation and Characterization of Nutraceutically Potential ACE-Inhibitory Peptides from Leatherjacket (Meuchenia sp.) Protein Hydrolysates. LWT 80, 430–436. doi:10.1016/J.LWT.2017.03.004
 Secor, E. R., Szczepanek, S. M., Castater, C. A., Adami, A. J., Matson, A. P., Rafti, E. T., et al. (2013). Bromelain Inhibits Allergic Sensitization and Murine Asthma via Modulation of Dendritic Cells. Evidence-Based Complement. Altern. Med. 2013, 1–9. doi:10.1155/2013/702196
 Shrestha, S., Sadiq, M. B., and Anal, A. K. (2018). Culled Banana Resistant Starch-Soy Protein Isolate Conjugate Based Emulsion Enriched with Astaxanthin to Enhance its Stability. Int. J. Biol. Macromolecules 120, 449–459. doi:10.1016/j.ijbiomac.2018.08.066
 Siow, L. F., and Lee, K. H. (2012). “Determination of Physicochemical Properties of Osmo-Dehydrofrozen Pineapples. Borneo Sci. 31, 71–84. 
 Sun, X., Pan, C., Ying, Z., Yu, D., Duan, X., Huang, F., et al. (2020). Stabilization of Zein Nanoparticles with K-Carrageenan and Tween 80 for Encapsulation of Curcumin. Int. J. Biol. Macromolecules 146, 549–559. doi:10.1016/J.IJBIOMAC.2020.01.053
 Wang, H., Gong, X., Guo, X., Liu, C., Fan, Y.-Y., Zhang, J., et al. (2019). Characterization, Release, and Antioxidant Activity of Curcumin-Loaded Sodium alginate/ZnO Hydrogel Beads. Int. J. Biol. Macromolecules 121, 1118–1125. doi:10.1016/j.ijbiomac.2018.10.121
 Wang, Q.-W., Liu, X.-Y., Liu, L., Feng, J., Li, Y.-H., Guo, Z.-J., et al. (2007). Synthesis and Evaluation of the 5-Fluorouracil-Pectin Conjugate Targeted at the colon. Med. Chem. Res. 16 (7–9), 370–379. doi:10.1007/s00044-007-9049-0
 Xiang, C., Gao, J., Ye, H., Ren, G., Ma, X., Xie, H., et al. (2020). Development of Ovalbumin-Pectin Nanocomplexes for Vitamin D3 Encapsulation: Enhanced Storage Stability and Sustained Release in Simulated Gastrointestinal Digestion. Food Hydrocolloids 106, 105926. doi:10.1016/J.FOODHYD.2020.105926
 Xue, Y., Wu, C.-Y., Branford-White, C. J., Ning, X., Nie, H.-L., and Zhu, L.-M. (2010). Chemical Modification of Stem Bromelain with Anhydride Groups to Enhance its Stability and Catalytic Activity. J. Mol. Catal. B: Enzymatic 63 (3–4), 188–193. doi:10.1016/j.molcatb.2010.01.018
 Yu, H., and Huang, Q. (2010). Enhanced In Vitro Anti-cancer Activity of Curcumin Encapsulated in Hydrophobically Modified Starch. Food Chem. 119 (2), 669–674. doi:10.1016/j.foodchem.2009.07.018
 Zafeiri, I., Beri, A., Linter, B., and Norton, I. (2021). Mechanical Properties of Starch-Filled Alginate Gel Particles. Carbohydr. Polym. 255, 117373. doi:10.1016/J.CARBPOL.2020.117373
 Zhang, Y., Chi, C., Huang, X., Zou, Q., Li, X., and Chen, L. (2017). Starch-based Nanocapsules Fabricated through Layer-By-Layer Assembly for Oral Delivery of Protein to Lower Gastrointestinal Tract. Carbohydr. Polym. 171, 242–251. doi:10.1016/j.carbpol.2017.04.090
 Zhou, M., Hu, Q., Wang, T., Xue, J., and Luo, Y. (2018). Alginate Hydrogel Beads as a Carrier of Low Density Lipoprotein/pectin Nanogels for Potential Oral Delivery Applications. Int. J. Biol. Macromolecules 120, 859–864. doi:10.1016/J.IJBIOMAC.2018.08.135
 Zhu, J., Zhong, L., Chen, W., Song, Y., Qian, Z., Cao, X., et al. (2019). Preparation and Characterization of Pectin/chitosan Beads Containing Porous Starch Embedded with Doxorubicin Hydrochloride: A Novel and Simple colon Targeted Drug Delivery System. Food Hydrocolloids 95, 562–570. doi:10.1016/j.foodhyd.2018.04.042
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Mala and Anal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_4.gif
{umole tyrosine equivalents released) (11)

Unit/mlenzyme = [Oe)

(4)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Protection and Controlled Gastrointestinal Release of Bromelain by Encapsulating in Pectin–Resistant Starch Based Hydrogel Beads		Introduction

		Materials and Methods		Materials

		Preparation of Pectin/Hi-Maize Starch Hydrogel Beads Containing Bromelain

		Particle Size Determination of Hydrogel Beads

		Determination of Encapsulation Efficiency of Bromelain

		Swelling Ratio of Dried Hydrogel Beads

		Surface Morphology of Pectin/Hi-Maize Starch Hydrogel Beads

		Fourier Transform Infrared Spectroscopy Analysis

		Disintegration of Hydrogel Beads

		In Vitro Bromelain Release Studies

		Effect of Temperature on the Activities of Non-Encapsulated and Encapsulated Bromelain

		Bromelain Activity Determination

		Statistical Analysis





		Results and Discussion		Bromelain-Loaded Pectin/Hi-Maize Starch Hydrogel Beads

		Encapsulation Efficiency of Bromelain in Hydrogel Beads

		Swelling Ratio of Dried Hydrogel Beads

		Surface Morphology of Pectin/Hi-Maize Starch Hydrogel Beads

		Fourier-Transforms Infrared Spectroscopic Studies

		Disintegration of Hydrogel Beads

		In Vitro Bromelain Release Studies

		Effect of Temperature on the Activities of Non-Encapsulated and Encapsulated Bromelain





		Conclusion

		Data Availability Statement

		Author Contributions

		Publisher’s Note

		References









OPS/images/math_3.gif
SnIymeactivity of treated sampies x 100
Enzymesctiviy of untreaed sample
@)

Relative proteolytic ctvity (%) =





OPS/images/math_2.gif
@





OPS/images/math_1.gif
Bromelain loading (g)

Encapsulaon efficency () = ot

)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





OPS/images/fbioe-09-757176-g005.gif





OPS/images/fbioe-09-757176-g006.gif





OPS/images/fbioe-09-757176-g003.gif





OPS/images/fbioe-09-757176-g004.gif





OPS/images/fbioe-09-757176-t001.jpg
Formulation Pectin: Hi-maize starch Mean size (um) Encapsulation DT (h)
ratio (% w/w) efficiencies (%)

P1 4115 + 99° 67.66 + 2.06° 1

P2 4001 + 1122 71.29 £ 0.99" 1-2

P3 3948 + 99" 73.60 + 1.51° 2-3

P4 3930 + 58% 80.53 + 151° >3

P5 3873 + 95° 71.62 £ 1.51°° 23

DT disintegration time (n) in simulatedintestinal fluic (SIF) with pancreatin, prior incubatediin simulated gastric flid (SGF) for 2 h. Data were expressed s a mean + standard deviation. The
data in the same column with different superscriot letters (8, b, ¢) indicates significant difference at p < 0.05.
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