
Chemical and Process Engineering: New Frontiers 

DOI: 10.24425/cpe.2022.142291 

 

 

 
This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

Immobılızatıon with Ca-Alg@gelatin hydrogel beads enhances the actıvıty 1 

and stabılıty of recombınant thermoalkalophılıc lıpase 2 

 3 

Kezban YILDIZ DALGINLIa,*,  Onur ATAKISIb 4 

 5 
aDepartment of Chemistry and Chemical Processing Technologies, Kars Vocational High 6 

School Kafkas University, Kars, Turkey, kezbandalginli@gmail.com, http://orcid.org/0000-7 

0002-1483-348X 8 
bDepartment of Chemistry, Faculty Science and Letter, Kafkas University, Kars, Turkey, 9 

onuratakisi@hotmail.com, http://orcid.org/0000-0003-1183-6076 10 

 11 

*Corresponding author: Kezban YILDIZ DALGINLI, PhD, e-mail: 12 

kezbandalginli@gmail.com  13 

 14 

Abstract. This study aims at the immobilization and characterization of thermoalkalophilic 15 

lipases produced recombinantly from Bacillus thermocatenulatus BTL2 and Bacillus pumilus 16 

MBB03. For this purpose, immobilization of the produced enzymes in calcium-17 

alginate@gelatin (Ca-Alg@gelatin) hydrogel beads, immobilization optimization and 18 

characterization measurements of the immobilized-enzyme hydrogels were made. Optimum 19 

temperature and pH values were determined for B.thermocatenulatus and B.pumilus MBB03 20 

immobilized-enzyme hydrogels (60-70oC, 55oC and pH 9.5, pH 8.5). Thermal stability was 21 

determined between 65°C and 60°C of B.thermocatenulatus and B.pumilus MBB03 22 

immobilized enzymes, respectively, pH stability was determined between pH 7.0-11.0 at +4 23 

°C and pH 8.0-10.0 at +4°C, respectively. 24 

In conclusion, the entrapment technique provided controlled production of small diameter 25 

hydrogel beads (~0.19 and ~0.29) with negligible loss of enzyme. These beads retained high 26 
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lipase activity at higth pH and temperature. The activity of Ca-Alg@gelatin-immobilized 27 

lipase remained relatively stable for up to three cycles and then markedly decreased. With this 28 

enzyme immobilization, it may have a potential for use in esterification and transesterification 29 

reactions carried out in organic solvent environments. We can conclude that it is one of the 30 

most promising techniques for highly efficient and economically competent biotechnological 31 

processes in the field of biotransformation, diagnostics, pharmaceutical, food and detergent 32 

industries. 33 

Keywords: alginate, gelatin, hydrogel beads, thermoalkalophilic lipase, immobilization, 34 

characterization. 35 

 36 

 37 

1. INTRODUCTION 38 

In industrial applications, the biocatalyst used in enzyme-catalyzed reactions needs to be 39 

reused or used continuously for both technical and economic reasons. Enzyme immobilization 40 

allows an increase in the usability of a dissolved enzyme in industrial applications in order to 41 

enable it to be repeatedly and continuously used, to increase its stability and to increase its 42 

useful life (Bickerstaff, 1995; Katchalski-Katzir, 1993; Edelman and Wang, 1992). In 43 

addition, immobilized enzymes eliminate the disadvantages of free enzymes and allow them 44 

to be more stable (Chaplin and Bucke, 1990). In general, it is extremely important that 45 

immobilized enzymes have been developed economically as well as their catalytic properties 46 

in industrial applications (Clark, 1994). Immobilization techniques have been developed to 47 

get the most out of the purified enzymes. The most important advantage of the immobilization 48 

process is the easy use of enzyme preparations, as well as the easy separation from the 49 

reaction products catalyzed by the enzyme (Chaplin and Bucke, 1990). The easy separation of 50 

the enzyme from the product facilitates enzyme applications and supports a reliable and 51 

efficient reaction technology. Enzymes are generally soluble. Therefore, enzymes can only be 52 

used once in the absence of expensive separation. In addition, it provides a cost advantage by 53 

eliminating the need to regenerate the enzyme in order to create an enzyme-catalyzed process 54 

at the first step (Tischer and Wedekind, 1999). In recent years, immobilization technology has 55 

been developing rapidly and has become an increasingly rational design issue, and it is seen 56 

that there is a need for further development (Bickerstaff, 1995). 57 

The entrapment technique, which is one of the immobilization techniques, can be defined as 58 

the physical entrapment of lipase into a support matrix, fibers, lattice structure, a cavity or a 59 



 

3 
This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

mesh (Mammarella and Rubiola, 2005; Won et al., 2005). One of the simplest and most 60 

widely practiced procedures of lipase entrapment is the use of alginate and gelatin polymers 61 

as matrices through trapping (Guisan, 2006; López et al., 1997). Immobilization in sodium 62 

alginate (Na-Alg) gel provides great convenience in immobilization studies because it is a fast 63 

and easily applicable method. The entrapment in an insoluble calcium alginate (Ca-Alg) gel is 64 

a fast, nontoxic and inexpensive versatile method for the immobilization of enzymes and cells 65 

(Fraser and Bickerstaff,1997). The alginate gel has a pore structure that prevents enzyme 66 

leakage but does not block substrate access to the enzyme. Gelatin gels provide moderate 67 

immobilization conditions. The most striking reason for the use of gelatin in enzyme 68 

immobilization is its long shelf life (Emregul, 2006). In addition, its cheap and easy 69 

availability makes gelatin generally preferred for enzyme, cell and tissue immobilization 70 

without the need for any ion, molecule, salt pH adjustment for gel formation (Scardi, 1987). 71 

Today, lipases are widely used in the production of pharmaceuticals, cosmetics, biodiesel, 72 

emulsifiers, flavors and fragrances, as well as in the synthesis of many organic and lipophilic 73 

antioxidants and also in the pretreatment of lipid-rich wastewater (Melani et al.,2020). 74 

Therefore, the development of new support materials has caused an increasing interest in 75 

processes related to the use of immobilized lipases. Therefore, the synthesis and 76 

characterization of new and diverse supports for lipases has become increasingly common in 77 

the literature (Sharifi et al., 2020; Ismail and Baek, 2020). Also, due to its low density and 78 

high brittleness, gelatin is rarely used alone and is often used for blending with different 79 

entrapment materials. It is well known that blending is an effective and convenient method to 80 

improve performance and to easily capture the enzyme in the beads during immobilization 81 

(Dong et al., 2006). For this purpose, in this study, an ideal entrapment material was tried to 82 

be created by using a mixture of both polymer materials (Ca-Alg@gelatin). In our study, 83 

recombinant thermophilic lipases produced from our previous study, Bacillus 84 

thermocatenulatus BTL2 and Bacillus pumilus MBB03 were immobilized in Ca-Alg@gelatin 85 

hydrogel mixture through the entrapment method. In addition, immobilization conditions such 86 

as optimum Alg concentration, Gel concentration, CaCl2 percentage, enzyme amount and 87 

bead size were optimized for the obtained immobilized beads. Some biochemical 88 

characterization parameters such as optimum pH and temperature activity, pH and 89 

temperature stability, metal ions, detergent, organic solvent and inhibitory agent activity of 90 

immobilized lipases were investigated. 91 

 92 
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2. MATERIAL AND METHODS 93 

2.1. Materials 94 

Thermoalkalophilic lipase from Bacillus thermocatenulatus BTL2 and Bacillus pumilus 95 

MBB03 was produced from Biyochemistry Department of Chemistry, Faculty Science and 96 

Letter, Kafkas University (Kars, Turkey). Gelatin, sodium alginate and calcium chloride were 97 

purchased from Sigma Chemical Co. (St. Louis, MO). All substrates (p-nitrophenyl-octaonate 98 

(pNPO, Caprylate C8), p-nitrophenyl deconate (pNPD-C10) from Sigma Chemical Co. (St. 99 

Louis, MO) was used to assess the lipase activity. Ethanol, Methanol, Acetone, HCl and 100 

Acetic acid was purchased from Merck A.G (Darmstadt, Germany). Phenyl Methyl Sulfonyl 101 

Fluoride (PMSF, Sigma-Aldrich), Sodium Deoxycholate, Sodium Taurocholate, Tween 80, 102 

Tween 20, TritonX-100, DMSO, Xylene, n-Butanol, Dimethylformamide (DMF), 103 

Acetonitrile, Glycerol, 1,4-dithiothreitol (DTT) was purchased from Sigma Chemical Co. (St. 104 

Louis, MO) and CAPS from AppliChem. All other chemicals were reagent grade. 105 

2.2. Immobilization of thermoalkalophilic lipases 106 

Immobilization of B.thermocatenulatus BTL2 and B.pumilus MBB03 lipases in Ca-107 

Alg@gelatin hydrogel mixture was performed through Norouzian's method (Norouzian et al., 108 

2002). For this purpose, 0.5 g Gel was weighed and dissolved in 10 mL distilled water at 40 109 

°C for 30 minutes, then 0.2 g Na-Alg was added to it and mixed. The lipase enzyme solution 110 

was added to the hydrogel mixture with slow mixing. With the help of an injector, hydrogel 111 

beads were obtained by dropping it into 50 mL of 250 mM CaCl2 solution placed in ice. The 112 

hydrogel beads were stirred on a magnetic stirrer for 90 minutes and then filtered and washed 113 

with distilled water. The filtering and washing waters were stored for protein determination. 114 

In addition, lipase activities of the hydrogel beads and washing waters were determined 115 

through spectrophotometric method. Immobilized beads were stored in the refrigerator (+4 116 

°C) until used in 0.05 M Tris-HCl buffer (pH 7.2) to cover. For this purpose, optimization of 117 

immobilization conditions was carried out. The protein concentration of the enzymes was 118 

determined by the Bradford method (Bradford, 1976) by using bovine serum albumin (BSA) 119 

as the standard, at 595 nm. 120 

Immobilization yield (%) = (aimm / afree) x100 121 

Here 122 

aimm: Specific activity of immobilized enzyme (mmol/mg protein). 123 

afree: Specific activity of the free enzyme (mmol/mg protein). 124 
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Loading Yield (%) = [(CiVi-CfVf)/CiVi] x100 125 

Here; 126 

Ci: Initial protein concentration 127 

Vi: Initial volume of enzyme solution 128 

Cf: Protein concentration in total filtrate 129 

Vf: Total volume of the filter (Won et al.,2005) 130 

2.3. Assay of lipolytic activity 131 

Lipase activity was also estimated by using a spectrophotometric assay (Winkler and 132 

Stuckman, 1979) with p-nitrophenyl esters as a substrate. The absorbance of p-nitrophenol 133 

released was measured at 405 nm. One unit of enzyme activity was defined as the amount of 134 

enzyme that liberated 1 μmol p-nitrophenol per min under standard assay conditions.  135 

2.4 Optimization of hydrogel parameters 136 

Five main immobilization parameters were used to determine the optimum amount of 137 

immobilization of B.thermocatenulatus BTL2 and B.pumilus MBB03 lipases. These 138 

parameters are; 1.5-3% (w/v) Gel concentration, 10-30% (w/v) Na-Alg concentration, 100-139 

300 mM CaCl2 concentration, 1-5 mL enzyme solution and 2-4 mm bead diameter . The bead 140 

diameter was optimized using caliper. The bead size was changed by using syringes with 141 

different needle diameters (0.45x13 mm (insulin injector), 0.60x32 mm (blue injector), 142 

0.70x32 mm (black injector) and 0.80x38 mm (green injector)) (Won et al.,2005). 143 

2.5. Biochemical characterization of hydrogel beads 144 

2.5.1. Effects of pH on immobilized lipases activity and stability 145 

To investigate the optimal pH, immobilized-lipases hydrogel activity was assayed at various 146 

pH from 4.0 to 12.0 in the following buffers: 50mM sodium acetate buffer (pH 4.0-5.0), 147 

50mM KH2PO4 buffer (pH 6.0-7.0), 50mM Tris–HCl buffer (pH 8.0-9.0) and 50mM glycine-148 

NaOH buffer (pH 10.0-12.0). pH stability in the range of 4.0-12.0 was examined by 149 

incubating the enzyme solution for 15 days at +4 °C with different buffers and then the 150 

residual activity was determined. 151 

2.5.2. Effect of temperature on immobilized lipases activity and stability 152 

The immobilized-lipases hydrogel activity was measured in the range of 10-100 °C by using 153 

the standard activity assay procedure at related temperatures. Thermostability of the lipase 154 

was investigated by measuring the residual activity after incubating the enzyme solution at 155 
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40-90 °C at various times from 15 min to 30 min in 50mM Tris-HCl Buffer (pH 9.5 for 156 

B.thermocatenulatus BTL2-immobilized-lipase and pH 8.5 for B.pumilus MBB03-157 

immobilized-lipase). 158 

2.5.3. Effect of metal ions on immobilized lipases activity 159 

Various metal ions (CaCl2, NaCl, CuCl2, KCl, BaCl2, MgCl2, MnCl2, HgCl2, NiCl2, ZnSO4, 160 

CuSO4, CoSO4, FeSO4, MgSO4 ) at final concentrations of 0.1, 0.5 and 1.0 mM were added to 161 

the enzyme in 50mM Tris–HCl buffer, pH (pH 9.0 for B.thermocatenulatus BTL2-162 

immobilized- lipase and pH 8.0 for B.pumilus MBB03-immobilized-lipase) and the solution 163 

was preincubated at room temperature for 5 min and then assayed for lipases activity. The 164 

relative activity of the enzyme was calculated by comparing it with the enzyme incubated 165 

under the similar conditions without metal ions.  166 

2.5.4. Effect of some detergents on immobilized lipases activity 167 

The effect of some detergents on immobilized-lipases hydrogel activity were determined by 168 

using ionic detergents (sodium deoxycholate, sodium taucolate, and sodium dodecyl sulfate) 169 

and non-ionic detergents (Tween 80, Tween 20, Triton X-100). CHAPS as zwitterionic 170 

detergent were also used to study the effect of certain detergents at various final 171 

concentrations. Relative activity was calculated and enzyme solution without detergent was 172 

used as comparing reference. Detergent at the final concentration of 0.1%, 0.5%, and 1.0% on 173 

the lipase was investigated and the remaining enzyme activity was examined by the standard 174 

assay method. Relative activity was calculated by comparing it with control (enzyme 175 

incubated without surfactants). 176 

2.5.5. Effect of some organic solvents on lipase activity 177 

The effect of some organic solvents on immobilized-lipases hydrogel activity was determined 178 

by using ethanol, methanol, isopropanol, n-butanol, acetone, dimethylsulfoxide (DMSO), 179 

xylene, dimethylformamide (DMF), glycerol. 10% stock solutions of these organic solvents 180 

were prepared and activity determinations were made under optimum conditions by adding 181 

final concentrations in the reaction mixtures to the range of 0.01-1%. The test medium 182 

without any organic solvents was considered as control and the activity of the control group 183 

was accepted as 100. The activity changes of the test medium containing organic solvent were 184 

compared with the control and % relative activities were calculated. 185 

2.5.6. Effect of some chemical and inhibitory materials on immobilized lipase activity 186 
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The effect of the inhibitors and the chemical substance on the immobilized-lipases hydrogel 187 

activity were determined by preparing 10 mM stock solutions of β-mercaptoethanol, phenyl 188 

methyl sulfonyl fluoride (PMSF), 1,4-dithiothreitol (DTT), EDTA in order to give final 189 

concentrations in the reaction mixtures of 0.01-1 mM, and activity determinations were made 190 

under optimum conditions. The enzyme/inhibitor mixture was then taken to assay the lipase 191 

activity. Relative activity was calculated and enzyme solution without inhibitor was used as 192 

comparing reference. 193 

2.5.7. Reusability of immobilized lipases 194 

To determine the reusability of the immobilized lipases in the Ca-Alg@gelatin hydrogel, 195 

0.003 and 0.004 g beads were weighed, respectively. With the help of the substrate solution 196 

prepared in 0.5 M Tris-HCl buffer (pH 7.2), the activity was determined by filtering the 197 

immobilized enzyme from the reaction medium without stopping the reaction with acetone-198 

ethanol mixture. Activity assays were repeated until the lipase activity of the beads 199 

disappeared. 200 

2.5.8 Storage stability of immobilized lipases 201 

In order to determine the storage stability of the immobilized lipases, the activity assays of the 202 

immobilized enzyme were carried out at two-day intervals for a total of 30 days. 203 

2.6. Statistical analysis 204 

Statistical analyses were performed in triplicate, and average values and standard deviation 205 

(mean ± SD) were reported. The statistical significance was evaluated by using the SPSS 16.0 206 

software package (SPSS ver. 16.0 for windows professional edition). A one-way analysis of 207 

variance (ANOVA) was performed and was followed by Duncan’s test to estimate the 208 

significance at the 5% probability level. 209 

3. RESULTS AND DISCUSSION 210 

3.1 Entrapment in Ca-Alg@gelatin hydrogel 211 

Figure 1A shows the beads obtained through the entrapment of B.thermocatenulatus BTL2 212 

and B.pumilus MBB03 lipases in Ca-Alg@gelatin hydrogel mixtures. In the study, the protein 213 

amounts of CaCl2 solutions and washing waters in which the lipase solution and immobilized 214 

enzyme were dropped were determined by using these standard graphics. The percentage of 215 

immobilization was determined by calculating the amount of unattached protein and attached 216 

protein from the protein amounts found. For B.thermocatenulatus BTL2 immobilized-lipase, 217 

the percentage of immobilization was 73% and the immobilization efficiency was 63%, and 218 
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for B.pumilus MBB03, the percentage of immobilization was 82% and the immobilization 219 

efficiency was 74%. The specific activity of immobilized B.thermocatenulatus BTL2-lipase 220 

enzyme was 6.9 U/mg protein. The specific activity of B.pumilus MBB03 immobilized-lipase 221 

enzyme was also 3.4 U/mg protein. From these results, it is seen that the immobilization 222 

percentage and % efficiency of B.pumilus MBB03 immobilized-lipase is better. It can be said 223 

that B.pumilus MBB03 lipase in immobilized form preserves its own active centre structure 224 

better. Benjamas Cheirsilp et al. (2009) found in their study that immobilization efficiencies 225 

ranged from 97.8-99.6% and had little correlation with alginate concentration. In addition, 226 

when lipase from pig pancreas was successfully immobilized onto genipin-functionalized 227 

chitosan beads, Khan et al. (2020) found that the activity efficiency and immobilization 228 

amount of lipase under optimal conditions were 68% and 105 mg/g, respectively.  229 

3.2 Optimization of immobilization parameters 230 

The concentration of the polymer, ie the gel, used as the entrapment material and the 231 

concentration of the entrapment solution are important parameters in the entrapment of the 232 

enzyme. For this reason, the effects of Na/Alg and Gel concentrations, CaCl2 concentration, 233 

enzyme amount and bead size on the lipase activity were investigated and their optimum 234 

values were determined.  235 

Figure 1B shows the results obtained from the activity assays made with the beads obtained to 236 

determine the optimum gelatin concentration to be used in the immobilization of 237 

B.thermocatenulatus BTL2 and B.pumilus MBB03 lipases are given in Figure 1B. When the 238 

protein assay and the activity results of the immobilized lipase were evaluated, the highest 239 

enzyme activity was observed at 20% (2g) Gel concentration for B.thermocatenulatus BTL2 240 

lipase and 25% (2.5 g) Gel concentration for B.pumilus MBB03 lipase. In the immobilization 241 

study of lipase enzyme immobilized on Ca-Alg@gelatin hydrogel beads, increasing Gel 242 

concentration increased the immobilization efficiency. At a low concentration of Gel, unstable 243 

and brittle beads formed and caused poor immobilization efficiency. On the contrary, it was 244 

observed that bead formation became more difficult at concentrations higher than 245 

B.thermocatenulatus BTL2 lipase 20% (w/v) and B.pumilus MBB03 lipase 25% (w/v) Gel 246 

concentration. For this reason, it was decided to use 20%, 25% (w/v) Gel, which were 247 

optimum Gel concentrations. Various concentrations of Na-Alg were prepared to change the 248 

relative degree of gel formation that would create different pore size of the alginate matrix. 249 

The optimum Na-Alg concentration was 2% and 2.5% for B.thermocatenulatus BTL2 and 250 

B.pumilus MBB03 lipase, respectively (Fig. 1C). It was found that at low sodium alginate 251 
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concentration (less than 2% and 2.5%), the enzyme leaked out easily due to the large pore 252 

structure of the beads. In contrast, high concentration of sodium alginate increased the bead 253 

strength, but when the sodium alginate concentration was increased above the optimal level, it 254 

was observed that the bead formation was difficult, and the immobilization efficiency 255 

decreased. 256 

CaCl2 cationic solution is used as the gel inducing system in the entrapments performed 257 

through a mixture of Na-Alg-Gel. Won et al. (2005) used CaCl2 drip solution for 258 

alginate+gelatin gels as stated in their study in 2005. In this study, CaCl2 dropping solution 259 

was used and the optimum calcium chloride concentration was determined as 250 mM for 260 

B.thermocatenulatus BTL2 lipase and B.pumilus MBB03 lipase (Fig. 1D). 250 mM gave the 261 

highest retained lipase activity as well as immobilized activity. In the study, it was observed 262 

that as the CaCl2 concentration increased, the immobilization efficiency increased, and the 263 

immobilization efficiency did not change after 250 mM CaCl2 concentration. With these data, 264 

it can be said that the most suitable gel structure of the immobilized hydrogel forms obtained 265 

is at a concentration of 250 mM. Enzyme leaks may occur due to the large pore structure of 266 

the gel obtained at low concentrations of CaCl2, and the enzyme activity does not change at 267 

high concentrations of CaCl2 because it is difficult for the substrate to penetrate into the gel 268 

due to the formation of a tight gel structure. Hydrogel beads prepared through Na/Alg, Gel, 269 

and CaCl2 concentrations lower than the determined optimum concentrations were brittle and 270 

enzyme leak into the substrate solution was high. At their optimum concentrations, bead 271 

hardness was improved and lipase activity and retained activity increased as enzyme leak was 272 

reduced. In the study of immobilization of lipase enzyme immobilized on Ca-alginate gel 273 

beads similar to this study, it was observed that the immobilization efficiency increased as the 274 

alginate concentration used at 1-2% (w/v) concentration increased, but the immobilization 275 

efficiency did not change as the CaCl2 concentration used at 50-300 mM concentration 276 

increased (Won et al., (2005). Ozyilmaz and Gezer, in their study in 2010, found that the best 277 

results of Candida rugosa and porcine pancreatic lipase immobilized on Ca-alginate gel, were 278 

2.5% Na-Alg and 2.5 M CaCl2 for Candida rugosa and 2.5% Na-Alg and 2.0 M CaCl2 for 279 

porcine pancreatic lipase (Ozyilmaz and Gezer, 2010). In the study where Pseudomonas sp 280 

lipase was immobilized to alginate beads, an alginate concentration of 1.5-2.5% (w/v) and a 281 

CaCl2 concentration of 50-200 mM were used. In their study, it was reported that the enzyme 282 

activity increased as the alginate concentration increased, and the enzyme activity decreased 283 

as the CaCl2 concentration increased (Cheirsilp et al., 2009). Rakmai et al. (2015) used 1-3% 284 

(w/v) sodium alginate and 1-3% (w/v) gelatin concentration and 100-300 mM CaCl2 285 
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concentration. Mondal et al. (2006) in their immobilization study of Pseudomonas cepacia 286 

lipase in 2006, determined 20% w/v alginate concentration and 60 mM CaCl2 concentration. 287 

In addition to these studies, Vujciv et al. (2011) used gelatin concentration at 20% (w/v) , and 288 

Trabelsi et al. (2014) used alginate concentration at 1, 2 and 3 concentrations. This 289 

information obtained thanks to literature research supports this study. 290 

The effect of the amount of enzyme loaded on Ca-Alg@gelatin hydrogel beads on the 291 

catalytic activity was investigated by studying five different enzyme concentrations. It was 292 

observed that the activity increased proportionally with the amount of enzyme, but decreased 293 

after a certain amount. It was observed that the optimum enzyme concentration was 0.048 294 

mg/mL of B.thermocatenulatus BTL2 lipase and 0.066 mg/mL of B.pumilus MBB03 for the 295 

optimization of the amount of enzyme loaded on the beads (Fig. 1E). Cheirsilp et al. (2009) 296 

observed that as the loaded enzyme concentration increased, the lipase activity increased, but 297 

the immobilization activity decreased. In addition, Vaidya et al. (2008) observed in their 298 

study that the lipase activity increased as the amount of enzyme loaded similarly increased. In 299 

this study, it was determined that as the amount of enzyme loaded increased after a certain 300 

rate, the lipase activity increased, but the immobilization activity decreased. This may be due 301 

to the limitation of substrate diffusion into the lipase immobilized in the beads. That is, at 302 

high enzyme concentration in the gel matrix, it may blocke access for the substrate. 303 

Considering these conditions, it was accepted that the concentrations of 0.048 mg/mL and 304 

0.066 mg/mL, respectively, were suitable for lipase immobilization with the determined 305 

optimum alginate, gelatin and CaCl2 concentrations. 306 

When the effect of bead size on activity was studied; The highest activity was determined in 307 

beads with a diameter of 0.19 mm (with a 0.70x32 mm diameter black-tipped syringe) for 308 

B.thermocatenulatus BTL2-hydrogel beads and 0.29 mm (with a 0.80x38 mm diameter green-309 

tipped syringe) for B.pumilus MBB03-hydrogel beads. The diameter of 0.19 mm and 0.29 mm 310 

beads was determined as the optimum bead size by taking the average of 10 beads obtained 311 

using a black and green tip injector (Fig. 1F).  312 
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 313 

Fig. 1. Hydrogel beads obtained by of B.thermocatenulatus BTL2 and B.pumilus MBB03 314 

immobilized-lipases in Ca-Alg@gelatin mixtures. (A). The effect of gelatin concentration (B), 315 

alginate concentration (C), CaCl2 concentration (D), enzyme concentration (E) and bead size 316 

(F) on the immobilization of B.thermocatenulatus BTL2 and B.pumilus MBB03 lipases in Ca-317 

Alg@gelatin mixtures. 318 

 319 
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The increase in bead diameter resulted in a decrease in immobilization efficiency. In the 320 

enzyme immobilization system through the entrapment, intraparticle mass transfer may be 321 

related to bead size dependency, which has a significant effect on the substrate conversion 322 

rate. In other words, smaller bead diameter is considered as higher immobilization efficiency 323 

by increasing mass transfer (Dey et al., 2003; Talekar and Chavare, 2012). In the study of 324 

immobilization of lipase enzyme immobilized on Ca-alginate gel beads by Won et al. (2005) 325 

the bead size obtained through different needle diameters was measured with an optical 326 

microscope and it was observed that the specific activity decreased as the bead size increased. 327 

In the immobilization study of Pseudomonas sp. lipase with sodium alginate, beads with a 328 

diameter of 2.03, 2.53, and 3.02 mm were obtained and it was stated that the immobilized 329 

lipase activity decreased as the bead size increased (Cheirsilp et al. 2009). Other studies have 330 

reported that as the bead size increased due to mass transfer resistance, the immobilized 331 

enzyme activity decreased (Knezevic et al., 2002; Fadnavis et al., 2003). In this study, 332 

maximum activity was observed when black and green tipped injectors were used. The 333 

immobilization conditions of B.thermocatenulatus BTL2 and B.pumilus MBB03 lipases in 334 

Ca-Alg@gelatin hydrogel beads were optimized as shown in Table 1. 335 

3.3. Biochemical characterization of Ca-Alg@gelatin hydrogel beads 336 

3.3.1. Effects of pH on immobilized- lipase activity and stability 337 

It was observed that the best activities were obtained at pH 9.5 for B.thermocatenulatus BTL2 338 

immobilized-lipase p-nitrophenyl deconate and at pH 8.5 for B.pumilus MBB03 immobilized-339 

lipase p-nitrophenyl octanate as a result of the determination of activity (Fig. 2A). It is known 340 

that lipases generally show activity at alkaline pH (Fojan, 2000). In our study, according to 341 

the graphs showing the effect of pH on the immobilized enzyme activity, it was determined 342 

that the enzyme showed very low activity at acidic pH's and its ability to hydrolyze p-343 

nitrophenyl ester substrates at slightly alkaline pHs was higher. It shows that the 344 

immobilization application increased the optimum pH value of both immobilized lipases but 345 

did not make a significant change on them. Looking at the literature, it has been reported that 346 

free enzymes show maximum activity at pH 7.5(Quyen et al., 2003), pH 8 and 8.5 compared 347 

to immobilized enzyme (Kim et al., 2002; Litantra et al., 2013). This increase in the pH value 348 

of immobilized enzymes compared to free enzymes can be explained by the fact that the 349 

enzyme exhibits optimum activity at higher pH values due to the immobilization of the 350 

enzyme in the bead structure. Chiou and Wu (2004) studied the pH between 3 and 11 to 351 

determine the optimum pH in the immobilization study of the Candida rugosa enzyme, and 352 
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they determined the optimum pH as 7 for both the free enzyme and the immobilized enzyme 353 

(Chiou and Wu, 2004). When Candida rugosa lipase was immobilized on chitosan, the 354 

optimum pH was 8.0 for free lipase and 9.0 for immobilized lipase (Hung et al., 2003). When 355 

the lipase enzyme was immobilized on PVC, chitosan, chitin, agarose, sepharose, and 356 

trisacryl, the optimum pH was 7.5 for free lipase and 8.5 for immobilized lipase (Shaw et al., 357 

1990). The literature research and the data obtained in the study are parallel to each other.  358 

One of the benefits of using immobilized enzymes is that they are generally more stable under 359 

a wide variety of process conditions than free enzymes. Therefore, additional pH and thermal 360 

stability studies were carried out. It was observed that B.thermocatenulatus BTL2 361 

immobilized- lipase hydrogel showed high stability in a wide pH range. At the end of the first 362 

day, it was observed that 70% of the initial activity of the B.thermocatenulatus BTL2 363 

immobilized-enzyme hydrogel was preserved at pH 4.0, 5.0, 6.0, almost all at pH 7.0, 8.0 and 364 

9.0, and 70% at pH 10.0 and 11.0. At the end of the fifth day, it was observed that almost all 365 

of the enzymes were preserved at pH 7.0, 8.0 and 9.0. At the end of the tenth day, it was 366 

observed that 60% of the initial activity of the enzyme was preserved at pH 4.0, 70% at pH 367 

5.0 and 6.0, 80% at pH 7.0 and 8.0, 90% at pH 9.0, and 60% at pH 10.0 and 11.0. At the end 368 

of the fifteenth day, it was observed that 60% of the initial activity of the enzyme was 369 

preserved at pH 4.0 and 5.0, 70% at pH 6.0, and 80% at pH 7.0, 8.0, 9.0, 10.0 and 11.0. 370 

Vaidya et al. 2008 in the study of the immobilization of the Candida rugosa enzyme 371 

determined that 86.19% and 42.64% of the immobilized enzyme were preserved at pH 9.0 and 372 

pH 10.0. Also in this study, at the end of the first day, it was observed that 70% of the initial 373 

activity of the B.pumilus MBB03 immobilized-enzyme was preserved at pH 4.0, 5.0, 6.0 and 374 

almost all at pH 7.0, 8.0 and 9.0. At the end of the fifth day, it was observed that almost 70% 375 

of the enzymes were preserved at pH 4.0, 5.0 and 6.0, 90% at pH 7.0 and 8.0, and 79% at pH 376 

9.0. At the end of the tenth day, it was observed that 80% of the initial activity of the enzyme 377 

was preserved at pH 7.0 and 8.0. At the end of the fifteenth day, it was observed that 50% of 378 

the initial activity of the enzyme was preserved at pH 4.0, 5.0, 6.0, 9.0 and10.0, 76% at pH 379 

7.0, and 80% at pH 8.0 (Fig. 2C). In our study, it was observed that the bead gel structure of 380 

B.thermocatenulatus BTL2 and B.pumilus MBB03 hydrogel beads deteriorated in the 381 

phosphate buffer pH range of 6.0-7.5. This situation caused the enzyme immobilized inside 382 

the bead to leak out. It is believed that this deterioration in the bead structure was caused by 383 

the phosphate ion. Because the biggest disadvantage of calcium alginate beads is that they are 384 

sensitive to cations such as magnesium and sodium chelating agents such as phosphate and 385 

lactate, and because of the displacement of these chelator substances with Ca ions in Ca-386 
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alginate, it causes the destabilization of the Ca-alginate and the disintegration of the gel 387 

(Knezevic et al., 2002; Cheetham, 1979). However, it was found that Ca-Alg@gelatin 388 

hydrogel beads were stable in Tris/HCl buffer and increased lipase activity. In addition, it can 389 

be said that both enzymes obtained were stable in a wide pH range and preserved their 390 

stability especially in the optimum pH and alkaline pH ranges, which makes them suitable for 391 

use in the detergent industry and wastewater treatment studies. 392 

 393 

Fig. 2. Effects of pH on B.thermocatenulatus BTL2 and B.pumilus MBB03 immobilized-394 

lipase activities (A). Effects of pH on B.thermocatenulatus BTL2 immobilized-lipase (B) and 395 

B.pumilus MBB03 immobilized-lipase stability (C). pH 9.5 for B.thermocatenulatus BTL2 396 

and pH 8.5 for B.pumilus MBB03 immobilized-lipase was taken as 100%. 397 

 398 

 399 
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3.3.2. Effects of temperature on immobilized- lipase activity and stability 400 

The temperature at which bacterial lipases generally exhibit optimum activity is in the range 401 

of 30-60 °C. In this study, the optimum temperature of B. thermocatenıulatus BTL2 and B. 402 

pumilus MBB03 immobilized-enzymes were determined as 65-70 °C and 55 °C, respectively 403 

(Fig. 3A). 404 

The fact that most of the B. thermocatenulatus BTL2 lipase activity is preserved over a wide 405 

temperature range indicates that this enzyme can be easily used at any temperature from 40 to 406 

100 °C and has great advantages in terms of various industrial applications. In the literature 407 

studies, it was reported that the optimum temperature for lipase immobilized with Ca-alginate 408 

is 50°C, Candida rugosa free lipase immobilized on chitosan shows high activity above 30°C, 409 

while immobilized lipase shows high activity above 40°C. It was observed that the 410 

immobilized lipase remained active 23% at 60 °C (Hung et al., 2003; Omar et al., 1988). 411 

When the lipase enzyme was immobilized on PVC, chitosan, chitin, agarose, sepharose, and 412 

trisacryl, the optimum temperature for the immobilized lipase was 45 °C (Shaw et al., 1990). 413 

In this study, it is believed that immobilized enzymes show activity at high temperatures, and 414 

the enzyme is not affected by increasing temperatures in the Ca-Alg@gelatin hydrogel 415 

structure obtained and the enzyme structure is preserved. Considering the optimum pH and 416 

temperature properties of the obtained immobilized enzyme forms, these enzymes can be used 417 

in organic synthesis studies and as detergent additives because their temperatures are above 418 

40 °C and they have alkaline pH. 419 

Thermal stability is one of the important characteristic information in immobilized enzyme 420 

applications. In general, the activity of the immobilized enzyme is more resistant to 421 

temperature and denaturating agents than the free enzyme. It was determined that the 422 

B.thermocatenulatus BTL2 immobilized-lipase preserved approximately 89% and 80% of its 423 

activity at 40 °C, after 15 and 30 minutes, respectively. It was observed that the enzyme 424 

preserved approximately 83% and 71% of its activity at 50 °C and after 15 and 30 minutes of 425 

incubation, respectively. It was determined that the enzyme preserved approximately 79% and 426 

68% of its activity at 60 °C and after 15 and 30 minutes of incubation, respectively. It was 427 

determined that the enzyme preserved approximately 57% of its activity at 70 °C and after 15 428 

and 30 minutes. It was observed that the activity of the enzyme was below 50% after 15 and 429 

30 minutes at 80°C and 90°C (Figure 3B). It was determined that B. pumilus MBB03 430 

immobilized enzyme preserved approximately 84% of its activity at 40 °C and after 15 431 

minutes, and 69% of its activity after 30 minutes. It was observed that the enzyme preserved 432 

approximately 74% and 61% of its activity at 50 and 60 °C and after 15 minutes, and lost 433 
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46% and 65% of its activity after 30 minutes, respectively. It was observed that the activity of 434 

the enzyme decreased after 15 minutes and 30 minutes at 70 °C, 80 °C and 90 °C (Fig. 3C). 435 

Vaidya et al. (2008) reported that at 50 °C, the free enzyme could preserve only 62.11% of its 436 

activity, while the immobilized enzyme could protect 94.76%, at 70 °C the free enzyme could 437 

preserve 9.33% of its activity, while the immobilized enzyme could preserve %9 of its 438 

activity at the same temperature. They determined that they were able to protect their 39.10. It 439 

was observed that Candida rugosa free lipase immobilized on chitosan was 12% active, while 440 

immobilized lipase was 23% active at 60 °C (Hung et al., 2003). Chiou and Wu (2004) in the 441 

study where they immobilized the Candida rugosa enzyme on chitosan with the activation of 442 

hydroxyl groups, observed the enzyme for thermal stability at temperatures ranging from 25-443 

60 °C for 1 hour and found that after 30 °C the free enzyme began to lose its activity. They 444 

determined that at 60 °C, 60% of the activity of the immobilized enzyme and only 20% of the 445 

free enzyme could be preserved. Differently, they found that the immobilized lipase with 446 

TiO2 supports preserved more than 95% of the enzyme activity for 5 hours at 50°C (Zhou et 447 

al., 2021). It is thought that the thermal stability is more stable at the optimum or closest 448 

temperature value in activities related to the free enzyme, and outside the optimum 449 

temperature ranges, the free enzyme may lose its activity in general due to the denaturing of 450 

its three-dimensional structure. Enzyme immobilization applications are an application that 451 

provides thermal stability to immobilized enzymes. In line with the data in this study, it can 452 

be said that the immobilized-lipases of B. pumilus MBB03 and B. thermocatenulatus BTL2 453 

have similar thermal stability compared to the lipases obtained from other microorganisms. In 454 

addition, when the immobilized enzymes were examined, it was observed that they generally 455 

preserved their activities better than the free enzyme at high temperatures such as 50-70 °C. 456 

This allows immobilized enzymes to be used for esterification and transesterification 457 

reactions in organic solvent environments. 458 

In general, if an enzyme is in solution, it is not stable during storage and its activity gradually 459 

decreases (Arıca and Bayramoğlu 2004). If the B. thermocetenulatus BTL2 immobilized-460 

enzyme was at room temperature, it was determined that almost all of the immobilized-461 

enzyme was preserved at the end of the first day. At the end of the 5th day, it was observed 462 

that 90% of the immobilized-enzyme was preserved. At the end of the 10th and 15th days, it 463 

was determined that 80% and 77% of the immobilized-enzyme were preserved, respectively. 464 

At the end of the 20th and 25th days, it was observed that approximately 70% and 59% of the 465 

immobilized-enzyme was preserved, and 45% at the end of the 30th day. It was observed that 466 

if the B. pumilus MBB03 immobilized-enzyme was at room temperature, 92% of the 467 
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immobilized-enzyme was preserved at the end of the 1st day and 86% at the end of the 5th 468 

day. It was observed that 70% and 67% were preserved at 10 and 15 days, respectively, 64% 469 

and 60% at the end of 20 and 25 days, and 34% at the end of 30 days (Fig. 3D). In the study, 470 

it was observed that both B.thermocatenulatus BTL2 and B.pumilus MBB03 immobilized-471 

enzymes had enzyme escapes from the gel bead structure after the 5th day. It was concluded 472 

that the decrease in enzyme activities at the end of the 5th day was due to enzyme leakage. In 473 

line with these data, room temperature thermal stability properties of B.thermocatenulatus 474 

BTL2 and B.pumilus MBB03 immobilized-enzymes show that the enzyme can be used in 475 

industrial applications. It was stated that immobilized C.antarctica A lipase retained its 60% 476 

activity during a 28-day storage period at 4 °C in a refrigerator and 25 °C in an incubator 477 

(Ondul et al., 2012). 478 

 479 

Fig. 3. Effects of temperature on activity B.thermocatenulatus BTL2 and B.pumilus MBB03 480 
immobilized-lipases (A). Effects of temperature on B.thermocatenulatus immobilized-lipase 481 
(B) and B.pumilus MBB03 immobilized-lipases stability (C). Effects of room temperatureon 482 



 

18 
This article is protected by copyright. All rights reserved. 

A
cc

ep
te

d 
A

rt
ic

le
 

B.thermocatenulatus lipase and B.pumilus MBB03 lipase stability (D). The activity of the 483 
non-heated enzyme was taken as 100%. 484 

 485 

3.3.3. Effects of metallic ions on immobilized-lipase activity 486 

It was observed that BaCl2, CoSO4, NiCl2 and MgSO4, CuSO4 metal ions affected the 487 

immobilized enzyme activity of B.thermocatenulatus BTL2 in different amounts. BaCl2 and 488 

CoSO4 metal ions decreased the activity 19%, 13% at 0.1 mM concentration, respectively, 489 

NiCl2 metal ion decreased the activity 19% at 0.1 mM concentration and and 15% at 1mM 490 

concentration, and MgSO4 metal ion decreased the activity 25% at 1mM concentration 491 

compared to the control. It was determined that CuCl2 and ZnSO4 metal ions increased the 492 

activity 63% and 32%, respectively at 1 mM concentration by and HgCl2 metal ion increased 493 

the activity 18% at 0.5 mM concentration and 61% at 1mM concentration compared to the 494 

control. It was determined that FeSO4, MnCl2, MgCl2 metal ions generally increased the 495 

immobilized enzyme activity compared to the control. When it comes to the B.pumilus 496 

MBB03 immobilized-enzyme, it was observed that ZnSO4, HgCl2, FeSO4, CuSO4, CoSO4, 497 

NiCl2, MgCl2, MnCl2, MgSO4 metal ions generally decreased the enzyme activity in different 498 

amounts. Differently, it was determined that HgCl2, NiCl2 metal ions significantly reduced the 499 

immobilized-enzyme activity 90% and 66% at 1 mM concentrations, respectively, compared 500 

to the control. However, it was observed that CoSO4 and FeSO4 metal ions effectively 501 

increased the immobilized-enzyme activity of B. pumilus MBB03 compared to the control 502 

(Table2). In our study, it was determined that the sulfated and chloride compounds of some 503 

metal ions had different effects on the immobilized enzyme activity. It can be argued that the 504 

same metal ions affect the enzyme activity of different compounds in varying amounts, due to 505 

the different solubility of these compounds. Kambourova et al. (2003) reported that for the 506 

mechanism of action of metal ions regarding the inhibition by metals, either the catalytic site 507 

is directly inhibited, or the metal ions form a complex with the released fatty acids and change 508 

their solubility and their behavior at the interface, leading to this inhibition. 509 

3.3.4. Effects of organic solvents on immobilized lipase activity 510 

On the B.thermocatenulatus BTL2 immobilized-enzyme, it was determined that organic 511 

solvents effectively increased the enzyme activity in different amounts at all concentrations 512 

except glycerol at 1.0 mM concentration. It was determined that glycerol inhibited the enzyme 513 

activity 24% at 1.0 mM concentration, compared to the control. It was determined that the 514 

organic solvents affected the enzyme activity of B. pumilus MBB03 immobilized in different 515 
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amounts, and generally all organic solvents significantly increased the enzyme activity 516 

compared to the control, except isopropanol, n-butanol, acetone, DMSO, xylene and glycerol. 517 

It was observed that ethanol increased the enzyme activity 87%, 55% and 22% at 0.1, 0.5 mM 518 

and 1.0 mM concentrations, respectively, compared to the control. It was determined that 519 

methanol increased enzyme activity 35% at 0.1 mM concentration and 15% at 0.5 mM 520 

concentration. It was determined that isopropanol increased enzyme activity 57% at 0.1 mM 521 

concentration and 45% at 0.5 mM concentration. It was observed that DMF enzyme activity 522 

increased 57% at 0.1 mM concentration and 55% at 0.5 mM concentration compared to the 523 

control. However, it was determined that isopropanol, n-butanol, aseton, DMSO, glycerol and 524 

xylene   reduced enzyme activity 23%,  38%, 25%,15% and 5% at 0.1 mM concentration, 525 

respectively (Table 3). The sensitivity of lipases to organic solvents varies (Rahman et al., 526 

2005). 527 

3.3.5. Effects of detergents on lipase activity 528 

It was determined that some detergents and chemicals generally increased the immobilized- 529 

enzyme activity of B.thermocatenulatus BTL2 effectively compared to the control. It was 530 

determined that some detergents and surfactants generally increased the immobilized-enzyme 531 

activity of B.pumilus MBB03, compared to the control. However, Tween 20 detergent 532 

reduced the enzyme activity 55%, 75% and 78% at 0.1% (w/v), 0.5% (w/v) and 1.0% (w/v) 533 

concentrations, respectively, and sodium taurocholate detergent reduced the enzyme activity 534 

13% at 1.0% (w/v), compared to the control (Table 4). In line with this information, it can be 535 

said that these detergents do not affect the active site of the enzyme to a large extent, as the 536 

enzyme is immobilized in the gel structure of the immobilized-enzyme forms of 537 

B.thermocatenulatus BTL2 and B.pumilus MBB03. However, some sources state that lipases 538 

are inactive in the presence of detergents (Fernandez-Lorente et al., 2007; dos Santos et al., 539 

2014). It is thought that these detergents denature the enzyme by interacting with the forces 540 

that protect the three-dimensional structure of the enzyme and therefore cannot preserve the 541 

stability of the enzyme. On the other hand, the residual activity is higher at higher 542 

concentrations of these detergents. It is thought that this situation may be related to the 543 

interfacial activation of lipase. High concentrations of these detergents may increase the 544 

interfacial area of the lipase, allowing it to meet with its substrate more easily. It is thought 545 

that this detergent changes its conformation at low concentration to decrease the stability of 546 

the enzyme, whereas at high concentration this conformational change is thought to increase 547 

the stability. 548 
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 549 

3.3.6. Effects of enzyme inhibitors on immobilized-lipase activity 550 

It was determined that inhibitors and chemicals did not affect the immobilized-enzyme 551 

activity of B.thermocatenulatus BTL2.  As for B.pumilus MBB03 immobilized-enzyme, it 552 

was determined that inhibitors and chemical substances generally reduced the enzyme activity 553 

in different amounts. As for B.pumilus MBB03 immobilized-enzyme, it was revealed that 554 

inhibitory substances, except for PMSF and β-mercaptoethanol, decreased the enzyme activity 555 

compared to the control. It was determined that PMSF increased the immobilized-enzyme 556 

activity 10% at 0.1 mM concentration and reduced it 33% at 1.0 mM concentration. Similarly, 557 

it was determined that β-mercaptoethanol increased the enzyme activity 25% at 0.1 mM 558 

concentration and decreased it by 20% at 1.0 mM concentration. It was determined that DTT 559 

decreased enzyme activity at different concentrations, and EDTA reduced enzyme activity 560 

33% at 1.0 mM concentration (Table 5).  In line with these data, it was observed that the 561 

inhibitory substances affected the immobilized enzyme activity in different amounts. Lipases 562 

with the Ser-His-Asp/Glu catalytic triad are in the serine hydrolase class. 563 

Phenylmethylsulfonyl fluoride (PMSF), a serine inhibitor, binds to the serine amino acid in 564 

the active site of lipases and irreversibly inhibits the activity (Dharmsthiti and Luchai, 1998). 565 

Therefore, due to PMSF, similar to other lipases, B.pumilus MBB03 immobilized-enzyme 566 

activity decreased by 33% at 1.0 mM concentration. When B.pumilus MBB03 immobilized-567 

lipase enzyme was treated with DTT at 0.1 mM concentration, which has the ability to inhibit 568 

disulfide bonds in proteins, it was determined that the immobilized enzyme lost 20% (Table 569 

5). It can be concluded that the immobilized-enzyme is less affected by DTT due to its gel 570 

structure. 571 

3.3.7. Repeated use capability 572 

When biocatalysts are used in free enzyme form, their reuse is not possible. For this reason, 573 

immobilization forms are designed for industrially important enzymes and production studies 574 

are planned with these forms. Compared to the free enzyme, the immobilized enzyme can be 575 

used many times and for a long time. This property of immobilized enzyme is very important 576 

in industrial applications. Because, depending on continuous use, the production cost 577 

decreases. A change in enzyme activity was observed with continued use (Bayramoglu et al., 578 

2002). In the reusability study of the lipase immobiized on Ca-Alg@gelatin hydrogel beads, it 579 

was observed that B.thermocatenulatus BTL2 the immobilized-lipase activity was completely 580 

preserved in the 1st cycle, 96% in the 2nd cycle, and approximately 80% in the 5th cycle, 581 
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while the activity decreased in the following cycles. At the end of the 15th cycle, it was 582 

determined that approximately 13% of activity could be preserved. B. pumilus MBB03 lipase 583 

immobilized on Ca-Alg@gelatin hydrogel beads prevented its activity completely in the 1st 584 

cycle, 92% in the 2nd cycle, about 80% in the 3rd cycle, about 70% until the 6th cycle, and 585 

the activity decreased in the following cycles. At the end of the 15th cycle, it was determined 586 

that approximately 20% of the activity could be preserved. This study showed that 587 

B.thermocatenulatus BTL2 immobilized-lipase can be used for up to five cycles with little 588 

loss of activity, and B.pumilus MBB03 immobilized-lipase can be used up to three cycles with 589 

little loss of activity  (80% of their initial activity was preserved) (Fig. 4A). However, from 590 

these cycles, the loss of activity became apparent. 591 

The reasons for these results may be due to in possible enzyme leakage from hydrogel beads 592 

or accumulation of substrate or reaction products within the beads. Another possible 593 

explanation may be damage to the hydrogel beads during repeated use, observed as a 594 

reduction in bead diameter (Knezevic et al., 2002). Similar to our study, Won et al. (2005) 595 

observed that the alginate beads preserved 72% of their activity in the 3rd use in the study of 596 

lipase enzyme immobilization, which they immobilized on Ca-alginate gel beads. When 597 

Candida rugosa lipase is immobilized on a hydrophobic polymer support by adsorption, it has 598 

been reported that 90% of the enzyme activity is preserved after 15 uses (Ruchenstein and 599 

Wang, 1993). When Candida rugosa lipase is immobilized on chitosan, it has been reported to 600 

show 74% activity after 10 uses (Hung 2003). Chiou and Wu (2004), in the study in which 601 

they performed the immobilization of the Candida rugosa enzyme on chitosan through the 602 

activation of hydroxyl groups, observed that all of the immobilized enzyme activity at the end 603 

of the 6th use and 54% of the activity at the end of 30 days were preserved. 604 

3.3.8. Storage stability of immobilized-lipase 605 

B.thermocatenulatus BTL2 and B.pumilus MBB03 immobilized-lipases preserved almost all 606 

of their activities at the end of the 1st day, 80% and 73% of the activities, respectively, on the 607 

8th day, however, there was a decrease in the activities on the following days, and the 608 

activities decreased approximately %40 and 36%, respectively, at the end of the 30th day 609 

(Fig. 4B). The stability of lipase immobilized with alginate+gelatin was much lower than that 610 

obtained for lipase immobilized on heterogeneous titanium dioxide (TiO2) (Zhou et al., 2021). 611 

The reasons for these results may be enzyme leakage due to damage to the hydrogel beads, 612 

which is observed as a decrease in bead diameter over time. 613 
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 614 

Fig. 4. Reusability of B.thermocatenulatus BTL2 and B.pumilus MBB03 immobilized-lipases 615 

(A). Storage stability of B.thermocatenulatus BTL2 and B.pumilus MBB03 immobilized-616 

lipases (B) 617 

 618 

Table. 1. The optimization of immobilization parameters depending on gelatin, Ca-Alg, CaCl2 619 

concentrations and enzyme amount, bead size. 620 

Immobilization parameters 
B.thermocatenulatus BTL2 

immobilized lipase 

B.pumilus MBB03 

immobilized lipase 

Gelatin Concentration % 20 % 25 

Ca-Alg Concentration % 2 % 2.5 

CaCl2 Concentration 250 mM 250 mM 

Enzym Amount 0.48 mg/mL 0.66 mg/mL 

Bead Size 0.19 mm 0.29 mm 

*Experiments were performed in triplicates and ±standard errors are reported. 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 
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Table. 2. Effects of various metallic ions on B.thermocatenulatus BTL2 and B.pumilus 630 
immobized- lipase stability. 631 

 
 

Relative activity(100%) 
B.thermocatenulatus BTL2 immobilized- lipase B. pumilus MBB03 immobilized-lipase 

Metallic ions 0.1 mM 0.5 mM 1mM 0.1 mM  0.5 mM 1 mM 
Control 100 100 100 100±2.5 100±1.8 100±1.7 
CaCl2 99±0,9 109±0.7 102±1.0 61±3.1 51±2.6 65±2.4 
NaCl2 105±0,7 104±2.4 100±0.8 102±4.1 73±2.7 67±1.02 
CuCl2 97±1,4 94±2.7 163±2.4 89±1.6 69±1.4 81±0.9 
KCl2 100±1,2 108±3.1 106±2 75±3.2 71±3.5 62±4.3 
BaCl2 81±1 104±4.4 100±2.7 69±0.9 59±0.5 75±1.2 
ZnSO4 101±0,9 109±2.6 132±3,2 75±0.05 100±1.2 95±4.6 
HgCl2 102±1,5 118±2.8 161±2.3 114±6.03 67±3.9 30±2.5 
FeSO4 125±2,3 147±4.1 165±3.4 83±4.8 161±4.8 348±2.04 
CuSO4 104±0,16 94±2.5 80±1.3 89±4.3 55±2.1 110±0.96 
CoSO4 87±4,2 105±1.8 103±4.5 153±1.8 202±4.04 289±0.26 
NiCl2 81±3,6 113±2.7 85±3.8 106±1.1 116±3.7 44±1.02 
MgCl2 106±1,7 126±5.1 107±4.1 91±1.4 85±4.3 79±2.7 
MnCl2 130±5,3 178±1.6 191±3.4 104±0.7 81±2.05 95±0.44 
MgSO4 108±1,2 111±2.3 75±1.8 102±2.9 102±1.3 114±1.13 
Values represent the means of three independent replicates, and ± standard deviations are reported. 632 

 633 

Table. 3. Effects of some organic solvents and chemicals on B.thermocatenulatus BTL2 and 634 
B.pumilus immobilized-lipase stability. 635 
Some organic solvents 
/chemicals 

 
Concentration(%) 

Relative activity(100%)  
B. thermocatenulatus BTL2 

immobilized-lipase 
B. pumilus MBB03 
immobilized-lipase 

Control - 100 100 
Ethanol 0.1 

0.5 
1.0 

144±1.7 
138±2.5 
116±4.2 

187±2.7 
             155±1 

122±3.4 
Methanol 0.1 

0.5 
1.0 

143±3.1 
                    140±2 

136±1.8 

135±3.4 
115±2.1 
102±2.7 

Isopropanol 0.1 
0.5 
1.0 

152±1.7 
130±1.6 
123±1.9 

             157±3 
145±2.4 

             77±2.6 
n- Butanol 0.1 

0.5 
1.0 

149±4.7 
113±2.8 
113±4.3 

135±1.4 
              80±1.9 
              62±3.5 

Acetone 0.1 
0.5 
1.0 

124±2.1 
124±2.2 
118±1.9 

 102±2.7 
              85±1.6 

75±2.7 
DMSO 0.1 

0.5 
1.0 

156±1.2 
156±2.5 

                    143±3 

  142±3.4 
 97±0.6 

               85±1 
Xylene 0.1 

0.5 
1.0 

163±0.9 
161±1.8 
152±1.7 

   177±0.7 
122±4 
95±2.9 

DMF 0.1 
0.5 
1.0 

155±4.4 
130±3.5 
129±2.3 

  157±2.2 
  155±2.5 
  115±4.1 

Glycerol 0.1 
0.5 
1.0 

138±1.1 
133±3.6 
76±2.9 

  127±0.7 
90±3.3 
85±1.1 

Values represent the means of three independent replicates, and ± standard deviations are reported. 636 
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Table. 4. Effects of various surfactants and chemicals on B.thermocatenulatus BTL2 and 637 
B.pumilus lipase stability.  638 

 
Surfactants/chemicals 

 
Concentration(%) 

Relative activity(100%) 
B.thermocatenulatus 

BTL2 immobilized-lipase 
B. pumilus MBB03 
immobilized-lipase 

Control - 100 100 
Triton X-100 0.1 

0.5 
1.0 

164±4.6 
136±3.1 
130±2.7 

210±3.3 
210±1.7 
150±2.4 

Tween 80 0.1 
0.5 
1.0 

143±1.5 
148±2.3 
143±2.5 

255±1.9 
115±3.5 
112±0.8 

Tween 20 0.1 
0.5 
1.0 

              147±5 
144±3.9 
121±2.2 

45±1.2 
25±0.9 
22±2.2 

CHAPS 0.1 
0.5 
1.0 

135±0.5 
133±1.6 
130±2.3 

227±3.6 
187±1.4 
160±4.1 

Sodyum deoksikolat 0.1 
0.5 
1.0 

128±1.7 
123±3.8 
123±2.4 

127±2.5 
120±3.1 
115±2.7 

Sodyum taurokolat 0.1 
0.5 
1.0 

125±4.7 
118±3.3 
111±2.6 

110±1.4 
90±0.9 
87±1.3 

SDS 0.1 
0.5 
1.0 

183±4.1 
136±2.3 

 135±1.02 

160±2.9 
147±3.5 
135±2.4 

Values represent the means of three independent replicates, and ± standard deviations are reported. 639 

Table. 5. Effects of various inhibitors and chemicals on B.thermocatenulatus BTL2 and 640 
B.pumilus MBB03 immobilized-lipase stability. 641 

 
Inhibitors / chemicals  

 
Concentration(%) 

Relative activity(100%) 
B.thermocatenulatus 

BTL2 immobilized-lipase 
B. pumilus MBB03 
immobilized-lipase 

Control - 100 100 
 
PMFS 

0.1 
0.5 
1.0 

123±4.1 
116±2.8 

106±1.02 

110±2.3 
92±1.8 
67±1.1 

β-merkaptoetanol 
 

0.1 
0.5 
1.0 

              240±3 
200±4.4 
140±1.7 

125±4.5 
90±2.9 
80±2.5 

DTT 0.1 
0.5 
1.0 

310±1.5 
209±2.2 
140±4.3 

92±3.3 
92±2.4 
80±1.5 

EDTA 0.1 
0.5 
1.0 

120±2.7 
113±1.6 
110±0.9 

93±2.2 
77±0.89 
67±1.9 

Values represent the means of three independent replicates, and ± standard deviations are reported. 642 

 643 

4. CONCLUSIONS 644 

This study demonstrated that the activity profiles of lipase could be improved by 645 

immobilization on Ca-Alg@gelatin hydrogel beads. After optimization of immobilization 646 
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parameters, the entrapment technique gave a higher immobilization efficiency and a higher 647 

thermal stability at bazic pHs and high temperatures. The fact that most of the B. 648 

thermocatenulatus BTL2 lipase activity is preserved over a wide temperature range indicates 649 

that this enzyme can be easily used at any temperature from 40 to 100 °C and has great 650 

advantages in terms of various industrial applications. Considering the optimum pH and 651 

temperature properties of the obtained immobilized enzyme forms, these enzymes can be used 652 

in organic synthesis studies and as detergent additives because their temperatures are above 653 

40 °C, they have alkaline pH and room temperature thermal stability properties. The storage 654 

stability and reuse advantages of the entrapped enzyme increased its use potential. Therefore, 655 

this work presented entrapment technique as an immobilization technique which may 656 

contribute to increasing repeated use capability and of storage stability of industrial interest. 657 
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