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Abstract 7 

Enzyme immobilization can improve catalyst stability and reusability, although different 8 
immobilization strategies introduce trade-offs in catalytic performance and enzyme 9 
retention. This study compared free Escherichia coli β-galactosidase with preparations 10 
immobilized by physical adsorption on porous silica, glutaraldehyde-mediated covalent 11 
attachment to functionalized silica, and calcium-alginate entrapment. Catalytic activity, 12 
apparent Michaelis–Menten kinetics, protein loading, enzyme leaching, storage stability, 13 
operational reusability, and pH- and temperature-dependent activity were evaluated. 14 

Free β-galactosidase exhibited an apparent Vmax of 100 U and Km of 2.0 mM. 15 
Immobilization reduced apparent Vmax to 80, 60, and 90 U and increased Km to 2.5, 3.0, 16 
and 2.2 mM for adsorption, covalent attachment, and entrapment, respectively. After 21 17 
days, residual activities were 50%, 60%, 85%, and 72% for free, adsorbed, covalently 18 
immobilized, and entrapped preparations, respectively. Covalent attachment 19 
demonstrated the greatest storage stability and resistance to enzyme release, whereas 20 
entrapment preserved comparatively high initial catalytic activity. All preparations 21 
exhibited maximum activity at pH 7.0, with temperature optima of 40–45 °C. 22 

These findings highlight method-dependent trade-offs between catalytic performance, 23 
enzyme retention, and operational stability, supporting application-specific selection of 24 
immobilization strategies. 25 

Keywords: enzyme immobilization; enzyme stability; activity retention; Michaelis–Menten 26 
kinetics; β-galactosidase; biocatalysis. 27 
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Introduction 31 

Enzymes are biological catalysts whose industrial utility is often limited by stability and 32 
reusability. Immobilization – the attachment of soluble enzymes to solid carriers – is a 33 
common strategy to overcome these limitations. Immobilization methods (physical 34 
adsorption, covalent binding, encapsulation/entrapment, and cross-linking) reduce 35 
enzyme mobility and can enhance activity retention and stability[1][3]. For example, 36 
adsorption onto hydrophobic or charged surfaces is simple and mild, whereas covalent 37 
crosslinking (often using glutaraldehyde) yields stable enzyme–support linkage[1][3]. 38 
Entrapment (e.g. in calcium alginate beads) encloses the enzyme in a gel matrix. Each 39 
method has advantages and drawbacks: covalent bonds are durable but may distort the 40 
enzyme; adsorption is reversible and may suffer leaching; entrapment protects the enzyme 41 
but can impede substrate diffusion[1][3]. 42 

Immobilized enzymes typically exhibit improved operational stability, wider 43 
pH/temperature tolerance, and enable repeated use[2][3]. For instance, enzymes 44 
immobilized on solid matrices often retain >70% of initial activity over weeks (versus rapid 45 
decline of free enzyme)[2]. Kinetic behavior also changes: diffusion barriers and altered 46 
microenvironments commonly increase apparent K_m and reduce V_max[4][5]. Assessing 47 
these effects requires systematic comparison of activity, kinetic constants, and stability 48 
for each attachment method. However, direct experimental data in the literature often vary 49 
by system.  50 

Despite the extensive literature on enzyme immobilization, direct quantitative comparison 51 
among immobilization strategies remains challenging because published studies 52 
frequently differ in enzyme source, carrier composition, enzyme loading, assay conditions, 53 
kinetic analysis, and stability protocols. β-Galactosidase provides an industrially relevant 54 
model for addressing this problem because of its established application in lactose 55 
hydrolysis and biocatalytic processing and its sensitivity to changes in the 56 
physicochemical environment surrounding the enzyme. Although physical adsorption, 57 
covalent attachment, and polymer entrapment are among the most widely applied 58 
immobilization approaches, their relative advantages cannot be evaluated solely from 59 
initial catalytic activity; immobilization may simultaneously influence enzyme loading, 60 
apparent kinetic behavior, resistance to leaching, environmental tolerance, storage 61 
stability, and repeated-use performance[6][7]. 62 

 63 
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In the present study, physical adsorption on porous silica, glutaraldehyde-mediated 67 
covalent immobilization on functionalized silica, and calcium-alginate entrapment were 68 
therefore evaluated using a common Escherichia coli β-galactosidase preparation and 69 
standardized analytical conditions. Free β-galactosidase was included as a matched 70 
reference, together with enzyme-free support controls. The three immobilization strategies 71 
were compared through measurements of immobilization yield, protein loading, activity 72 
recovery, support-normalized activity, specific activity, and apparent Michaelis–Menten 73 
kinetic parameters. Enzyme retention and release were evaluated by separate analysis of 74 
the immobilized and soluble fractions, allowing physical leaching to be distinguished from 75 
loss of catalytic activity[8][9]. Storage stability was monitored over 21 days, while 76 
operational stability was evaluated independently through consecutive recovery-and-77 
reuse cycles. The effects of pH and temperature were additionally characterized to 78 
determine whether immobilization altered the environmental dependence of β-79 
galactosidase activity[10][11]. 80 

By integrating these complementary measurements within a common experimental 81 
framework, the study distinguishes preservation of initial catalytic activity from 82 
stabilization of the immobilized biocatalyst. Rather than identifying a single immobilization 83 
method as universally optimal, the experimental design enables the trade-offs among 84 
enzyme loading, catalytic performance, enzyme retention, environmental response, 85 
storage stability, and operational reusability to be evaluated directly. This controlled 86 
comparison provides a quantitative basis for selecting β-galactosidase immobilization 87 
strategies according to the performance characteristics required for biocatalytic and 88 
lactose-hydrolysis applications[12][13]. 89 

 90 
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Materials and Methods 98 

Experimental Controls, Protein Loading, and Normalization 99 

A matched control framework was incorporated throughout the immobilization 100 
experiments to distinguish enzymatic activity from support-associated background effects 101 
and to permit quantitative comparison among free and immobilized β-galactosidase 102 
preparations. The control framework comprised a free-enzyme control, untreated silica 103 
support blank, activated-support blank, calcium-alginate blank, and soluble supernatant 104 
fractions collected during immobilization and washing. 105 

Protein Loading and Enzyme Release 106 

Protein loading and enzyme release were evaluated as independent measures of 107 
immobilization performance. Protein loading was determined by mass-balance analysis of 108 
the initial and unbound protein fractions and normalized to the mass of immobilization 109 
support. The corresponding protein-loading values were 3.5 ± 0.2 mg g⁻¹ for physical 110 
adsorption, 3.1 ± 0.2 mg g⁻¹ for covalent immobilization, and 4.2 ± 0.3 mg g⁻¹ for calcium-111 
alginate entrapment. Enzyme release was assessed independently by quantifying β-112 
galactosidase catalytic activity in the recovered soluble fractions. Release was greatest for 113 
physical adsorption (18.6 ± 1.4%), followed by alginate entrapment (9.8 ± 0.9%) and 114 
covalent immobilization (3.1 ± 0.4%). These measurements represent distinct 115 
experimental endpoints and demonstrate differences in both the amount of enzyme 116 
incorporated into each immobilization matrix and its subsequent retention. 117 

Matched Free-Enzyme Control 118 

Free Escherichia coli β-galactosidase served as the soluble-enzyme reference. The free-119 
enzyme preparation was derived from the same starting enzyme solution used for the 120 
immobilization experiments and was maintained under matched buffer, temperature, 121 
incubation-time, and assay conditions. Catalytic activity was determined using the same 122 
ONPG assay employed for the immobilized preparations. 123 

Activity of the free-enzyme control was used as the reference for calculation of activity 124 
recovery and for determining immobilization-associated changes in apparent kinetic 125 
behavior. For normalized activity comparisons, free-enzyme activity was defined as 100%. 126 

 127 
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Silica Support Blank 129 

Untreated porous silica without β-galactosidase was subjected to the same buffer 130 
incubation, washing, and ONPG assay procedures as the silica-adsorbed enzyme 131 
preparation. Absorbance at 420 nm was measured under identical conditions. 132 

No detectable β-galactosidase-like catalytic activity was observed in the enzyme-free 133 
silica control. The support blank therefore confirmed that ONPG conversion measured for 134 
the adsorbed preparation originated from immobilized β-galactosidase rather than 135 
intrinsic catalytic activity or optical interference from the silica carrier. 136 

Activated-Support Blank 137 

A separate amino-functionalized silica control was exposed to the 2.5% glutaraldehyde 138 
activation procedure for 1 h in the absence of β-galactosidase. The activated support 139 
subsequently underwent the same washing and ONPG assay procedures as the covalently 140 
immobilized enzyme preparation. 141 

No detectable β-galactosidase activity was observed in the activated-support control. This 142 
control excluded measurable ONPG conversion attributable to the functionalized silica, 143 
residual glutaraldehyde, or the support-activation procedure itself. 144 

Calcium-Alginate Blank 145 

An enzyme-free calcium-alginate control was prepared using the same gelation procedure 146 
as the β-galactosidase-containing beads. Sodium alginate was introduced into 100 mM 147 
CaCl₂, cured for 30 min, rinsed with phosphate buffer, and analyzed using the same ONPG 148 
assay conditions applied to the enzyme-containing beads. 149 

The enzyme-free alginate matrix produced no detectable β-galactosidase activity. This 150 
control established that ONPG conversion measured for the entrapped preparation was 151 
attributable to entrapped β-galactosidase rather than the calcium-alginate matrix. 152 

 153 
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 155 

 156 



 6 

Supernatant and Leaching Controls 157 

Liquid fractions obtained following immobilization and washing were collected separately 158 
from the immobilized materials. β-Galactosidase activity in these fractions was quantified 159 
using the ONPG assay. 160 

After the final washing step, the silica-adsorbed preparation exhibited the greatest enzyme 161 
release, with 18.6 ± 1.4% of the initial immobilized activity detected in the soluble phase. 162 
The alginate-entrapped preparation exhibited 9.8 ± 0.9% release, whereas the covalently 163 
immobilized preparation exhibited 3.1 ± 0.4% release. 164 

Correspondingly, the alginate-entrapped and covalently immobilized fractions retained 165 
90.2 ± 0.9% and 96.9 ± 0.4% of their initial immobilized activities, respectively. These 166 
measurements enabled physical loss of enzyme from the carrier to be distinguished from 167 
loss of catalytic activity while the enzyme remained immobilized. 168 

Protein Loading and Immobilization Yield 169 

Protein loading was determined by protein mass balance between the initial enzyme 170 
preparation and the combined unbound fractions recovered following immobilization and 171 
washing. 172 

The amount of immobilized protein was calculated as: 173 

Pimm = P0 − Pu 174 

where Pimm represents immobilized protein, P0 represents the total amount of enzyme 175 
protein initially introduced, and Pu represents the total unbound protein recovered in the 176 
post-immobilization supernatant and washing fractions. 177 

Immobilization yield was calculated as: 178 

Immobilization yield (%) = [(P0 − Pu)/P0] × 100. 179 

Protein loading was normalized to the amount of immobilization support: 180 

Protein loading (mg g⁻¹ support) = (P0 − Pu)/ms 181 

where ms represents the mass of support used for immobilization. 182 

For the silica-based preparations, protein loading was expressed directly as mg protein per 183 
g dry support. For alginate entrapment, enzyme loading was normalized to the 184 
corresponding amount of alginate matrix used for the preparation. 185 
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Support-Normalized Catalytic Activity 186 

Catalytic activity of each immobilized preparation was additionally normalized to support 187 
mass to permit comparison independent of the quantity of immobilization material used: 188 

Support-normalized activity (U g⁻¹ support) = Ai/ms 189 

where Ai represents measured catalytic activity of the immobilized preparation in enzyme 190 
units and ms represents the corresponding mass of immobilization support. 191 

One enzyme unit (U) represented the amount of β-galactosidase catalyzing formation of 1 192 
μmol of product per minute under the standardized ONPG assay conditions. 193 

Specific Activity and Equivalent-Loading Normalization 194 

Specific catalytic activity was calculated by normalizing measured enzyme activity to the 195 
amount of immobilized protein: 196 

Specific activity (U mg⁻¹ protein) = Ai/Pimm. 197 

Comparisons among immobilization strategies were therefore evaluated using both total 198 
activity recovery and protein-normalized catalytic activity. This normalization distinguished 199 
differences caused by the amount of enzyme immobilized from differences in catalytic 200 
performance of the immobilized enzyme itself. 201 

For direct kinetic comparisons, equivalent enzyme loading was used across preparations. 202 
Free and immobilized enzyme measurements were normalized to the corresponding 203 
experimentally determined enzyme protein content before comparison of catalytic 204 
performance. 205 

Activity Recovery 206 

Activity recovery following immobilization was calculated as: 207 

Activity recovery (%) = (Ai/A0) × 100, 208 

where Ai represents catalytic activity recovered in the immobilized preparation and A0 209 
represents the corresponding starting free-enzyme activity. 210 

All control and immobilized preparations were analyzed under the same standardized 211 
ONPG assay conditions. Measurements were performed in triplicate (n = 3), and 212 
quantitative results were expressed as mean ± standard deviation. 213 
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Spectrophotometric Blank Correction and Background-Subtracted ONPG 214 

Activity Measurements 215 

β-Galactosidase activity was determined spectrophotometrically by monitoring the 216 
formation of o-nitrophenol from o-nitrophenyl-β-D-galactopyranoside (ONPG) at 420 nm. 217 
All measurements were performed in 50 mM phosphate buffer (pH 7.0) at 30 °C. To 218 
account for background absorbance associated with the reaction medium, nonenzymatic 219 
ONPG hydrolysis, and immobilization supports, enzyme-specific blank controls were 220 
incorporated into the analytical procedure. 221 

First, a reagent blank containing ONPG and phosphate buffer without β-galactosidase or 222 
immobilization support was used to determine the background signal attributable to the 223 
reaction components and spontaneous substrate hydrolysis. The reagent blank was 224 
prepared under the same substrate concentration, reaction volume, incubation 225 
temperature, and measurement conditions as the corresponding enzyme-containing 226 
reaction. 227 

Second, support-specific blanks were prepared for each immobilization strategy. 228 
Untreated porous silica without enzyme served as the physical-adsorption blank, 229 
glutaraldehyde-activated amino-functionalized silica without enzyme served as the 230 
covalent-immobilization blank, and enzyme-free calcium-alginate beads served as the 231 
entrapment blank. Each support blank was subjected to the corresponding immobilization 232 
preparation, incubation, and washing conditions before analysis. These controls were 233 
included to account for support-associated optical interference, background scattering, 234 
and any nonenzymatic contribution to absorbance at 420 nm. 235 

Third, absorbance measurements were obtained for each enzyme-containing reaction and 236 
its corresponding blank under matched assay conditions. For free β-galactosidase, the 237 
reagent blank was used as the reference. For immobilized β-galactosidase, the matched 238 
enzyme-free support blank containing ONPG and buffer was used as the reference. The 239 
support-specific blank was treated as the complete background control for the 240 
corresponding immobilized preparation, thereby avoiding duplicate subtraction of the 241 
reagent background already included in that blank. 242 

 243 

 244 

 245 

 246 

 247 



 9 

Fourth, the background-corrected absorbance was calculated as: 248 

A₄₂₀,corr = A₄₂₀,sample − A₄₂₀,blank 249 

where A₄₂₀,sample represents the measured absorbance of the enzyme-containing 250 
reaction and A₄₂₀,blank represents the absorbance of the corresponding reagent or 251 
enzyme-free support control. When absorbance was monitored over time, the initial linear 252 
rate of absorbance change was calculated separately for the enzyme-containing reaction 253 
and the matched blank. The background-corrected reaction rate was then determined as: 254 

(dA₄₂₀/dt)corr = (dA₄₂₀/dt)sample − (dA₄₂₀/dt)blank 255 

This rate-based correction accounts for background absorbance changes occurring during 256 
the measurement interval rather than relying exclusively on a single absorbance reading. 257 

Fifth, the corrected absorbance rate was converted to the rate of o-nitrophenol formation 258 
using an appropriate experimentally established calibration relationship or validated molar 259 
absorptivity under the assay conditions. Catalytic activity was expressed in enzyme units 260 
(U), where one unit corresponded to the formation of 1 μmol of product per minute. The 261 
same blank-correction and activity-calculation framework was applied to free, physically 262 
adsorbed, covalently immobilized, and calcium-alginate-entrapped β-galactosidase 263 
preparations. 264 

Finally, three independent immobilization preparations were evaluated for each 265 
immobilization method (n = 3), with technical spectrophotometric measurements 266 
performed for each preparation. Background-corrected activity values were used for 267 
subsequent comparisons of initial activity recovery, specific activity, apparent Michaelis–268 
Menten parameters, storage stability, and operational reusability. Results were expressed 269 
as mean ± standard deviation. 270 

 271 

 272 
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Enzyme, Chemicals, and Immobilization Supports 278 

β-Galactosidase derived from Escherichia coli was used as the model enzyme and 279 
prepared at an initial catalytic activity concentration of 100 U/mL. Porous silica beads with 280 
an average pore size of approximately 100 Å were used for physical adsorption. Amino-281 
functionalized glycidoxypropyl silica was used for covalent immobilization, with 282 
glutaraldehyde serving as the crosslinking reagent. Sodium alginate and calcium chloride 283 
(CaCl₂) were used for physical entrapment and ionic gel formation, respectively. o-284 
Nitrophenyl-β-D-galactopyranoside (ONPG) was used as the chromogenic substrate for β-285 
galactosidase activity measurements[14][15]. 286 

Primary experimental investigations have demonstrated that glutaraldehyde-mediated 287 
covalent immobilization can modify the catalytic and stability characteristics of β-288 
galactosidase. Gennari et al. (2018) investigated β-galactosidase immobilization on 289 
chemically modified supports, including glutaraldehyde-activated carriers, and 290 
demonstrated that support functionalization influenced immobilization efficiency, thermal 291 
stability, storage stability, and operational performance[16]. Similarly, Abdella and Hassan 292 
(2024) experimentally optimized glutaraldehyde activation of aminated composite 293 
supports for covalent β-galactosidase immobilization and demonstrated sustained 294 
catalytic activity during repeated use[17]. Together, these studies establish an 295 
experimental basis for investigating the trade-off between catalytic performance and 296 
enzyme retention following glutaraldehyde-mediated attachment. Although multiple 297 
enzyme–support covalent interactions may restrict conformational mobility and contribute 298 
to stabilization, the extent of multipoint attachment depends on the specific support 299 
chemistry and immobilization conditions and cannot be assumed solely from the use of 300 
glutaraldehyde. 301 

Phosphate buffer was used during immobilization and catalytic assays. A 50 mM 302 
phosphate buffer at pH 7.0 was used for the standardized catalytic measurements. 303 

 304 

 305 
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β-Galactosidase Preparation and Experimental Groups 310 

β-Galactosidase was prepared at an initial catalytic activity concentration of 100 U/mL. 311 
Equivalent enzyme preparations were allocated to four experimental groups: free β-312 
galactosidase, physically adsorbed β-galactosidase, covalently immobilized β-313 
galactosidase, and calcium-alginate-entrapped β-galactosidase. 314 

The free-enzyme preparation served as the reference control and was evaluated under the 315 
same standardized catalytic assay conditions as the three immobilized preparations. 316 

Physical Adsorption on Porous Silica 317 

Physical immobilization was performed using porous silica beads with an average pore 318 
size of approximately 100 Å. Silica was added at 1% (w/v) to the β-galactosidase 319 
preparation in phosphate buffer at pH 7.0. 320 

The enzyme-support suspension was incubated overnight at 4 °C under gentle agitation. 321 
Following adsorption, the liquid phase containing unbound enzyme was removed. The 322 
silica-supported preparation was washed with phosphate buffer to remove residual 323 
unbound or weakly associated enzyme before catalytic analysis. 324 

The resulting preparation represented the physically adsorbed β-galactosidase group. 325 

Covalent Immobilization on Functionalized Silica 326 

The silica support was functionalized with 3-aminopropyltriethoxysilane (APTES; 327 
C₉H₂₃NO₃Si; CAS 919-30-2) to introduce surface-accessible primary amino groups. APTES 328 
functionalization involves hydrolysis of the ethoxy groups followed by condensation with 329 
surface silanol (Si–OH) groups, producing covalently anchored aminopropylsilane 330 
functionalities containing terminal –NH₂ groups. These amino groups provide the reactive 331 
sites for subsequent glutaraldehyde-mediated activation. 332 

The amino-functionalized silica was treated with 2.5% aqueous glutaraldehyde for 1 h. 333 
Glutaraldehyde-derived species react with surface primary amino groups, generating 334 
reactive surface-associated functionalities capable of covalent coupling with proteins. 335 
Following activation, the silica was separated from the glutaraldehyde solution and 336 
washed with buffer to remove unbound glutaraldehyde before enzyme addition. 337 

 338 

 339 

 340 
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The activated support was subsequently incubated with β-galactosidase in 50 mM 341 
phosphate buffer (pH 8.0) for 4 h at room temperature. Covalent attachment can occur 342 
through reactions between glutaraldehyde-derived functionalities and accessible primary 343 
amino groups of β-galactosidase, particularly lysine ε-amino groups and protein N-344 
terminal amino groups. These reactions may involve Schiff-base formation and other 345 
glutaraldehyde-mediated coupling pathways because aqueous glutaraldehyde exists in 346 
several reactive chemical forms. 347 

The immobilized preparation was separated and washed to remove unbound enzyme. 348 
Multipoint enzyme–support attachment may occur when multiple amino groups from the 349 
same enzyme molecule participate in surface coupling. Although washing the activated 350 
support reduces the availability of free glutaraldehyde, intermolecular enzyme–enzyme 351 
crosslinking cannot be excluded because surface-associated reactive species may 352 
interact with neighboring enzyme molecules. The extent of multipoint attachment and 353 
intermolecular crosslinking was not directly characterized. 354 

Calcium-Alginate Entrapment 355 

β-Galactosidase was entrapped within calcium-alginate beads by mixing the enzyme 356 
preparation at a 1:1 (v/v) ratio with 4% (w/v) sodium alginate. 357 

Because equal volumes of enzyme solution and 4% sodium alginate were combined, the 358 
final alginate concentration in the enzyme-alginate mixture before gelation was 2% (w/v). 359 

The resulting mixture was extruded dropwise into 100 mM CaCl₂ solution. Ionic interaction 360 
between Ca²⁺ and alginate induced rapid gelation and formation of enzyme-containing 361 
calcium-alginate beads. The beads were cured in the CaCl₂ solution for 30 min and 362 
subsequently rinsed with buffer. 363 

The resulting preparation represented the alginate-entrapped β-galactosidase group. 364 

Immobilization Yield 365 

Immobilization yield was determined from the proportion of enzyme retained by the 366 
immobilization system relative to the amount initially introduced. Under the investigated 367 
experimental conditions, immobilization yields exceeded 80%. 368 

Immobilization yield was expressed as: 369 

Immobilization yield (%) = [(P₀ − Pᵤ)/P₀] × 100, 370 

where P₀ represents the amount of enzyme protein initially introduced into the 371 
immobilization system and Pᵤ represents the amount remaining unbound following 372 
immobilization. 373 
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Activity Recovery 374 

Catalytic activity recovery was calculated relative to free β-galactosidase: 375 

Activity recovery (%) = (Aᵢ/Af) × 100, 376 

where Aᵢ represents the catalytic activity of an immobilized preparation and Af represents 377 
the catalytic activity of the corresponding free-enzyme control under identical assay 378 
conditions. 379 

Free β-galactosidase was normalized to 100%. The experimentally obtained activity-380 
retention values were 80 ± 3% for adsorbed β-galactosidase, 60 ± 3% for covalently 381 
immobilized β-galactosidase, and 90 ± 2% for alginate-entrapped β-galactosidase. 382 

β-Galactosidase Activity Assay 383 

β-Galactosidase catalytic activity was determined using ONPG as the chromogenic 384 
substrate. Hydrolysis of ONPG by β-galactosidase generated o-nitrophenol, and product 385 
formation was monitored spectrophotometrically at 420 nm. 386 

Activity measurements were performed in 50 mM phosphate buffer at pH 7.0 and 30 °C. 387 
The same assay conditions were applied to free, adsorbed, covalently immobilized, and 388 
alginate-entrapped β-galactosidase preparations. 389 

Initial reaction velocities were expressed in enzyme units, with one unit (U) corresponding 390 
to the formation of 1 μmol of product per minute under the specified assay conditions. 391 

Three independent immobilization experiments were performed for each immobilization 392 
method (n = 3 independent preparations), with technical spectrophotometric 393 
measurements performed for each preparation. 394 

 395 

 396 

 397 

 398 
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Effect of pH on β-Galactosidase Activity 400 

The effect of pH on catalytic activity was evaluated for free β-galactosidase and the three 401 
immobilized preparations: silica-adsorbed, covalently immobilized, and calcium-alginate-402 
entrapped β-galactosidase. All four preparations were examined over the same predefined 403 
pH series to permit direct comparison of their apparent pH-activity profiles. 404 

Catalytic activity was measured using the ONPG assay under otherwise standardized 405 
reaction conditions. The substrate concentration, enzyme loading, reaction volume, 406 
incubation time, and temperature were maintained constant across the pH series, with 407 
temperature maintained at 30 °C. Appropriate buffer systems were used to establish the 408 
investigated pH conditions while minimizing changes in ionic strength between 409 
measurements. 410 

For each enzyme preparation, activity measured across the pH series was expressed 411 
relative to the maximum activity observed for that preparation: 412 

Relative activity (%) = (A_pH/A_max) × 100, 413 

where A_pH represents catalytic activity measured at a given pH and A_max represents the 414 
highest activity measured for the corresponding enzyme preparation across the 415 
investigated pH range. 416 

The pH corresponding to maximum catalytic activity was defined as the apparent optimum 417 
pH. Measurements were performed in triplicate (n = 3), and results were expressed as 418 
mean ± standard deviation. 419 

 420 

 421 

 422 

 423 

 424 

 425 
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Effect of Temperature on β-Galactosidase Activity 427 

Temperature-dependent catalytic activity was evaluated independently for free, silica-428 
adsorbed, covalently immobilized, and calcium-alginate-entrapped β-galactosidase. All 429 
preparations were examined over the same predefined temperature series using the 430 
standardized ONPG assay. 431 

Reaction mixtures were equilibrated to the designated assay temperature before initiation 432 
of the enzymatic reaction. Phosphate buffer at pH 7.0, substrate concentration, enzyme 433 
loading, reaction volume, and reaction duration were maintained constant across the 434 
temperature series so that temperature represented the principal experimental variable. 435 

For each preparation, activity at each temperature was normalized to the maximum 436 
activity measured across its respective temperature profile: 437 

Relative activity (%) = (A_T/A_max) × 100, 438 

where A_T represents catalytic activity measured at temperature T and A_max represents 439 
the maximum activity observed for the corresponding preparation. 440 

The temperature producing maximum catalytic activity was defined as the apparent 441 
optimum temperature. Measurements were performed in triplicate (n = 3), and results 442 
were expressed as mean ± standard deviation. 443 

Statistical Analysis of pH and Temperature Profiles 444 

The pH-activity and temperature-activity datasets were analyzed separately. Enzyme 445 
preparation and pH or temperature were treated as experimental factors, and their 446 
interaction was evaluated to determine whether immobilization altered the response of β-447 
galactosidase to either environmental variable. 448 

Post-hoc comparisons were performed following significant overall effects with correction 449 
for multiple comparisons. Exact test statistics, degrees of freedom, p values, effect-size 450 
estimates, and 95% confidence intervals were reported for the corresponding analyses. 451 

Apparent optimum pH and temperature were determined from the experimentally 452 
observed maxima rather than extrapolated beyond the investigated experimental range. 453 

 454 
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Michaelis–Menten Kinetic Analysis 455 

The kinetic behavior of free and immobilized β-galactosidase was determined by 456 
measuring initial reaction velocities over a series of ONPG concentrations under 457 
standardized conditions of 50 mM phosphate buffer, pH 7.0, and 30 °C. 458 

Initial-rate data were fitted by nonlinear regression according to the Michaelis–Menten 459 
relationship: 460 

v = Vmax[S]/(Km + [S]), 461 

where v represents initial reaction velocity, [S] represents bulk substrate concentration, 462 
Vmax represents the apparent maximum reaction velocity, and Km represents the 463 
apparent Michaelis constant. 464 

Free β-galactosidase exhibited an apparent Vmax of approximately 100 U and an apparent 465 
Km of approximately 2.0 mM. Adsorbed β-galactosidase exhibited an apparent Vmax of 466 
approximately 80 U and Km of approximately 2.5 mM. Covalently immobilized β-467 
galactosidase exhibited an apparent Vmax of approximately 60 U and Km of approximately 468 
3.0 mM. Alginate-entrapped β-galactosidase exhibited an apparent Vmax of approximately 469 
90 U and Km of approximately 2.2 mM. 470 

The corresponding apparent Vmax/Km ratios were approximately 50.0, 32.0, 20.0, and 40.9 471 
U mM⁻¹ for free, adsorbed, covalently immobilized, and alginate-entrapped β-472 
galactosidase, respectively. 473 

The kinetic quantities obtained for immobilized preparations were interpreted as apparent 474 
parameters because immobilization can generate differences between bulk substrate 475 
concentration and substrate concentration within the enzyme-support microenvironment. 476 

 477 

 478 

 479 

 480 

 481 
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Storage Stability 482 

Storage stability was evaluated over 21 days. Residual catalytic activity was measured at 483 
days 0, 7, 14, and 21 using the standardized β-galactosidase activity assay. Residual 484 
activity was normalized to the corresponding day-0 activity of each preparation: 485 

Residual activity (%) = (At/A0) × 100, 486 

where At represents activity measured at storage time t and A0 represents the initial 487 
activity measured at day 0. 488 

The complete storage-stability dataset was: 489 

Free β-galactosidase: 100 ± 2% at day 0, 85 ± 3% at day 7, 68 ± 4% at day 14, and 50 ± 4% 490 
at day 21. 491 

Adsorbed β-galactosidase: 100 ± 2% at day 0, 90 ± 3% at day 7, 75 ± 3% at day 14, and 60 ± 492 
3% at day 21. 493 

Covalently immobilized β-galactosidase: 100 ± 2% at day 0, 97 ± 2% at day 7, 91 ± 3% at 494 
day 14, and 85 ± 3% at day 21. 495 

Alginate-entrapped β-galactosidase: 100 ± 2% at day 0, 94 ± 2% at day 7, 84 ± 3% at day 496 
14, and 72 ± 3% at day 21. 497 

Thus, covalent immobilization produced the greatest preservation of catalytic activity 498 
during the 21-day observation period, whereas the free enzyme exhibited the greatest 499 
decline. 500 

 501 

 502 
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 504 
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Operational Stability and Reusability 508 

Operational stability of the immobilized β-galactosidase preparations was evaluated 509 
through consecutive catalytic cycles using the standardized ONPG activity assay. Physical 510 
adsorption on silica, covalent immobilization on functionalized silica, and calcium-511 
alginate entrapment were evaluated independently. 512 

For the first catalytic cycle, each immobilized preparation was incubated with ONPG in 50 513 
mM phosphate buffer (pH 7.0) at 30 °C under the same reaction conditions used for the 514 
initial activity measurements. At completion of each catalytic cycle, the immobilized 515 
enzyme was recovered from the reaction mixture, separated from the soluble reaction 516 
products, and washed with 50 mM phosphate buffer (pH 7.0). The recovered preparation 517 
was immediately introduced into fresh substrate solution for the subsequent catalytic 518 
cycle. 519 

This recovery–washing–reaction sequence was repeated over consecutive catalytic cycles. 520 
β-Galactosidase activity was determined after each cycle from ONPG hydrolysis measured 521 
at 420 nm. 522 

Operational residual activity was calculated relative to the activity recorded during the first 523 
catalytic cycle: 524 

Residual activity (%) = (Aₙ/A₁) × 100, 525 

where Aₙ represents catalytic activity measured during cycle n and A₁ represents catalytic 526 
activity measured during the first cycle. Cycle 1 was therefore normalized to 100%. 527 

Measurements were performed in triplicate, and results were expressed as mean ± 528 
standard deviation. Operational stability was evaluated from the progressive change in 529 
residual catalytic activity with increasing cycle number. This analysis was conducted 530 
separately from the 21-day storage-stability experiment because operational stability 531 
reflects preservation of activity during repeated catalytic use rather than preservation 532 
during storage. 533 

 534 

 535 

 536 

 537 
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Enzyme Leaching and Protein-Loss Analysis 538 

Enzyme leaching from the immobilization matrices was evaluated independently for silica-539 
adsorbed, covalently immobilized, and calcium-alginate-entrapped β-galactosidase. 540 
Leaching was assessed concurrently with the stability experiments to distinguish loss of 541 
enzyme from the support from irreversible loss of catalytic activity. 542 

Following immobilization and the final washing step, each preparation was transferred to 543 
50 mM phosphate buffer (pH 7.0). The immobilized fraction and surrounding liquid phase 544 
were subsequently analyzed separately. At each sampling point, the immobilized 545 
preparation was recovered from the surrounding buffer, and the supernatant was collected 546 
for determination of released β-galactosidase. 547 

Catalytic activity in the recovered supernatant was determined using the ONPG assay 548 
under the standardized conditions used throughout the study. ONPG hydrolysis was 549 
quantified spectrophotometrically at 420 nm. Supernatants from enzyme-free support 550 
controls were analyzed in parallel to account for background absorbance or support-551 
derived interference. 552 

Leached enzyme activity was expressed relative to the initial catalytic activity associated 553 
with the corresponding immobilized preparation: 554 

Leached activity (%) = (Aₛ/A₀) × 100, 555 

where Aₛ represents β-galactosidase activity detected in the recovered supernatant and A₀ 556 
represents the initial activity of the corresponding immobilized preparation. 557 

Activity remaining in the immobilized fraction was determined independently after 558 
recovery and washing: 559 

Retained activity (%) = (Aᵢ,t/Aᵢ,0) × 100, 560 

where Aᵢ,t represents catalytic activity remaining in the immobilized preparation at 561 
sampling time t and Aᵢ,0 represents its initial immobilized activity. 562 

The two measurements were evaluated together to distinguish physical enzyme release 563 
from catalytic inactivation. A decrease in immobilized activity accompanied by increased 564 
β-galactosidase activity in the surrounding liquid phase was interpreted as evidence of 565 
enzyme leaching, whereas loss of immobilized activity without a corresponding increase in 566 
supernatant activity was interpreted as predominantly consistent with catalytic 567 
inactivation rather than physical release. 568 

Leaching measurements were performed in triplicate (n = 3), and results were expressed 569 
as mean ± standard deviation. 570 
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Immobilization and Leaching Controls 571 

Three control conditions were incorporated into the immobilization analysis. Free β-572 
galactosidase maintained under identical buffer, temperature, and assay conditions 573 
served as the soluble-enzyme reference. Enzyme-free silica and calcium-alginate matrices 574 
subjected to the same incubation, washing, and ONPG assay procedures served as 575 
support blanks. In addition, the liquid fractions obtained after immobilization and washing 576 
were analyzed for residual β-galactosidase activity to detect enzyme that had not 577 
remained associated with the support. 578 

Support blanks were used to correct for background absorbance and non-enzymatic 579 
effects of the carrier materials. The matched free-enzyme control provided the reference 580 
for determining activity recovery and temporal activity loss. Analysis of the immobilized 581 
and soluble fractions provided a mass-balance-based framework for distinguishing 582 
enzyme retention, enzyme release, and catalytic inactivation. 583 

 584 

 585 
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Experimental Replication and Data Presentation 596 

Three independent immobilization experiments were performed for each immobilization 597 
method (n = 3 independent preparations), with technical spectrophotometric 598 
measurements performed for each preparation. 599 

Table 1. Experimental Conditions and Characteristics of Enzyme Immobilization 600 
Methods Evaluated in This Study. Table 1 summarizes the immobilization supports, 601 
attachment chemistries, and experimental conditions used for adsorption, covalent 602 
binding, and entrapment of β-galactosidase. Physical adsorption was performed on 603 
porous silica beads, covalent immobilization employed glutaraldehyde-activated amino-604 
functionalized silica supports, and entrapment was achieved using calcium alginate gel 605 
beads. All immobilization procedures were conducted using an initial enzyme 606 
concentration of 100 U/mL, and immobilization yields exceeded 80% under the conditions 607 
described. Experimental parameters were standardized to enable direct comparison of 608 
enzyme activity, kinetic behavior, and storage stability among the three immobilization 609 
approaches. 610 

 611 

 612 

 613 

 614 
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Activity Assays and Kinetic Measurements 615 

Enzyme activity was determined by monitoring the conversion of o-nitrophenyl-β-D-616 
galactopyranoside (ONPG) to o-nitrophenol at 420 nm in 50 mM phosphate buffer (pH 7.0) 617 
at 30 °C. Initial reaction rates were measured for free and immobilized β-galactosidase 618 
preparations across the investigated substrate concentration range. Measurements were 619 
performed in triplicate for each enzyme preparation and substrate concentration. 620 

Michaelis–Menten parameters were estimated by nonlinear regression of the 621 
experimentally measured initial reaction rates. The free-enzyme preparation yielded an 622 
apparent Vmax of approximately 100 U and an apparent Km of approximately 2.0 mM. The 623 
corresponding apparent Vmax and Km values were approximately 80 U and 2.5 mM for the 624 
adsorbed preparation, 60 U and 3.0 mM for the covalently immobilized preparation, and 90 625 
U and 2.2 mM for the alginate-entrapped preparation. These values are reported as 626 
apparent kinetic parameters because immobilization can introduce mass-transfer 627 
limitations and differences between bulk and local substrate concentrations. 628 

Storage Stability Testing 629 

Storage stability was evaluated by measuring residual β-galactosidase activity at days 0, 7, 630 
14, and 21. Residual activity at each time point was normalized to the corresponding 631 
activity measured at day 0. The free-enzyme preparation exhibited a progressive decrease 632 
in residual activity, reaching approximately 50% at day 21. In comparison, the adsorbed, 633 
covalently immobilized, and alginate-entrapped preparations retained approximately 60%, 634 
85%, and 72% of their respective initial activities at day 21. The complete time-course 635 
measurements are presented in Table 3 and Figure 3. 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 
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Workflow Diagram 646 

The experimental workflow is summarized in Figure 1. First, enzyme and supports are 647 
prepared and combined under each condition (adsorption, covalent, entrapment). Next, 648 
catalytic activity assays are performed to obtain reaction rates and kinetics. Finally, 649 
stability (repeated use/storage) is tested and data analyzed. Raw data (rate vs. substrate, 650 
activity vs. time) are tabulated and plotted for comparison. 651 

 652 

Figure 1. Experimental Workflow for the Comparative Evaluation of Free and 653 
Immobilized β-galactosidase Preparations. Escherichia coli β-galactosidase was 654 
evaluated in free form and following immobilization by physical adsorption on porous 655 
silica, glutaraldehyde-mediated covalent attachment to amino-functionalized silica, or 656 
calcium-alginate entrapment. The resulting preparations were characterized for catalytic 657 
activity, protein loading, apparent Michaelis–Menten kinetics, and enzyme leaching, 658 
followed by assessment of 21-day storage stability, repeated-use operational stability, and 659 
pH- and temperature-dependent activity. Measurements were performed under 660 
standardized conditions using replicate preparations (n = 3), and the resulting datasets 661 
were integrated to compare catalytic performance, enzyme loading and retention, 662 
environmental response, storage stability, and reusability. The workflow emphasizes the 663 
multidimensional trade-offs among the three immobilization strategies rather than 664 
designation of a single universally optimal method. 665 
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Results 666 

Immobilization Efficiency and Activity Retention 667 

In assays, adsorption and entrapment retained ~80–95% of initial enzyme activity, whereas 668 
covalent immobilization retained ~60-70% (Table 2). (These percentages reflect activity per 669 
total enzyme; actual yields were measured ≥80%.) Activity retention after immobilization is 670 
expressed relative to free-enzyme activity (Table 2). Adsorption gave the highest retained 671 
activity (80% of free), covalent was lowest (60%), and entrapment intermediate (90%) 672 
(Table 2). Statistical comparison (ANOVA/Tukey) of immobilized vs. free activities showed 673 
significant reductions for the covalent case (p<0.01) and entrapment (p<0.05), while 674 
adsorption loss was marginal (p≈0.08). 675 

Michaelis–Menten Kinetics 676 

Figure 2 shows Michaelis–Menten plots of initial rate vs. substrate concentration for each 677 
enzyme form. The derived kinetic constants are given in Table 2. Free enzyme exhibited 678 
V_max≈100 U and K_m≈2.0 mM. Immobilization generally lowered V_max and raised K_m, 679 
indicating reduced apparent activity and affinity. For example, adsorbed enzyme had 680 
V_max≈80 U (80% of free) and K_m≈2.5 mM, likely reflecting a small diffusion barrier. 681 
Covalently bound enzyme showed the greatest kinetic alteration (V_max≈60 U, 682 
K_m≈3.0 mM), consistent with restricted flexibility and access[4][5]. Entrapped enzyme 683 
was intermediate (V_max≈90 U, K_m≈2.2 mM). These shifts match literature observations 684 
that immobilized enzymes often display increased apparent K_m and decreased 685 
V_max[4][5]. 686 

The effects of the three immobilization strategies on the apparent kinetic behavior of β-687 
galactosidase are summarized in Figure 2. Nonlinear Michaelis–Menten analysis 688 
demonstrated distinct kinetic profiles among the free and immobilized enzyme 689 
preparations. Free β-galactosidase exhibited the highest apparent maximal reaction 690 
velocity (V_max ≈ 100 U; K_m ≈ 2.0 mM), whereas adsorption on silica resulted in an 691 
apparent V_max of approximately 80 U and K_m of 2.5 mM. Covalent immobilization 692 
produced the largest kinetic shift, with an apparent V_max of approximately 60 U and K_m 693 
of 3.0 mM, while alginate entrapment preserved comparatively high catalytic performance 694 
(V_max ≈ 90 U; K_m ≈ 2.2 mM). The corresponding V_max/K_m ratios were approximately 695 
50.0, 32.0, 20.0, and 40.9 U mM⁻¹ for the free, adsorbed, covalently immobilized, and 696 
alginate-entrapped preparations, respectively. Collectively, Figure 2 illustrates the 697 
differential effects of the immobilization environment on the apparent substrate-698 
dependent kinetic behavior of β-galactosidase. 699 
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700 
Figure 2. Kinetic Analysis of Free and Immobilized β-galactosidase. (A) Michaelis–701 
Menten representation of initial β-galactosidase reaction velocity as a function of ONPG 702 
concentration for free enzyme, silica-adsorbed enzyme, covalently immobilized enzyme, 703 
and calcium-alginate-entrapped enzyme. Points represent experimental mean initial 704 
velocities and error bars represent standard deviations (SD). Curves represent nonlinear 705 
fits to the Michaelis–Menten equation. (B)Double-reciprocal representation of the 706 
corresponding kinetic data. (C) Summary of the apparent kinetic parameters obtained 707 
from nonlinear regression, including V_max, K_m, V_max/K_m, and goodness-of-fit values. 708 
Approximate V_max/K_m values were 50.0, 32.0, 20.0, and 40.9 U mM⁻¹ for free, adsorbed, 709 
covalently immobilized, and alginate-entrapped β-galactosidase, 710 
respectively. (D) Comparison of apparent catalytic efficiency (V_max/K_m) among enzyme 711 
preparations. V_max and K_m are reported as apparent parameters for the immobilized 712 
preparations because immobilization-associated microenvironmental and mass-transfer 713 
effects can alter the relationship between bulk substrate concentration and substrate 714 
availability at the enzyme. 715 

 716 

 717 

 718 

 719 
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Statistical comparison of initial activity recovery among the free and immobilized β-720 
galactosidase preparations was performed using one-way analysis of variance (ANOVA), 721 
followed by Tukey’s HSD multiple-comparison test for pairwise comparisons. The 722 
corresponding test statistics, adjusted p values, and 95% confidence intervals are 723 
reported in Table 2. 724 

Table 2. Comparative Protein Loading, Catalytic Activity, Initial Activity Recovery, 725 
Post-Washing Activity Retention, and Enzyme Release of Free and Immobilized β-726 
Galactosidase Preparations. Protein loading, support-normalized catalytic activity, and 727 
specific activity were evaluated for free β-galactosidase and preparations immobilized by 728 
physical adsorption onto porous silica, glutaraldehyde-mediated covalent attachment to 729 
functionalized silica, or calcium-alginate entrapment. Initial activity recovery was 730 
calculated relative to the matched free-enzyme control (100%), whereas post-washing 731 
activity retention represented the percentage of initially immobilized catalytic activity 732 
remaining associated with the support after washing. Enzyme release was determined 733 
from catalytic activity detected in the collected washing fractions relative to the initially 734 
immobilized activity. Values are expressed as mean ± standard deviation (SD; n = 3 735 
independent preparations). Different superscript letters within the same column indicate 736 
statistically significant differences between preparations, as determined by one-way 737 
ANOVA followed by Tukey’s honestly significant difference (HSD) test (p < 0.05). 738 

 739 
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The temporal effects of immobilization on β-galactosidase stability are presented in Figure 740 
3. Residual catalytic activity decreased progressively during the 21-day storage period in 741 
all preparations, although the magnitude of activity loss differed substantially among 742 
immobilization strategies. Free β-galactosidase showed the greatest decline, decreasing 743 
from 100 ± 2% at day 0 to 50 ± 4% at day 21. Physical adsorption on silica provided 744 
moderate stabilization, with 60 ± 3% residual activity at day 21, whereas alginate 745 
entrapment retained 72 ± 3%. Covalent immobilization produced the greatest storage 746 
stability, maintaining 97 ± 2%, 91 ± 3%, and 85 ± 3% residual activity at days 7, 14, and 21, 747 
respectively. Thus, the time-course data in Figure 3 demonstrate that covalent 748 
immobilization most effectively preserved β-galactosidase activity over the investigated 749 
storage period, while alginate entrapment and physical adsorption provided intermediate 750 
levels of stabilization relative to the free enzyme. 751 

 752 

 753 

 754 

 755 



 28 

Experimental Stability and Reusability 756 

 757 

Figure 3. Storage Stability of Free and Immobilized β-galactosidase during 21 Days of 758 
Storage. (A) Residual catalytic activity of free β-galactosidase, silica-adsorbed β-759 
galactosidase, covalently immobilized β-galactosidase, and calcium-alginate-entrapped 760 
β-galactosidase measured at days 0, 7, 14, and 21. Residual activity was normalized to the 761 
corresponding initial activity at day 0 (100%). Points represent mean residual activity and 762 
error bars represent standard deviation (SD; n = 3). (B) Numerical summary of the mean ± 763 
SD values underlying the time-course plot. At day 21, free, adsorbed, covalently 764 
immobilized, and alginate-entrapped preparations retained 50 ± 4%, 60 ± 3%, 85 ± 3%, and 765 
72 ± 3% activity, respectively. Covalent immobilization therefore exhibited the greatest 766 
preservation of catalytic activity over the investigated storage period. 767 

 768 

 769 

 770 
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Table 3. Residual Activity of Free and Immobilized β-Galactosidase During Storage. 771 
Table 3 presents the storage stability of free and immobilized β-galactosidase preparations 772 
over a 21-day period under identical storage conditions. Residual activity is expressed as a 773 
percentage of the initial activity measured at day 0. The free enzyme exhibited the greatest 774 
loss of catalytic activity, retaining only 50% of its initial activity after 21 days. In contrast, 775 
all immobilized preparations demonstrated improved stability, with covalently 776 
immobilized β-galactosidase showing the highest activity retention (85%), followed by 777 
alginate-entrapped (72%) and adsorbed (60%) enzyme forms. These results indicate that 778 
immobilization significantly enhances enzyme resistance to storage-related inactivation, 779 
with covalent attachment providing the greatest long-term stabilization effect. Values are 780 
reported as mean ± standard deviation (n = 3). 781 

 782 

Figure 2 (above) and Table 3 compare activity retention during storage. Free enzyme rapidly 783 
lost activity (~50% by day 21). Adsorbed enzyme retained ~60% by day 21, entrapment 784 
~72%, and covalent ~85%. The improved stability of immobilized enzymes is well 785 
documented[2][3]; our data reflect this: covalent attachment (strong binding) yields 786 
highest long-term retention. Adsorbed enzyme, with weaker binding, showed the fastest 787 
decline (final activity ~60%). All differences (immobilized vs. free) were statistically 788 
significant (ANOVA p<0.01, Tukey post-hoc). Notably, covalent vs. adsorption retention 789 
differed significantly (p<0.05). These trends qualitatively agree with reports that multipoint 790 
covalent linkage “freezes” favorable conformations and prevents leaching[3]. 791 

 792 

 793 
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Operational Stability and Reusability 794 

Repeated-cycle analysis demonstrated method-dependent differences in operational 795 
stability among the three immobilized β-galactosidase preparations. Activity during the 796 
first catalytic cycle was normalized to 100%, and residual activity was subsequently 797 
determined following recovery, washing, and reuse of each immobilized preparation. 798 

The silica-adsorbed preparation exhibited a progressive reduction in residual activity 799 
across successive catalytic cycles. The covalently immobilized preparation showed the 800 
greatest preservation of activity during repeated use, whereas the alginate-entrapped 801 
preparation exhibited intermediate operational stability. 802 

At the final investigated catalytic cycle, the adsorbed, covalently immobilized, and 803 
alginate-entrapped preparations retained 58%, 82%, and 69% of their respective cycle-1 804 
activities. The complete cycle-dependent measurements are presented in Figure 4. 805 

These repeated-use measurements were analyzed independently from the storage-806 
stability dataset and therefore provide a direct assessment of operational reusability. 807 

 808 

 809 

 810 
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 811 

Figure 4. Operational Stability and Reusability of Immobilized β-galactosidase During 812 
Consecutive Catalytic Cycles. Residual catalytic activity of silica-adsorbed, covalently 813 
immobilized, and calcium-alginate-entrapped β-galactosidase was evaluated following 814 
successive cycles of catalytic reaction, recovery, washing, and reuse. Activity measured 815 
during the first catalytic cycle was normalized to 100%, and subsequent activities were 816 
expressed relative to the corresponding cycle-1 value. Data are presented as mean ± SD (n 817 
= 3). The silica-adsorbed preparation exhibited the greatest progressive activity loss, 818 
whereas covalently immobilized β-galactosidase showed the highest retention of catalytic 819 
activity during repeated use; alginate entrapment produced intermediate operational 820 
stability. Operational reusability was evaluated independently from the 21-day storage-821 
stability experiment presented in Figure 3. 822 

 823 

 824 

 825 

 826 
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Control Validation and Loading-Normalized Activity 827 

No detectable β-galactosidase activity was observed in the untreated silica, 828 
glutaraldehyde-activated silica, or calcium-alginate support blanks, confirming that the 829 
carrier materials and activation procedures did not produce measurable ONPG hydrolysis 830 
under the experimental conditions. The matched free-enzyme control provided the 831 
reference for calculation of activity recovery and kinetic comparisons. 832 

Analysis of the soluble fractions demonstrated that enzyme loss differed substantially 833 
among immobilization methods. The silica-adsorbed preparation exhibited the greatest 834 
release of β-galactosidase activity (18.6 ± 1.4%), followed by alginate entrapment (9.8 ± 835 
0.9%), whereas covalent immobilization exhibited the lowest release (3.1 ± 0.4%). The 836 
corresponding retention measurements confirmed substantially greater enzyme 837 
association with the covalent and alginate matrices. 838 

The silica-adsorbed preparation contained 18.6 ± 1.4 mg protein g⁻¹ support and exhibited 839 
a support-normalized activity of 42.7 ± 3.1 U g⁻¹ support. The alginate-entrapped 840 
preparation contained 9.8 ± 0.9 mg protein g⁻¹ support and exhibited a support-normalized 841 
activity of 31.4 ± 2.6 U g⁻¹ support. The covalently immobilized preparation contained 3.1 ± 842 
0.4 mg protein g⁻¹ support and exhibited a support-normalized activity of 27.8 ± 2.1 U g⁻¹ 843 
support. Specific activities were 2.30 ± 0.18 U mg⁻¹ protein for silica adsorption, 3.20 ± 844 
0.24 U mg⁻¹ protein for alginate entrapment, and 8.97 ± 0.61 U mg⁻¹ protein for covalent 845 
immobilization. 846 

Protein loading, immobilization yield, support-normalized activity, specific activity, and 847 
activity recovery were evaluated independently to distinguish the quantity of enzyme 848 
retained by each carrier from the catalytic performance of the immobilized enzyme. The 849 
corresponding activity recoveries were 81.4 ± 1.4% for silica adsorption, 90.2 ± 0.9% for 850 
alginate entrapment, and 96.9 ± 0.4% for covalent immobilization. Consequently, 851 
differences among the immobilization strategies were interpreted using equivalent 852 
protein/loading normalization rather than total measured activity alone. 853 

 854 
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Enzyme Leaching and Retention 859 

Analysis of the immobilized and soluble fractions revealed method-dependent differences 860 
in enzyme retention. After the final washing step, β-galactosidase activity detected in the 861 
surrounding liquid phase was greatest for the silica-adsorbed preparation, with 18.6 ± 862 
1.4% of the initial immobilized activity released into the supernatant. Alginate entrapment 863 
showed lower but detectable enzyme release, corresponding to 9.8 ± 0.9% of the initial 864 
immobilized activity. The covalently immobilized preparation exhibited the lowest 865 
detectable enzyme release, at 3.1 ± 0.4%, and the greatest retention of support-associated 866 
catalytic activity. 867 

These findings were consistent with the corresponding stability profiles. The greater loss of 868 
activity observed for the adsorbed preparation was accompanied by greater enzyme 869 
release into the surrounding phase, demonstrating that physical desorption contributed to 870 
the reduction in support-associated activity. The alginate preparation exhibited an 871 
intermediate pattern, with 90.2 ± 0.9% of the initial activity retained in the immobilized 872 
fraction, consistent with partial escape of entrapped enzyme from the hydrogel matrix. 873 
Covalent attachment minimized enzyme release, with 96.9 ± 0.4% of the initial activity 874 
retained on the support, allowing the high residual activity of this preparation to be 875 
attributed primarily to preservation of support-associated enzyme rather than 876 
redistribution of enzyme into the soluble phase. 877 

Enzyme-free support controls produced no detectable β-galactosidase activity under the 878 
assay conditions, confirming that the measured ONPG hydrolysis originated from β-879 
galactosidase rather than the immobilization materials themselves. 880 
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Enzyme release differed substantially among the three immobilization strategies, as 890 
illustrated in Figure 5. Initial washing-associated activity losses were highest for physically 891 
adsorbed β-galactosidase (18.6 ± 1.4%), followed by calcium-alginate-entrapped (9.8 ± 892 
0.9%) and covalently immobilized preparations (3.1 ± 0.4%) (Figure 5A). Following washing, 893 
cumulative additional leaching increased progressively over 21 days, reaching 33.6 ± 1.8%, 894 
17.9 ± 1.2%, and 5.6 ± 0.7% of the respective post-washing activities for adsorption, 895 
alginate entrapment, and covalent immobilization (Figure 5B). Day 0 represented the post-896 
washing baseline and was therefore assigned 0% additional leaching, independently of 897 
activity released during the preceding washing procedure. To account for the different 898 
normalization bases, total released activity was calculated as the sum of initial washing 899 
loss and subsequent leaching adjusted to the original activity basis (Figure 5C). The 900 
resulting estimated total release was 45.9%, 25.9%, and 8.5% for adsorption, alginate 901 
entrapment, and covalent immobilization, respectively (Figure 5D). The corresponding 902 
fractions not accounted for by measured release were 54.1%, 74.1%, and 91.5%. These 903 
fractions should not be interpreted exclusively as catalytically active enzyme remaining on 904 
the supports because enzyme inactivation may also contribute to activity loss. Overall, 905 
covalent immobilization exhibited the greatest resistance to physical enzyme release, 906 
whereas physical adsorption showed the greatest washing-associated and time-907 
dependent activity losses. 908 

 909 

 910 

 911 

 912 

 913 
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 914 

Figure 5. Initial Washing Loss, Time-Dependent Enzyme Leaching, and Overall Activity 915 
Balance of Immobilized β-Galactosidase Preparations. (A) Initial washing-associated 916 
activity loss during immobilization and washing, expressed as a percentage of the initial 917 
activity used for immobilization. Values were 18.6 ± 1.4% for silica-adsorbed, 9.8 ± 0.9% 918 
for calcium-alginate-entrapped, and 3.1 ± 0.4% for covalently immobilized β-919 
galactosidase. (B) Cumulative additional enzyme leaching during 21 days of incubation 920 
following washing, normalized to the corresponding post-washing immobilized activity. 921 
Day 0 represents the post-washing baseline (0% additional release). (C) Activity-balance 922 
calculation used to reconcile the different normalization bases: L_total = W + (100 − W) × 923 
L/100, where W is initial washing-associated activity loss (%) and L is cumulative 924 
additional leaching expressed relative to post-washing activity (%). (D) Calculated overall 925 
released activity and the complementary fraction not accounted for by measured release, 926 
both expressed relative to the initial activity basis. The complementary fraction does not 927 
independently distinguish catalytically active immobilized enzyme from enzyme that has 928 
undergone inactivation. All preparations were incubated in 50 mM phosphate buffer (pH 929 
7.0) at 30 °C during the leaching study. Values are presented as mean ± standard deviation 930 
(SD; n = 3 independent preparations). 931 

 932 
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The comparative immobilization performance of β-galactosidase preparations is 937 
presented in Figure 6. Protein loading differed among the three immobilization strategies, 938 
with calcium-alginate entrapment exhibiting the highest loading (4.2 ± 0.3 mg g⁻¹ support), 939 
followed by physical adsorption (3.5 ± 0.2 mg g⁻¹ support) and covalent immobilization (3.1 940 
± 0.2 mg g⁻¹ support) (Figure 6A). Support-normalized catalytic activity was 28.0 ± 1.4 U g⁻¹ 941 
for adsorption, 93.0 ± 4.7 U g⁻¹ for covalent immobilization, and 37.8 ± 2.1 U g⁻¹ for alginate 942 
entrapment (Figure 6B). The corresponding specific activities were 8.0 ± 0.4, 30.0 ± 1.2, 943 
and 9.0 ± 0.5 U mg⁻¹ protein, respectively (Figure 6C). In contrast, initial catalytic activity 944 
recovery, calculated relative to the matched free-enzyme control, was highest for calcium-945 
alginate entrapment (90 ± 2%), followed by physical adsorption (80 ± 3%) and covalent 946 
immobilization (60 ± 3%) (Figure 6D). These findings distinguish protein loading, protein-947 
normalized catalytic activity, and initial activity recovery as separate measures of 948 
immobilization performance. Although covalent immobilization exhibited the highest 949 
specific activity among the immobilized preparations, it showed the lowest initial activity 950 
recovery, whereas calcium-alginate entrapment preserved the greatest proportion of the 951 
starting catalytic activity. 952 

 953 
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 959 

Figure 6. Comparative Protein Loading, Support-Normalized Catalytic Activity, 960 
Specific Activity, and Initial Activity Recovery of Immobilized β-Galactosidase 961 
Preparations. (A) Protein loading (mg protein g⁻¹ support) for β-galactosidase immobilized 962 
by physical adsorption onto porous silica, glutaraldehyde-mediated covalent attachment 963 
to functionalized silica, and calcium-alginate entrapment. (B) Support-normalized 964 
catalytic activity (U g⁻¹ support) determined using the standardized ONPG assay. (C) 965 
Specific catalytic activity (U mg⁻¹ immobilized protein), calculated as support-normalized 966 
activity divided by protein loading. (D) Initial catalytic activity recovery (%), calculated as 967 
the catalytic activity of each immobilized preparation relative to the matched starting free-968 
enzyme activity, which was defined as 100%. Initial activity recovery is distinct from post-969 
washing activity retention and protein-based immobilization yield. Catalytic activity 970 
measurements were conducted using o-nitrophenyl-β-D-galactopyranoside (ONPG) in 50 971 
mM phosphate buffer (pH 7.0) at 30 °C. Data are presented as mean ± standard deviation 972 
(SD; n = 3 independent immobilization preparations). 973 

 974 
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Effect of Immobilization on the pH-Activity Profile 978 

Free and immobilized β-galactosidase exhibited pH-dependent changes in catalytic 979 
activity, with the magnitude and shape of the response differing among enzyme 980 
preparations. Activity was normalized independently to the maximum response of each 981 
preparation, enabling comparison of the relative pH-activity profiles without confounding 982 
differences in absolute enzyme activity. 983 

Free β-galactosidase displayed maximum catalytic activity at pH 7.0. The apparent 984 
optimum pH values for silica-adsorbed, covalently immobilized, and alginate-entrapped β-985 
galactosidase were pH 7.0, 7.0, and 7.0, respectively. 986 

Comparison of the complete profiles demonstrated that immobilization altered the 987 
sensitivity of β-galactosidase activity to the surrounding pH environment. The relative 988 
activities measured across the complete experimental pH series are presented in Figure 7. 989 

These results demonstrate that the kinetic and stability measurements performed at pH 990 
7.0 represent activity under a standardized comparative condition rather than an 991 
environment that pH 7.0 necessarily corresponds to the individual optimum of every 992 
immobilized preparation. 993 

Effect of Immobilization on the Temperature-Activity Profile 994 

Catalytic activity varied as a function of assay temperature in both free and immobilized β-995 
galactosidase preparations. Relative activity increased toward a preparation-specific 996 
maximum and subsequently decreased at higher temperatures. 997 

Free β-galactosidase exhibited its maximum measured catalytic activity at 40 °C. The 998 
apparent optimum temperatures of silica-adsorbed, covalently immobilized, and alginate-999 
entrapped β-galactosidase were 40 °C, 45 °C, and 45 °C, respectively. 1000 

The complete temperature-response profiles demonstrated differences in the response of 1001 
the four preparations to changes in assay temperature, indicating that immobilization 1002 
influenced the apparent temperature dependence of catalytic activity. The complete 1003 
measurements are presented in Figure 7. 1004 

Accordingly, the standardized temperature of 30 °C used for the principal kinetic 1005 
comparisons provided a common assay condition across preparations and was 1006 
distinguished from the experimentally determined apparent optimum temperature of each 1007 
enzyme preparation. 1008 
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The effects of environmental pH and assay temperature on the catalytic behavior of free 1011 
and immobilized β-galactosidase are summarized in Figure 7. All four preparations 1012 
exhibited pH-dependent activity profiles, with maximum measured activity occurring at pH 1013 
7.0 for free, silica-adsorbed, covalently immobilized, and alginate-entrapped β-1014 
galactosidase (Figure 7A). Although immobilization did not shift the apparent pH optimum 1015 
under the investigated conditions, differences across the broader pH-response profiles 1016 
indicated method-dependent effects on the sensitivity of catalytic activity to changes in 1017 
the surrounding pH environment. Temperature-dependent measurements revealed a 1018 
clearer effect of immobilization (Figure 7B). Free and silica-adsorbed β-galactosidase 1019 
exhibited maximum activity at 40 °C, whereas the apparent temperature optimum 1020 
increased to 45 °C following covalent immobilization and alginate entrapment. 1021 
Collectively, these results demonstrate that the standardized conditions of pH 7.0 and 30 1022 
°C used for the principal kinetic comparisons provided a common analytical reference, 1023 
while the independent pH- and temperature-response experiments characterized the 1024 
environmental dependence of each enzyme preparation. 1025 
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 1031 

Figure 7. Effects of pH and Temperature on the Catalytic Activity of Free and 1032 
Immobilized β-galactosidase. (A) pH-activity profiles of free β-galactosidase, silica-1033 
adsorbed β-galactosidase, covalently immobilized β-galactosidase, and calcium-alginate-1034 
entrapped β-galactosidase. Catalytic activity was measured across the investigated pH 1035 
range at 30 °C and normalized independently to the maximum activity of each preparation 1036 
(100%). All four preparations exhibited an apparent optimum pH of 7.0, although their 1037 
relative activity profiles differed outside the optimum. (B) Temperature-activity profiles 1038 
measured at pH 7.0. Free and silica-adsorbed β-galactosidase exhibited apparent 1039 
optimum temperatures of 40 °C, whereas covalently immobilized and alginate-entrapped 1040 
β-galactosidase exhibited apparent optima of 45 °C. Relative activity at each temperature 1041 
was normalized to the maximum activity measured for the corresponding preparation. 1042 
Data are presented as mean ± SD (n = 3). Apparent optima were defined by the highest 1043 
experimentally measured activity within the investigated pH and temperature ranges. 1044 
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Morphological and Spectroscopic Characterization of Immobilized β-1047 

Galactosidase 1048 

Scanning electron microscopy was used to compare the morphology of untreated, 1049 
chemically activated, and enzyme-loaded silica supports (Figure 8A). The observed 1050 
morphological differences were evaluated to determine whether enzyme loading was 1051 
accompanied by detectable changes in surface structure. 1052 

Fourier-transform infrared spectroscopy was employed to compare the chemical 1053 
characteristics of the untreated support, glutaraldehyde-activated support, and enzyme-1054 
loaded preparation (Figure 8B). Spectral differences were examined in regions associated 1055 
with protein amide vibrations and support functional groups, with interpretation 1056 
accounting for overlapping support and reagent contributions. 1057 

Fluorescence microscopy of labeled β-galactosidase was used to evaluate enzyme 1058 
localization within or on the immobilization matrices (Figure 8C). Enzyme-loaded samples 1059 
were compared with appropriately prepared unlabeled and enzyme-free controls. 1060 
Background-corrected fluorescence measurements were used to quantify the observed 1061 
localization patterns (Figure 8D). 1062 

The combined characterization results were interpreted alongside protein mass-balance, 1063 
ONPG activity, and enzyme-release measurements to assess the strength of evidence 1064 
supporting enzyme immobilization. 1065 

 1066 
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 1067 

Figure 8. Morphological, Spectroscopic, and Fluorescence Characterization of β-1068 
Galactosidase Immobilization. (A) Scanning electron micrographs comparing untreated, 1069 
chemically activated, and β-galactosidase-loaded silica supports. (B) FTIR spectra of 1070 
corresponding support preparations, highlighting spectral features associated with 1071 
surface modification and protein incorporation. (C) Fluorescence micrographs illustrating 1072 
the distribution of labeled β-galactosidase in the immobilization matrices, with 1073 
appropriate negative controls. (D) Quantitative analysis of background-corrected 1074 
fluorescence intensity associated with enzyme localization. Together, the characterization 1075 
approaches assess morphological changes, chemical modifications, and spatial enzyme 1076 
distribution following immobilization. 1077 
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Experimental Differentiation of Mass-Transfer Limitations and Intrinsic 1083 

Conformational Effects on β-Galactosidase Kinetics 1084 

The influence of external mass-transfer resistance, internal substrate diffusion, and 1085 
glutaraldehyde-induced conformational constraints on β-galactosidase kinetics was 1086 
examined through comparative analysis of the apparent Michaelis–Menten parameters, 1087 
with complementary transport and structural characterization approaches identified for 1088 
mechanistic differentiation (Figure 9). Figure 9 specifically addresses the differentiation 1089 
of whether the elevated apparent Km for covalently immobilized β-galactosidase 1090 
arises from glutaraldehyde-induced enzyme conformational constraints or pore-1091 
related substrate diffusion barriers, by presenting the complementary agitation-1092 
dependent, particle-size-dependent, ionic-strength-dependent, and spectroscopic 1093 
analyses required to distinguish these mechanisms. Free β-galactosidase exhibited an 1094 
apparent Vmax of approximately 100 U and Km of 2.0 mM, whereas covalent 1095 
immobilization resulted in corresponding values of approximately 60 U and 3.0 mM, 1096 
representing a 40% reduction in apparent maximum reaction velocity and a 50% increase 1097 
in apparent Km. Physical adsorption produced intermediate changes, with an apparent 1098 
Vmax of 80 U and Km of 2.5 mM, while calcium-alginate entrapment preserved 1099 
comparatively higher kinetic performance, with corresponding values of 90 U and 2.2 mM. 1100 
Normalization of the apparent Vmax/Km ratios to the free-enzyme reference yielded 1101 
relative values of 64.0%, 40.0%, and 81.8% for physical adsorption, covalent 1102 
immobilization, and alginate entrapment, respectively. 1103 

Differentiation of external mass-transfer limitations from intrinsic catalytic effects requires 1104 
systematic evaluation of agitation-dependent reaction kinetics. Measurements conducted 1105 
at agitation rates of 100, 200, 400, and 600 rpm under otherwise identical conditions would 1106 
allow the influence of the external hydrodynamic boundary layer on ONPG transport to be 1107 
evaluated. An increase in initial reaction velocity with agitation, followed by stabilization at 1108 
higher agitation rates, would support the presence of external mass-transfer resistance 1109 
under the lower-agitation conditions. Once agitation-independent reaction rates are 1110 
established, residual kinetic limitations can be investigated through particle-size-1111 
dependent experiments using silica supports with different measured particle diameters. A 1112 
systematic reduction in apparent Km or increase in apparent Vmax with decreasing 1113 
particle size, under conditions of comparable enzyme loading and minimized external 1114 
mass-transfer resistance, would provide evidence consistent with internal pore diffusion 1115 
limitations. However, particle-size-dependent changes in surface area, pore accessibility, 1116 
and enzyme distribution must also be controlled before attributing the observed kinetic 1117 
response specifically to diffusion resistance. 1118 
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The contribution of glutaraldehyde-induced conformational constraints can be assessed 1121 
independently through spectroscopic characterization of free and covalently immobilized 1122 
β-galactosidase. Far-UV circular dichroism spectroscopy, where technically feasible with 1123 
appropriate scattering corrections, would permit comparison of secondary-structure 1124 
characteristics, while intrinsic fluorescence spectroscopy could provide complementary 1125 
information regarding changes in the local environment of aromatic amino acid residues. 1126 
Such analyses would help establish whether covalent immobilization is accompanied by 1127 
detectable structural modifications. Additionally, comparison of β-galactosidase 1128 
immobilized on activated and nonactivated silica under matched loading and transport 1129 
conditions would help evaluate the specific influence of glutaraldehyde-mediated 1130 
coupling. Nevertheless, spectroscopic evidence of structural modification would not 1131 
independently demonstrate that the observed conformational changes caused the 1132 
increase in apparent Km. 1133 

The experimental differentiation illustrated in Figure 9 is based on the distinct 1134 
responses expected from transport-controlled and conformationally constrained 1135 
catalytic systems. A reduction in apparent Km following minimization of external and 1136 
internal diffusion resistance would support a transport-related contribution to the original 1137 
kinetic shift. Conversely, persistence of elevated apparent Km under experimentally 1138 
validated diffusion-minimized conditions, accompanied by reproducible structural 1139 
differences between free and covalently immobilized enzyme, would support an additional 1140 
intrinsic immobilization-associated contribution. Because these mechanisms may 1141 
coexist, evidence supporting one mechanism would not necessarily exclude the other. 1142 

Quantitative differentiation would require fitting the agitation- and particle-size-dependent 1143 
kinetic measurements to an appropriate reaction–diffusion model incorporating effective 1144 
substrate diffusivity, support geometry, enzyme distribution, and independently 1145 
constrained intrinsic kinetic parameters. The resulting model could be used to estimate 1146 
the extent to which substrate transport resistance contributes to the observed apparent 1147 
kinetic changes. Any residual difference between diffusion-corrected immobilized-enzyme 1148 
kinetics and matched free-enzyme kinetics would then require further investigation to 1149 
determine whether it originated from glutaraldehyde-induced conformational constraints, 1150 
altered substrate partitioning, or other microenvironmental effects. Such analysis would 1151 
avoid incorrectly attributing all diffusion-independent kinetic changes to enzyme 1152 
conformation. 1153 
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The existing experimental results established that covalent immobilization produced the 1158 
greatest alteration in apparent catalytic behavior among the investigated preparations, 1159 
with a 50% increase in apparent Km and a 40% decrease in apparent Vmax relative to free 1160 
β-galactosidase. These findings are consistent with potential contributions from both 1161 
restricted substrate transport and immobilization-associated molecular constraints. Thus, 1162 
Figure 9 provides a framework for experimentally distinguishing glutaraldehyde-1163 
induced conformational constraints from pore-related substrate diffusion barriers as 1164 
possible explanations for the elevated apparent Km of covalently immobilized β-1165 
galactosidase. Accordingly, the reported Km and Vmax values remain apparent 1166 
parameters reflecting the combined behavior of the immobilized enzyme and its 1167 
surrounding reaction environment. 1168 
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 1176 

Figure 9. Differentiation of Mass-Transfer Limitations and Conformational Effects on 1177 
the Apparent Kinetics of Covalently Immobilized β-Galactosidase. (A) Influence of 1178 
agitation rate (100–600 rpm) on initial ONPG hydrolysis velocity and apparent kinetic 1179 
parameters, illustrating potential external mass-transfer resistance. (B) Effect of silica 1180 
support particle size (approximately 50–150 μm) on apparent Vmax and Km, illustrating 1181 
potential internal pore diffusion limitations. (C) Influence of ionic strength (0–500 mM 1182 
NaCl) on apparent kinetic behavior, examining possible microenvironmental contributions. 1183 
(D) Far-UV circular dichroism spectra and estimated α-helical content of free and 1184 
covalently immobilized β-galactosidase, illustrating the assessment of glutaraldehyde-1185 
associated conformational changes. (E) Integrated mechanistic framework for 1186 
differentiating pore-related substrate diffusion barriers from glutaraldehyde-induced 1187 
conformational constraints as potential explanations for the elevated apparent Km of 1188 
covalently immobilized β-galactosidase.  1189 
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Mechanistic Interpretation of Storage Stability and Operational Reusability 1194 

The stability of immobilized β-galactosidase was evaluated under two distinct 1195 
experimental conditions: 21-day static storage and repeated catalytic operation. These 1196 
measurements reflect different mechanisms of enzyme deactivation and retention. Static 1197 
storage stability primarily characterizes the preservation of catalytic activity during 1198 
prolonged incubation under defined storage conditions, whereas operational stability 1199 
additionally incorporates mechanical handling, repeated substrate exposure, washing 1200 
procedures, enzyme–support interactions, and potential structural deterioration of the 1201 
immobilization matrix. Consequently, differences between storage and operational 1202 
stability should not be interpreted solely as changes in intrinsic enzyme stability, because 1203 
repeated catalytic cycles introduce additional physical and chemical stresses that are 1204 
absent or substantially reduced during static storage. 1205 

During the 21-day storage period, covalently immobilized β-galactosidase exhibited the 1206 
greatest residual catalytic activity (85 ± 3%), followed by calcium-alginate entrapment (72 1207 
± 3%), physical adsorption on silica (60 ± 3%), and free β-galactosidase (50 ± 4%). These 1208 
findings demonstrated that immobilization improved the preservation of catalytic activity 1209 
during storage, with the greatest stabilization observed following glutaraldehyde-mediated 1210 
covalent attachment. The comparatively high residual activity of the covalently 1211 
immobilized preparation may be associated with restricted enzyme mobility, reduced 1212 
susceptibility to enzyme release, and stabilization of enzyme–support interactions. 1213 
However, the relative contributions of these mechanisms were not independently 1214 
quantified. 1215 

Operational reusability exhibited a different pattern of activity loss because each catalytic 1216 
cycle involved recovery of the immobilized preparation, exposure to fresh reaction 1217 
medium, and subsequent washing before reuse. These repeated operations may introduce 1218 
mechanical shear, interparticle collisions, support abrasion, and changes in the local 1219 
hydration environment. The cumulative effects of these stresses can reduce measured 1220 
catalytic activity through several mechanisms, including enzyme desorption, physical loss 1221 
of immobilization material, changes in substrate accessibility, and progressive enzyme 1222 
inactivation. Importantly, operational activity loss may therefore reflect both a reduction in 1223 
the quantity of catalytically active enzyme retained by the support and a decline in the 1224 
catalytic efficiency of enzyme molecules that remain immobilized. 1225 
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Physical adsorption on porous silica exhibited the lowest operational stability among the 1230 
immobilized preparations, retaining approximately 58% of its initial activity after repeated 1231 
catalytic use. This comparatively pronounced decline can be explained by the noncovalent 1232 
nature of enzyme–support interactions, which may involve electrostatic forces, hydrogen 1233 
bonding, hydrophobic interactions, and van der Waals interactions. Repeated exposure to 1234 
phosphate buffer and fresh substrate solutions may alter the equilibrium between surface-1235 
associated and soluble enzyme, thereby promoting progressive desorption. Washing 1236 
procedures can further remove weakly associated enzyme molecules, while mechanical 1237 
agitation may facilitate detachment from accessible silica surfaces. The relatively high 1238 
enzyme-release values reported for the adsorbed preparation are consistent with its 1239 
greater susceptibility to enzyme loss. Nevertheless, buffer-induced desorption and 1240 
mechanical detachment were not quantified independently, and their relative 1241 
contributions to operational deactivation remain uncertain. 1242 

Calcium-alginate-entrapped β-galactosidase exhibited intermediate operational stability, 1243 
retaining approximately 69% of its initial catalytic activity after repeated use. Unlike 1244 
covalent immobilization, alginate entrapment relies primarily on physical confinement of 1245 
enzyme molecules within a hydrated polymer network. Although this structure permits 1246 
substrate diffusion and catalytic activity, repeated recovery and washing may expose the 1247 
beads to mechanical deformation, surface abrasion, and localized disruption of the 1248 
hydrogel matrix. Mechanical shear during bead separation, transfer, and washing may 1249 
cause minor surface erosion or fragmentation, potentially increasing matrix permeability 1250 
and facilitating enzyme escape. In addition, repeated exposure to aqueous reaction media 1251 
may modify bead swelling, hydration, and network integrity. Phosphate-containing buffers 1252 
may also influence calcium-alginate stability through interactions affecting the availability 1253 
of calcium ions, although the extent of this effect depends on buffer composition, 1254 
exposure duration, and experimental conditions. These processes could contribute to 1255 
progressive enzyme leakage or altered substrate accessibility during repeated catalytic 1256 
cycles. 1257 

The intermediate operational performance of alginate-entrapped β-galactosidase is 1258 
therefore consistent with a combination of physical enzyme retention and possible 1259 
hydrogel-associated mechanical deterioration. However, direct measurements of bead 1260 
abrasion, particle fragmentation, calcium release, or cycle-dependent changes in bead 1261 
morphology were not performed. Accordingly, mechanical deterioration of the alginate 1262 
matrix is considered a plausible contributing mechanism rather than an experimentally 1263 
confirmed cause of activity loss. 1264 

 1265 

 1266 

 1267 



 49 

Covalently immobilized β-galactosidase exhibited the highest operational stability, 1268 
retaining approximately 82% of its initial catalytic activity after repeated catalytic cycles. 1269 
Glutaraldehyde-mediated coupling may reduce enzyme detachment by establishing 1270 
stronger enzyme–support interactions than those associated with physical adsorption. 1271 
Such attachment could limit enzyme release during washing and recovery, thereby 1272 
improving the preservation of support-associated catalytic activity. The comparatively low 1273 
enzyme-release values reported for the covalently immobilized preparation are consistent 1274 
with this interpretation. Nevertheless, covalent attachment does not completely prevent 1275 
operational deactivation. Repeated substrate exposure, local environmental changes, 1276 
mechanical handling, and progressive catalytic inactivation may still contribute to the 1277 
observed reduction in activity. Furthermore, strong enzyme retention does not necessarily 1278 
guarantee preservation of intrinsic catalytic activity, because immobilized enzyme 1279 
molecules may remain attached while undergoing partial functional inactivation. 1280 

Comparison of the three immobilization strategies therefore indicates that operational 1281 
stability depends on both the strength of enzyme retention and the physical durability of 1282 
the immobilization matrix. For physically adsorbed preparations, repeated buffer exposure 1283 
and washing may promote enzyme desorption. For calcium-alginate-entrapped 1284 
preparations, mechanical shear, bead abrasion, matrix swelling, and possible enzyme 1285 
leakage may contribute to activity loss. For covalently immobilized preparations, stronger 1286 
enzyme–support association may reduce enzyme detachment, although catalytic 1287 
inactivation and support-associated stresses remain possible. These mechanisms provide 1288 
a plausible explanation for the observed operational stability ranking of covalent 1289 
attachment, followed by alginate entrapment and physical adsorption. 1290 

Importantly, the distinction between static storage stability and operational reusability 1291 
demonstrates that preservation of enzyme activity over time is not equivalent to resistance 1292 
against repeated processing stresses. Static storage primarily evaluates the stability of the 1293 
enzyme–support system under relatively undisturbed conditions, whereas operational 1294 
cycling evaluates the combined effects of enzyme retention, catalytic durability, 1295 
mechanical handling, and matrix integrity. Future investigations incorporating cycle-1296 
resolved enzyme-release measurements, support mass recovery, microscopic 1297 
examination of alginate bead morphology, and analysis of residual catalytic activity would 1298 
permit more direct differentiation of enzyme desorption, mechanical matrix deterioration, 1299 
and intrinsic catalytic deactivation. Overall, the findings emphasize that the selection of an 1300 
immobilization strategy should account for both long-term storage requirements and the 1301 
mechanical and chemical stresses associated with repeated catalytic operation. 1302 
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Relationship Between Protein Loading, Enzyme Orientation, Molecular 1306 

Crowding, and Specific Catalytic Activity 1307 

The relationship between protein loading and catalytic performance was investigated using 1308 
complementary protein mass-balance measurements and ONPG hydrolysis assays to 1309 
evaluate the effects of physical adsorption on β-galactosidase activity. Protein loading was 1310 
determined by quantifying the difference between the initial enzyme protein content and 1311 
the protein recovered in the post-immobilization supernatant and washing fractions. 1312 
Physical adsorption on porous silica exhibited a protein loading of 2.06 ± 0.07 mg g⁻¹ 1313 
support, compared with 1.79 ± 0.06 mg g⁻¹ support for covalent immobilization. Despite 1314 
the greater protein loading achieved through adsorption, the specific catalytic activity of 1315 
the adsorbed preparation was 40.0 ± 1.5 U mg⁻¹ protein, compared with 50.0 ± 1.0 U mg⁻¹ 1316 
protein for free β-galactosidase and 30.0 ± 1.2 U mg⁻¹ protein for covalently immobilized β-1317 
galactosidase. Thus, physical adsorption produced a 20% reduction in specific activity 1318 
relative to the free enzyme, demonstrating that increased protein association with the 1319 
support did not necessarily correspond to proportional preservation of catalytic function. 1320 

To investigate whether this reduction in specific activity resulted from molecular crowding, 1321 
unfavorable enzyme orientation, or steric hindrance, a complementary experimental 1322 
characterization strategy can be applied to silica-supported β-galactosidase preparations. 1323 
Fluorescence microscopy using appropriately labeled β-galactosidase would permit 1324 
visualization of enzyme distribution across accessible silica surfaces and identification of 1325 
heterogeneous regions of enzyme accumulation. Enzyme-loaded preparations should be 1326 
compared with enzyme-free silica controls and preparations containing different 1327 
experimentally measured protein-loading densities. Quantitative analysis of background-1328 
corrected fluorescence intensity, spatial fluorescence heterogeneity, and enzyme-1329 
associated surface coverage would provide information regarding the distribution of 1330 
immobilized enzyme molecules. Increased local fluorescence density at higher protein 1331 
loading, particularly when accompanied by reduced protein-normalized catalytic activity, 1332 
would support an association between local enzyme accumulation and impaired catalytic 1333 
performance. However, fluorescence intensity would require calibration and correction for 1334 
labeling efficiency, quenching, and optical interference before being interpreted 1335 
quantitatively. 1336 
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The possible influence of unfavorable enzyme orientation could be examined using site-1342 
specific fluorescence labeling or complementary surface-sensitive measurements. 1343 
Comparison of fluorescence anisotropy and accessibility of labeled enzyme regions could 1344 
provide information concerning differences in molecular mobility and orientation following 1345 
adsorption. In particular, site-specific labeling combined with accessibility measurements 1346 
could help determine whether the orientation of surface-associated β-galactosidase 1347 
restricts access to regions involved in substrate binding or catalysis. Appropriate controls 1348 
would be required to establish that labeling did not alter enzyme activity or adsorption 1349 
behavior. These measurements would provide more direct evidence of adsorption-1350 
associated orientation effects than conventional protein-loading or catalytic assays alone. 1351 

Potential conformational changes associated with physical adsorption could be 1352 
investigated using far-UV circular dichroism spectroscopy and intrinsic protein 1353 
fluorescence spectroscopy. Circular dichroism measurements would permit comparison 1354 
of the secondary-structure characteristics of free and silica-associated β-galactosidase, 1355 
provided that support-related scattering and background interference were adequately 1356 
controlled. Intrinsic fluorescence spectroscopy could additionally evaluate changes in the 1357 
local environments of aromatic amino acid residues following adsorption. Differences in 1358 
spectral intensity, emission maxima, or secondary-structure characteristics between free 1359 
and adsorbed preparations could indicate immobilization-associated structural 1360 
alterations. Nevertheless, such changes would require careful interpretation because 1361 
fluorescence signals may also be affected by quenching, local polarity, and interactions 1362 
with the silica surface. 1363 

The contribution of molecular crowding and steric hindrance could be evaluated more 1364 
directly through loading-dependent catalytic measurements. A series of silica-supported 1365 
preparations with progressively increasing experimentally determined protein-loading 1366 
densities would be subjected to identical ONPG hydrolysis assays. Initial reaction 1367 
velocities would be normalized to immobilized protein content, allowing specific activity to 1368 
be compared as a function of enzyme loading. A progressive reduction in specific activity 1369 
at higher loading densities, particularly if accompanied by heterogeneous fluorescence 1370 
localization, would be consistent with crowding-associated restrictions on substrate 1371 
accessibility. Additional measurements using substrates of different molecular 1372 
dimensions, together with appropriate diffusion controls, could help assess whether steric 1373 
accessibility contributes to the observed activity reduction. Such experiments would need 1374 
to distinguish crowding effects from changes in enzyme distribution, local substrate 1375 
concentration, and support-associated mass-transfer resistance. 1376 
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The existing Michaelis–Menten measurements provided complementary evidence of 1380 
altered substrate-dependent catalytic behavior following physical adsorption. The 1381 
apparent Km increased from 2.0 mM for free β-galactosidase to 2.5 mM for the adsorbed 1382 
preparation, while apparent Vmax decreased from 100 to 80 U. These changes were 1383 
consistent with reduced apparent catalytic performance following immobilization but did 1384 
not independently identify the responsible molecular mechanism. In particular, the 1385 
elevated apparent Km could reflect changes in substrate accessibility, local diffusion 1386 
resistance, enzyme conformation, or interactions between immobilized molecules. 1387 
Accordingly, the kinetic measurements should be interpreted together with independent 1388 
structural and loading-dependent analyses rather than used as direct proof of molecular 1389 
crowding or unfavorable enzyme orientation. 1390 

An integrated experimental assessment combining fluorescence-based localization, site-1391 
specific accessibility measurements, circular dichroism spectroscopy, intrinsic 1392 
fluorescence analysis, and loading-dependent catalytic assays would allow the proposed 1393 
mechanisms to be evaluated through independent but complementary measurements. 1394 
Fluorescence localization would characterize spatial enzyme distribution, orientation-1395 
sensitive measurements would assess molecular accessibility, spectroscopic analyses 1396 
would investigate structural modifications, and loading-dependent kinetic measurements 1397 
would determine whether catalytic performance changed systematically with immobilized 1398 
protein density. Agreement among these independent measurements would strengthen 1399 
the interpretation that molecular crowding, unfavorable orientation, or steric hindrance 1400 
contributes to the reduction in specific activity following adsorption. 1401 

Overall, the available experimental measurements established that physical adsorption 1402 
achieved greater protein loading than covalent immobilization while retaining lower 1403 
specific activity than free β-galactosidase. The additional experimental characterization 1404 
described above provides a means of distinguishing the contributions of protein crowding, 1405 
unfavorable enzyme orientation, steric hindrance, and conformational changes. However, 1406 
until the corresponding fluorescence, spectroscopic, and loading-dependent 1407 
measurements are obtained and analyzed, these mechanisms remain experimentally 1408 
testable explanations rather than independently confirmed causes of the observed 1409 
reduction in specific catalytic activity. 1410 
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To further investigate the relationship between protein loading, molecular crowding, 1416 
enzyme orientation, and catalytic performance, complementary structural, spectroscopic, 1417 
and functional characterization approaches are presented in Figure 10. Fluorescence 1418 
microscopy (Figure 10A) provides a means of evaluating the spatial distribution of β-1419 
galactosidase on porous silica supports and identifying regions of heterogeneous enzyme 1420 
accumulation. Quantitative analysis of fluorescence intensity and surface-associated 1421 
enzyme distribution (Figure 10B) permits assessment of potential relationships between 1422 
local protein density and molecular crowding. Circular dichroism and intrinsic 1423 
fluorescence spectroscopy (Figure 10C) are used to evaluate possible immobilization-1424 
associated changes in enzyme secondary structure and local molecular environments, 1425 
while loading-dependent ONPG hydrolysis measurements (Figure 10D) examine the 1426 
relationship between immobilized protein density and specific catalytic activity. 1427 
Collectively, these complementary approaches provide an experimental framework for 1428 
distinguishing the potential contributions of protein crowding, unfavorable enzyme 1429 
orientation, steric hindrance, and conformational modification to the reduced specific 1430 
activity observed following physical adsorption. The combined interpretation of these 1431 
measurements is intended to clarify whether decreased catalytic performance is 1432 
associated predominantly with restricted substrate accessibility, altered enzyme 1433 
structure, or heterogeneous enzyme distribution. Definitive attribution to individual 1434 
mechanisms requires verification of the corresponding experimental measurements and 1435 
appropriate controls. 1436 
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 1440 

Figure 10. Experimental Framework for Characterizing Protein Crowding, Enzyme 1441 
Orientation, and Reduced Specific Activity Following Physical Adsorption of β-1442 
Galactosidase on Porous Silica. (A) Representative fluorescence microscopy images of 1443 
silica-supported β-galactosidase at low (0.5 mg/g), intermediate (1.0 mg/g), and high (2.0 1444 
mg/g) protein-loading densities, depicting progressively heterogeneous enzyme 1445 
accumulation. (B) Quantitative illustration of fluorescence intensity and estimated surface 1446 
coverage as functions of immobilized protein loading, highlighting the potential 1447 
relationship between enzyme accumulation and local molecular crowding. (C) The far-UV 1448 
circular dichroism spectra and intrinsic fluorescence emission profiles comparing free and 1449 
silica-adsorbed β-galactosidase, demonstrating how secondary-structure alterations and 1450 
changes in aromatic residue environments could be evaluated. (D) Proposed loading-1451 
dependent analysis of specific catalytic activity and apparent maximum reaction velocity 1452 
(Vmax), illustrating how increasing surface-associated protein density could influence 1453 
catalytic performance. The lower schematic summarizes potential contributions of 1454 
molecular crowding, unfavorable enzyme orientation, steric hindrance, and restricted 1455 
active-site accessibility.  1456 
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Statistical Analysis 1461 

All quantitative experimental measurements were summarized as mean ± standard 1462 
deviation (SD). Three independent enzyme preparations or immobilization experiments 1463 
were evaluated for each experimental group (n = 3). Technical spectrophotometric 1464 
measurements obtained from the same independent preparation were averaged before 1465 
inferential statistical analysis to avoid pseudoreplication. The four experimental groups 1466 
comprised free β-galactosidase, physically adsorbed β-galactosidase, covalently 1467 
immobilized β-galactosidase, and calcium-alginate-entrapped β-galactosidase. 1468 

Differences among the four enzyme preparations were evaluated using one-way analysis of 1469 
variance (ANOVA), followed by Tukey's honestly significant difference (HSD) procedure for 1470 
pairwise comparisons. The significance threshold was set at α = 0.05. All six pairwise 1471 
contrasts were included, and multiplicity-adjusted p-values were reported numerically. 1472 

For initial activity recovery, the group means ± SD were 100 ± 2%, 80 ± 3%, 60 ± 3%, and 90 1473 
± 2% for free, physically adsorbed, covalently immobilized, and alginate-entrapped β-1474 
galactosidase, respectively. A one-way ANOVA calculated from these group summaries 1475 
gave F(3,8) = 134.6154 and p = 0.0000003476. The Tukey-adjusted pairwise p-values 1476 
calculated from the same summary statistics were as follows: 1477 

• Free versus physically adsorbed: p = 0.00005321. 1478 
• Free versus covalently immobilized: p = 0.0000002640. 1479 
• Free versus alginate-entrapped: p = 0.005888. 1480 
• Physically adsorbed versus covalently immobilized: p = 0.00005321. 1481 
• Physically adsorbed versus alginate-entrapped: p = 0.005888. 1482 
• Covalently immobilized versus alginate-entrapped: p = 0.000002475. 1483 

These numerical values were calculated using the reported group means, standard 1484 
deviations, and sample sizes under an independent-groups, equal-variance ANOVA model 1485 
with Tukey adjustment. They represent summary-statistic estimates rather than exact 1486 
results calculated from the original replicate-level observations. 1487 

For each additional endpoint, including protein loading, specific activity, enzyme leaching, 1488 
and catalytic performance, post-hoc comparisons were defined between the relevant 1489 
experimental groups. Statistical reporting included the estimated mean difference, 95% 1490 
confidence interval, and multiplicity-adjusted p-value for each comparison. 1491 

Storage-stability and operational-reusability measurements were analyzed separately, 1492 
with enzyme preparation, storage time or catalytic cycle, and their interaction considered 1493 
as explanatory factors. Repeated observations originating from the same independent 1494 
preparation were accounted for in the statistical model. Pairwise comparisons were 1495 
defined at the relevant storage day or catalytic cycle, with appropriate adjustment for 1496 
multiple testing. 1497 
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The pH-dependent and temperature-dependent activity datasets were evaluated 1498 
separately. Enzyme preparation, pH or temperature, and their interaction were considered 1499 
when assessing differences among experimental conditions. Comparisons of normalized 1500 
activity profiles were distinguished from comparisons of absolute catalytic activity. 1501 

All statistical comparisons were interpreted using multiplicity-adjusted p-values, 1502 
estimated effect sizes, and 95% confidence intervals. Non-significant comparisons were 1503 
retained in the statistical reporting, and p-values were not rounded to zero. The 1504 
independent experimental preparation was treated as the experimental unit throughout 1505 
the analyses. 1506 

Discussion 1507 

The present study demonstrates that the comparative performance of β-galactosidase 1508 
immobilization strategies depends strongly on the performance criterion used for 1509 
evaluation. Physical adsorption on silica, covalent attachment to functionalized silica, and 1510 
calcium-alginate entrapment produced distinct combinations of enzyme loading, catalytic 1511 
activity, apparent kinetic behavior, resistance to enzyme release, storage stability, 1512 
operational reusability, and environmental response. Consequently, no single 1513 
immobilization strategy can be considered universally superior. Instead, the results reveal 1514 
a trade-off between maximizing enzyme incorporation or initial catalytic output and 1515 
maximizing retention and stability during prolonged or repeated use. 1516 

The absence of an upward shift in the apparent temperature optimum following physical 1517 
adsorption can be explained by differences in the degree and persistence of molecular 1518 
confinement imposed by the three immobilization strategies. Free and silica-adsorbed β-1519 
galactosidase exhibited maximum catalytic activity at 40 °C, whereas covalently 1520 
immobilized and calcium-alginate-entrapped preparations exhibited apparent optima of 1521 
45 °C (Figure 7B). Physical adsorption relies predominantly on reversible noncovalent 1522 
interactions between the enzyme and silica surface, which may restrict translational 1523 
mobility without sufficiently limiting the internal conformational flexibility of β-1524 
galactosidase. Consequently, the adsorbed enzyme may remain susceptible to 1525 
temperature-dependent structural fluctuations and partial unfolding, resulting in a 1526 
temperature-activity profile resembling that of the free enzyme. In contrast, 1527 
glutaraldehyde-mediated covalent attachment provides more persistent enzyme–support 1528 
interactions that may reduce conformational mobility and restrict thermally induced 1529 
structural rearrangements. Calcium-alginate entrapment creates a three-dimensional 1530 
hydrated polymer network that physically confines enzyme molecules and may provide a 1531 
protective microenvironment against temperature-dependent structural perturbations. 1532 
These distinct confinement mechanisms are consistent with the observed increase in 1533 
apparent temperature optimum to 45 °C for covalently immobilized and entrapped 1534 
preparations.  1535 
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However, the temperature-activity profiles reflect the combined effects of catalytic 1536 
turnover, enzyme stability during the assay, and potential substrate-transport limitations. 1537 
Therefore, the observed shift is consistent with enhanced thermal tolerance associated 1538 
with molecular confinement but does not independently establish increased intrinsic 1539 
conformational stability or a specific stabilization mechanism. 1540 

Comparative Catalytic Performance and Stability of Immobilized β-1541 

Galactosidase 1542 

The comparative performance of free and immobilized β-galactosidase demonstrates that 1543 
immobilization efficiency must be evaluated using several independent parameters, 1544 
including protein loading, specific activity, activity recovery, enzyme release, apparent 1545 
kinetic parameters, and storage stability. These measurements describe different aspects 1546 
of immobilization performance and should not be interpreted interchangeably. In 1547 
particular, activity recovery represents the proportion of starting catalytic activity 1548 
recovered following immobilization, whereas specific activity describes catalytic activity 1549 
normalized to enzyme protein mass. Consequently, high enzyme retention or reduced 1550 
leaching does not necessarily indicate high catalytic activity recovery or specific activity. 1551 

The results presented in Table 2 demonstrate distinct performance differences among the 1552 
three immobilization strategies. Based on the reported initial activity recovery values, 1553 
calcium-alginate entrapment achieved the highest recovery (90 ± 2%), followed by physical 1554 
adsorption (80 ± 3%) and covalent immobilization (60 ± 3%). In contrast, covalent 1555 
immobilization exhibited the highest specific activity among the immobilized preparations 1556 
(30.0 ± 1.2 U mg⁻¹), compared with calcium-alginate entrapment (9.0 ± 0.5 U mg⁻¹) and 1557 
physical adsorption (8.0 ± 0.4 U mg⁻¹). These findings demonstrate that initial activity 1558 
recovery and specific activity represent different measures of immobilization performance 1559 
and do not necessarily follow the same ranking. Covalent immobilization also exhibited 1560 
comparatively low enzyme release, indicating an advantage in enzyme retention despite its 1561 
lower initial activity recovery. This distinction is consistent with the broader immobilization 1562 
literature, which emphasizes the influence of support chemistry, attachment 1563 
mechanisms, and immobilization conditions on catalytic performance and enzyme 1564 
stability (Rong et al., 2019; Wang et al., 2020; Wang et al., 2023)[18-20]. 1565 

 1566 

 1567 

 1568 

 1569 

 1570 
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The differences among immobilization methods can be interpreted in terms of their 1571 
underlying attachment mechanisms. Physical adsorption relies primarily on noncovalent 1572 
interactions between the enzyme and support surface, potentially preserving greater 1573 
conformational flexibility but allowing enzyme desorption during washing or prolonged 1574 
incubation. Covalent immobilization provides stronger attachment through chemical 1575 
coupling, which may improve enzyme retention but can also introduce conformational 1576 
restrictions, steric effects, or changes in substrate accessibility. Calcium-alginate 1577 
entrapment physically confines the enzyme within a hydrated polymeric network without 1578 
necessarily forming direct covalent enzyme–support bonds. Although this environment 1579 
may provide protection against enzyme release, diffusion through the polymer network 1580 
may influence apparent catalytic performance. 1581 

These considerations are consistent with published investigations of immobilized 1582 
enzymes, including studies of horseradish peroxidase immobilization on functionalized 1583 
magnetic graphene oxide composites (Rong et al., 2019), glucoamylase stabilization 1584 
through enzyme engineering and immobilization (Addai et al., 2025), and laccase 1585 
immobilization on magnetic chelator nanoparticles (Wang et al., 2020)[18-22]. These 1586 
investigations demonstrate that the catalytic consequences of immobilization depend on 1587 
enzyme properties, support composition, and attachment conditions. Broader 1588 
assessments of immobilized enzymes in food processing further emphasize the 1589 
importance of balancing catalytic efficiency, stability, enzyme recovery, and practical 1590 
reusability (Wang et al., 2023)[20]. 1591 

The observed changes in apparent Michaelis–Menten parameters further demonstrate that 1592 
immobilization can influence catalytic behavior. An increased apparent Km may reflect 1593 
altered substrate accessibility, local substrate partitioning, diffusion limitations, or 1594 
changes in the enzyme environment rather than a reduction in intrinsic substrate affinity 1595 
alone. Similarly, a reduced apparent Vmax may result from limitations in accessible active 1596 
enzyme, catalytic turnover, or mass transfer. These effects cannot be distinguished 1597 
conclusively using apparent kinetic parameters alone. Therefore, the kinetic results should 1598 
be interpreted as properties of the immobilized enzyme preparations under the tested 1599 
assay conditions rather than direct evidence of specific molecular structural changes. 1600 

The relevance of these findings to β-galactosidase applications is supported by Zhou et al. 1601 
(2024), who examined the influence of enzyme sources, immobilization strategies, and 1602 
catalytic characteristics on applications involving lactose hydrolysis and galacto-1603 
oligosaccharide production[23]. The selection of an immobilization method should 1604 
consequently depend on the intended application. Preparations prioritizing immediate 1605 
catalytic output may differ from those optimized for reduced enzyme release, prolonged 1606 
stability, or repeated processing. 1607 

 1608 
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Overall, the findings demonstrate that calcium-alginate entrapment provided the highest 1609 
initial activity recovery, whereas covalent immobilization exhibited the highest specific 1610 
activity among the immobilized preparations and comparatively low enzyme release. 1611 
These differences indicate that the optimal immobilization strategy depends on whether 1612 
the primary objective is maximizing initial catalytic activity recovery, increasing specific 1613 
activity, minimizing enzyme loss, or improving long-term stability. The results therefore 1614 
support an application-dependent selection of immobilization methods rather than 1615 
identifying a single preparation as superior across all performance criteria. 1616 

Trade-Off Between Initial Catalytic Performance and Stability 1617 

The kinetic measurements demonstrated that immobilization affected catalytic behavior 1618 
to different degrees. Free β-galactosidase exhibited an apparent V_max of approximately 1619 
100 U and K_m of approximately 2.0 mM. Alginate entrapment preserved the greatest 1620 
proportion of this kinetic performance among the immobilized preparations, with an 1621 
apparent V_max of approximately 90 U and K_m of approximately 2.2 mM. Adsorption 1622 
produced intermediate values of approximately 80 U and 2.5 mM, whereas covalent 1623 
immobilization resulted in the largest reduction in apparent V_max, to approximately 60 U, 1624 
together with an increase in apparent K_m to approximately 3.0 mM. 1625 

The corresponding V_max/K_m ratios followed the same overall pattern, decreasing from 1626 
approximately 50.0 U mM⁻¹ for the free enzyme to 40.9 U mM⁻¹ following alginate 1627 
entrapment, 32.0 U mM⁻¹ following adsorption, and 20.0 U mM⁻¹ following covalent 1628 
immobilization. These findings indicate that preservation of initial catalytic behavior was 1629 
greatest following alginate entrapment and lowest following covalent attachment. 1630 

The stability measurements, however, produced a different ranking. After 21 days, the free 1631 
enzyme retained only 50 ± 4% of its initial activity, compared with 60 ± 3% for the adsorbed 1632 
preparation, 72 ± 3% for the alginate-entrapped preparation, and 85 ± 3% for the covalently 1633 
immobilized preparation. Thus, the method associated with the greatest perturbation of 1634 
apparent initial kinetic performance also produced the greatest preservation of activity 1635 
during storage. This inverse relationship illustrates an important practical feature of 1636 
enzyme immobilization: maximizing initial reaction rate and maximizing long-term 1637 
stabilization are not necessarily equivalent objectives. 1638 

 1639 

 1640 

 1641 

 1642 

 1643 
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Protein Loading and Catalytic Normalization 1644 

The immobilization strategies exhibited distinct catalytic-performance profiles. Initial 1645 
activity recovery, calculated relative to the matched free-enzyme control, was 80 ± 3% for 1646 
physical adsorption, 60 ± 3% for covalent immobilization, and 90 ± 2% for calcium-alginate 1647 
entrapment. Thus, alginate entrapment preserved the highest proportion of initial catalytic 1648 
activity, whereas covalent immobilization exhibited the greatest initial activity reduction. 1649 
The specific activity of the covalently immobilized preparation was 30.0 ± 1.2 U mg⁻¹ 1650 
protein, as reported in Table 2, subject to confirmation against the original protein-1651 
normalized activity measurements. Despite its lower initial activity recovery, covalent 1652 
immobilization demonstrated the lowest measured enzyme release (3.1 ± 0.4%) and the 1653 
highest residual activity after 21 days of storage (85 ± 3%). These findings distinguish initial 1654 
catalytic performance from enzyme retention and longer-term stability. 1655 

Apparent Kinetic Changes and Mass-Transfer Effects 1656 

The increases in apparent K_m and decreases in apparent V_max observed after 1657 
immobilization are consistent with the combined influence of enzyme-support interactions 1658 
and mass-transfer effects. For an immobilized enzyme, the substrate concentration 1659 
experienced at the catalytic site is not necessarily identical to the concentration measured 1660 
in the bulk solution. External transport through the liquid boundary layer and internal 1661 
diffusion through pores or hydrogel matrices can therefore contribute to the observed 1662 
reaction rate. 1663 

These considerations are particularly relevant to alginate entrapment, where ONPG must 1664 
diffuse through a hydrated polymer network before reaching entrapped β-galactosidase. 1665 
The relatively small change in apparent K_m from approximately 2.0 mM for free enzyme to 1666 
2.2 mM following entrapment nevertheless indicates that substantial catalytic 1667 
accessibility was preserved under the investigated conditions. Silica adsorption produced 1668 
a larger shift to approximately 2.5 mM, whereas covalent attachment produced the largest 1669 
apparent increase to approximately 3.0 mM. 1670 

For the covalent system, altered apparent kinetics may reflect not only transport 1671 
phenomena but also restrictions in enzyme conformational mobility or changes in the 1672 
orientation and accessibility of enzyme molecules following multipoint or surface 1673 
attachment. The present kinetic constants are therefore appropriately interpreted as 1674 
apparent V_max and K_m values rather than intrinsic molecular constants of the 1675 
immobilized enzyme. 1676 

 1677 

 1678 
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Enzyme Leaching and Mechanisms of Activity Loss 1679 

Direct analysis of the soluble and immobilized fractions provided evidence that loss of 1680 
support-associated activity cannot be attributed exclusively to catalytic inactivation. 1681 
Enzyme release was greatest for the physically adsorbed preparation, with 18.6 ± 1.4% of 1682 
initial immobilized activity detected in the soluble fraction. Alginate entrapment produced 1683 
intermediate release of 9.8 ± 0.9%, whereas covalent immobilization limited detectable 1684 
release to 3.1 ± 0.4%. 1685 

The relatively high release associated with silica adsorption is consistent with the 1686 
reversible nature of the non-covalent interactions responsible for physical immobilization. 1687 
Changes in ionic environment, protein-support equilibrium, and repeated exposure to 1688 
buffer can permit adsorbed molecules to desorb from the carrier. Consequently, the 1689 
decrease in measured support-associated activity of the adsorbed preparation represents 1690 
a combination of enzyme release and loss of catalytic function. 1691 

Alginate entrapment provided greater retention because the enzyme was physically 1692 
confined within a crosslinked polymer network. Nevertheless, entrapment does not create 1693 
a covalent bond between enzyme and matrix, and sufficiently mobile enzyme molecules 1694 
can migrate through the hydrogel structure into the surrounding solution. The observed 1695 
intermediate leaching is therefore consistent with partial physical confinement rather than 1696 
irreversible attachment. 1697 

The low release measured for the covalently immobilized preparation provides direct 1698 
support for the expected advantage of chemical attachment: enzyme molecules remain 1699 
associated with the support during washing, storage, and catalytic handling. Importantly, 1700 
this observation allows the high storage and operational stability of the covalent 1701 
preparation to be interpreted in conjunction with direct retention measurements rather 1702 
than attributing improved stability to covalent attachment solely on mechanistic grounds. 1703 

 1704 
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Molecular Stabilization by Immobilization 1710 

Immobilization can alter enzyme stability through several overlapping mechanisms. 1711 
Covalent attachment can restrict conformational mobility by anchoring the enzyme to a 1712 
solid surface. Such restriction may reduce the probability of structural transitions leading 1713 
to irreversible loss of catalytic function, while simultaneously limiting conformational 1714 
movements required for optimal catalysis. This provides a plausible framework for the 1715 
combination observed here: reduced apparent V_max but enhanced storage and 1716 
operational stability. 1717 

Physical adsorption imposes fewer permanent structural constraints and can therefore 1718 
preserve a relatively large proportion of initial activity. Its reversibility, however, increases 1719 
susceptibility to desorption. Alginate entrapment represents an intermediate physical 1720 
environment. The hydrated polymer matrix can provide a comparatively mild 1721 
microenvironment without direct chemical modification of the enzyme while 1722 
simultaneously restricting molecular movement and reducing exposure to the bulk 1723 
solution. 1724 

The experimental results consequently support a mechanistic distinction between 1725 
preservation of catalytic flexibility and stabilization through molecular confinement or 1726 
attachment. These effects need not operate in the same direction, explaining why the 1727 
preparation exhibiting the highest initial catalytic performance was not necessarily the 1728 
preparation exhibiting the greatest long-term stability. 1729 
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Interoperational Reusability 1739 

Operational stability is particularly important for immobilized enzymes because one of the 1740 
principal practical advantages of immobilization is recovery and reuse of the biocatalyst. 1741 
The repeated-cycle measurements demonstrated clear method-dependent differences in 1742 
this property. At the final investigated catalytic cycle, silica-adsorbed, covalently 1743 
immobilized, and alginate-entrapped β-galactosidase retained approximately 58%, 82%, 1744 
and 69% of their respective cycle-1 activities. 1745 

The superior repeated-use performance of the covalently immobilized preparation is 1746 
consistent with its low enzyme release and high storage stability. Because covalent 1747 
attachment minimizes physical loss during recovery and washing, a greater proportion of 1748 
the immobilized enzyme remains associated with the support during successive catalytic 1749 
cycles. Adsorption showed the greatest decline during repeated use, consistent with the 1750 
greater susceptibility of physically associated enzyme to desorption. Alginate entrapment 1751 
again provided intermediate performance. 1752 

These operational measurements are distinct from the 21-day storage experiment. Storage 1753 
stability evaluates preservation of catalytic activity during time-dependent storage, 1754 
whereas operational stability evaluates the ability of the immobilized preparation to 1755 
withstand repeated reaction, separation, washing, and reuse. The convergence of the two 1756 
independent analyses strengthens the conclusion that covalent attachment provided the 1757 
greatest stabilization under the experimental conditions evaluated here. 1758 
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Effects of pH and Temperature 1768 

Environmental profiling provided additional information beyond measurements performed 1769 
under the standardized kinetic assay conditions. All four preparations exhibited maximum 1770 
measured activity at approximately pH 7.0. Immobilization therefore did not produce a 1771 
detectable shift in the apparent pH optimum within the investigated experimental 1772 
resolution, although differences in the shapes of the pH-response profiles indicate that 1773 
immobilization affected the degree to which activity was preserved away from the 1774 
optimum. 1775 

A more pronounced effect was observed for temperature. Free and silica-adsorbed β-1776 
galactosidase exhibited maximum activity at approximately 40 °C, whereas covalently 1777 
immobilized and alginate-entrapped preparations exhibited apparent maxima at 1778 
approximately 45 °C. The upward shift in the temperature associated with maximum 1779 
catalytic activity is consistent with increased resistance of the immobilized enzyme 1780 
environment to temperature-dependent loss of functional structure. 1781 

These findings also clarify the interpretation of the principal kinetic experiments performed 1782 
at 30 °C and pH 7.0. Those conditions represented standardized comparative assay 1783 
conditions rather than an condition that 30 °C constituted the optimum temperature for 1784 
every preparation. Independent environmental characterization was therefore necessary 1785 
to separate standardized kinetic comparison from preparation-specific catalytic optima. 1786 

Comparison of the Three Immobilization Strategies 1787 

Considered collectively, the data reveal three distinct performance profiles. Physical 1788 
adsorption offered high protein loading and the highest support-normalized activity among 1789 
the immobilized preparations while requiring no covalent modification of the enzyme. 1790 
These advantages were counterbalanced by greater enzyme leaching and lower storage 1791 
and operational stability. 1792 

Alginate entrapment preserved comparatively high apparent kinetic performance, 1793 
produced relatively high activity recovery, and provided intermediate protection against 1794 
enzyme release and activity loss. Its mild immobilization chemistry and avoidance of direct 1795 
covalent modification make entrapment attractive where preservation of native-like 1796 
catalytic behavior is prioritized. 1797 

Covalent immobilization produced the lowest protein loading and the greatest decrease in 1798 
apparent V_max but simultaneously yielded the highest specific activity and activity 1799 
recovery in the loading-normalized analysis, the lowest enzyme leaching, the greatest 21-1800 
day storage stability, and the greatest operational reusability. It also produced an upward 1801 
shift in the apparent temperature optimum. Covalent attachment therefore offered the 1802 
strongest overall retention and stabilization profile under the investigated conditions, but 1803 
this advantage was accompanied by a greater alteration in apparent kinetic behavior. 1804 
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Influence of Glutaraldehyde-Mediated Coupling on Enzyme Kinetics and 1805 

Stability 1806 

The chemical nature of glutaraldehyde-mediated immobilization may contribute to the 1807 
differences in catalytic activity and stability between free and covalently immobilized β-1808 
galactosidase. The activated amino-functionalized silica provides reactive sites for 1809 
covalent attachment through accessible enzyme primary amino groups. Multipoint 1810 
enzyme–support attachment may restrict conformational flexibility, reduce enzyme 1811 
dissociation, and improve structural stability. These effects are consistent with the 1812 
comparatively low enzyme release observed for the covalently immobilized preparation. 1813 

However, glutaraldehyde-mediated coupling may also promote intermolecular enzyme–1814 
enzyme crosslinking, even when excess soluble glutaraldehyde is removed before enzyme 1815 
addition. Such crosslinking could introduce additional structural constraints, steric 1816 
hindrance, and changes in substrate accessibility. Furthermore, covalent modification of 1817 
accessible amino groups may alter the local protein environment and influence catalytic 1818 
behavior. 1819 

The observed changes in apparent kinetic parameters may therefore reflect a combination 1820 
of conformational restrictions, steric effects, and substrate mass-transfer limitations. An 1821 
increased apparent Km cannot be attributed exclusively to altered substrate affinity, and a 1822 
decreased apparent Vmax does not independently establish enzyme conformational 1823 
damage. Similarly, improved storage stability cannot be assigned exclusively to multipoint 1824 
covalent attachment because enzyme–enzyme crosslinking and other immobilization-1825 
related effects may contribute. 1826 

Accordingly, enzyme–support coupling and intermolecular crosslinking are distinguished 1827 
as chemically plausible mechanisms. Their individual contributions remain unresolved 1828 
because direct structural characterization of the immobilized enzyme and its covalent 1829 
attachment architecture was not performed. 1830 
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Industrial and Biotechnological Implications 1837 

β-Galactosidase is industrially relevant because of its use in lactose hydrolysis, 1838 
production of lactose-reduced foods, whey processing, and related biocatalytic 1839 
applications. Immobilization can facilitate separation of enzyme from the product stream 1840 
and enable reuse, potentially reducing enzyme consumption during repeated or 1841 
continuous processing. 1842 

The appropriate immobilization strategy nevertheless depends on the intended process. 1843 
Physical adsorption may be advantageous when inexpensive preparation, simple carrier 1844 
regeneration, high loading, and minimal chemical modification are more important than 1845 
prolonged enzyme retention. The reversibility that limits long-term stability can itself be 1846 
advantageous when the support is intended to be regenerated and reloaded with fresh 1847 
enzyme. 1848 

Alginate entrapment may be preferable when mild processing conditions, straightforward 1849 
bead formation, aqueous compatibility, and relatively simple scale-up are priorities. Its 1850 
comparatively high preservation of kinetic performance is potentially valuable for 1851 
applications where catalytic throughput is more important than maximizing the number of 1852 
reuse cycles. 1853 

Covalent attachment may be preferable in repeated-batch or continuous processes where 1854 
enzyme leaching is undesirable, and the increased preparation complexity is offset by 1855 
prolonged catalyst retention and reusability. The present operational and leaching 1856 
measurements are particularly relevant to this scenario because enzyme retention can 1857 
affect both process economics and contamination of the product stream. 1858 
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Scalability and Cost Considerations 1866 

The three methods also differ in practical complexity. Physical adsorption requires 1867 
relatively few processing steps and can be implemented without chemical activation of the 1868 
carrier. This simplicity can reduce preparation time and reagent requirements, although 1869 
enzyme loss through desorption may increase replacement costs during prolonged 1870 
operation. 1871 

Calcium-alginate entrapment relies on inexpensive aqueous gelation and is readily 1872 
adaptable to bead-based processing. Scale-up nevertheless requires control of bead 1873 
dimensions, mechanical integrity, substrate diffusion, and consistency of enzyme 1874 
distribution throughout the matrix. 1875 

Covalent immobilization introduces additional support-functionalization, activation, 1876 
washing, and handling steps. Glutaraldehyde-mediated coupling therefore increases 1877 
preparation complexity compared with physical adsorption or simple ionic gelation. 1878 
Whether this additional processing is justified depends on the magnitude of the 1879 
operational lifetime gained. In the present study, the improved enzyme retention, storage 1880 
stability, and repeated-use performance demonstrate the potential benefit of accepting 1881 
greater immobilization complexity when catalyst longevity is a primary process objective. 1882 

A complete industrial economic comparison would additionally require carrier cost, 1883 
enzyme cost, catalyst lifetime, reactor productivity, regeneration capability, processing 1884 
time, and product-purification requirements. These variables were outside the scope of 1885 
the present experimental comparison. 1886 

Study Limitations 1887 

Several limitations define the scope of the conclusions. The study examined a single 1888 
model enzyme and one representative implementation of each immobilization strategy; 1889 
the results therefore cannot be generalized automatically to other enzymes, carrier 1890 
chemistries, or immobilization conditions. Apparent kinetic measurements for 1891 
immobilized enzymes incorporate potential mass-transfer and microenvironmental effects 1892 
and consequently do not represent intrinsic molecular kinetic constants. 1893 

The storage experiment was limited to 21 days, and the operational-stability analysis 1894 
covered a finite number of catalytic cycles. Longer-term experiments are required to 1895 
determine the ultimate functional lifetime of each preparation. The pH- and temperature-1896 
response experiments characterized the investigated ranges but do not establish behavior 1897 
outside those experimental boundaries. Likewise, although enzyme-release 1898 
measurements distinguished leaching from support-associated activity loss, additional 1899 
physicochemical characterization of the immobilized materials could provide more direct 1900 
structural information regarding enzyme-support interactions. 1901 
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Future work incorporating expanded carrier characterization, longer continuous-operation 1902 
experiments, direct mass-transfer analysis, additional substrate systems, and process-1903 
scale reactor testing would further establish how the differences identified here translate 1904 
into industrial operating conditions. 1905 

Overall Interpretation 1906 

The combined results demonstrate that immobilization strategy determines a 1907 
multidimensional performance profile rather than a single measure of enzyme quality. 1908 
Adsorption favored high loading, support-normalized activity, and methodological 1909 
simplicity but was limited by greater leaching and reduced long-term retention. Alginate 1910 
entrapment provided a compromise between preservation of catalytic performance and 1911 
stabilization, together with comparatively simple and mild immobilization conditions. 1912 
Covalent attachment imposed the largest change in apparent kinetic behavior but 1913 
provided the strongest enzyme retention, storage stability, temperature tolerance, and 1914 
repeated-use performance. 1915 

Accordingly, selection of an immobilization strategy depends on the requirements of the 1916 
intended application. Processes prioritizing simple preparation and carrier regeneration 1917 
may favor adsorption; applications emphasizing mild encapsulation and preservation of 1918 
catalytic behavior may favor alginate entrapment; and repeated or prolonged operations 1919 
requiring minimal enzyme release and high catalyst retention may justify covalent 1920 
immobilization. The present comparative framework therefore supports application-1921 
specific selection of immobilization strategies rather than designation of a universally 1922 
optimal method. 1923 
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Conclusion 1932 

This study provides a controlled comparative evaluation of three β-galactosidase 1933 
immobilization strategies—physical adsorption on porous silica, covalent attachment to 1934 
functionalized silica, and calcium-alginate entrapment—using free Escherichia coli β-1935 
galactosidase as the matched reference. Evaluation across catalytic activity, apparent 1936 
Michaelis–Menten kinetics, protein loading, activity recovery, enzyme leaching, storage 1937 
stability, operational reusability, and pH- and temperature-dependent activity 1938 
demonstrated that the three approaches produced distinct and complementary 1939 
performance profiles. 1940 

Physical adsorption provided the highest protein loading and support-normalized catalytic 1941 
activity but was accompanied by greater enzyme release and comparatively lower storage 1942 
and operational stability. Alginate entrapment preserved comparatively high apparent 1943 
kinetic performance while providing intermediate resistance to leaching and activity loss. 1944 
Covalent immobilization produced the greatest alteration in apparent kinetic behavior but 1945 
exhibited the lowest enzyme release and the strongest preservation of activity during 1946 
storage and repeated catalytic use. The immobilized preparations also differed in their 1947 
temperature-response profiles, whereas all four enzyme preparations exhibited maximum 1948 
measured activity at pH 7.0 under the investigated conditions. 1949 

These findings demonstrate that selection of an immobilization strategy cannot be based 1950 
on a single performance parameter. High enzyme loading or initial catalytic activity does 1951 
not necessarily predict resistance to leaching, long-term stability, or repeated-use 1952 
performance. Instead, immobilization method selection requires consideration of the 1953 
balance among enzyme loading, catalytic efficiency, enzyme retention, environmental 1954 
response, stability, reusability, preparation complexity, and the requirements of the 1955 
intended biocatalytic process. 1956 

The conclusions of this study are confined to E. coli β-galactosidase, the three 1957 
immobilization strategies and selected support systems investigated here, the ONPG-1958 
based assay conditions employed, the examined pH and temperature ranges, the 21-day 1959 
storage interval, and the evaluated number of repeated catalytic cycles. The relative 1960 
performance observed for adsorption, covalent attachment, and alginate entrapment 1961 
therefore does not establish a universal ranking applicable to other enzymes, carriers, 1962 
substrates, or process conditions. Further studies incorporating additional enzyme-1963 
support combinations, extended storage and operational testing, direct mass-transfer 1964 
characterization, physicochemical analysis of the immobilized materials, and process-1965 
scale validation would establish the extent to which the observed performance 1966 
relationships translate to other biocatalytic systems. 1967 

 1968 
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Within these defined experimental boundaries, the study demonstrates that adsorption 1969 
favors loading and methodological simplicity, alginate entrapment provides a balance 1970 
between catalytic preservation and stabilization, and covalent attachment favors enzyme 1971 
retention and repeated-use stability. These experimentally observed trade-offs provide a 1972 
framework for selecting β-galactosidase immobilization strategies according to 1973 
application-specific performance requirements rather than assuming a universally optimal 1974 
immobilization method. 1975 
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