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Abstract 21 

The biotransformation of lactose into gut-bioactive glycans catalyzed by β-22 

galactosidase can give economic value to lactose-rich side streams generated in the 23 

food or dairy industry. Herein, we study the immobilization of the commercially used 24 

β-galactosidase from Bacillus circulans onto silica particles using an enzyme 25 

immobilization technology involving a cross-linked layer-by-layer encapsulation 26 

method. The immobilized β-galactosidase was used for the synthesis of N-27 

acetyllactosamine (LacNAc) as an important precursor for numerous bioactive 28 

compounds and a prebiotic in itself. Techniques including molecular analysis, enzyme 29 

activity determination, secondary structure analysis, thermodynamic characterization 30 

as well as the determination of thermal and operational stability were conducted to 31 

characterize the immobilized enzyme. Changes in the activity of the enzyme after 32 

immobilization were attributed to possible changes in electrostatic, covalent and 33 

protein-protein interactions. Immobilization significantly improved enzymatic LacNAc 34 

yield compared to the free enzyme. In turn, this improved the economics and the 35 

sustainability of the process. The immobilized enzyme encapsulated in multilayer films 36 

was significantly more stable in the presence of divalent cations and its thermostability 37 

also substantially increased, with the thermal denaturation activation energy 38 

increasing from 53 kJ mol-1 to 294 kJ mol-1. The immobilized enzyme was successfully 39 

reused in eight consecutive reaction cycles with no significant reduction in the LacNAc 40 

yield. The improved transgalactosylation yield and productivity, higher stability and 41 
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reusability obtained with this immobilization method provide new opportunities for 42 

industrial applications. 43 

Keywords: Layer-by-layer; Galacto-oligosaccharide; Enzyme; Immobilized β-44 

galactosidase; Stability; Silica. 45 
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INTRODUCTION 47 

The global dairy industry produces large amounts of lactose-rich by-product 48 

streams, particularly whey generated from manufacturing of cheese, casein and 49 

yoghurt.1-2 Lactose valorization—the use of lactose in the synthesis of functional food 50 

and pharmaceutical products—can enhance the economic and environmental 51 

sustainability of the industry.1, 3 Although separation of proteins as a value-added 52 

product from whey streams has become an established process over the past 30 years, 53 

lactose valorization is still under development. Large amounts of the lactose generated 54 

are not used and so regarded as low-value streams, imposing adverse environmental 55 

impacts.1, 4-5 One solution to exploit this abundant resource is to synthesize lactose-56 

derived prebiotics, including galacto-oligosaccharides or human milk oligosaccharides, 57 

via β-galactosidase-catalyzed transgalactosylation reactions. In a transgalactosylation 58 

reaction, lactose typically acts as a galactosyl donor, which is cheaper and less toxic than 59 

nitrophenyl glycosides.6-7 60 

Glycosyltransferases can catalyze the formation of such prebiotics with very 61 

high selectivity and high yields.8-9 Glycosyltransferases are not readily available, 62 

however, making this process expensive. Further, most glycosyltransferases are also 63 

incapable of undergoing variations in donor or acceptor. They act on an activated 64 

nucleotide donor, which is unstable and expensive; the released nucleotide can also 65 

strongly inhibit the action of these enzymes.9-10 In view of these limitations, the favored 66 

enzymatic method for catalyzing transgalactosylation is based on the use of β-67 
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galactosidases, which are able to act on lactose as the starting substrate. In this method, 68 

however, hydrolysis of lactose can simultaneously be catalyzed in competition with 69 

transgalactosylation, leading to lower yields and selectivity. 70 

Different methods, including protein engineering,11-12 water activity reduction 71 

13-14 and optimization of operational parameters,15-16 have been developed by 72 

researchers to increase the yield of transgalactosylation products in preference to 73 

hydrolysis. In an alternative approach, enzyme immobilization has been shown to 74 

improve the transgalactosylation efficiency in several studies.17-20 Moreover, 75 

immobilization increases the options for controlling the reaction (via reaction time 76 

control) and eases  enzyme separation and reuse after reaction, whilst also improving 77 

the storage and operational enzyme stability.21 The thermal stability of β-78 

galactosidases often increases upon immobilization. This is a significant advantage for 79 

transgalactosylation reactions, as at elevated temperatures higher concentrations of 80 

starting substrates can be dissolved into solution, which favors transgalactosylation 81 

relative to hydrolysis.7, 22 The solubility of lactose is relatively low in aqueous solutions 82 

at ambient temperatures, about 19 g per 100 g of water at 20 °C, whereas it is 60 g and 83 

100 g per 100 g of water at 60 °C and 80 °C, respectively 23 illustrating the large 84 

potential gains that may be achieved at higher temperature. 85 

Silica is widely used as a support material for enzyme immobilization, due to its 86 

thermal and mechanical stability, microbial resistance and non-toxicity. Such silica 87 

supports are commercially available and are easy to handle and synthesize.24-25 88 
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Electrostatic rather than Van der Waals forces are reported to be the main forces 89 

governing adsorption of enzymes onto silica supports.26-27 Given the theoretical 90 

isoelectric points of 3-4 and 4.5 for SiO228-29 and β-galactosidase,30 respectively, 91 

attractive electrostatic interactions between this enzyme and silica supports are not 92 

likely to be very strong, especially at the optimum pH of β-galactosidase from Bacillus 93 

circulans (pH=6), where both are negatively charged. This makes the enzyme more 94 

susceptible to desorption from the support, which is problematic in terms of enzyme 95 

reusability in successive cycles.  This potential problem can be overcome by modifying 96 

the silica surface using a chemical agent to activate the silanol groups on their surface. 97 

Silanized SiO2 can then be further treated by a cross-linker to prepare it for covalent 98 

immobilization of an enzyme,31-33 such as β-galactosidase. 99 

Layer-by-layer assembly is another established method to encapsulate an enzyme and 100 

to prevent its leakage from the support. In this technique, the adsorbed protein is 101 

coated with oppositely charged polymers or polyelectrolytes. It is a simple and 102 

extremely versatile technique for immobilization of various enzymes onto different 103 

supports based on electrostatic interactions.34 This method can be performed in 104 

aqueous solutions under mild conditions, which is environmentally favorable and 105 

reduces the likelihood of enzyme degradation. Furthermore, this method allows the co-106 

immobilization of multiple enzymes for cascade reactions.35-36 Enzyme covalent 107 

immobilization on silicon substrates, on the other hand, involves in the use of 108 

hazardous and toxic non-aqueous solutions such as organosilane reagents and toluene 109 

with longer preparation times and a greater risk of enzyme denaturation.31, 37-38 Due to 110 
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the creation of very robust pairs with a high chemical and physical stability, polystyrene 111 

sulfonate (PSS) and polyallylamine hydrochloride (PAH) have been widely employed in 112 

layer-by-layer encapsulation methods, including the immobilization of enzymes.39-41 113 

While a number of workers have studied the covalent immobilization of β-114 

galactosidases for galactooligosaccharide production, no study has been performed to 115 

analyze the effect of layer-by-layer immobilization on transglycosylation reactions. 116 

Microenvironments and molecular interactions generated in multilayer films may 117 

present some desirable impacts on the β-galactosidase enzyme stability and 118 

hydrolysis/transgalactosylation activities. Hence, in the present study, we investigate 119 

the suitability of a cross-linked layer-by-layer technique for the immobilization of β-120 

galactosidase derived from Bacillus circulans. Negatively charged silica particles are 121 

first coated by the positively charged PAH followed by the electrostatic adsorption of 122 

the negatively charged β-galactosidase, cross-linking with glutaraldehyde and 123 

deposition of further PAH and PSS layers. In addition, for the first time, an analysis is 124 

performed to analyze the economics and sustainability of such an immobilization 125 

method. 126 

EXPERIMENTAL SECTION 127 

Sources of chemicals are provided in the Supporting Information as are detailed 128 

descriptions of experimental protocols such as the hydrolytic assay. 129 

transgalactosylation activity, determination of immobilization efficiency, activity 130 
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retention and thermal stability. Characterization methods and computational 131 

molecular analysis are also described in the Supporting Information.  132 

Layer-by-layer adsorption of β-galactosidase onto SiO2 particles 133 

Polyelectrolyte solutions of PSS or PAH (2 mg·ml-1) were prepared in Tris buffer 134 

(pH=7.2; 50 mM). The SiO2 particles (SIPERNAT®)(50 mg) were dispersed in 1 ml of the 135 

PAH solution. The suspension was mixed and sonicated using a water bath sonicator 136 

(Ultrasonic Bath FXP4, 50 Hz, Ultrasonics, Australia) for 1 min. After 10 min shaking on 137 

a tube rocker, the particles were collected by centrifugation at 7,000g for 1 min, 138 

followed by re-suspension and vortex mixing in 1 ml Tris buffer (pH=7.2) to remove 139 

free PAH and any impurities. This step was repeated three times, with the supernatant 140 

discarded by centrifugation at 7,000g for 1 min after each rinsing. After the deposition 141 

of this first layer of PAH, a total of 1 ml of the enzyme solution (0.1 mg·ml-1) in 142 

phosphate-citrate buffer (pH=6; 50 mM) was added to the tube containing the particles. 143 

The adsorption of the enzyme took place for 20 min under mild shaking on a tube 144 

rocker. The same procedure as already described for the free PAH removal was used to 145 

collect and wash the particles and the supernatant as well as washings were collected 146 

for measuring the un-adsorbed free enzyme. The immobilized enzyme was further 147 

stabilized by cross-linking with 1 ml of 0.1% w/w glutaraldehyde solution at pH=7.2. 148 

The solution containing 0.1% w/w glutaraldehyde in Tris buffer was made from a 25% 149 

w/w glutaraldehyde stock solution. The excess glutaraldehyde was removed by 150 

centrifugation and the particles were then washed three times.  151 
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In addition to the electrostatic interaction between the negatively charged β-152 

galactosidase with positively charged PAH, glutaraldehyde reacts with the amine 153 

groups of PAH (and to a minor extent with exposed amine groups in the enzyme). Thus, 154 

a subsequent layer of PAH was deposited on the particles as described earlier. The 155 

particles were then exposed to 1 ml of PSS (2 mg·ml-1) for 10 min followed by three 156 

washings. The strong polyanionic PSS was used as the terminal layer as this 157 

polyelectrolyte is  more resistant to re-solubilization in comparison with a PAH layer.42-158 

43 A schematic representation of this cross-linked layer-by-layer assembly is shown in 159 

Figure 1.  160 

For comparison, the enzyme was also pretreated by contact with lactose, as 161 

there is evidence that this might protect the active site during the immobilization 162 

process.44 To this end, the enzyme solution (0.1 mg·ml-1) was prepared in a phosphate-163 

citrate buffer (pH=6; 50 mM) containing 30 mM lactose. This solution was incubated at 164 

37 °C for 1 h at 150 rpm before immobilization.44 165 

 (Figure 1) 166 

In all experiments, statistical significance was determined by the two-tail 167 

Student’s t-test (p<0.05) and all experimental data were indicated as mean value ± one 168 

standard deviation. Linear regression analysis (Excel Data Analysis ToolPak) was used 169 

to determine the error associated with the regression line slope where needed. The 170 

error propagation analysis was taken into account to calculate the overall error of a 171 

parameter from the individual errors 45. 172 
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RESULTS AND DISCUSSION 173 

Characterization of the Immobilized Enzyme 174 

The TGA thermograms (see Figure S1(B) in the Supporting Information) showed 175 

a significantly greater mass loss upon heating from the silica particles with immobilized 176 

enzyme compared to the bare silica supports. The mass loss below 200°C is because of 177 

dehydration.46 The decomposition of the PAH side chains starts at around 230°C 178 

followed by the sulfonate groups in PSS.47-48 The loss at higher temperatures is 179 

attributed to the degradation of the main polymeric backbones.47-49 180 

Figure 2(A) shows the ATR-FTIR spectra of the native and immobilized enzyme. 181 

The silica particles display a broad peak at 1,070 cm-1 resulting from asymmetric 182 

vibrations of Si–O.50 The enzyme immobilization results in  new peaks, particularly the 183 

Amide I band (1,600 cm−1 to 1,700 cm−1) related to C-O stretching vibrations and the 184 

Amide II band (1,510 cm−1 to 1,580 cm−1) related to N-H bending.51-52 New peaks 185 

between 3,000 cm−1 and 3,700 cm−1 are indicative of N-H stretching and side chain 186 

stretching.53-54 In addition, zeta potential measurements reveal surface charge 187 

inversion, confirming the successful deposition of layers (Figure 2(B)). 188 

The characteristic Amide I band is highly sensitive to small changes in molecular 189 

geometry and hydrogen bond patterns and can be used to obtain more detailed 190 

information on the secondary structure components of a protein.55-57 As shown in 191 

Figure 2(C), the β-galactosidase enzyme immobilized using the cross-linked layer-by-192 

layer technique had an altered conformation. Changes in bands after immobilization 193 
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have been reported previously.58-59 Schwinté et al.60 showed that encapsulating the 194 

protein into the oppositely charged polyelectrolyte layers (PAH or PSS) can increase 195 

the intermolecular β-sheet content. The enhanced protein-protein interactions are 196 

associated with increased formation of intermolecular β-sheets, which can lead to 197 

partial unfolding and denaturation.61-62 Such changes in the secondary structure of the 198 

β-galactosidase may contribute to the modification of its catalytic activity. 199 

(Figure 2) 200 

Evaluation of β-galactosidase hydrolytic activity after immobilization  201 

Layer-by-layer encapsulation of the β-galactosidase onto the SIPERNAT 50S 202 

particles with an enzyme dosage of 2 mg per g silica resulted in a protein 203 

immobilization efficiency of 100%. However, the hydrolytic enzyme activity after 204 

immobilization was reduced to 22 ± 2%. Such a reduction in activity is common during 205 

immobilization due to interactions between the surface and enzyme, which can vary 206 

depending on the immobilization method employed.63 As shown in Figure 3, 207 

electrostatic, covalent and protein-protein interactions might occur in the present case. 208 

The positively charged PAH can interact with the enzyme at different locations, as the 209 

enzyme is mainly negatively charged at pH=6, which is indicated by the red colour, with 210 

some limited regions of positive charge shown in blue colour in Figure 3(A), leading to 211 

the formation of polyelectrolyte-protein complexes.64 The aldehyde groups in 212 

glutaraldehyde can also form covalent bonds with free amine groups within the 213 

enzyme, shown by a green colour in Figure 3(B). Covalent binding typically alters 214 
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enzyme activity.32 It has been reported that clusters or multilayers of the enzyme on 215 

the support surface can be formed as a result of protein-protein interactions.63, 65 Figure 216 

3(C) shows the protein-protein interaction sites (yellow regions) of the β-galactosidase 217 

predicted by the PSIVER server. Protein-protein interactions dominate as greater initial 218 

enzyme dosages are contacted with the support, resulting in a reduction in enzyme 219 

activity  due to steric hindrance and limited diffusion.32, 63, 65 220 

Increasing the enzyme dosage to 10 mg per g silica decreased the β-galactosidase 221 

activity after immobilization to 17 ± 2%, while all the enzyme protein was still adsorbed 222 

by the support (see Table 1). A further increase in the enzyme dosage to 1000 mg·g-1 223 

silica reduced the activity so that only 0.6 ± 0.4% of the free enzyme activity was 224 

retained after immobilization. Further, the immobilization efficiency reduced to 22 ± 225 

7%. In this case, the large increase in the amount of the enzyme loaded on the support 226 

(220±70 mg·g-1) led to a greater number of protein multilayers and interactions. Figure 227 

3(D) shows the surface representation of the β-galactosidase with its surface catalytic 228 

pocket region (cyan colour). According to this figure, the interactions described in 229 

Figure 3(A-C) may block this region and hinder efficient access of the substrate to the 230 

enzyme.  231 

 232 

 233 

 234 
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Table 1. Hydrolytic activity retention, immobilization efficiency and amount of 235 

immobilized β-galactosidase adsorbed on the SIPERNAT 50S particles by the layer-by-236 

layer encapsulation method used in this study at different enzyme dosages. 237 

Enzyme 

dosage 

(mg·g-1 silica) 

Activity 

retention (%) 
 

Immobilization 

efficiency (%) 
 

Amount of 

immobilized enzyme 

(mg·g-1 silica) 

2 22± 2 100 2 

10 17 ± 2 100 10 

30 13.5 ± 1.5 98.4 ± 0.6 29.5 ± 0.2 

1000 0.6±0.4 22± 7 220 ± 70 

 238 

 239 

We also examined the effect of lactose pre-treatment on the loss of enzyme 240 

activity during the immobilization. It was reported that lactose binding to the active site 241 

of β-galactosidase can act as a shield against the formation of covalent bonds near the 242 

active site.44 This protection method, however, did not result in any significant change 243 

in the enzyme activity compared to the immobilized enzyme without lactose pre-244 

treatment. This result demonstrates that interactions other than covalent bonding play 245 

a part in the change in enzyme conformation in this cross-linked layer-by-layer 246 

assembly. 247 

(Figure 3) 248 
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Transgalactosylation reaction 249 

The immobilized biocatalyst with a load of 2 mg enzyme per g silica was then 250 

used in the transgalactosylation reaction. Starting with the same initial hydrolytic 251 

activities of 0.14 U·ml-1 (corresponding to 40 µg·ml-1 of the immobilized enzyme and 8 252 

µg·ml-1 of the free enzyme), the immobilized enzyme produced approximately two-fold 253 

to three-fold more LacNAc compared to the free enzyme at each time point (Figure 254 

4(A)). The ratio of initial transgalactosylation rate (rtrans) to hydrolysis rate (rhydro) for 255 

the immobilized enzyme is also about seven times greater than that for the free enzyme 256 

(Figure 4(B)). Even when the free enzyme concentration is increased to 0.63 U·ml-1 257 

(corresponding to 36 µg·ml-1 of the free enzyme), which is equivalent to the initial 258 

transgalactosylation activity of the immobilized enzyme, the LacNAc production over 259 

time did not reach to the same level as observed for the reaction with the immobilized 260 

enzyme (Figure 4(A)), due to competition from the hydrolysis reaction. This is an 261 

important result, which shows that the immobilization technique employed in this 262 

study not only makes it possible to recover the enzyme after the reaction but also that 263 

immobilization increases yield, which can significantly influence the economy of large-264 

scale LacNAc production.2  265 

For further elucidation, as shown in Figure 4(C), the reaction specific 266 

productivity (also known as biocatalytic productivity rate) was calculated at two time 267 

points when the highest LacNAc concentrations were obtained in the reactions 268 

catalyzed by the free enzyme at 0.63 U·ml-1 (90 min) and the immobilized enzyme at 269 

0.14 U·ml-1 (150 min), respectively. When the free enzyme is used, a greater amount of 270 
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LacNAc can be achieved using 0.63 U·ml-1 rather than 0.14 U·ml-1 but at the expense of 271 

a reduction in the specific productivity. In contrast, the specific productivity of the 272 

reaction catalyzed by 0.14 U·ml-1 of the immobilized enzyme is greater than that of the 273 

reaction run by 0.63 U·ml-1 of the free enzyme for either time point. The higher specific 274 

productivity of 0.14 U·ml-1 of the free enzyme is due to the lower enzyme mass 275 

concentration (8 µg·ml-1) of the immobilized enzyme (40 µg·ml-1) at the same 276 

hydrolytic activity. Nonetheless, the ability to re-use the immobilized enzyme may 277 

compensate for the loss of activity. Changes in the transgalactosylation yield and 278 

reaction productivity upon immobilization of β-galactosidases have been reported by 279 

several researchers.17, 66-68 280 

As previously shown,69 high concentrations of divalent cations, i.e. 100 mM Ca2+ 281 

or 100 mM Mg2+ can lead to the formation of salt bridges between the negatively 282 

charged β-galactosidases and subsequent protein aggregation. Thus, in the present 283 

study, we also examined the effect of these cations on the product formation when the 284 

immobilized enzyme is used. As can be seen in Figure 4(A), no significant change in the 285 

concentration of LacNAc in the presence of 100 mM Ca2+ or Mg2+ is observed. This result 286 

indicates that the enzyme is well encapsulated into the support and is unable to form 287 

aggregates with neighbouring molecules. It also confirms our previous conclusion that 288 

these cations have no role as co-factors of this enzyme. 289 

(Figure 4) 290 
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In our previous work,69 we developed a kinetic model to describe the multi-291 

pathway reactions including transgalactosylation and hydrolysis involved in the 292 

conversion of lactose to LacNAc. Based on this model (see the Supporting Information), 293 

the reaction rate constants were estimated for the free enzyme and the immobilized 294 

enzyme (Table S1). The altered kinetic parameters are indicative of changes in the 295 

catalytic active site and/or  the restriction on substrate diffusion into the layer-by-layer 296 

coating, which decreases the reaction rate constants after immobilization.70-71 297 

Importantly, the ratio of the LacNAc synthesis rate constant (k3) to galactose release 298 

rate constant (k2) is 14 M-1 for the free enzyme while that for the immobilized enzyme 299 

is about 20 M-1, which demonstrates improved transgalactosylation. 300 

Thermal stability of the immobilized enzyme versus free enzyme 301 

The immobilized enzyme could retain about 92% and 83% of its initial activity 302 

after 90 min and 180 min at 55 °C, respectively (Figure 5(A)), while only 8% of the 303 

initial activity of the free enzyme was maintained after 30 min (Figure 5(B)). This 304 

means that with an immobilized enzyme it is possible to run reactions at elevated 305 

temperature and thus at a higher reaction rate. At even higher temperatures, the 306 

immobilized enzyme begins to denature more rapidly (Figure 5(C)), so that at 70°C, the 307 

residual activity is more comparable (7% for the free enzyme and 15% for the 308 

immobilized after 15 minutes). This observation is consistent with the inactivation rate 309 

constant (kD) data shown in Table 2. However even at 70°C, the immobilized enzyme 310 

remains more thermally robust. 311 
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Table 2. Inactivation rate constant (kD), half-time values (t1/2) and activation energy of 312 

thermal denaturation reaction (Ea) for the immobilized and free enzyme. 313 

T 
(°C) 

kD × 103 (min-1) t1/2 (min) 

Free 
enzyme 

Immobilized 
enzyme 

Two-
tailed p-

value 

Free 
enzyme 

Immobilized 
enzyme 

Two-
tailed p-

value 

55 77 ± 9 1.2 ± 0.3 5×10-8 9 ± 1 580 ± 140 3×10-10 

60 96 ± 7 6 ± 0.5 3×10-9 7 ± 0.4 117 ± 9 2×10-22 

65 142 ± 13 33 ± 2 4×10-6 5 ± 0.4 21 ± 1 5×10-17 

70 174 ± 10 127 ± 18 2×10-5 4 ± 0.2 5 ± 1 2×10-2 

  Ea (kJ mol-1) 

 Free enzyme Immobilized enzyme 

 53 ± 1 294 ± 2 

 314 

(Figure 5) 315 

The activation energy (Ea) for the thermal denaturation reaction, or the 316 

minimum energy needed for triggering enzyme inactivation, is 53 ± 1 kJ mol-1 for the 317 

free enzyme and 294 ± 2 kJ mol-1 for the immobilized enzyme (Table 2). The higher Ea 318 

of the immobilized enzyme, which is more than five-fold that of the free enzyme, 319 

corroborates the suitability of the cross-linked layer-by-layer immobilization technique 320 

as a method for improving the thermal stability of β-galactosidase.  321 

  322 
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The positive ΔS observed for the immobilized enzyme (Table 3) is directly 323 

indicative of protein unfolding (greater disorder) during inactivation.72-73 By contrast, 324 

the corresponding negative ΔS values for the free enzyme can be related to the 325 

formation of protein aggregates during inactivation as a result of denaturation. The 326 

aggregates are less disordered compared to the soluble proteins moving freely in the 327 

solution, hence the negative ΔS values.74-75  328 

The positive values of ΔH indicate that thermal inactivation of the β-329 

galactosidase is an endothermic reaction, and the differences in the ΔH values of the 330 

free vs the immobilized enzyme implies that  more energy required to destabilize the 331 

immobilized form (Table 3). The formation of an electrostatic cage as a result of the 332 

interaction between the enzyme and polyelectrolytes can restrict structural 333 

fluctuations, leading to improved structural stability within the protein.60 It has been 334 

demonstrated that a greater β-sheet content in a protein also leads to a  more rigid 335 

protein structure.76 As described above, the FTIR spectra of the  immobilized enzyme is 336 

consistent with such changes in secondary structure confirmation and the formation of 337 

a more rigid structure following immobilization.59 338 

  339 
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Table 3. Thermodynamic parameters of thermal inactivation of the immobilized and 340 

free enzyme. 341 

T 
(°C) 

ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

Free 
enzyme 

Immobilized 
enzyme  Free 

enzyme 
Immobilized 

enzyme 

55 50 ±1 291 ±2   -148 ± 4 552 ± 6 

60 50 ±1 291 ±2   -149 ± 4 551 ± 0.7 

65 50 ±1 291 ±2   -148 ± 4 552±0.5 

70 50 ±1 291 ±2   -149 ± 4 551 ± 1 

 342 

 343 

The immobilized enzyme and free enzyme were also incubated at these elevated 344 

temperatures for 30 min and the remaining transgalactosylation activity then 345 

measured at 50 °C. The transgalactosylation activity of the immobilized enzyme 346 

incubated at 55 °C was unchanged, while around 86% of this activity was retained after 347 

incubating the immobilized enzyme at 60 °C (Figure 6). A much more significant 348 

decrease in activity was observed for the free enzyme after incubation at temperatures 349 

higher than the optimum temperature of this β-galactosidase (50 °C). 350 

(Figure 6) 351 

  352 
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Operational stability of the immobilized enzyme 353 

A control sample containing the immobilized enzyme (0.14 U·ml-1) but without 354 

substrate was incubated at 50 °C for 150 min (under the same conditions of the 355 

transgalactosylation reaction) and then the supernatant was separated by 356 

centrifugation. No enzyme was found to be released from the support during this 357 

incubation when the protein content of the supernatant was measured. This is an 358 

important advantage of the cross-linked layer-by-layer encapsulation. The reusability 359 

of the immobilized β-galactosidase in successive reactions was also examined, as this is 360 

one of the key factors in evaluating the usefulness of immobilization for industrial 361 

applications. After eight reuse cycles no significant reduction in the molar yield of 362 

LacNAc was observed (Figure 7(A)), indicating a good operational stability for β-363 

galactosidase immobilized by this method. 364 

(Figure 7) 365 

Preliminary economic analysis results 366 

We have previously developed a simulation of a LacNAc production process using 367 

this β-galactosidase.2 This simulation was now used to compare the amount of LacNAc 368 

that could be obtained from 20 tons of lactose derived from whey, as well as the annual 369 

cost of LacNAc production, for both the free and the immobilized enzyme. The results 370 

are shown in Table S2 in the Supporting Information, indicating the annual production 371 

of 8.5 tons LacNAc with the use of immobilized enzyme and 6.3 tons LacNAc with the 372 

use of free enzyme. The two simulations used enzyme concentrations that provided the 373 
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same initial transgalactosylation activities; 0.14 U·ml-1 (40 µg·ml-1) for the immobilized 374 

case and 0.63 U·ml-1 (36 µg·ml-1) for the free enzyme. The cost of immobilizing the 375 

enzyme at a production scale was estimated as $104 per kg of the immobilized support, 376 

based on the calculations and process flowsheet of unit operations shown in the 377 

Supporting Information (Figure S3). Other assumptions and economic parameters used 378 

in the simulation are shown in Table S2. 379 

The annual cost of raw materials per kg of product is 149 US dollars for the process 380 

based on the immobilized enzyme with eight reuse cycles, while it is 178 US dollars for 381 

the process based on the free enzyme (Table 4). This difference reflects the greater yield 382 

obtained when using the immobilized enzyme. As shown in Figure S4 in the Supporting 383 

Information, with no reuse of the immobilized biocatalyst, 72% of the total raw material 384 

costs arises from the immobilization of the enzyme, whereas the share of the free 385 

enzyme cost in the total raw material costs is about 19%. This finding is in agreement 386 

with previously reported results.77 As the number of reuse cycles increases, however, 387 

this share falls, so that these costs are comparable after 11 reuse cycles. 388 

The Net Present Value (NPV) was then calculated as an indicator of the project 389 

profitability (see Supporting Information). The NPV for the plant processing 20 tons of 390 

lactose per year based on the immobilized enzyme (463 million US dollars) is greater 391 

than that for the process based on the free enzyme (333 million US dollars). This 392 

increase in the NPV is mainly due to the increase in the yield after immobilization. As 393 

shown in Figure 4(A), starting with the same initial transgalactosylation activities and 394 
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a lactose concentration of 50 mM, the molar yield of LacNAc is about 50% when the 395 

immobilized enzyme is used, versus 35% for the free enzyme. For both enzyme types, 396 

the process costs are close to each other, as no change in the equipment sizes occurs 397 

(Table S2 in the Supporting Information), although there is an additional cost for 398 

immobilization that is included for this case. Nonetheless, in each batch more LacNAc 399 

is produced with the same amount of lactose when the immobilized enzyme is used, 400 

indicating a higher annual revenue. Further analysis of the effect of the immobilized 401 

enzyme reuse on the NPV is also shown in Figure 7(B). According to this figure, 402 

variations in the NPV values are significant as the number of reuses increases up to 403 

about 10. Further increases in the NPV are not very significant for higher reuse 404 

numbers assuming the yield of product does not change. 405 

The sustainability of the process based on the immobilized enzyme with eight reuse 406 

cycles and free enzyme is further outlined in Table 4. The water used in the wash cycles 407 

of the enzyme immobilization process can be recycled for the production of fresh 408 

polyelectrolyte and enzyme solutions, so a 90% water recovery is assumed. As the 409 

immobilized enzyme can be recycled at least eight times, the net water usage becomes 410 

small, only 14 kg per kg LacNAc. The net electricity usage from the centrifugation in this 411 

immobilization process is also low (0.004 kWh per kg LacNAc). Recycling of the 412 

immobilized enzyme within the LacNAc reactor requires an additional filtration and 413 

washing process and this also increases the total waste generated and water consumed 414 

per kg of product. Nonetheless, it can be assumed that most of the water from this wash 415 
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step can be recycled to the reactor and so a water recovery of 90% is again used for this 416 

step. 417 

The use of the immobilized enzyme results in a lower chemical oxygen demand 418 

(COD) per kg of product.  In turn, this reduces the CO2 equivalent emissions per kg of 419 

LacNAc in the subsequent wastewater treatment processes, when emission factors for 420 

either an aerobic or anaerobic treatment are applied.78 The electricity, steam and 421 

chilled water consumption also fall, which will further reduce CO2 emissions if these 422 

utilities are supplied using a fossil fuel energy source. Further, the amount of chemical 423 

agents used in Clean-In-Place (CIP) for cleaning equipment is 354 kg per kg LacNAc 424 

when the immobilized enzyme is applied, while 440 kg of these agents per kg LacNAc 425 

are needed when the free enzyme is utilized. The reduction in these chemicals will 426 

further reduce the environmental impact. 427 

 428 

 429 

 430 

  431 
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Table 4. Evaluation of the process sustainability based on either the free  enzyme; or 432 

the immobilized enzyme with eight reuse cycles. 433 

 
Sustainability Parameter 

 Quantity per kg product for: 
Units 

Free enzyme 
Immobilized 

enzyme 
Waste  kg 582 486 

Total chemical oxygen demand 
(COD)  

kg 
10 8 

Emission from waste1 

-  Anaerobic treatment or: kg CO2 

equivalents 
10 8 

-  Aerobic treatment 23 18 

Raw materials  kg 210 188 

Cleaning-In-Place (CIP) solutions 2 kg 440 354 

Water consumption  kg 201 181 

Electricity  kWh 3 2 

Steam  kg 338 265 

Chilled water  tonne 23 18 

Raw material cost  USD 178 149 

Waste treatment cost  USD 0.32 0.28 

Utility cost  USD 11 9 

Labor-dependent cost  USD 499 408 

CIP cost  USD 21 17 

1 Emission factors of 1 kg CO2eq.kg-1 COD for anaerobic treatment and 2.4 kg CO2eq.kg-1 COD 
for aerobic treatment were assumed.78 
2 Water rinse (WFI: water for injection), caustic rinse (0.5 M NaOH) and acid rinse (5% w/w 
H3PO4). 

 434 

 435 

  436 
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Conclusions 437 

In this work, we have demonstrated that cross-linked layer-by-layer encapsulation 438 

of β-galactosidase enzyme derived from Bacillus circulans can effectively improve the 439 

transgalactosylation activity, whilst also improving stability and enabling reuse of the 440 

enzyme. An enzyme dosage of 2 mg per g support resulted in an immobilization 441 

efficiency of 100% with 21.5% of hydrolytic activity retained. Molecular analysis 442 

indicates a range of different interactions during immobilization that may be associated 443 

with the loss of enzyme activity. Further increase in the initial enzyme dosage resulted 444 

in greater protein-protein interactions, leading to a more severe loss of activity. The 445 

immobilized enzyme produced more LacNAc in comparison with the free enzyme at the 446 

same hydrolytic activity. This can be attributed to conformational changes observed by 447 

spectroscopy. The free enzyme was thermally unstable at 55 °C, losing 92% of its initial 448 

activity after 30 min, while the immobilized counterpart was significantly more 449 

thermostable and for instance retained 92% of its initial activity after 90 min at 55 °C. 450 

The enhanced thermal stability and strong retention of the enzyme on the silica support 451 

facilitated the reuse of the enzyme for at least eight successive cycles with no significant 452 

reduction in the LacNAc yield. The enhanced yield at the same initial 453 

transgalactosylation activity led to a significantly greater economic value for LacNAc 454 

production, based on simulation results. The simulations also indicate that the use of 455 

an immobilized enzyme would lead to reduced greenhouse gas emissions and reduced 456 

need for wastewater treatment facilities. These enhancements in conjunction with the 457 
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use of a commercially available silica support meet the essential requirements for large-458 

scale application. 459 
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Synopsis: 740 

Whey-derived lactose was transformed to a bioactive compound (N-acetyllactosamine) 741 

via enzyme encapsulation into polyelectrolyte layers resulting in improved yield and 742 

stability. 743 

  744 
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Figure Captions 745 

Figure 1. A schematic representation of the cross-linked layer-by-layer encapsulation 746 

of the enzyme onto silica particles in this study. PAH: Poly(allylamine hydrochloride), 747 

PSS: Poly(styrene sulfonate). The shapes do not represent the exact particle 748 

morphology, molecule sizes or interaction between different layers but provide a visual 749 

guide. 750 

Figure 2. (A) ATR-FTIR spectra of SiO2, native enzyme and immobilized enzyme. (B) 751 

Zeta potential measurements for the layer-by-layer depositions in Tris buffer at pH=7.2. 752 

(C) ATR-FTIR spectrum of Amide I band for the native and immobilized enzymes. 753 

Figure 3. (A) Poisson-Boltzmann electrostatic surface potential of the enzyme 754 

estimated at pH 6 showing negatively charged regions (red), uncharged regions (white) 755 

and positively charged regions (blue). (B) Free amine groups of the enzyme coloured 756 

green, which can potentially react with glutaraldehyde. (C) Surface regions (yellow) 757 

involved in enzyme-enzyme interactions were predicted by PSIVER (protein-protein 758 

interaction sites prediction server). (D) The 3D surface structure of the enzyme 759 

showing the region of its catalytic pocket (cyan). The visualization was generated using 760 

Chimera software and the 3D structure was obtained from the Protein Data Bank (PDB) 761 

with a code of 4ypj. Four different views of the enzyme are represented in A to C.  762 

Figure 4. (A) time-course of the synthesis of LacNAc with the use of immobilized and 763 

free enzyme at 50 °C with initial lactose and GlcNAc concentrations of 50 mM and 500 764 

mM, respectively. (B) The ratio of transgalactosylation to hydrolysis rates for 765 
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immobilized and free enzyme. (C) The specific productivity of LacNAc after 90 min and 766 

150 min of the reaction with the use of immobilized or free enzyme. 767 

Figure 5. Natural logarithm of the residual activity of (A) the immobilized enzyme and 768 

(B) the free enzyme versus incubation time at elevated temperatures. (C) Natural 769 

logarithm of the thermal inactivation rate constant versus the reciprocal of the absolute 770 

temperature. 771 

Figure 6. The transgalactosylation activity of the immobilized and free enzymes after 772 

incubation for 30 min at elevated temperatures, relative to the case of the same enzyme  773 

with no incubation. All activity tests were conducted at 50 °C for 10 min. 774 

Figure 7. (A) Variations in the molar yield of LacNAc after eight reuse cycles of the 775 

immobilized enzyme. (B) Changes in the profitability parameter (Net Present Value; 776 

NPV) as a function of number of reuse cycles of the immobilized enzyme for a plant with 777 

a downstream process based on selective crystallization. The cost parameters and 778 

assumptions for the NPV calculation are described in Tables 1S and 2S in the 779 

Supplementary Information. 780 

 781 

 782 
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