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Abstract 20 

 This paper shows the coimmobilization of β-galactosidase from Aspergillus oryze (β-gal) 21 

and lipase B from Candida antarctica (CALB). The combi-biocatalyst was designed in a way that 22 

permits an optimal immobilization of CALB on octyl-agarose (OC) and the reuse of this enzyme 23 

after β-gal (an enzyme with lower stability and altogether not very stabilized by multipoint covalent 24 

attachment) inactivation, both of them serious problems in enzyme co-immobilization. To this goal, 25 

OC-CALB was coated with polyethylenimine (PEI) (this treatment did not affect the enzyme 26 

activity and even improved enzyme stability, mainly in organic medium). Then, β-gal was 27 

immobilized by ion exchange on the PEI coated support. We found that PEI can become weakly 28 

adsorbed on OC support, but the adsorption of PEI to CALB was quite strong. The immobilized β-29 

gal can be desorbed by incubation in 300 mM NaCl. Fresh β-gal could be adsorbed afterwards, and 30 

this could be repeated for several cycles, but the amount of PEI showed a small decrease that made 31 

reincubation of the OC-CALB-PEI composite in PEI preferable in order to keep the amount of 32 

polymer. CALB activity remained unaltered under all these treatments. The combi-catalyst was 33 

submitted to inactivation at 60 ºC and pH 7, conditions where β-gal was rapidly inactivated while 34 

CALB maintained its activity unaltered. All β-gal activity could be removed by incubation in 300 35 

mM NaCl, however, SDS analysis showed that part of the enzyme β-gal molecules remained 36 

immobilized on the OC-CALC-PEI composite, as the inactivated enzyme may become more 37 

strongly adsorbed on the ion exchanger. Full release of the β-gal after inactivation was achieved 38 

using 1 M NaCl and 40 ºC, conditions where CALB remained fully stable. This way, the proposed 39 

protocol permitted the reuse of the most stable enzyme after inactivation of the least stable one. It is 40 

compatible with any immobilization protocol of the first enzyme that does not involve ion exchange 41 

as only reason for enzyme immobilization. 42 
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Key words: Enzyme coimmobilization, ion exchange, lipase interfacial activation, enzyme reuse, 43 

combi-biocatalysts, cascade reactions, PEI coating.  44 
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1. Introduction 45 

Enzymes are powerful tools in green organic chemistry due to their high activity under 46 

environmentally mild conditions coupled to a high selectivity and specificity.1 Among the many 47 

uses of enzymes as biocatalysts, the so-called cascade or domino reactions have got a relevant role 48 

because they permit to carry out very complex reactions (e.g., copying metabolism).2 These 49 

reactions mean that the product (or side product) of the first reaction is the substrate of the second 50 

one and the product of this one is the substrate of the third one and this continues in a successive 51 

manner. One of the first and most remarkable examples of multiple reactions catalyzed by several 52 

enzymes to get one high added value product was reported by Wong in the production of sialyl 53 

Lewis X.3 However, most examples of cascade reactions are more modest. For example, the 54 

relatively simple sequential hydrolysis of an oil, a protein or a polysaccharide may be considered a 55 

cascade reaction, even though the order of the modifications is not fully determined in all cases and 56 

may depend on the enzyme mixture used (e.g., carboxypeptidase A should be used always after 57 

chymotrypsin in a selective hydrolytic process of proteins, but trypsin and chymotrypsin may act in 58 

a more free order). 4 In other cases, the objective is to perform several modifications with a strict 59 

order, like in the transformation of benzaldehyde into mandelic acid by sequential HCN addition 60 

and hydrolysis catalyzed by oxynitrilase and nitrilase.5 In other cases, the second enzyme function 61 

is to regenerate a cofactor used by the main enzyme (NAD(P)H or NAD(P)+,6 or ATP or a 62 

phosphorylated compound7). In some instances, the side product of one enzyme is used to perform a 63 

modification of the target substrate by the other enzyme, like using oxidases that produce hydrogen 64 

peroxide that is utilized by lipases to produce peracids,8 or by peroxidases or laccases to oxidize the 65 

desired compound.9 Some examples involve the use of a cascade reaction just to destroy one side 66 

product with a second enzyme that may affect the main product or the main enzyme (e.g., to destroy 67 

hydrogen peroxide by catalase in reactions catalyzed by oxidases).10 All these reactions are just 68 
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some examples of the huge variety of cascade reactions, keeping in mind that the casuistic is very 69 

broad. Moreover, cascade reactions may involve the same or different enzymes. For example, in 70 

some cases the cofactor recycling using dehydrogenases may be achieved using the same enzyme 71 

and two different substrates11 and in many instances full hydrolysis of oils or production of 72 

biodiesel are performed using just one lipase.  However, a more general case is that each reaction is 73 

catalyzed by a different enzyme, as this has some advantages.2  74 

 Immobilization is a requirement for most industrial uses to facilitate the recovery of the 75 

enzymes and their reuse provided that they are stable enough.11 However, nowadays the objective 76 

of immobilization must be far more than a simple enzyme reuse; the improvement of many enzyme 77 

features (stability, but also activity, selectivity or specificity) may be accomplished by a proper 78 

immobilization, transforming this step in a powerful instrument in the biocatalyst design.12 79 

From an industrial point of view, cascade reactions are better performed in one pot.2 In fact, 80 

in some instances such as in the regeneration of cofactors, there are no alternatives to the one pot 81 

configuration. This makes finding conditions where all involved enzymes are active and stable 82 

compulsory, and this may produce additional difficulties in the design of the process2 and enhance 83 

the interest of having as improved a biocatalyst as possible (e.g., via immobilization).12 Moreover, 84 

the enzymes co-immobilized on a same particle are usually preferred, because that way the second 85 

enzyme may act on a higher concentration of their substrate from the beginning of the reaction 86 

time.2 This avoids the lag-time usually observed in these reactions, permitting the second enzyme to 87 

act from the beginning and may shorten the full reaction course depending on the kinetic properties 88 

of the enzymes and the concentration of substrate.2 In other instances, like when the product of the 89 

first enzyme is unstable (production of alpha-keto acids using d-aminoacid oxidases and catalase,13 90 
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or mandelic acid from benzaldehyde5) or if this product is able to render the first enzyme inactive 91 

(oxidases and catalases),14 the coimmobilization is fully required. 92 

However, coimmobilization of enzymes has several problems which are usually 93 

overlooked.15 The first one is that when the least stable enzyme is inactivated, both enzymes need to 94 

be discarded. The second one refers to the necessity of immobilizing all enzymes on the same 95 

support, and usually using the same protocol, that may not be optimal for both enzymes. Recently, a 96 

brilliant solution has been reported: the use of heterofunctional supports, where one enzyme is 97 

immobilized on one kind of support group and the second enzyme is immobilized on the other kind 98 

of group.16 However, this nice strategy has some problems yet. Both groups will be under the 99 

enzyme surface of both enzymes, and that may produce some problems in the intensity of the 100 

desired enzyme-support interactions and the existence of some undesired ones, and this may reduce 101 

the final stabilization for both enzymes achieved via immobilization.17 102 

Our group is trying to advance on the solution of these problems concerning 103 

coimmobilization. In this first approach, we have focused on a situation where one of the enzymes 104 

may be just marginally stabilized via multipoint immobilization and it is less stable that the other 105 

enzyme. The strategy is simple: an optimal immobilization protocol may be applied for the more 106 

stable enzyme, and this enzyme is later coated with an ionic polymer. This treatment with ionic 107 

polymers generally does not alter the enzyme activity and has been even used to stabilize the 108 

enzymes versus diverse inactivating causes (subunit dissociation, oxygen, solvents, etc.)18 or even 109 

to improve enzyme properties.19 Then, the labile and hard to stabilize enzyme may be immobilized 110 

via ion exchange on the already immobilized one. If the first enzyme remains active and 111 

immobilized at high ionic strength, after the labile enzyme inactivation, this enzyme may be 112 

desorbed while the support immobilized one is reused. That way, it is possible to have an optimal 113 
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biocatalyst for the most stable enzyme that can be reused many times to immobilize the labile 114 

enzyme, and some cycles of inactivation, desorption and reloading of the second enzyme may be 115 

accomplished reusing the most stable enzyme. This is not a fully general situation, but many 116 

enzymes couples may fulfill these requirements.  117 

For example, in this proof of concept paper we have employed two very widely used 118 

enzymes. The lipase B from Candida antarctica is among the most used ones in biocatalysis,20 it is 119 

very stable and may be further stabilized via immobilization. For example, CALB has been greatly 120 

stabilized by immobilization on octyl-agarose supports via interfacial activation on the hydrophobic 121 

surface of the support. The final stability thus achieved by even gives a higher stabilization than the 122 

same biocatalyst prepared via multipoint covalent attachment.21 This immobilization is reversible22 123 

and may be useful to study the molar relation of both enzymes via SDS-PAGE. Therefore, we have 124 

selected this immobilization strategy. 125 

The CALB modification with PEI produced a further enzyme stabilization, mainly in 126 

organic medium, without affecting the enzyme activity.23 As a second model enzyme to get the 127 

combi-biocatalyst via this new strategy, we have selected the β-galactosidase from Aspergillus 128 

oryze, an enzyme employed in many reactions and which has a high transglycosylation activity.24 129 

This enzyme is quite stable, but a maximum of 12 folds using epoxy-amino supports (best results 130 

reported for this enzyme) can be stabilized,25 and immobilization via ion exchange gave good 131 

results.26 This has been explained by its high glycosylation (this reduces the exposition of the 132 

protein structure of the enzyme) and the low stability at alkaline pH value (reducing the possibilities 133 

of forcing the enzyme-support reactions)27 making their covalent immobilization not 134 

recommendable as that way support and enzyme should be discarded.15  Thus, this enzyme may be 135 

valid for the proposed strategy: it is difficult to stabilize the enzyme via multipoint covalent 136 

attachment in a support but the immobilization via ion exchange produced reasonable good results 137 
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in terms of activity and stability. Both enzymes might be used to produce galactose modified in the 138 

position 1 with 1,2-diacetin via a glycosidic bond, using triacetin and lactose as substrates. 1,2-139 

diacetin is produced by CALB in hydrolysis of triacetin, but it is unstable tending to isomerize.28 140 

Moreover, in a kinetically controlled process like the proposed, the concentration of the nucleophile 141 

may be a key point to reach good yields,29 therefore coimmobilization could have a double 142 

justification in this reaction.  143 

In this paper, we just studied if both enzymes may be coimmobilized on the same particle 144 

but using different immobilization strategies, permitting an individual support surface optimization 145 

for each of them, and we have analyzed the activity/stability features of the biocatalyst compared to 146 

that of the individual ones. Finally, we have checked the actual possibility of reusing the 147 

immobilized CALB after the β-gal inactivation, a main problem in the standard design of 148 

coimmobilized biocatalysts. Scheme 1 resumes the strategy and objectives. 149 

   150 
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2. Materials and methods 151 

 152 

2.1. Materials 153 

Solution of lipase B from C. antarctica (CALB) (6.9 mg of protein /mL) was a kind gift from 154 

Novozymes (Spain). β-galactosidase from Aspergillus oryzae (20 Units oNPG/mg of protein), o-155 

nitrophenyl-β-galactopyranoside (ONPG), polyethylenimine (PEI)  (MW 25,000), dextran sulfate 156 

(DS) (9-20,000 MW), triton X100, cetyltrimethylammonium bromide (CTAB), sodium 157 

dodecylsulfate (SDS), 2,4,6-trinitrobenzensulfonic acid (TNBS), diethyl p-nitrophenylphosphate 158 

(D-pNPP) and p-nitrophenyl butyrate (p-NPB) were purchased from Sigma–Aldrich (St. Louis, 159 

USA). Octyl Sepharose CL-4B beads and 4% CL agarose beads were from GE Healthcare. PEI and 160 

DS supports were prepared as previously described.26a,30 Electrophoresis reagents were obtained 161 

from Bio-Rad (Hercules, USA). All other reagents were of analytical grade. Protein concentration 162 

was estimated by the Bradford dye binding method31 at 595 nm using bovine serum albumin as a 163 

standard. 164 

 165 

2.2 Standard determination of enzyme activity 166 

2.2.1. β-galactosidase. This assay was performed by measuring the increase in absorbance at 380 167 

nm produced by the release of o-nitrophenol in the hydrolysis of 10 mM ONPG in 25 mM sodium 168 

acetate buffer at pH 5 and 25 ºC (ε was 10493 M-1 cm-1 under these conditions),26b using a 169 

spectrophotometer with a thermostatized cell and with continuous magnetic stirring. To start the 170 

reaction, 100 µL of the enzyme solution or suspension were added to 2.5 mL of substrate solution. 171 

One unit of activity (U) was defined as the amount of enzyme that hydrolyzes 1 µmoL of ONPG 172 

per minute under the conditions described previously.  173 
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2.2.2. Lipase. This assay was performed by measuring the increase in absorbance at 348 nm 174 

produced by the released p-nitrophenol in the hydrolysis of 0.4 mM p-NPB in 25 mM sodium 175 

phosphate buffer at pH 7.0 and 25 °C (ɛ under these conditions is 5150 M−1 cm−1). 50–100 µL of 176 

lipase solution or suspension were added to 2.5 mL of substrate solution to start the reaction. One 177 

international unit of activity (U) was defined as the amount of enzyme that hydrolyzes 1 µmol of p-178 

NPB per minute under the conditions described. 179 

 180 

2.3. Immobilization of CALB on octyl (OC) supports 181 

The standard immobilization was performed using 10 units of lipase per g of wet support. In some 182 

instances, like those to perform SDS-PAGEs or to determine maximum loading of the enzymes, the 183 

amount of offered CALB was increased up to 80 mg/g of support. CALB solution was diluted in the 184 

corresponding volume of 5 mM sodium phosphate buffer at pH 7 at 25ºC. Then, OC support was 185 

added to reach the desired loading.22 The activity of both supernatant and suspension was followed 186 

using p-NPB assay. After immobilization the suspension was filtered and the immobilized 187 

biocatalyst enzyme was exhaustively washed with distilled water.  188 

 189 

2.4. Modification of OCCALB with PEI 190 

A 50 mL solution of 10% PEI (w/v) was prepared and the pH was adjusted at pH 7. Then, 5 g of 191 

OCCALB was suspended and submitted to gentle stirring for 2 h. Afterwards, the modified enzyme 192 

was washed with an excess of distilled water to eliminate the free PEI.23 The enzyme activity was 193 

maintained unaltered and the stability improved, mainly in the presence of organic solvents.23 194 

 195 

2.5. Immobilization of β-galactosidase via ion exchange 196 
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The standard immobilization was performed using 20 ONPG units of free beta-galactosidase 197 

activity per g of wet support (1 mg of enzyme per gram of support), although in some cases 198 

maximum enzyme loading was utilized (4 mg). The support could be PEI, DS or OCCALB-PEI. 199 

This low loading was used to prevent diffusional limitations that could make the understanding of 200 

the results on molecular enzyme properties more complex. In some instances, the amount of 201 

enzyme was increased (e.g. to determine maximum loading of the support, or to perform SDS-202 

PAGE analysis). The commercial sample of the enzymes was dissolved in the corresponding 203 

volume of sodium acetate at pH 5, sodium phosphate at pH 7 or sodium bicarbonate buffer at pH 9 204 

at 25ºC, and then the support was added to reach the desired enzyme loading. 205 

 206 

2.6. Thermal stability of the enzyme preparations 207 

Immobilized or coimmobilized enzymes were incubated at different pH values (5, 7 and 9) and 208 

different ionic strengths (25 or 500 mM of the buffers indicated in the above section). Periodically, 209 

samples were withdrawn and the enzyme activity was measured using oNPG and p-NPB, 210 

depending on the enzyme analyzed. Half-lives were calculated from the observed inactivation 211 

courses. 212 

 213 

2.7 Desorption of β-galactosidase from OCCALB-PEI 214 

The coimmobilized derivatives were suspended in 5 mM sodium phosphate and incubated in 215 

growing concentrations of NaCl at pH 7 and the activities of both supernatant and suspension were 216 

followed using o-NPG and p-NPB. 217 

 218 

2.8. Primary amino titration of the different preparations using TNBS. 219 

Page 11 of 33 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



12 

 

0.5 g of the enzyme preparation were suspended in 5 ml of 100 mM sodium phosphate at pH 8, and 220 

then 0.5 mL of TNBS commercial solution were added.32 After 30 minutes of gentle stirring, the 221 

colored support was exhaustively washed with sodium phosphate at pH 8. Finally, 200 mg of the 222 

treated support were suspended in 5 mL of sodium phosphate at pH 8 in a cuvette (1 cm) and 223 

submitted to continuous stirring. Spectrum acquisition was performed from 350 to 600 nm of the 224 

different supports compared to the non TNBS-treated supports, and the wavelength that permitted 225 

an absorption of 425 nm was selected for the comparisons.  226 

 227 

2.9. SDS-PAGE experiments 228 

 SDS-polyacrylamide gel electrophoresis was performed according to Laemmli33 using a 229 

Miniprotean tetra-cell (Bio-Rad), 14% running gel in a separation zone of 9 cm × 6 cm, and a 230 

concentration zone of 5% polyacrylamide. One hundred milligrams of the immobilized enzyme 231 

samples was re-suspended in 1 mL of rupture buffer (2% SDS and 10% mercaptoethanol), boiled 232 

for 8 min and a 10 µL aliquot of the supernatant was used in the experiments. This treatment 233 

released all enzyme which was just interfacially activated on the support.34 Gels were stained with 234 

Coomassie brilliant blue. A low molecular weight calibration kit for SDS electrophoresis (GE 235 

Healthcare) was used as a molecular weight marker (14.4 – 97 kDa). 236 

 237 

  238 
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3. Results and discussion 239 

 240 

3.1 Immobilization of CALB on octyl support  241 

The immobilization course of CALB on octyl support is shown in Figure 1Sa. In less than 30 242 

minutes, using a ratio of 1 g of support and 10 ml of enzyme suspension, CALB was immobilized 243 

and the activity remained almost unaltered. Immobilization yield is over 95% and the activity is 244 

maintained at 100%. This result agreed with previous reports in literature using this support and 245 

enzyme34. Although the immobilization involves the open form of the lipase and stabilizes it,35 the 246 

CALB lid is so small that the enzyme did not experiment a real activation after immobilization.36 247 

Figure 1Sb shows that the immobilized CALB is far more stable than the free enzyme, maintaining 248 

70% of activity when the free enzyme retained less than 10% of the initial activity. This 249 

stabilization of lipases immobilized on octyl supports has been explained by the high stability of the 250 

adsorbed open form of the lipases when compared to lipases in the standard conformational 251 

equilibrium.37 The coating with PEI under the conditions used in this paper has been described to 252 

present no effect on enzyme activity (activity remained at 100%) and improved stability (mainly in 253 

organic solvents).23  Therefore,  we have decided to use this biocatalyst as a method to prepare he 254 

coimmobilized biocatalyst. Thus, the OCCALB-PEI seems a very adequate system to be used as 255 

“support” to immobilize other enzymes. 256 

 257 

3.2 Immobilization of β-gal on PEI and DS supports at different pHs values 258 

Figure 2S shows the immobilization of the β-gal on supports activated with DS or PEI at pH 5 and 259 

7. While using PEI the enzyme immobilization is complete after only 20 minutes at pH 5 and 7, the 260 

enzyme is only partially immobilized on DS at pH 5 and negligible at pH 7. Therefore, PEI was 261 

selected for all further studies. Immobilization yield was 100% and activity recovery over 90%.  262 
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The stability of this enzyme preparations is shown in Figure 3S, showing that the immobilization 263 

has a marginal effect on the stability of this enzyme, similar to that found using standard ion 264 

exchangers26b. Although the enzyme could be immobilized at pH 9 on PEI coated supports, this pH 265 

offered a lower stability of the enzyme26b: For this reason we discarded the immobilization under 266 

this pH condition. 267 

  268 

3.3 Immobilization of β-gal on octyl-CALB-PEI  269 

Figure 1 shows the immobilization of (0.5 mg, 10 U/g) β-gal on the composite OC-CALB (2 mg/g)-270 

PEI. Immobilization proceeds very rapidly at both pH values (5 and 7) and the activity of the 271 

enzyme remained unaltered. The stability and activity of the CALB of this composite  was identical 272 

to that of the lipase immobilized on octyl and coated with PEI (results not shown) and the β-gal 273 

stability also was identical to that of the enzyme immobilized on the support coated with PEI 274 

(results not shown). The difference in stabilities of CALB and β-gal enzymes was very significant, 275 

being the CALB much more stable than the β-gal. 276 

 277 

3.4 Desorption of β-gal immobilized on octyl-CALB-PEI 278 

We performed cycles of adsorption/desorption of the β-gal on the PEI-lipase composite. That way, 279 

OCCALB could be reused after β-gal inactivation. Figure 2 shows that all β-gal activity could be 280 

released to the medium using 300 mM of NaCl at pH 7, without affecting the CALB activity that 281 

remained fully immobilized and active, and this operation could be repeated several cycles. After 282 

enzyme desorption, new β-gal could be immobilized on the OCCALB-PEI. While in the first cycles 283 

100% of the β-GAL was immobilized, it was found that after 6 cycles, the amount of β-gal 284 

immobilized decreased to 60%. This result suggested that the PEI could be released from the 285 

OCCALB at 300 mM of NaCl, reducing the amount of PEI and that way decreasing the amount of 286 
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immobilized enzyme. Therefore, we decided to prepare biocatalysts with maximum loading of β-gal 287 

at different CALB amounts to analyze in a more precise manner the intensity of the problem. 288 

Surprisingly, we found that we could immobilize a maximum of 4 mg of β-gal per g of OCCALB 289 

independently of the amount of the CALB on the support (results not shown). Figure 3 shows the 290 

SDS-PAGE analysis of these preparations, showing that although the amount of CALB increased, 291 

the maximum amount of β-gal remained constant. β-gal presented two bands, one at 60 kDa and the 292 

other at 72 kDa, both have been previously described.38 This could be caused by the closing of the 293 

pores of the agarose with the β-gal and the PEI , thus we did not reach the maximum values of 294 

loading with the β-gal, or maybe because β-gal can be immobilized on the support surface and not 295 

only in the CALB. Figure 4 shows that while β-gal did not immobilize on OC support, it 296 

immobilized very rapidly on OC-PEI. This occurred although agarose is supposed to be an inert 297 

matrix, and suggests that some sulfate from agarose remains or that the chemical treatment of the 298 

agarose to introduce the octyl groups has produced some oxidations in the agarose hydroxyl groups. 299 

PEI is a poly-cation that requires a very low amount of anion groups in the support to establish 300 

multiple ionic bridges. 301 

To confirm that PEI was adsorbed on OC, TNBS assay was utilized. Table 1 offers the results, 302 

which confirmed that PEI could be adsorbed on OC agarose beads. The incubation of this 303 

composite in 300 mM NaCl released almost completely the PEI. As a comparison, OC-PEI and OC-304 

CALB (maximum loading)-PEI were used, and this showed that PEI was only marginally desorbed 305 

from the support having maximum CALB loading when incubated in 300 mM NaCl, while a 306 

significant percentage of the PEI was released when using OC-PEI preparations (Table 1). Thus, 307 

PEI was more strongly attached to CALB than to the OC support.  308 
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The stability of the β-gal (0.5 mg to prevent diffusion problems) was rechecked using OCCALB-309 

PEI with maximum CALB loading and the results in terms of activity recovery and stability were 310 

identical to the ones previously presented in this paper. 311 

The fact that the commercial OC support could be coated with PEI may become an unexpected 312 

advantage, as we can immobilize (while keeping the activity and stability of both enzymes) the 313 

desired amounts of both enzymes, e.g. an excess of β-gal regarding the CALB. If the support cannot 314 

be modified with PEI, to have an excess of β-gal (or other second enzyme, this paper is just a proof 315 

of concept using a model bienzymatic system) could be a complex problem, and this may be a 316 

requirement on the design of some reactions. 317 

 318 

3.5. Inactivation, desorption/reimmobilization of β-gal immobilized on octyl-CALB-PEI 319 

Next, the combi-biocatalyst prepared using 0.5 mg of β-gal and 2 mg of CALB was incubated at 320 

60ºC and pH 7 (Figure 5). Under these conditions, β-gal activity decreased rapidly while the 321 

activity of CALB remained unaltered. When the activity of the β-gal was lower than 40%, the 322 

combi-biocatalyst was incubated in 300 mM NaCl to release all β-gal and fresh enzyme was 323 

immobilized. This protocol was repeated for 5 cycles: the activity of CALB was unaltered after the 324 

last desorption/adsorption experiment, while the amount of immobilized β-gal decreased only after 325 

the sixth cycle, very likely due to the loss of PEI. To check if this problem also existed using the 326 

PEI adsorbed on the CALB, we used a support with maximal loading of CALB and just 0.5 mg of 327 

β-gal. In this case, we can immobilize 100% of the β-gal for 6 cycles. Using the maximum loading 328 

of β-gal (in this case the preparations were submitted to the same inactivation conditions but the 329 

activity was not followed, due to the diffusion problems), results could be repeated for 6 cycles. 330 

However, when the amount of PEI was determined in the OCCALB-PEI biocatalysts after each 331 
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cycle by TNBS titration (Table 2), a decrease in the amount of PEI attached to the support was 332 

appreciated. Apparently this PEI loss was not enough to prevent β-gal adsorption, but it was 333 

significant. To prevent this, the OCCALB preparations were incubated in a solution of 10% PEI 334 

after each desorption step of β-gal. This permitted to maintain the amount of PEI on the composite 335 

for 6 cycles (results not shown). In case that another enzyme was used and that this was able to 336 

immobilize on PEI stronger than CALB the reloading of PEI should be a requirement after each 337 

enzyme desorption step because all PEI would be released from the OCCALB. 338 

It has been recently shown that the desorption of inactivated enzyme immobilized on PEI support 339 

may be more difficult that the desorption of the active enzyme.39 Figure 2 shows that 300 mM NaCl 340 

was enough to release all β-gal following β-gal activity. Figure 6 shows the SDS-PAGE analysis of 341 

the combi-catalysts. While the non-inactivated enzyme showed no enzyme on the support after 342 

desorption using 300 mM NaCl, the inactivated preparations after desorption under those conditions 343 

showed both bands of the β-GAL, the smaller one with a relative higher intensity. As the objective 344 

was to release all β-GAL molecules, the desorption of the β-gal was assayed at different salts 345 

concentrations before and after β-gal inactivation using maximum loading of both enzymes 346 

(including a step of PEI incubation between cycles). Figure 6 shows that using 1 M NaCl, all β-gal 347 

molecules were desorbed from the support (and also almost all PEI). The activity of CALB 348 

remained unaltered even under these conditions, but the incubation of the OCCALB preparation 349 

with PEI was fully necessary. The established protocol was β-gal immobilization, inactivation, 350 

desorption, PEI incubation, and a new β-gal immobilization. And after 6 cycles, OCCALB 351 

exhibited more than 90% of the initial activity. 352 

Conclusions 353 
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 The protocol proposed in this paper overcomes some of the problems associated to 354 

coimmobilization of two enzymes: it is possible to optimize the immobilization of one of them, and 355 

it is possible to reuse this enzyme after the inactivation of less stable enzyme. The requirement for 356 

this strategy is that the immobilization of the first enzyme is not only based on ion exchange 357 

(otherwise we can desorb the enzyme when desorbing the other enzyme). The example used in this 358 

paper is interfacial activation on hydrophobic support, a method reported as very adequate for lipase 359 

immobilization. The strategy is mainly useful if one of the enzymes is not stabilized via multipoint 360 

covalent attachment, and it is the least stable enzyme among those involved in the combi-361 

biocatalyst. The coating with PEI (but other ionic polymers may be used) produced even some 362 

positive effects on CALB stability23, and it has been used for stabilizing many other enzymes, with 363 

low to null effect on activity due to the random coil structure. The strategy permitted to reuse 364 

CALB after several cycles of β-gal inactivation. However, the enzyme inactivation produces a 365 

stronger adsorption of the inactivated enzyme on the PEI and makes it harder to regain a CALB-PEI 366 

composite free of inactivated enzyme molecules. This is possible to achieve using higher salt 367 

concentration and temperatures39. These conditions did not affect CALB activity, but make re-368 

incubation of the OCCALB-PEI composite with PEI in each desorption/ adsorption cycle 369 

compulsory. This re-incubation in PEI is not a problem at laboratory scale, but may be an 370 

inconvenient at industrial level and strategies to avoid this necessity should be explored.  371 

The proposed strategy has fulfilled the initial objectives and may be extrapolated to many other 372 

enzyme couples involved in cascade reactions. However, to prepare a real combi-biocatalyst, an 373 

adequate relation between the catalytic activity of CALB and β-gal will be required to maximize the 374 

product conversion. The optimization of the reaction and preparation of the specific biocatalyst is 375 

under way in our laboratory. 376 
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Figures captions 525 

 526 

Fig. 1 Immobilization courses of β-galactosidase using 1 mg of enzyme (20 U) at pH 5 (panel A) 527 

and 7 (panel B) on octyl-CALB-PEI. Experiments were performed as described in Section 2. Close 528 

circles: suspension; triangle, dashed line: supernatant; open circles: reference.  529 

 530 

Fig. 2 Relative activity profiles of the supernatants, with respect to the initial value, during the 531 

desorption tests of β-galactosidase and CALB immobilized on octyl-CALB-PEI, at different NaCl 532 

concentrations. The β-galactosidase activity was 20 U/g.  Experiments were performed as described 533 

in Section 2. Triangles, dashed line: CALB activity; close circles: β-galactosidase; open circles: 534 

reference. 535 

 536 

Fig. 3 SDS-PAGE analysis of different biocatalyst preparation and free enzymes used in this study. 537 

Lane 1: low molecular weight protein standard from GE Healthcare. Lane 2: commercial free β-538 

galactosidase. Lane 3: commercial free CALB. Lane 4: octyl-CALB (CALB 5 mg/g of support). 539 

Lane 5: octyl-CALB-PEI (CALB 5 mg/g of support). Lane 6: β-galactosidase on octyl-CALB-PEI 540 

(CALB 2 mg/g of support). Lane 7: β-galactosidase on octyl-CALB-PEI (CALB 4 mg/g of 541 

support). Lane 8: β-galactosidase on octyl-CALB-PEI (CALB 5 mg/g of support). 542 

 543 

Fig. 4 Immobilization courses of β-galactosidase on octyl (panel a) and octyl-PEI (panel b) supports 544 

at pH 7. Experiments were performed as described in Section 2.  Circles: suspension; triangles: 545 

supernatant. 546 

 547 
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Fig. 5 Cycles of β-galactosidase thermal inactivation- desorption- ionic binding from octyl-CALB-548 

PEI composite. Experiments were performed as described in Section 2. Circles: lipase activity, 549 

rhombus: galactosidase activity. 550 

 551 

Fig. 6 SDS-PAGE analysis of β-galactosidase desorption from octyl-CALB-PEI composite. Lane 1: 552 

low molecular weight protein standard from GE Healthcare. Lane 2: octyl-CALB-PEI-β-gal. Lane 553 

3: desorption of β-gal with 0.3M NaCl after thermal inactivation. Lane 4: desorption of β-gal with 554 

0.3M NaCl without previous thermal inactivation. Lanes 5 and 6: desorption of β-gal with 1 M 555 

NaCl with- and without previous thermal inactivation, respectively. 556 

  557 
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Fig. 2 566 
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Fig. 3 570 
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Fig. 4 575 
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Fig. 6 589 
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Table 1. Adsorption of polyethyleneimine on octyl-PEI and octyl-CALB-PEI composites before 591 

and after treatment with sodium chloride. The PEI content was determined by the TNBS assay and 592 

is expressed in absorbance units at 425 nm. 593 

 594 

Condition Octyl-PEI Octyl-CALB-PEI 

Without treatment 0.49±0.07 0.84±0.06 

After added 300 mM NaCl 0.15±0.03 0.81±0.05 

 595 

 596 

 597 

Table 2. Residual polyethyleneimine on octyl-CALB-PEI after various cycles of union-thermal 598 

inactivation-detachment of β- galactosidase. 599 

 600 

Cycle Residual PEI (%) 

2 82±3 

4 72±2 

6 55±1 

 601 

 602 
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Immobilization/stabilization 
 optimum  CALB 

Modification 
Immobilized  CALB 

Inmobilization 
β-gal 

Inactivation  
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Desorption 
β-gal and PEI 

Reuse  CALB 

PEI 
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