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Abstract

:

In the present work, Candida antarctica lipase B (CaLB) was adsorbed onto polypropylene beads using different reaction conditions, in order to investigate their influence on the immobilization process and the enzyme activity of the preparations in polymerization reactions. In general, lower salt concentrations were more favorable for the binding of enzyme to the carrier. Polymerisation of dimethyl adipate (DMA) and 1,4-butanediol (BDO) was investigated in thin-film systems at 70 °C and at both atmosphere pressure (1000 mbar) and 70 mbar. Conversion rates and molecular masses of the reaction products were compared with reactions catalyzed by CaLB in its commercially available form, known as Novozym 435 (CaLB immobilized on macroporous acrylic resin). The best results according to molecular weight and monomer conversion after 24 h reaction time were obtained with CaLB immobilized in 0.1 M Na2HPO4\NaH2PO4 buffer at pH 8, producing polyesters with 4 kDa at conversion rates of 96% under low pressure conditions. The stability of this preparation was studied in a simulated continuous polymerization process at 70 °C, 70 mbar for 4 h reaction time. The data of this continuous polymerizations show that the preparation produces lower molecular weights at lower conversion rates, but is comparable to the commercial enzyme concerning stability for 10 cycles. However, after 24 h reaction time, using our optimum preparation, higher molecular weight polyesters (4 kDa versus 3.1 kDa) were obtained when compared to Novozym 435.
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1. Introduction


During the last 30 years, issues such as climate change, petroleum depletion and environmental pollution have highlighted the importance of bio-based and environmentally friendly production processes to be adopted across a wide range of industrial fields [1,2]. In particular, the substitution of highly stable, petrol-based plastics with bio-based and biodegradable products has been, and continues to be, of great interest for public, industry and academia. To address this increasing demand for environmentally friendly polymers, the ability of enzymes to transform natural and non-natural compounds into polymers is considered as a superior alternative to harsh chemical synthetic pathways [3]. Since enzymes perform and regulate a wide range of processes in living organisms, they are known as particularly versatile catalysts. They are interesting tools for structure-regulated reactions since they combine, in many cases, high enantio-, chemo-, regio-, stereo- and choro- selectivity with mild reaction conditions. This enables the synthesis of polymers that would typically crosslink or form a number of by-products when using conventional catalysts such as polyesters made using monomers with lateral hydroxy functionalities [4]. Therefore, the development of an effective enzymatic catalyst has great potential for the improvement of industrial chemical processes, while the environmental footprint could be reduced via the use of enzymes since known to be natural catalysts [5].



By definition, biocatalysts reduce activation energy of chemical reactions without themselves being permanently altered or consumed in the course of the reaction [6]. For industrial applications it is crucial that the enzyme is recyclable, therefore simplistic separation of product and catalyst, with retention of activity is essential. This can be achieved by the immobilization of the enzyme on a solid support, not only enabling straightforward recyclability but also improving stability and specificity as well as selectivity. Further advantages of immobilized enzymes are effective catalyst dispersion in hydrophobic organic media and improved accessibility for substrates, where the aggregation of the hydrophilic proteins can be avoided. All these factors result in high catalytic activity [7,8]. For a successful enzyme immobilization the right support matrix selection is crucial, since the support influences the final orientation of the biocatalyst, maintains the tertiary structure and, depending if it is anionic or cationic, can cause a change of the optimum pH range where the enzyme works effectively. The support can be hydrophilic or hydrophobic; this can be modified, for instance with epoxides, aldehydes or carbodiimides to allow efficient immobilization [7,9,10]. Supports used for enzyme immobilization include vinylformamide based copolymers [11], modified chitosan beads [12], silicate clay minerals [13], carrageenan [14], cellulose, pectin [15], starch [16], zeolites [17], ceramics [18], modified cycloaliphatic epoxide [19] and activated carbon [20].



The immobilization of enzymes can be achieved by different techniques. Physical adsorption (physisorption) occurs through weak, unspecific interactions and is sometimes reversable by changing the conditions influencing the strength of the interaction, such as pH, ionic strength, temperature, or polarity of the solvent. This enables the removal of the enzymes from the support if the activity has decayed and the support can be easily regenerated. In contrast, covalent binding (chemisorption) is an irreversible immobilization method. Generally, strong nucleophiles on the protein react with electrophilic groups on the support. Due to the formation of multiple covalent bonds between enzyme and support, the conformation of the former is prevented against unfolding and denaturation, and it can be used in a broad range of media. Another option is to couple the enzyme onto the support with the help of functional groups, such as sugar residues [21].



Immobilized hydrolytic enzymes are already used at an industrial scale to synthetize short chain esters like modified triacylglycerols, emulsifiers, peptides and oligosaccharides under mild operating conditions, with high specificity, high product purity due to reduced side reactions, and exclusion of expensive separation techniques [22]. Such products are used in the food industry, fragrances, cosmetics or pharmaceutical industries. Other production methods for these products, as the extraction from plant and animal sources, or chemical production show drawbacks like low quantities already in the source or potentially harmful effects on environment and customer [23]. The biocatalytic synthesis of aliphatic polyesters can be achieved by polycondensation and ring-opening polymerizations [24]. Cutinase 1 from Thermobifida cellulosilytica—a bacterial enzyme—immobilized in Amber shows a substrate preference for C4-C6 diester-diol combinations, resulting in a conversion rate of 78% and polyesters with molecular weight of 878 Da (Mw) [25]. In studies addressing the enantioselectivity of fungal cutinases for aromatic-aliphatic polyester synthesis, the enzymes show (R)-selectivity, and a planar character of ring structures is crucial [26]. Lipases especially show high activity in transesterification reactions performed under water free conditions like in organic solvents, where side reactions with water are eliminated [27], and the reaction media itself can involve a reactant like an alcohol [28]. CaLB is a suitable biocatalyst for the polymerization of aliphatic polyesters with substrates of carbon chain lengths between 4 and 10, leading to conversion rates of up to 94%, and molecular weights of around 13 kDa [29]. A combination of Novozym 435 and Lipozyme can catalyze the transesterification of rapeseed oil to biodiesel, using tert-Butanol as a water free reaction media [30]. Furthermore, aliphatic polyesters based on terephthalic acid, ethylene glycol, adipic acid or 1,4-butanediol were synthetized, as well as functionalized polymers containing vinyl, hydroxy, or epoxide groups [31,32].



In the present work, different preparations of CaLB immobilized via physisorption on polypropylene beads were tested for their catalytic efficacy in polycondensation reactions of aliphatic polyesters. Since thin-film reactions have several advantages, such as efficient heat and mass transfer, easy byproduct removal and the preservation of the mechanical stability of the used biocatalyst preparation [33,34], the polymerizations were performed in a rotavapor system at 70 °C at both atmosphere pressure (1000 mbar) and 70 mbar. Reaction rates and molecular masses of the products obtained with the different preparations were compared with reactions catalyzed by CaLB in its commercial available form, known as Novozym 435 (CaLB immobilized on macroporous acrylic resin). This commercial biocatalyst was reported to be the most efficient when compared to various lipases derived from different organisms for polymerization of polyols with dicarboxylic acids divinyl esters [24].




2. Results and Discussion


2.1. Lipase Immobilization


Polypropylene beads are well-known supports for the efficient immobilization of hydrolytic enzymes [32,35,36]. Figure 1 shows the influence of different buffer systems for the immobilisation of lipase B form Candida antarctica (CaLB) on Accurel 1000.



According to the remaining esterase activity in the supernatants, after 1 h of reaction in 0.1 M Na2HPO4\NaH2PO4 and K2HPO4\KH2PO4 buffers, 49% and 52% of the enzyme were bound to the carrier respectively (Figure 1). When compared to 44% (Na2HPO4\NaH2PO4) and 19% (K2HPO4\KH2PO4) immobilization yield in the reactions with 1 M buffers, lower salt concentrations of 0.1 M seemed to have a favorable effect on the coupling of CaLB to polypropylene beads. Similar results were obtained when using Tris-HCl and MOPS buffers (see ESI, Figure S1) and are confirmed by literature [37,38]. After 24 h, only 7% of the activity was left in the supernatants (1 M MOPS) while for the others buffer systems almost all enzyme was immobilised.




2.2. Polymerization of Bio-Based Polymers


The immobilized CaLB and Novozym 435 described above were applied in polycondensation reactions of two bio-based monomers, namely dimethyl adipate (DMA) and 1,4-butanediol (BDO).



The intensity reduction of the signal at 3.7 ppm (–CH2–CH2–OH) in the 1H-NMR spectrum of the polymerization product of DMA and BDO together with the intensification of the signal at 4.1 ppm (CH2–CH2–O–C=O) represents the esterification of BDO with DMA, with methanol that is released as byproduct, therefore leading to the disappearance of the –OCH3 groups of DMA (3.7 ppm) (Figure 2). The integration of the peak at 4.1 ppm compared with the peak of the –CH2 adjacent to the carbonylic carbon groups of DMA (2.3 ppm) was used to determine the degree of polymerization.



In general, an average molecular weight (Mn) in the range of 2 to 10 kDa [39], combined with a high conversion rate, is desired for industrial applicability. Significantly lower conversion rates and molecular weights (Mn) were achieved when the reaction were performed at 1000 mbar compared to 70 mbar (Figure 3). This is caused by methanol, which is produced as byproduct during the reaction and if not removed from the reaction mixture causes: 1) the reversibility of the reaction (hydrolysis); and 2) inhibition of the enzyme [29]. At 70 mbar the methanol was readily removed, pushing the reaction to the right, and hence the polymerization process was more efficient. Interestingly, the preparations produced in K2HPO4\KH2PO4 buffer (Figure 3B) show very similar results in terms of conversion rates and molecular weights (Mn) (marked with circles) of 0.1 and 1 M buffer at atmosphere pressure. While the reactions with 1 M buffer resulted in conversion rates of 70% and product weights around 800 Da, the preparations with 0.1 M buffer showed products around 1 kDa and conversion rates of 75%. This indicates a better recovery of enzymatic activity of immobilizations performed in 0.1 M K2HPO4\KH2PO4 buffer, and could be linked to the conformation of the bound enzymes, which can be influenced by the immobilization buffer. Bastida et al. [40] assumed that lipases immobilize on hydrophobic supports involving their open form, but at high ionic strength the conformation equilibrium is shifted towards the closed form. Furthermore, enzyme dimers are stabilized, resulting in lower substrate accessibility of the active sites and therefore less active preparations [40]. The reactions performed with enzymes immobilized in Na2HPO4\NaH2PO4 (Figure 3D) show also similar results, but at 70 mbar. As with the K2HPO4\KH2PO4 preparations, the enzymes immobilized in lower molarity buffer resulted in products with clearly higher molecular weight and conversion rates. The preparation in 0.1 M buffer at pH 8 showed the same effectivity as the commercial enzyme (95%), and an even higher molecular weight of 4 kDa, compared to 3.1 kDa of Novozym 435 (for all obtained conversion rates and molecular weights Table 1).




2.3. Biocatalyst Preparation Stability in a Continous Polymerization Process


CaLB immobilised onto in 0.1 M Na2HPO4\NaH2PO4 buffer at pH 8 showed the best activity in polymerization of DMA and BDO, and was hence used for the assessment of the stability. Therefore, an industrial batch process was simulated in lab scale by removing the product from the reaction after 4 h, and adding fresh monomers to the same enzyme preparation. The reactions were performed at 70 °C and 70 mbar, and the results were compared with Novozym 435 according to the obtained molecular weights and conversion rates.



As shown in Figure 4A, the molecular weight (Mn) of the polyesters synthetized by the selected preparation remains as stable as those produced with the commercial product. Both show a molecular weight decrease of 16% from the first to the second cycle. Furthermore, with a decrease of 235 Da for Novozym 435 and 200 Da for the preparation produced in this study from the second to the last cycle, the polymerization reaction of DMA and BDO is equally stable for both enzyme preparations over 9 cycles. The conversion rates of Novozym 435 vary between 94 and 92%, while CaLB on Accurel beads converts 90 to 84% (see Figure 4B). The decrease of polyester molecular weight (Mn) and conversion rate after the first cycle is most probably caused by uncontrolled leaching of enzyme from the carrier.



The comparison of the reactions performed with 24 h and 4 h reaction time indicates that, during the first hours of polymerization, Novozym 435 is the more effective catalyst to convert monomers to oligomers and low molecular weight polyesters. But when running the reactions for 24 h, the best preparation produced in this study (CaLB on Accurel immobilized in 01 M Na2HPO4\NaH2PO4 pH 8) gives similar monomer conversions (96%) producing even higher molecular weights (Mn) than the commercial CaLB (3.1 vs. 4 kDa), and is therefore more active in the elongation of low molecular weight polyesters. Within 4 h, Novozym 435 can produce polymers with a Mn of 2.3 kDa, but with further 20 h reaction time, the average molecular weight of the products increases only of 800 Da (26% of total molecular weight), while the products of CaLB on polypropylene beads increases of 2.7 kDa (68% of total molecular weight from 1.3 to 4 kDa).





3. Materials and Methods


3.1. Chemicals and Reagents


Polypropylene beads (Accurel MP1000 surface area of 55.985 m2 g−1, particle density of 1.993 g cm−3 and particle diameter of <1500 mm) were purchased from 3 M Deutschland GmbH (Wuppertal, Germany). Dimethyl adipate (DMA) was purchased from Sigma-Aldrich. 1,4-butanediol (BDO) was purchased from Merck (Vienna, Austria). All other chemicals and solvents were also purchased from Sigma-Aldrich (Vienna, Austria) at reagent grade and used without further purification if not otherwise specified.




3.2. Enzymes


Novozym ® 435 (product code: L4777) containing Candida antarctica lipase B immobilized on macroporous acrylic resin, displaying a synthetic activity of 11,700 PLU U g−1 (propyl laurate Units) and Lipozyme CaLB (protein concentration of 8 mg mL−1) were purchased from Sigma-Aldrich (Vienna, Austria).




3.3. Immobilization of CaLB on Accurel Beads


The Accurel beads were washed with acetone 3 times for 5 minutes at 600 mbar to remove the air, in order to enable the enzyme binding also in the bead’s cavities. Afterwards, the beads were rinsed with ddH2O (once) and with the immobilization buffer (twice) using a blood rotator set at 30 rpm for 5 min. A total of 5.0 mg of beads were suspended in 50 mL of 0.1 mg mL−1 (1% w w−1 beads/enzyme) enzyme solution in different buffers (see Table 2) at 21 °C for 24 h on a blood rotator. Samples were withdrawn over time. The progress of the immobilization was monitored by evaluating the residual activity in the supernatant. After the immobilization, the preparations obtained were filtrated, rinsed 3 times with 10 mL of the immobilization buffer and air-dried for 4 days.




3.4. Activity Assays for Immobilized Enzymes


Activity was measured at 21 °C using para-nitrophenylbutyrate (PNPB) as substrate. The final assay mixture was made up of 200 µL of the substrate solution (86 μL of PNPB and 1000 μL of 2-methyl-2-butanol), 20 µL of pure or diluted sample. The increase of the absorbance at 405 nm due to the hydrolytic release of p-nitrophenol (ε 405 nm) was measured over 5 min in cycles of 18 seconds at 30 °C with a Tecan Reader (Tecan, Grödig, Austria) using 96-well micro-titer plate (Greiner 96 Flat Bottom Transparent Polystyrene). A blank was included using buffer. The activity was calculated in units (U), where 1 unit is defined as the amount of enzyme required to hydrolyze 1 μmol of substrate per minute under the given assay conditions.




3.5. Enzymatic Polycondensation Using a Thin-Film Reaction System


Reactions were carried out using equimolar amounts (6.0 mmol) of diester and diol and 2.5% w w−1 of immobilized enzyme based on the total amount of the monomers. The reaction temperature was set to 70 °C, controlled by a temperature probe linked to the heating system, consisting of heating plate and silicon oil bath. Reactions were conducted in 50-mL round bottom flasks connected to a BÜCHI rotary evaporator system (BÜCHI, Tulln, Austria), applying reduced pressure when desired. Reactions were conducted with a rotavapor R-215, R-200 and a R-300 (BÜCHI, Tulln, Austria) connected to a vacuum pump Vac ® V-513, V-500 and R-300 (BÜCHI) (Tulln, Austria) and a pressure controller V-800, V-500 and I-300 (BÜCHI, Tulln, Austria). After 24 h, the reaction mixture was recovered with CH2Cl2 and the products were characterized via 1H-NMR and Gel Permeation Chromatography (GPC) after filtration of the biocatalyst and evaporation of CH2Cl2, without any further purification step. All reactions were performed in duplicates.




3.6. Gel Permeation Chromatography (GPC)


Samples were dissolved in Tetrahydrofuran (THF). Gel permeation chromatography was carried out at 30 °C on an Agilent Technologies HPLC System (Agilent Technologies 1260 Infinity, Vienna, Austria) connected to a 17,369 6.0 mm ID × 40 mm L HHR-H, 5 µm Guard column (Tosoh Bioscience, Tessenderlo, Belgium) and a 18,055 7.8 mm ID × 300 mm L GMHHR-N, 5 µm TSK gel liquid chromatography column (Tosoh Bioscience, Tessenderlo, Belgium) using THF as eluent (at a flow rate of 1 mL min−1). An Agilent Technologies G1362A refractive index detector was employed for detection. The molecular weights (Mn and Mw) of the polymers were calculated using linear polystyrene calibration standards purchased from Sigma Aldrich (250–70,000 Da) (Vienna, Austria).




3.7. 1H-NMR


Nuclear magnetic resonance 1H measurements were performed on a Bruker Avance II 400 spectrometer (Vienna, Austria) (resonance frequencies 400.13 MHz for 1H) equipped with a 5 mm observe broadband probe head (BBFO) (Vienna, Austria)with z-gradients. CDCl3 was used as NMR solvent if not otherwise specified.





4. Conclusions


During immobilization of Candida antarctica lipase B onto Accurel beads, a clear influence of the buffer system used for coupling was seen. In polymerization reactions of DMA and BDO to aliphatic, linear bio-based polyesters that used the thin-film method lead to better results at 70 mbar than at atmosphere pressure, since the byproduct of the reaction (methanol) has an inhibiting effect on the biocatalyst. Interestingly, enzyme immobilized in the presence of K2HPO4\KH2PO4 gives similar results between the buffer molarities at atmosphere pressure, where 0.1 M immobilizations produce polyesters with higher molecular weight than those with 1 M. The reactions with Na2HPO4\NaH2PO4 immobilized enzymes show a similar clustering at 70 mbar. One preparation (0.1 M Na2HPO4\NaH2PO4 buffer at pH 8) produced polyesters at the same conversion rate but with higher molecular weight than Novozym 435 within 24 h. Therefore, it was used to investigate the stability of the covalent immobilization. For 10 repeated reaction cycles, but with shorter reaction time (4 h), the preparation produced lower molecular weight polyesters and had lower conversion rates than Novozym 435. This shows that CaLB immobilized to polypropylene beads in 0.1 M Na2HPO4\NaH2PO4 buffer at pH 8 can catalyze the elongation more efficiently than the commercial CaLB formulation (for long reaction times) and has therefore a good potential for obtaining high molecular weight polyesters.
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Figure 1. Immobilization of Candida antarctica lipase B (CaLB) onto Accurel MP 1000 (polypropylene) beads in different buffer systems at pH 8, according to the relative remaining activity on para-nitrophenylbutyrate in the supernatant of the immobilization reaction. All reactions were performed in duplicates. The figure shows the mean ± SD. 
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Figure 2. Enlarged 1H-NMR spectrum of poly(1,4-butylene adipate) synthesized using immobilized CaLB starting from dimethyl adipate and 1,4-butanediol. Spectra was recorded using CDCl3 as solvent. 






Figure 2. Enlarged 1H-NMR spectrum of poly(1,4-butylene adipate) synthesized using immobilized CaLB starting from dimethyl adipate and 1,4-butanediol. Spectra was recorded using CDCl3 as solvent.



[image: Catalysts 08 00369 g002]







[image: Catalysts 08 00369 g003 550] 





Figure 3. Molecular weights Mn [kDa] and conversion rates [%] of polyesters synthetized with CaLB immobilized onto polypropylene beads in 1/0.1 M K2HPO4\KH2PO4 and Na2HPO4\NaH2PO4 pH 7 and 8; 1/0.1 M Tris-HCl and MOPS pH 7. The polymerization reactions were performed at 1000 and 70 mbar respectively, and compared to the product of the same reactions catalyzed by Novozym 435. Resulting clusters are highlighted with circles. All reactions were performed in duplicates. 
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Figure 4. Recyclability of the CaLB immobilized on polypropylene beads (light gray bars) over 10 cycles in polymerization reaction conducted for 4 h, expressed as: (A) relative percentage of the reacted monomer; and (B) relative molecular weight of the products compared to Novozym 435 (dark grey bars). All experiments were performed in duplicates and are here shown ± the standard deviation. 
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Table 1. Conversion rate [%] and molecular weight Mn [Da] of polyesters synthetized with CaLB immobilized onto polypropylene beads in 1/0.1 M K2HPO4\KH2PO4 and Na2HPO4\NaH2PO4 pH 7 and 8; 1/0.1 M Tris-HCl and MOPS pH 7produced with various immobilization preparations.
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Pressure

[mbar]

	
Buffer

	
Conversion rate [%]

	
Stdv.

	
Molecular weight Mn [Da]

	
Stdv.




	
M

	
salts

	
pH






	
70

	
1

	
K2HPO4KH2PO4

	
7

	
86.0

	
1.0

	
1399.0

	
110.0




	
0.1

	
84.5

	
0.5

	
1309.0

	
41.0




	
1

	
8

	
83.0

	
0.0

	
1135.0

	
27.0




	
0.1

	
84.0

	
1.0

	
1417.5

	
0.5




	
1000

	
1

	
7

	
68.5

	
4.5

	
816.5

	
13.5




	
0.1

	
74.0

	
4.0

	
1052.5

	
152.5




	
1

	
8

	
70.0

	
7.0

	
889.5

	
112.5




	
0.1

	
74.5

	
5.5

	
1162.5

	
113.5




	
70

	
1

	
TRIS-HCl

	
7

	
85.5

	
0.5

	
1487.5

	
126.5




	
0.1

	
86.0

	
3.0

	
1548.0

	
242.0




	
1000

	
1

	
81.5

	
0.5

	
1228.5

	
32.5




	
0.1

	
81.5

	
1.5

	
1276.5

	
114.5




	
70

	
1

	
Na2HPO4NaH2PO4

	
87.5

	
2.5

	
1686.0

	
273.0




	
0.1

	
94.5

	
0.5

	
2734.5

	
174.5




	
1

	
8

	
88.5

	
0.5

	
1648.5

	
77.5




	
0.1

	
95.5

	
0.5

	
4033.0

	
116.0




	
1000

	
1

	
7

	
83.5

	
2.5

	
1317.5

	
104.5




	
0.1

	
83.0

	
1.0

	
1405.0

	
67.0




	
1

	
8

	
82.5

	
1.5

	
1353.5

	
79.5




	
0.1

	
81.5

	
0.5

	
1334.5

	
90.5




	
1

	
MOPS

	
7

	
82.0

	
2.0

	
1195.5

	
95.5




	
0.1

	
81.0

	
0.0

	
1241.5

	
0.5




	
70

	
1

	
80.5

	
0.5

	
1063.0

	
16.0




	
0.1

	
85.0

	
0.0

	
1401.0

	
53.0




	
1000

	
Novozym 435

	
90.0

	
0.0

	
1791.0

	
127.0




	
70

	
95.5

	
0.5

	
3148.5

	
315.5
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Table 2. Different buffers for immobilization reactions of CaLB on Accurel beads. All buffers had concentrations of 1 and 0.1 M. Tris-HCl and MOPS were used at pH 7, while K2HPO4\KH2PO4 and Na2HPO4\NaH2PO4 were used at pH 7 and 8 respectively.






Table 2. Different buffers for immobilization reactions of CaLB on Accurel beads. All buffers had concentrations of 1 and 0.1 M. Tris-HCl and MOPS were used at pH 7, while K2HPO4\KH2PO4 and Na2HPO4\NaH2PO4 were used at pH 7 and 8 respectively.





	
Buffer

	
Molarities [M]

	
pH






	
K2HPO4\KH2PO4

	
1/0.1

	
7




	
8




	
Na2HPO4\NaH2PO4

	
1/0.1

	
7




	
8




	
Tris- HCl

	
1/0.1

	
7




	
MOPS

	
1/0.1
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