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Abstract:



Magnetic nanoparticles (MNp) Fe3O4 were prepared by chemical coprecipitation, and introduced onto collagen fibers to form magnetic collagen support (MNp-Col) for enzyme immobilization. Candida rugosa lipase has been successfully immobilized on MNp-Col supports by a covalent bond cross-linking agent, glutaraldehyde. The characteristics of MNp-Col and the immobilized lipase were investigated. The immobilized lipase displayed sound magnetic separation abilities in both aqueous and organic media. The activity of the immobilized lipase reached 2390 U/g under optimal conditions. The MNp-Col immobilized lipase shows broadened temperature and pH ranges for hydrolysis of olive oil emulsion. For synthesis of butyrate esters in an n-hexane medium, the yield changes through use of different alcohols, among which, butyric butyrate showed the highest yield. The prepared magnetic collagen fiber provides separation support for enzyme immobilization and has the potential to be used in other biotechnology fields.
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1. Introduction


Enzymes are broadly used as ‘green’ biocatalysts in many fields because enzymatic reactions are normally carried out at mild conditions with high efficiency and specificity [1]. However, several shortcomings such as high cost, unstability to thermal or chemical, and non-reusability have restricted the application of free enzymes [2,3,4]. Enzyme immobilization has been reported as a valuable alternative since it not only permits the reuse of enzymes, but also improves some other critical properties like activity, inhibition by reaction products, and selectivity [5].



Lipases are the biocatalysts that can catalyze reactions including acetylation, hydrolysis (of triacylglycerols), alcoholysis, esterification, transesterification, and interesterfication [6,7,8]. The performances of immobilized lipases rely on the immobilization techniques and the chemical property of the support as well [6]. Lipases have been immobilized by numerous methods such as covalent bonding, cross-linking, entrapment, encapsulation, and adsorption [9,10]. Different natural polymers have been employed for lipase immobilization such as agarose, alginate, chitosan, cellulose, and starch [11,12].



Collagen fibers are bioresources that are inexpensive and readily available in animal skins and bones. Made up of spongy characteristics and the existence of functional groups such as carboxyl, amino, and hydroxyl groups, collagen fibers have been proposed by many as supports for enzyme immobilization [13,14,15]. In our previously study, collagen fibers were developed as supports for immobilizing lipase, and the immobilized lipase (Col-GA-IL) showed positive activity for butyl butyrate synthesis [15].



Magnetic nanoparticles (MNPs) have been reported for lipase immobilization [16,17,18]. Magnetite (Fe3O4) is one of the iron oxides used most often. The magnetic supports are beneficial to be separated from the reaction media by using an external magnet. Furthermore, the immobilized enzyme on the magnetic nanoparticles may show higher retention of enzyme activity, storage, and operational stability [17]. Herein, the Fe3O4 magnetic nanoparticles coated with oleic acid were prepared and then mixed with bovine skin collagen fibers as the support (MNp-Col) for lipase immobilization. Glutaraldehyde (GA) was used as a cross-linking agent. The characteristics of the obtained immobilized lipase on MNp-Col were determined and the application of it as biocatalysts for short chain ester synthesis was investigated. This work showed that Fe3O4 collagen immobilized lipases (MNp-Col-IL) maintain high activity and specificity for butyrate synthesis in an n-hexane medium.




2. Results and Discussion


2.1. Characterization


The results of N2 adsorption–desorption of native collagen fiber, MNp-Col supports, and MNp-Col-IL are shown in Table 1. The total pore volume and Brunauer, Emmett, Teller (BET) surface area of native collagen fiber were only 0.0049 m3/g and 2.10 m2/g, respectively. This is relatively low compared with other porous supports [19,20,21]. However, after grafting with Fe3O4 particles, the BET surface area of MNp-Col is 11.59 m2/g, nearly 5.5 times bigger than native collagen. While immobilized by lipase, the BET surface area of the support shifted to 7.63 m2/g, which is still 3.6 times bigger than native collagen. The total pore volume of MNp-Col supports is 0.042 m3/g, which is approximately 10 times bigger than native collagen. After immobilization, the total pore volume was maintained at 0.038 m3/g. This indicates that the introduction of Fe3O4 particles led to an increase of pore volume and a rougher surface of collagen fiber, while the immobilizing of lipase onto the magnetic supports caused a slight decrease of pore volume. The average pore sizes of native collagen, MNp-Col and MNp-Col-IL, are approximately 13.70, 10.47, and 14.65 nm, respectively. This shows that the pores in collagen fiber supports and MNp-Col-IL fall into the mesopore size range [21]. The average pore size of native collagen decrease when magnetic particles are added, and then increases again upon lipase immobilization. This should be due to GA used for cross-linking the enzyme.



Table 1. The pore size of magnetic collagen support and immobilized lipase.







	
Samples

	
BET Surface Area (m2/g)

	
Average Pore Size (nm)

	
Pore Volume (cm3/g)






	
Native collagen [15]

	
2.10

	
13.7

	
0.0049




	
MNp-Col support

	
11.59

	
10.47

	
0.042




	
MNp-Col-IL

	
7.63

	
14.65

	
0.038










SEM images of MNp-Col-IL are shown in Figure 1. The magnetic particles were dispersed uniformly on the surface of collagen fiber. The physical adsorption may be the main cause in stabilizing the magnetic nanoparticles onto the collagen fiber. The surface of MNp-Col-IL appeared to be of irregular morphology, and layers of Fe3O4 particles could be observed. It demonstrated that Fe3O4 composite particles play a significant role in the enlargement of the surface area of MNp-Col and MNp-Col-IL.


Figure 1. SEM profiles of MNp-Col-IL in different resolutions. (A) × 200, (B) × 1000, and (C) × 10,000.
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MNp-Col-IL showed positive dispersion ability in both aqueous and organic media, especially in aqueous (Figure 2). On the other hand, it could be separated from the medium within 10 s by an imposed magnetic field. This illustrates that the prepared magnetic collagen could be a potential support for enzyme immobilization that can be easily separated from the reaction medium.


Figure 2. Pictures of the dispersion and magnetic separation effect of MNp-Col-IL in media. (A) aqueous, and (B) olive oil.
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The denaturation temperature (Td) of the MNp-Col supports and immobilized lipase was investigated by differential scanning calorimeter (DSC) (Figure 3A). The Td of native collagen fiber is 57.9 °C, while the Td of MNp-Col and MNp-Col-IL were observed at 69.9 °C and 69.2 °C, respectively. This is an increase of approximately 12 °C compared to the native collagen. Glutaraldehyde (GA), the widely used cross-linking agent for collagen fibers, could improve the thermal stability of collagen fibers due to the forming of chemically stable covalent bonds between the side chain amino groups of the residues by formation of Schiff bases [22]. The enhancement of Td by GA implies a broader processing temperature range of the magnetic collagen support, which is beneficial to enzyme immobilization.


Figure 3. DSC (A) and TG (B) profiles. (a) Collagen Fiber, (b) MNp-Col support, and (c) MNp-Col-IL.
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The thermogravimetry (TG) profiles showed that the major decomposition temperature for native collagen fiber was from 280 to 400 °C, and the major weight loss was 65%. The major decomposition temperature for MNp-Col and MNp-Col-IL was from 300 to 500 °C, and the major weight loss was only 37% (Figure 3B). This may be due to the dilution effect of Fe3O4 particles. The improvement of the heat decomposition resistance of MNp-Col and MNp-Col-IL can be contributed to the cross-linking by GA [23].




2.2. The Effects on Immobilization Process


2.2.1. Initial Concentration of Lipase Solution


The immobilization of C. rugosa lipase onto MNp-Col support was performed at 20 °C and pH 7.5 for six hours by varying the initial concentration of lipase from 5 milligrams/milliliter to 50 mg/mL. The results were shown in Figure 4A. The activity of MNp-Col-IL increases as the initial concentration rises 5–30 mg/mL, and reaches a peak value 2390 U/g at 30 mg/mL, in which 70.4% of the expressed activity (observed activity/expected activity considering immobilized enzyme) was recovered. The results showed that the activity of lipase decreased at too high or too low enzyme concentration. The immobilization reaction occurs by covalent bonds between free aldehyde groups on the support and primary amino groups on the side chain of lipase [22,23]. When lipase concentrations were higher than 30 mg/mL, the observed activity of MNp-Col-IL was lower, indicating that excessive immobilized enzymes on the support could hamper their transformation into active conformations for catalysis of the hydrolysis reaction. Similar results were observed by others [21,24]. Furthermore, the immobilization procedure may cause secondary structural changes to the enzyme molecules, especially when some multipoint covalent bonds are built between the support and the enzyme [25].


Figure 4. Effect of the parameters on the lipase immobilization. (A) lipase concentration, (B) time, and (C) temperature.
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2.2.2. Incubation Time


The effect of incubation time was investigated at pH 7.5 and 20 °C with the initial concentration of lipase at 30 mg/mL by varying incubation duration from 1 hour to 10 h. The results were shown in Figure 4B. The activity of MNp-Col-IL increased gradually in the first six hours, exhibited maximal activity at six hours, and the observed activity remained stable afterwards.




2.2.3. Temperature


The immobilization processes were operated with the initial concentration of lipase at 30 mg/mL at temperatures varying from 5 to 35 °C. The activities of MNp-Col-IL were determined and the results were shown in Figure 4C. The optimal immobilization temperature was 20 °C. The activity decreases noticeably once the process temperature rises above 20 °C. This result may indicate that the conformation of the enzyme may be loosened at a high temperature, and the cross-linking reaction during immobilization will hinder the right conformation [26].





2.3. Operational Activity of Immobilized Lipase


2.3.1. Temperature


The mixture of free lipase or MNp-Col-IL with substrate emulsion (pH 8.0) was incubated at temperatures varying from 15 to 70 °C. The activities were measured periodically. The results are shown in Figure 5A.


Figure 5. Effect of Temperature and pH on the relative activity. (A) temperature, and (B) pH.
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The optimal activity for both free lipase and MNp-Col-IL are at 55 °C (Figure 5A). However, MNp-Col-IL maintains high activity at a broader range of temperature than the free lipase. Between 40 °C and 65 °C, more than 90% of the relative activity could be maintained. At 70 °C, the maintained relative activity for MNp-Col-IL is three times higher than that of the free lipase. The multi-interactions between the support and lipase may play a vital role in the tolerance to temperature of immobilized lipase.




2.3.2. Effect of pH


Olive oil emulsion was used as a substrate to investigate the effect of pH on the activity of free lipase and MNp-Col-IL by varying the pH range from 4.0 to 9.5. The optimal pH of MNp-Col-IL is 9.0 (Figure 5B), which is one unit higher compared to free enzyme (optimal pH 8.0). Interestingly, MNp-Col-IL shows a broadened pH range compared to the free lipase. Such a change and widening of the optimal pH value may be caused by diffusion resistance to the fatty acid in the hydrolyzed emulsion transport on the surface of the support [27]. The stabilization of MNp-Col-IL by covalent bonding on the support may limit the active conformation of lipase against the pH change of the medium [28].




2.3.3. The Kinetic Parameters


The kinetic parameters of Km and Vmax are commonly used to evaluate the catalytic efficiency of immobilized verses of free enzymes. The kinetic parameters, Km and Vmax, of free and immobilized enzymes were evaluated by Lineweaver–Burk plot (Figure 6). The Km value of the free lipase and MNp-Col-IL is at 27.54 mM and 36.11 mM respectively (Table 2). The Km of MNp-Col-IL is higher than that of the free lipase, suggesting that the immobilized lipase acting at half of maximum velocity needs a higher concentration of substrate. Furthermore, MNp-Col-IL has weaker affinity than free lipases [29]. Such a decrease in affinity is apparent, which may due to the mass transfer limitations that result of immobilization. Lower Km value decreases of the MNp-Col-IL compared with Col-GA-IL (56.68 mM) may be due to the introduction of Fe3O4 particles. This enhanced the hydrophobicity of immobilized enzymes and improved the binding efficiency of substrate. The Vmax value of MNp-Col-IL was 38.5% that of free lipase. The decrease in Vmax might be due to generous secondary conformational perturbation, and changes on the lipase surface upon immobilization. The catalytic efficiency (Vmax/Km) of MNp-Col-IL (0.11) is lower than that of free lipase (0.37), illustrating that MNp-Col-IL has a relatively low catalytic efficiency [30,31].


Figure 6. Lineweaver–Burk plots of free lipase and MNp-Col-IL.
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Table 2. The kinetic parameters.







	
Lipase

	
Km (mM)

	
Vmax (mM/min)

	
Vmax/Km

	
Relative Activity (%)






	
Free

	
27.54

	
10.25

	
0.37

	
100




	
MNp-Col-IL

	
36.11

	
3.97

	
0.11

	
30











2.3.4. Storage Stability and Reusability Examinations


The storage stability of immobilized enzymes is an essential aspect for their industrial applications. In the storage stability study, MNp-Col-IL and free lipases were stored at 4 °C and their activity was determined at five day intervals. The activity of free lipase decreased to 60% of the initial activity after only five days, while the immobilized lipase reached the same loss of activity after 25 days (Figure 7). At 30 days of storage, MNp-Col-IL still preserved 50% of the initial activity compared to only 8% for free lipases. This suggests that MNp-Col-IL has significantly better storage stability than the free lipase. The significant loss of activity for the free lipase during storage might be due to its higher susceptibility to autolysis. A similar result was reported in the immobilization of C. rugosa lipase after being stored 30 days at 4 °C while the free lipase retained only 10% of its initial activity [20].


Figure 7. Storage stability of free and immobilized lipase.
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For immobilized enzymes, reusability is another character. The used MNp-Col-IL was recovered and used again for a hydrolytic activity test. As shown in Figure 8, at least 75% of the initial activity kept after MNp-Col-IL was reused for 10 cycles. A small loss of activity during the recovery/reuse cycles is possibly since the conformation of lipase was influenced by organic solvent [32,33]. This result demonstrates that MNp-Col has a positive potential for lipase immobilization and related bio-catalytic applications.


Figure 8. Reusability potential of MNp-Col immobilized lipase for hydrolysis of olive oil emulsion.
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2.4. Synthesis of Butyrate by MNp-Col-IL


Short chain esters are a kind of important flavoring and fragrance agents [34,35,36]. Lipases are often used as the catalyst of choice because the reactions can be carried out at mild temperatures, and the processes using these catalysts are considered clean. The MNp-Col-IL catalyzed synthesis of butyric acid esters was investigated.



Table 3 shows the yields for the synthesis of various esters. It showed that MNp-Col-IL effectively catalyzed the synthesis of several short-chain flavoring esters. The yield of butyl butyrate was observed with a peak value of 82.7%. While other butyrate esters displayed less yield, such as the yield of methyl butyrate and n-hexyl butyrate observed at 39.8% and 36.2%, respectively. The alcohol length and position of the hydroxyl groups have important effects on the yields [34,35]. During the esterification process, a tetrahedral complex will be formed between the enzyme and acid by losing water, and then the alcohol binds to the acyl enzyme intermediate, acting as a nucleophile, thus forming a second tetrahedral complex. Resolution of this tetrahedral complex yields the ester and the free enzyme [36]. Therefore, the diffusion rate of the alcohol to the active site should play a key role to the reaction.



Table 3. The yield of butyrate synthesis catalyzed by MNp-Col-IL.







	
Alcohol

	
Yield (%)

	
Alcohol

	
Yield (%)






	
Methanol

	
39.8

	
Iso-butanol

	
61.9




	
Ethanol

	
44.5

	
Tert-butanol

	
6.2




	
N-propanol

	
56.1

	
N-amyl alcohol

	
63.4




	
Iso-propanol

	
22.3

	
Iso-amyl alcohol

	
49.1




	
N-butanol

	
82.7

	
N-hexyl alcohol

	
36.2










The efficiency and specificity of lipase catalyzed esterification is governed by the chain length of acids and alcohols [37]. Shinetre et al. [38] reported that the initial rate of reaction increases linearly with increasing the chain length of fatty acid. Interestingly, Table 3 also showed that different alcohol isomers exhibited different yields, with the following order: n-alcohol > iso-alcohol > tert-alcohol. This could be explained by the influence of steric effects [36,39]. The conversion of iso-butanol (61.9%) and tert-butanol (6.2%) was significantly lower compared with n-butanol (82.7%). This is probably due to progressively higher steric hindrance by the methyl groups in the proximity of the hydroxyl group. Results consistent with our work have been observed in previous studies focusing on the effects of the structures of alcohols on ester synthesis catalyzed by lipases [39,40,41]. In general, Fe3O4-collagen immoblilzed lipases displayed high activity and specificity for butyrate synthesis in an n-hexane medium.





3. Materials and Methods


3.1. Materials


Bovine collagen fibers were prepared based on established methods described elsewhere [42]. Candida rugosa lipase (E.C. 3.1.1.3) (10,000 U/g) was donated by Leveking Bio-Engineering (Leveking Bio-Engineering, Shenzhen, China). Ferric chloride hexahydrate, ferrous chloride tetrahydrate, glutaraldehyde (45%, v/v), butyric acid, various alcohols, and other reagents were of analytical grade. The deionized water (18.2 MΩ) was used for the preparation of buffers.




3.2. Preparation of Magnetic Fe3O4 Particles


Preparation of Fe3O4 magnetic particles was carried out according to the chemical coprecipitation method reported by others [16]. Briefly, 5.4 g of FeCl3·6H2O and 2.0 g of FeCl2·4H2O were dissolved together in 100 mL water at 25 °C with vigorous stirring. Then 20% of NH3·H2O was added to adjust the pH value to 10 with vigorous stirring. The formed particles were black, and exhibited a strong response to an imposed magnetic field 1.0 mL of oleic acid was added and the mixture was incubated at 60 °C for 30 min. The synthesized Fe3O4 were then filtered, rinsed, with deionized water and ethanol for several times, and used directly for the preparation of magnetic collagen support (MNp-Col).




3.3. Preparation of Magnetic Collagen Support and Enzyme Immobilization


The magnetic collagen supports were prepared by mixing Fe3O4 magnetic particles with collagen fiber dispersion. Briefly, 5.0 g of collagen fiber and 100 mg Fe3O4 magnetic particles were dispersed in 10 mL of 0.1 M acetic acid (HAc) with vigorous stirring. Subsequently, 10 mL of 45% glutaraldehyde was added for covalent bonding. The mixture was stirred for one hour at 30 °C before the pH value was adjusted to 7.5 by 0.1 M sodium bicarbonate and the mixture incubated for another hour. The obtained magnetic collagen supports (MNp-Col) were separated by an imposed magnetic field, and thoroughly rinsed with deionized water.



To immobilize lipase onto the functionalized MNp-Col support by covalent bonding, 2.5 g of the prepared MNp-Col support was added into 100 mL of 5–50 mg/mL lipase solution (50 mM PBS buffer, pH 7.5) with vigorous stirring at 5–35 °C. After a set duration of reaction time, the solids were separated by magnetic field and washed with 50 mM PBS buffer (pH 7.5) and deionized water thoroughly to remove the excess free lipase. The obtained immobilized lipase on the magnetic collagen support (MNp-Col-IL) was then stored at 4 °C, and lyophilized for further use.




3.4. Hydrolytic Activity Assays


The hydrolytic activities of both free lipase and MNp-Col-IL were determined according to a reported colorimetric assay and described elsewhere [15,43]. One unit (U) of enzyme activity was defined as the amount of enzyme which liberated one μmol of free fatty acid per minute under assay conditions.



The effects of pH and temperature on the activities of the free and immobilized lipase were investigated by incubating 0.1 g of MNp-Col-IL or 0.5 mL of free lipase (50 mg/mL) in the presence of 2 mL of buffer for one hour under different pH and temperature conditions. The activity of the free and immobilized lipase was determined a temperature range of 15–70 °C and at a pH range of 4.0–10.0 buffered by 50 mM sodium phosphate at pH 4.0–6.5, 50 mM Tris-HCl at pH 7.0–9.0, 50 mM Na2CO3-NaHCO3 at pH 9.5–10. All the experiments for catalytic activity test are measured in triplicate.




3.5. Characterizations of MNp-Col Supports and Immobilized Lipase


The SEM micropraphs were obtained on a JSM 7500F scanning electron microscope (JEOL, Tokyo, Japan). N2 adsorption–desorption isotherms and pore size distributions were obtained on a Micromeritics Tristar 3000 system (Micromeritics, Norcross, GA, USA). The surface area was calculated by BET equation. The MNp-Col-IL dispersed in aqueous or olive oil was directly separated by an imposed magnetic field. DSC data of collagen fibers, Mnp-Col and MNp-Col-IL were measured on a 200DSC scanning calorimeter (NETZSCH, Selb, Germany) from 20–150 °C with a 5 °C/min heating rate. The TG profiles of collagen fibers, MNp-Col and MNp-Col-IL were recorded on a NETZSCH 20 9 thermo gravimetric analyzer (NETZSCH, Selb, Germany) from 40–600 °C with a 10 °C/min heating rate. All samples were run in triplicate.




3.6. Determination of Storage Stability, and Reusability


To evaluate their storage stabilities, free and immobilized lipases were stored in 50 mM Tris-HCl buffer (pH 8.0) at 4 °C for up to 30 days. The relative activity was defined as the ratio between the activity measured at a given time and the initial activity measured at the beginning of the incubation. The used biocatalyst was recovered from the reaction medium by an imposed magnetic field and washed with deionized water and PBS buffer. The lyophilized recovering MNp-Col-IL was introduced into a fresh medium for a next run up to 10 cycles.




3.7. Kinetic Constants Determination


The kinetic parameters of free lipase and MNp-Col-IL were obtained by using various initial concentrations of olive oil (15–100 mg/mL) as substrate at 40 °C and pH 8.0, Km and Vmax were calculated by the Michaelis–Menten equation and the Lineweaver–Burk plots from the obtained data after reacting for 10 min:
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(1)




where S is the substrate concentration (mM), V is the reaction velocity (mM/min), Vmax is the apparent reaction velocity (mM/min), and Km is the Michaelis–Menten constant (mM).




3.8. Immobilized Lipase-Catalyzed Ester Synthesis


The MNp-Col-IL prepared under optimal conditions was used for synthesis of butyrate by using various alcohols with the chain length from one (methanol) to six (n-hexyl alcohol). Briefly, butyric acid and alcohol at a 2:1 molar ratio was dispersed in hexane with the initial concentration of the alcohol at 0.1 M. After mixing well at 40 °C, 100 mg of MNp-Col-IL (water content, 2.0 uL/mg) was added into 10 mL of the system with continuous shaking for 24 h. To terminate the reaction, 5.0 mL of ethanol was added. The amount of the remaining acid in the system was titrated by 0.01 M standard NaOH solution for calculating the yield of butyrate.





4. Conclusions


In this work, magnetic particles Fe3O4 were prepared by chemical coprecipitation and introduced into collagen fibers to form magnetic collagen support for enzyme immobilization. The prepared MNp-Col-IL displayed good magnetic separation abilities in both aqueous and organic media. MNp-Col-IL presents a remarkable enhancement to the tolerance of temperature and pH variations in hydrolysis of olive oil emulsion. It was found that MNp-Col-IL showed effective catalyzing reaction for synthesis of butyrate esters with different chain length of alcohols, among which butyl butyrate was the highest yield. MNp-Col-IL maintains a high activity and specificity for butyrate synthesis in an n-hexane medium.
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