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Abstract

:

In this study, a comparative evaluation was performed in batch esterification reactions under conventional heating (CH) and assisted by microwave irradiation (MW) using bioprinted lipases. Microwave-irradiation-assisted reactions generally provide higher productivities and improve synthesis performance in terms of increased rate and reduced reaction times, resulting in higher interest yields in less time. Productivity was calculated with the enzymes: Burkholderia cepacia lipase (BCL), Candida rugosa lipase (CRL), and porcine pancreas lipase (PPL) using different fatty acids (lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1)) and alcohols at a molar ratio of 1:8. The microwave reactor was operated at a temperature of 45 °C, and power varied between 50 W and 200 W. Bioprinted BCL (bBCL) showed the highest productivity among the tested lipases. In the reaction with the best result, bBCL with lauric acid under MW, the reaction time decreased from 24 h (CH) to 25 min (MW) and the productivity increased 33 times compared with the reactions under CH. The increase in productivity demonstrates its activation that occurred as a result of conformational changes of the enzyme in the bioprinting process, confirmed by Fourier transform infrared (FTIR) spectrometric analysis, which reduces the content of bBCL α-helix with lauric acid. The biocatalyst showed high operational stability over eight cycles, while losing only 19% of its initial activity with half-life times of 12.8 batches. The storage time was five weeks, maintaining ≈80% activity. The results demonstrate the prospect of a new enzymatic route to obtain hyperactive catalysts, with the use of bioprinted lipases in esterification reactions under microwave irradiation, for the synthesis of esters with a view to large-scale industrial application.
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1. Introduction


Heating by microwave irradiation (MW) is based on the interaction of matter with the electric field of the incident radiation, causing the movement of ions and induced or permanent dipoles of the molecules, which orient themselves in the direction of the field. Because of the frequency, this movement occurs about a million times per second, causing friction of the molecules, resulting in the dissipation of electromagnetic energy from the field in the form of heat and temperature increase [1]. The literature reports that the heat produced by molecular friction induced in microwave-assisted chemical reactions, when compared with other techniques, improves the performance of synthesis in terms of increasing the reaction rate and reducing reaction times, resulting in greater achievement of products of interest in less time [2].



Furthermore, microwave-irradiation-assisted reactions can include the application of catalysts or biocatalysts to improve performance in different reactions [3,4,5,6]. Lipases have an intense dipole moment because of functional groups, which is attributed to their polar nature [7]. Microwaves influence polar molecules, increasing friction and collisions between them, which can induce conformational changes in the lipase structure that facilitate the access of substrate molecules to the active site, making the enzyme more active, increasing speed, reducing reaction times, and improving conversion rates [8]. The synergism between MW and biocatalysis shows good results in esterification reactions [9]. Jaiswal and Rathod [10] studied the effect of MW on the synthesis of ethyl laurate, observing a conversion of 98% in 10 min, while under conventional heating (CH), a conversion of 92% was achieved in 4 h. Nhivekar and Rathod [11] obtained 85% conversion of polyethylene glycol stearate when using MW in 70 min. In CH, this conversion was only reached in 6 h. Liow et al. [12] reviewed technologies for intensifying the synthesis of biodiesel through enzymatic esterification reactions and demonstrated an improvement in terms of yield and reaction rate, with reduced enzymatic load and energy consumption in reactions under MW.



To expand the applicability of enzymes and replace synthesis routes that use chemical catalysts and organic solvents, studies indicate the development of methodologies that promote interfacial activation, such as molecular bioprinting, a strategy used to improve enzyme activity and promote biocatalyst hyperactivation [13,14]. Bioimprinting is an effective strategy that improves the catalytic performance of enzymes in nonaqueous medium. This technique promotes conformational changes in the enzyme when imprint molecules are added and interact with the active site of the enzyme. These molecules are then removed, but the enzyme does not return to its former conformation because of its rigid structure. After removal, the conformational structure of the bioprinted enzyme resembles the active “open lid” conformation of the biocatalysts, and an imprint containing functional groups capable of chemical interaction remains on the printed biocatalyst [14,15,16]. Owing to characteristics such as solvent tolerance, super activation, high stability, substrate specificity, enantioselectivity, and reuse, the use of bioprinted enzymes is a promising alternative in biotechnological processes [17]. Brandão et al. [18] observed a 70-fold increase in enzymatic activity of lauric acid bioprinted Burkholderia cepacia lipase (BCL) compared with unprinted BCL. According to Gao et al. [19], BCL bioprinted with fatty acids showed an increase in activity of 95%.



A novel path for the enzymatic synthesis is the association of bioprinting with MW. Thus, enzyme bioprinting in the esterification reaction under MW can become a promising trend for obtaining hyperactive catalysts applied in esterification reactions for the synthesis of esters. In this context, the present study presents an innovative aspect, as it seeks to evaluate the production of biocatalysts by the bioprinting technique and their application in microwave-assisted reactions, as no studies have reported the combined effect of bioprinted lipases with fatty acids in microwave-assisted esterification reactions.




2. Results and Discussion


2.1. Productivity Calculation


Initially, the productivity of bioprinted lipases was evaluated in the reactions under CH (Figure 1) and assisted by MW (Figure 2, Figure 3 and Figure 4) as a strategy to increase catalytic efficiency.



For the productivity results under CH (Figure 1), BCL showed higher productivity for fatty acids in the following order: lauric acid (12:0)—6438.10 µmol/h⋅mg > myristic acid (14:0)—6266.62 µmol/h⋅mg > palmitic acid (16:0)—4835.94 µmol/h⋅mg. It was observed that the productivity of bioprinted BCL (bBCL) increased approximately 6500 times for lauric acid compared with studies by Melo et al. [20] that evaluated the catalytic efficiency of unprinted lipases in esterification reactions under CH. This increase is related to the bioprinting of the enzyme, which promoted greater ease of access of the fatty acid to the lipase active site in the reaction mixture. In BCL, lauric acid has a greater preference for printing on the active site, as it is the only one that interacts with two amino acids that constitute the catalytic triad of this lipase [18]. The same profile was observed by Mukherjee and Gupta [21] when the Thermomyces lanuginosus lipase was bioprinted with surfactant to open the lid that covers the active site of the lipase, and 99% of biodiesel was obtained from soybean oil in about 4 h.



To evaluate the potential of MW in the esterification reactions using bioprinted lipases, the best results of the reactions under CH (BCL with lauric acid, myristic acid, and palmitic acid; Figure 1) were evaluated. The results of the productivity of the BCL bioprinted with lauric acid, myristic acid, and palmitic acid in the powers of 50 W, 100 W, and 200 W can be seen in Figure 2, Figure 3 and Figure 4, respectively.



For the esterification reactions of the bioprinted lipases under MW with 50 W of power (Figure 2), the time was varied from 5 min to 85 min. According to the results, BCL showed the highest productivity for lauric acid at the reaction time of 25 min (198,661.73 µmol/h⋅mg), with a productivity increase of approximately 33 times compared with the reactions under CH and a reduced reaction time from 24 h (CH) to 25 min (MW). Then, the highest productivity was for myristic acid with 25 min of reaction (123,614.43 µmol/h⋅mg), with an increase in productivity of 19 times compared with the reactions under CH and a reduced reaction time of 25 min (MW). For palmitic acid, the highest productivity was with 45 min of reaction (96,718.74 µmol/h⋅mg).



Productivity decreases when there is an increase in the length of fatty acid chains. The same profile for bioprinting was observed by Brandão et al. [18] under mild conditions. The effects on esters of different chain lengths as acyl donors in MW-assisted synthesis using BCL indicate that fatty acid polarity increases as chain length decreases. According to Nhivekar and Rathod [11], polar molecules have a strong affinity for MW, as they have a high dipole moment. These molecules adjust their polarity in the applied field, causing rotation. Thus, there is an increase in friction between the molecules, generating heat and increasing the interactions of the enzyme with the substrate [8]. In the esterification reactions, non-polar solvents with log P > 4 are used. In bioprinting, the acids used have log P greater than 4 [7]. Lauric acid (12:0) has a value of 4.6, myristic acid (14:0) has a value of 6.1, and palmitic acid (16:0) has a value of 7.17, which, in both media (CH and MW), provide conditions favorable for shape memory in the bioprinting technique. Therefore, the higher productivity of lauric acid under MW compared with myristic acid and palmitic acid possibly refers to the selective heating of the more polar molecules under the influence of MW and the bioprinting technique.



For the esterification reactions of the bioprinted lipases under MW with 100 W power (Figure 3), the time was varied from 5 min to 85 min. According to the results, BCL showed the highest productivity for palmitic acid at the reaction time of 25 min (101,554.68 µmol/h⋅mg), with a productivity increase of approximately 20 times compared with the reactions under CH and a reduced reaction time from 24 h (CH) to 25 min (MW). This occurs because MW produces efficient internal heating through direct coupling of energy with the solvent, substrate, and catalyst molecules in the reaction mixture, leading to short reaction times and allowing good yields to be obtained [7]. Palmitic acid (16:0), which obtained the highest productivity in this case, may have the influence of the acid chain size and the interference of the potency change.



For the esterification reactions of the bioprinted lipases under MW with 200 W power (Figure 4), the time was varied from 25 min to 85 min. According to the results, bBCL showed the highest productivity for palmitic acid at the reaction time of 25 min (58,031.25 µmol/h⋅mg), with a productivity increase of approximately 12 times compared with the reactions under CH and a reduction of the reaction time from 24 h (CH) to 25 min (MW); however, it is observed that the productivity in the reactions with 200 W is lower compared with the productivities with 50 W and 100 W. In dynamic mode for MW, radiation is emitted with greater intensity initially and then only the minimum necessary to maintain the temperature. The high intensity of irradiation dispensed at the beginning of the reaction, when 200 W of power was used, may have compromised the conformational structure of the enzyme, which led to a decrease in productivity.



The synergy between the synthesis mediated by bioprinted lipases and the synthesis promoted by MW is an excellent method for the esterification reaction. The combination of bioprinted lipases and microwave-assisted synthesis offered several benefits, such as high throughput, adaptability of the biocatalyst under most conditions, and time-efficient synthesis.




2.2. Fourier Transform Infrared (FTIR) Spectrometric Analysis


After understanding the results of the esterification reactions under CH and MW, the verification of changes in the structure of lipases during the bioprinting process and after the reactions is important to understand the increase in productivity. Thus, to observe the changes in the secondary structures of the Burkholderia cepacia lipase (BCL), Candida rugosa lipase (CRL), and porcine pancreas lipase (PPL), FTIR analyses of amide I (1700–1600 cm−1) were performed, as this region is sensitive to conformational changes [18,22]. The components of the amide I region analyzed were the β-sheet (1610–1640 cm−1), random coil (1640–1650 cm−1), α-helix (1650–1658 cm−1), and β-turn (1660–1700 cm−1) of unprinted BCL, BCL bioprinted with lauric acid, BCL bioprinted with myristic acid, BCL bioprinted with palmitic acid, and BCL after the reaction times. The spectra derived from each region were included in the Appendix A (Figure A1, Figure A2 and Figure A3). The results of the area (%) of the secondary structure by FTIR are seen in Table 1, Table 2 and Table 3.



The results of the area (%) of the secondary structure by FTIR show that the percentage of secondary structure elements changed after bioprinting and reactions. For the unprinted BCL, the α-helix content was 35.18%. A reduced content of bBCL α-helix was found for fatty acids (lauric acid: 20.15%, myristic acid: 24.12%, and palmitic acid: 26.24%). The reduction in the α-helix content indicates the displacement of the BCL lid, which facilitates the access of the substrate to the active site, favoring the increase in enzymatic activity [18,23,24].



From these results, it was observed that the reduction in the α-helix content of the bBCL varied according to the productivity results. The greater the decrease in the α-helix content, the greater the productivity of the bBCL: 198,661.73 µmol/h⋅mg using lauric acid, 123,614.43 µmol/h⋅mg using myristic acid, and 101,554.68 µmol/h⋅mg using palmitic acid. Thus, the more the α-helix content decreases, the greater the displacement of the lipase lid and, consequently, the more exposed the active site of the enzyme, making it easier for the substrate to access [18,25,26]. An increase in the β-sheet content of the bBCL was also observed, making the BCL structure more rigid because of the loss of intermolecular hydrogen bonds between the water molecules and the enzyme surface [18,27].



The lid opening rate after lipase activation is critical in regulating lipase catalysis. In some studies, complex lid movements were identified in some lipases as strong indicators of catalytic activity in organic media, among the Candida antarctica lipase B, Yarrowia lipolytica, Burkholderia cepacia, and porcine pancreas lipase. These studies have investigated the role of lids as a cover or modulator of the lipase active site, as well as their functional role in lipase catalysis [24,25,28]. For example, it was revealed that lowering the energy barrier for opening the lid promoted the activation of Thermomyces lanuginosa [28]. Lipases produced naturally by organisms have relatively low activities. Therefore, with the bioprinted lipases, for example, the higher productivity of the bBCL obtained in this study is a desired type of biocatalyst for industrial applications.




2.3. Operational Stability


Figure 5 shows the deactivation model fitted to the experimental results for bBCL esterification assisted by MW (50 W) along eight consecutive reuses of 25 min each. The Sadana model was fitted to the experimental results, as well as the half-life time (time required for half of the enzyme activity to be lost because of deactivation) of bBCL.



The series-type enzyme deactivation kinetics is given by Equation (1) [29]:


  Act = 100 − 50 ×  k d  ×  t 2   



(1)




where Act is the residual activity (%) at batch n, Kd is the deactivation constant, and t is time (or n-batch). In the present study, Kd was 0.00607.



The half-life of the biocatalyst, t1/2, is estimated by Equation (2):


   t   1 2    =  1     k d       



(2)




where Kd is the deactivation constant and t is time.



The reuse of enzymes is an important factor that affects the cost and use in industrial applications [30,31]. bBCL reached about 81% residual activity after eight cycles, losing only 19% of its initial activity, with a half-life time of 12.8 batches, corresponding to 320.8 min (approximately 5 h). This loss in residual activity with successive reactions can be attributed, in part, to mechanical stress from magnetic stirring on the three-dimensional structure of BCL [30] or to the denaturation of BCL through undesirable enzyme–product interactions [32].



Brandão et al. [18] showed that BCL bioprinted with lauric acid maintained its original relative activity after five successive cycles of the esterification reaction because of the stability of the open conformation, which facilitated the access of the substrate to its active site. According to Li et al. [33], BCL performed in operational stability, reuse, and recycling for eight batches in the reaction of racemic 1-phenylethanol and vinyl acetate. As shown by Soni et al. [34], BCL retained 30% of the initial activity after nine cycles of use in the kinetic resolution of (R,S)-2-(4-[3-chloro-2-hydroxypropoxy]phenyl)acetamide.




2.4. Storage Time


The storage time of BCL bioprinted with lauric acid was determined. Figure 6 shows the relative activity for storage time of BCL bioprinted with lauric acid (12:0) assisted by MW. The results show a gradual and slow decrease in relative activity over five weeks, maintaining ≈80% of activity. After 6 weeks, the relative activity was ≈40%.



The costs of enzymes and the time required to immobilize or bioprint them have created demands for enzymes with long storage stability periods. Thus, it is possible to program its application in a reaction [35]. Xu et al. [36] studied the storage time of BCL and observed that it maintains more than 80% activity after storage for 20 days. The bioprinting technique promotes greater structural rigidity of lipase [18,27], which can lead to extended storage times.





3. Materials and Methods


3.1. Materials


Lipases (Burkholderia cepacia lipase (BCL), Candida rugosa lipase (CRL), and porcine pancreas lipase (PPL)) and octane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethyl alcohol, n-butanol, and fatty acids (lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1)) were purchased from Vetec Química (Sigma-Aldrich, Duque de Caxias, RJ, Brazil), Neon Comercial Ltda (Suzano, SP, Brazil), and Dinâmica Química Contemporânea Ltda (Indaiatuba, SP, Brazil).




3.2. Bioprinted with Fatty Acids


Bioprinting of BCL, CRL, and PPL with fatty acids (lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1)) was performed based on the methodology of Brandão et al. [18]. Here, 0.8 g of lipase was added to 10 mL of isopropanol and fatty acid mixture and kept under stirring at 200 rpm for 60 min at 25 °C. Subsequently, the fatty acid was removed with 20 mL of octane, and the solid was recovered and dried under vacuum at 25 °C for 24 h.




3.3. Productivity Calculation


Lipase-mediated fatty acid esterification was carried out with the same fatty acids used in the studies of Brandão et al. [18]. Free BCL, CRL, and PPL were used for the initial esterification activity analysis and the calculation of productivity [37,38].



Fatty acids (lauric acid, myristic acid, palmitic acid, stearic acid, and oleic acid) and alcohols (consisting of ethanol and butanol 1:1) [18,39,40,41,42] were used at molar ratio of 1:8. The reactions were carried out in 15 mL tubes with the volume of starting material solutions ≅7 mL. The experiments started when 0.6 g of free lipase was added and stirred with a mechanical stirrer at 200 rpm at 45 °C. After 24 h, 100 µL of sample was diluted in 4 mL of ethanol to monitor residual fatty acid levels by titration with 150 mM NaOH solution and to determine the ester conversion. The conversion (%), esterification activity (μmol/h⋅g), and productivity (μmol/h⋅mg) were calculated according to Equations (3), (4), and (5), respectively:


   Conversion     ( % )  =     FA  0  −      FA   f      FA  0    × 100  



(3)




where FA0 is the initial concentration of carboxylic acid (mM) and FAf is the concentration of carboxylic acid at a certain reaction time (mM).


  Esterification   activity    ( µ mol / h  ⋅  g ) =      FA  0  ×      C   T     T    ×      m    Bio      



(4)




where FA0 is the initial carboxylic acids (µmol), CT is the conversion of fatty acids in a certain time, T is time (h), and mBio is the total mass of biocatalyst offered (g).


   Productivity     (   µ mol / h  ⋅ mg  )  =       FA  0  ×      C   T   T     C  Pro   ×      m    Bio      



(5)




where FA0 is the initial carboxylic acids (µmol), CT is the conversion of fatty acids in a certain time, T is time (h), CPro is the protein concentration (mg/g), and mBio is the total mass of biocatalyst offered (g).



The reactions under MW were carried out under the same reaction conditions in a microwave reactor (Model Discover SP, CEM Corporation—Matthews, NC, USA) in the dynamic mode (D), where the radiation is emitted intensely initially and then only the minimum necessary to maintain the temperature. The reactor was operated with controlled temperature (45 °C) and the evaluated parameter was the microwave power, which varied between 50 W and 200 W. An infrared sensor located at the bottom of the reactor monitored the temperature, which was controlled with air injection.




3.4. FTIR Spectrometric Analysis


Changes in the secondary structure of BCL, CRL, and PPL were investigated by vibrational spectroscopy in the FTIR region, using an Agilent Cary 630 Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The FTIR of BCL, CRL, and PPL unprinted, bioprinted, and after the reaction times (lauric acid and myristic acid at 50 W and palmitic acid at 100 W) was performed in the amide I region (1700–1600 cm−1) because this region is sensitive to conformational changes, identifying the peak frequencies through the secondary derivative and deconvoluted peaks using Origin 8.5 software. The β-sheet (1610–1640 cm−1), random coil (1640–1650 cm−1), α-helix (1650–1658 cm−1), and β-turn (1660–1700 cm−1) [43] were the evaluated components of this region. The secondary structure content was calculated from the percentage area of the individual peak in the amide I region [44,45].




3.5. Operational Stability


The operational stability of bBCL in the microwave-assisted esterification reactions was performed in consecutive 25 min batches in the reaction conditions described in Section 3.3. After each cycle, the lipase was washed with octane to remove any remaining reagents and products. Subsequently, bBCL was reused in a new cycle under the same reaction conditions. The residual fatty acid level was monitored at the end of each cycle by titration with 150 mM of the NaOH solution, and the productivity calculation was performed. The first lipase activity was taken as 100% and the relative activity is the percentage ratio of lipase activity to the initial activity. Enzyme deactivation models were fitted to experimental data, using the “solver” function from Excel for Windows, and used to estimate the half-life time of bBCL.




3.6. Storage Time


BCL was bioprinted as described in Section 3.2 and stored under refrigeration at 4 °C. The analysis of the microwave-assisted esterification activities of bBCL and the calculation of the productivity were performed (Section 3.3) and compared over the pre-defined storage times.





4. Conclusions


The use of MW in the esterification reactions of BCL bioprinted with lauric acid increased productivity by approximately 33 times compared with reactions under CH and a reduction in reaction time from 24 h (CH) to 25 min (MW). The increase in productivity in the esterification reaction of bBCL demonstrates its activation, which occurred as a result of conformational changes to the enzyme in the bioprinting process. The changes were confirmed by FTIR analyses. The biocatalyst showed high operational stability over eight cycles. The results showed a gradual and slow decrease in relative activity of storage time over five weeks, maintaining ≈80% of activity. Thus, the results demonstrate the prospect of a new enzymatic route to obtain hyperactive catalysts, with the use of bioprinted lipases in esterification reactions under MW, for the synthesis of esters with a view to large-scale industrial application.
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Appendix A


The spectra derived from the amide I region (1700–1600 cm−1) of Burkholderia cepacia lipase (BCL) were the basis for calculating the area (%) of the secondary structure by Fourier transform infrared (FTIR) spectrometric analysis described in Table 1, Table 2 and Table 3.
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Figure A1. Spectra derived from the amide I region (1700–1600 cm−1) of BCL: (a) unprinted BCL, (b) BCL bioprinted with lauric acid, and BCL bioprinted after reactions in MW at (c) 5 min, (d) 10 min, (e) 25 min, and (f) 45 min. The β-sheet is shown in blue, the random coil in gray, the α-helix in red, and the β-turn in green. 






Figure A1. Spectra derived from the amide I region (1700–1600 cm−1) of BCL: (a) unprinted BCL, (b) BCL bioprinted with lauric acid, and BCL bioprinted after reactions in MW at (c) 5 min, (d) 10 min, (e) 25 min, and (f) 45 min. The β-sheet is shown in blue, the random coil in gray, the α-helix in red, and the β-turn in green.
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Figure A2. Spectra derived from the amide I region (1700–1600 cm−1) of BCL: (a) unprinted BCL, (b) BCL bioprinted with myristic acid, and BCL bioprinted after reactions in MW at (c) 5 min, (d) 10 min, (e) 25 min, and (f) 45 min. The β-sheet is shown in blue, the random coil in gray, the α-helix in red, and the β-turn in green. 






Figure A2. Spectra derived from the amide I region (1700–1600 cm−1) of BCL: (a) unprinted BCL, (b) BCL bioprinted with myristic acid, and BCL bioprinted after reactions in MW at (c) 5 min, (d) 10 min, (e) 25 min, and (f) 45 min. The β-sheet is shown in blue, the random coil in gray, the α-helix in red, and the β-turn in green.
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Figure A3. Spectra derived from the amide I region (1700–1600 cm−1) of BCL: (a) unprinted BCL, (b) BCL bioprinted with palmitic acid, and BCL bioprinted after reactions in MW at (c) 5 min, (d) 10 min, (e) 25 min, and (f) 45 min. The β-sheet is shown in blue, the random coil in gray, the α-helix in red, and the β-turn in green. 
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Figure 1. Productivity of Burkholderia cepacia lipase (BCL), Candida rugosa lipase (CRL), and porcine pancreas lipase (PPL) bioprinted with different fatty acids (lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1)) under conventional heating (CH) at 45 °C for 24 h. 
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Figure 2. Productivity of BCL bioprinted with lauric acid (12:0), myristic acid (14:0), and palmitic acid (16:0) under MW (50 W) (5 min to 85 min) and under CH (24 h) at 45 °C. 
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Figure 3. Productivity of BCL bioprinted with lauric acid (12:0), myristic acid (14:0), and palmitic acid (16:0) under MW (100 W) (5 min to 85 min) and under CH (24 h) at 45 °C. 
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Figure 4. Productivity of BCL bioprinted with lauric acid (12:0), myristic acid (14:0), and palmitic acid (16:0) under MW (200 W) (5 min to 85 min) and under CH (24 h) at 45 °C. 
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Figure 5. Batch operational stability tests for BCL bioprinted with lauric acid (12:0) during esterification assisted by microwave irradiation (50 W) at 45 °C (1 batch = 25 min). 
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Figure 6. Storage time of BCL bioprinted with lauric acid (12:0) assisted by microwave irradiation (50 W) at 45 °C for 25 min. 
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Table 1. Area (%) of secondary structure by Fourier transform infrared (FTIR) spectrometric analysis (amide I region) of unprinted BCL, BCL bioprinted with lauric acid, and bioprinted BCL after reaction times under MW (50 W).
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	Enzyme
	β-Sheet (%)
	Random Coil (%)
	α-Helix (%)
	β-Turn (%)





	Unprinted BCL
	15.89
	25.89
	35.18
	21.83



	BCL Bioprinted with Lauric Acid
	39.35
	18.44
	20.15
	32.80



	BCL + Lauric Acid

(5 min)
	25.91
	26.77
	31.47
	33.64



	BCL + Lauric Acid

(10 min)
	17.64
	22.91
	32.12
	28.05



	BCL + Lauric Acid

(25 min)
	30.53
	26.47
	12.01
	24.86



	BCL + Lauric Acid

(45 min)
	18.97
	22.39
	22.57
	32.15
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Table 2. Area (%) of secondary structure by FTIR (amide I region) of unprinted BCL, BCL bioprinted with myristic acid, and bioprinted BCL after reaction times under MW (50 W).
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	Enzyme
	β-Sheet (%)
	Random Coil (%)
	α-Helix (%)
	β-Turn (%)





	Unprinted BCL
	15.89
	25.89
	35.18
	21.83



	BCL Bioprinted with Myristic Acid
	19.17
	32.04
	24.12
	23.55



	BCL + Myristic Acid

(5 min)
	16.00
	26.71
	25.82
	28.48



	BCL + Myristic Acid

(10 min)
	16.33
	25.72
	27.65
	27.43



	BCL + Myristic Acid

(25 min)
	40.39
	19.22
	16.59
	16.74



	BCL + Myristic Acid

(45 min)
	13.64
	15.27
	20.68
	46.41
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Table 3. Area (%) of secondary structure by FTIR (amide I region) of unprinted BCL, BCL bioprinted with palmitic acid, and bioprinted BCL after reaction times under MW (100 W).






Table 3. Area (%) of secondary structure by FTIR (amide I region) of unprinted BCL, BCL bioprinted with palmitic acid, and bioprinted BCL after reaction times under MW (100 W).





	Enzyme
	β-Sheet (%)
	Random Coil (%)
	α-Helix (%)
	β-Turn (%)





	Unprinted BCL
	15.89
	25.89
	35.18
	21.83



	BCL Bioprinted with Palmitic Acid
	18.71
	17.18
	26.24
	33.94



	BCL + Palmitic Acid

(5 min)
	11.28
	14.02
	40.86
	43.19



	BCL + Palmitic Acid

(10 min)
	31.12
	11.56
	31.18
	33.81



	BCL + Palmitic Acid

(25 min)
	24.07
	31.47
	17.97
	25.87



	BCL + Palmitic Acid

(45 min)
	6.96
	18.48
	36.65
	32.01
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