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Abstract

:

Currently, great attention is focused on conducting manufacture processes using clean and eco-friendly technologies. This research trend also relates to the production of immobilized biocatalysts of industrial importance using matrices and methods that fulfill specified operational and environmental requirements. For that reason, hydrogels of natural origin and the entrapment method become increasingly popular in terms of enzyme immobilization. The presented work is the comparative research on invertase immobilization using two natural hydrogel matrices—alginate and gelatin. During the study, we provided the molecular insight into the structural characteristics of both materials regarding their applicability as effective enzyme carriers. In order to confirm our predictions of using these hydrogels for invertase immobilization, we performed the typical experimental studies. In this case, the appropriate conditions of enzyme entrapment were selected for both types of carrier. Next, the characterization of received invertase preparations was made. As a final experimental result, the gelatin-based hydrogel was selected as an effective carrier for invertase immobilization. Hereby, using mild conditions and a pro-ecological, biodegradable matrix, it was possible to obtain very stable and reactive biocatalyst. The choice of gelatin-immobilized invertase preparation was compatible with our predictions based on the molecular models of hydrogel matrices and enzyme used.
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1. Introduction


There is no doubt that the practical application of enzymes has been the significant technological issue subjected to extensive studies for many years. One of the reasons is a constantly growing importance of the industrial potential of enzymes. They are mainly applied as effective catalysts of various biotransformations, resulting in plenty of commercially justified products [1,2,3,4]. Biocatalysis is widely used in many fields, including food processing, manufacture of fine chemicals, medical diagnostics and therapies, and cosmetics and pharmaceutical industries, as well as agriculture and environmental protection. Nevertheless, the areas directly related to human health (i.e., food processing, production of dietary supplements, drugs, and other therapeutic compounds) are carefully monitored in terms of biocatalysts application. In this case, the crucial point is to ensure the required purity of the final products. This is enforced by strictly defined regulations developed by the Food and Drug Administration (FDA) [5].



In regard to typical chemical catalysts, the application of enzymes brings many tangible benefits—both to the efficiency of a given process and to the protection of the natural environment. The most important include the following: high chemo-, stereo-, and regioselectivity; mild operational conditions; and lack of formation of toxic by-products during catalyzed reaction [6,7,8]. However, the application of enzymes in their native form is limited by the purification costs, sensitivity to environmental factors, and relatively low operational stability, followed by its disposability [9]. To overcome these drawbacks, various methods improving the stability of enzymes have been developed [6,10,11,12]. The most commonly used is immobilization, involving binding the catalyst molecules to the surface or trapping them in the volume of the given carrier [6,7,8,9,13,14], as well as the formation of cross-linked aggregates (CLEAs) or crystals (CLECs) without the additional use of an insoluble matrix [15,16,17,18]. Beside increasing the stability of enzymes [3,14], immobilization offers many other tangible benefits, such as enzyme reusability without significant decline in its catalytic activity and less susceptibility to denaturation caused by various environmental factors (i.e., temperature, pH, ionic strength) [7,8,13].



In order to select the suitable carrier and immobilization method, several important parameters of bound enzymes should be monitored. The most significant are catalytic activity and thermal, pH, operational, and storage stability. The next very important factor is also the degree of enzyme release from the carrier, which is an undesirable phenomenon in the industrial applications. Summing up, an ideal immobilized biocatalyst for commercial utilization should be characterized by the following: (i) durable binding to the carrier, (ii) non-toxicity, (iii) sufficient resistance to physico-chemical factors of the microenvironment, (iv) high catalytic activity, and (v) reusability or (vi) possibility to use in a continuous mode [14,19].



In fact, increasingly more attention is being paid to conducting manufacture processes using clean and eco-friendly technologies. This aspect closely relates to the production of immobilized biocatalysts. In this case, special attention is paid primarily to the proper selection of matrices that should fulfill required operational and environmental demands. Referring to this ecological trend, hydrogels of natural origin are becoming increasingly popular in terms of enzyme immobilization [20,21,22]. At present, this group of materials is the subject of intensive research as matrices for the production of biocatalysts for industrial importance—especially in the field of food processing [20,23,24,25,26,27]. The indisputable advantages of using natural hydrogels are as follows: (i) eco-friendly nature, (ii) non-toxicity, (iii) biodegradability, (iv) mild manufacturing conditions, and (v) relatively low production costs [28,29,30]. One of the most commonly used methods of immobilization using these matrices is trapping the enzyme molecules within the gel lattice [8,31]. Extensive application of this procedure results from its relatively simple protocol, rather than low costs and time expenditures. Moreover, using this method, only minor changes in the native structure of the enzyme could appear. That would enable it to retain the full catalytic functionality after immobilization.



Currently, a relatively new trend in research on the immobilization of enzymes using hydrogels is observed. That is, the theoretical analysis of virtually designed structural models of these materials to check their potential suitability for effective retention of biocatalyst molecules [32,33,34,35,36]. This multi-level approach could be a versatile practical tool. First of all, it enables one to determine the key parameters of the hydrogel network of different chemical composition (e.g., equilibrium swelling degree, Young modulus, Flory–Huggins interaction parameter, degree of cross-linking, density, permeability, pore size distribution) that are essential to determine their suitability for use as matrices for immobilization [37,38,39,40,41]. Secondly, it allows one to track the potential mechanism of immobilization of a given enzyme at the molecular level in parallel for a few carriers. Finally, by performing screening tests in virtual space, it allows for a significant reduction in costs and time of preliminary experimental investigations. With this approach, there is no need to perform research using the classical trial and error method, and actual experiments can be limited only to strictly defined narrow conditions selected in computational studies.



The main aim of our study was to analyze molecular models of two different hydrogel materials of natural origin (sodium alginate and gelatin) in terms of their effective use as immobilization carriers for the model enzyme (invertase from Saccharomyces cerevisiae). Then, by tacit analysis of the molecular structure of hydrogel matrices and the enzyme, provide hypothesis about their structural and chemical properties. Thus, optimization of their application could be performed by comparing the outcomes from theoretical considerations with the results obtained in standard experimental studies of enzyme immobilization.



Our goal was to investigate diverse systems. Therefore, the chosen materials completely differ in the cross-linking mechanism. In the case of sodium alginate, the formation of so-called pseudogels is observed (physical hydrogels). The cross-linking mechanism is based on the exchange of monovalent to divalent ion (most frequently from Na+ to Ca2+) [36,42,43,44]. This process results in the creation of a three-dimensional polymeric structure maintained by reversible ionic interactions [44,45,46]. In turn, gelatin-based materials are mostly cross-linked chemically and defined as permanent hydrogels. In this case, stable hydrogels are obtained by the formation of covalent bonds between polymeric gelatin chains in the presence of a specific cross-linking agent (e.g., microbial transglutaminase, EC 2.3.2.13) [47,48,49,50]. Considering the appropriate selection of a model enzyme, the rather high permeability of alginate-based materials was taken into account [51,52]. Therefore, we applied the invertase from Saccharomyces cerevisiae—an enzyme with relatively high molecular weight (MW ≈ 428 kDa [53]).



Our research represents a multi-level verification of the effectivity of the novel methodology for estimating the suitability of hydrogel materials as carriers for the immobilization of biocatalysts. This comparative studies combine the virtual analysis of possible interactions that could be created in the given enzyme–carrier system, with the experimental results obtained after real immobilization of active protein.




2. Results


In the study, the invertase from Saccharomyces cerevisiae (EC 3.2.1.26, soluble type) was subjected to immobilization by entrapment in two different hydrogel matrices of natural origin—alginate and gelatin.



Initially, according to the currently developing trend of material design research, the structural models of the tested hydrogel matrices were taken under consideration. In this case, their predisposition as carriers for the immobilization of enzymes was analyzed. Next, the possibility of creating stable bonds between the model enzyme molecules and polymer chains of the hydrogel carriers was investigated.



Then, in order to select the appropriate conditions of the immobilization process, factors such as concentration of the primary cross-linking agent as well as concentration and time of the additional step of cross-linking with glutaraldehyde were examined. Verification of the suitability of each of the aforementioned factors was determined based on the correlation between received activity of hydrogel-bound invertase, immobilization yield, and the degree of enzyme leakage from the carrier. After initial selection of immobilization conditions, the invertase preparations entrapped in the alginate and gelatin hydrogels were tested in terms of operational stability.



In the following research step, the immobilized biocatalytic preparations were subjected to comparative characteristic studies. The effect of different pH and temperature on the activity and stability of invertase trapped in alginate and gelatin-based hydrogels was determined. Then, the storage stability of these preparations was tested as well. All outcomes obtained for the immobilized invertase were compared to the data obtained for the native form of this enzyme.



2.1. Molecular Insight into Structural Characteristics of Alginate and Gelatin-Based Materials


2.1.1. Analysis of Molecular Models of Alginate and Gelatin-Based Hydrogels


Chemically, alginates are copolymers formed of β-(1→ 4)-linked D-mannuronic acid (M) and α-(1→ 4)-linked L-guluronic acid (G) residues. The M and G units are epimers (D-mannuronic acid residues are enzymatically transformed to L-guluronic after polymerization), differing only at C5 having many different conformations. D-mannuronic acid being 4C1 with di-equatorial links between them and L-guluronic acid being 1C4 with diaxial links between them. Alginates are physically cross-linked by Ca2+ ions, forming coordinated bond around carboxyl groups binding only G residues in an egg-box-like conformation (Figure 1).



The physical cross-linking mediated by Ca2+ ions keeps the adjacent strands together. Relatively weak electrostatic couplings between distant strands provide wide voids that can be penetrated by macromolecules. Thus, alginate gels are widely used as immobilization matrices.



On the other hand, gelatin is a heterogeneous mixture of 19 polypeptides in semi random sequences. Its amino acid composition is very rich in glycine, proline, alanine, and hydroproline (Table 1).



One of the typical sequences is Gly-X-Y, where Gly is glycine and X and Y are any other amino acid (Figure 2). The gelatin strands contain between 50 and 1000 amino acids and form a left-handed helical structure [32].



The gelatin polypeptide chains may be chemically cross-linked by microbial transglutaminase (mTGase)—the enzyme that catalyzes formation of the peptide bond between lysine and glutamine residues, as indicated in Figure 3. The pig skin gelatin contains 2.7% of Lys and 2.5% of Gln units (Table 1), which are reactive for mTGase mediated cross-linking.



The peptide bond has a length of approximately 11 A, thus limiting the pore distribution in the gelatin structure compared with that obtained in the case of calcium alginate. Owing to the chemical nature of the interactions between the polymer chains, the strength of peptide bonds is much greater than the coordination linkages created in alginate.




2.1.2. Analysis of Molecular Model of Invertase from Saccharomyces cerevisiae


Yeast invertase (EC 3.2.1.26) is one of the classical model enzymes commonly used in different research fields. Its popularity derived from the widespread utilization of the Saccharomyces strains in early biochemical studies [56]. Owing to the sequence similarity, invertases are classified as belonging to the glycoside hydrolases (family 32, GH32) [57]. The three-dimentional structure of this enzyme is depicted in Figure 4. According to the structural analysis performed by Sainz-Polo et al. [53], invertase from Saccharomyces cerevisiae is a flat square-shaped octamer (130 × 130 × 110 Å). Each polypeptide chain consists of 512 amino acid residues (Table 2).



On the basis of the invertase molecular model (Figure 4), we calculated that, out of 200 Lys and 144 Gln residues, the 148 and 64 are accessible on the surface of the protein molecule (Figure 5).



Using molecular model of the invertase, we estimated that the percentage of accessible Lys and Gln groups is 74% and 44%, respectively. Therefore, there is a high probability that these reactive amino acid moieties exposed in the enzyme molecule could be involved in the formation of additional covalent bonds with gelatin chains. This could lead to obtaining the enzyme immobilized by mixed method of physical entrapment and covalent binding, which will present significantly increased stability.



Summing up, owing to the structural features of model enzyme, both alginate and gelatin hydrogels seem to be suitable matrices for its immobilization. However, on the basis of the performed analysis of molecular predisposition of tested matrices, it could be predict that the retention of invertase molecules should be more efficient using gelatin. Furthermore, the high selectivity of mTGase cross-linking mechanism of connecting Lys and Gln residues with covalent linkages is the main reason for the improved mechanical strength of the received structures, in contrast to rather weak Ca2+–alginate materials. On this basis, we have assumed that gelatin will create a stable scaffold around the invertase, thus providing its stability.





2.2. Experimental Studies on the Process of Invertase Immobilization


The selection of appropriate immobilization conditions is the crucial step in the production of stable enzyme preparations. All experiments were performed for the invertase solution at concentration selected in the preliminary research (55.6 ± 9.93 µg/mL). The catalytic activity of the native enzyme used in the research was 19,550 ± 464 U/mL.



Each step of the selection of immobilization conditions was performed in parallel for both types of hydrogel matrices. Nevertheless, in order to maintain the transparency of the research results, they were discussed separately for each carrier.



2.2.1. Ca2+–Alginate-Based Hydrogel


Initially, the effect of CaCl2 concentration used as a cross-linking agent on the yield of invertase immobilization in alginate carrier was examined. The results of the activity of hydrogel-bound invertase, the immobilization efficiency, and the degree of enzyme leakage from the alginate matrix are summarized in Table 3.



Using data in Table 3, we can conclude that an increase in CaCl2 concentration to 15% w/v was directly proportional to the gradual increase in enzyme activity after trapping, and thereby the yield of immobilization. At the same time, the degree of enzyme leakage was successively reduced from over 20% to 10%. The subsequent increase in CaCl2 concentration did not result in additional reduction of invertase leaking out. Furthermore, the use of a 30% solution of this cross-linking agent caused a significant inactivation of the enzyme revealed in a drastic reduction of catalytic activity (Table 3). Considering these observations, the CaCl2 concentration was set up to 15% w/v and it was used for further research steps.



In the next experiment, the influence of additional cross-linking with glutaraldehyde (GA) on the effectivity of invertase immobilization was examined. Firstly, different concentrations of this agent were taken into consideration under a constant cross-linking time (20 min). Similarly to the primary cross-linking step, enzyme activity after retention in the hydrogel matrix, the immobilization yield, and the degree of leakage were also analyzed in this case (Table 4). It was observed that the use of all glutaraldehyde solutions caused a significant drop in the activity of immobilized invertase in the range from 25% to over 40%. Nevertheless, in this case, it was more important that the use of additional cross-linking with this bifunctional compound results in a considerable reduction of invertase leakage from the alginate network of about 23% to 35%. Following the analysis of the results obtained (Table 4), it was concluded that the use of a 2% v/v concentration of glutaraldehyde was the most preferable.



Afterwards, the optimal cross-linking time was determined using the selected concentration of glutaraldehyde (2% v/v). The results obtained (Table 5) were analyzed based on the correlation between received activity of hydrogel-bound invertase, immobilization yield, and the degree of enzyme leakage from the carrier.



It was observed that the activity of immobilized enzyme decreases with the increase of cross-linking time. The relative activity of the immobilized enzyme for different incubation periods was from 72% to 84.5% of the activity received for the preparation immobilized without cross-linking with glutaraldehyde. However, this treatment lasting for 30 min or longer enabled on the significant reduction of the enzyme leakage from alginate-based carrier.



In order to confirm the usefulness of additional cross-linking with glutaraldehyde on the improvement of invertase immobilization effectivity, operational stability studies were performed for two types of alginate-entrapped enzyme—obtained without and with the presence of GA. For this purpose, ten consecutive batch processes were conducted. The obtained experimental results are depicted in Figure 6.



There is no doubt that using an additional step of cross-linking with glutaraldehyde is crucial to obtain the preparation of invertase immobilized in the alginate-based carrier with significantly increased operational stability. It was observed that, after the 10th reaction cycle, the GA cross-linked preparation of enzyme retained about 55% of its initial activity. Meanwhile, the entrapped enzyme formed only 31% without this immobilization step.




2.2.2. Gelatin-Based Hydrogel


The experiments associated with the selection of the immobilization conditions in gelatin-based hydrogel were carried out analogously to those performed for alginate carriers.



Briefly, the impact of the concentration of primary cross-linking agent on the effectivity of invertase immobilization was determined. In this case, different solutions of microbial transglutaminase (mTGase) were taken under consideration. On the basis of the obtained results (Table 6), it could be observed that the enzyme leakage could be completely eliminated by using the mTGase for cross-linking in the concentration of 1.0% w/v or higher. Moreover, the hydrogel-bound invertase obtained using ≥1.0% solution of microbial transglutaminase retained the highest activity after trapping.



Glutaraldehyde is a well-known cross-linking agent that is responsible for stiffening the enzyme structure and increasing its binding to the carrier [58]. A side effect of this can be a remarkable decrease in the catalytic activity of the enzyme after immobilization. Nevertheless, from the practical point of view, it is much more important than biocatalyst preparations additionally cross-linked with glutaraldehyde exhibit significantly increased stability under processing conditions.



In our study, although the selection of the appropriate concentration of the basic cross-linking agent (mTGase) enabled the complete retention of the invertase in the gelatin hydrogel, the effect of different concentrations of glutaraldehyde and different exposure times was examined in order to improve the enzyme stability. After analysis of the obtained results (Table 7), 0.5% v/v glutaraldehyde solution was selected for further studies, for which the appropriate incubation time was selected in the following experiment (Table 8).



Taking into account the yield of immobilization and relative activity of immobilized invertase, the cross-linking time of 10 min was found to be most suitable.



The final verification of the suitability of cross-linking with glutaraldehyde for immobilization of invertase in the gelatin-based hydrogel was checked by determination of the operational stability and comparison with the results obtained for enzyme preparation without cross-linking with GA. In this case, it was observed (Figure 7) that invertase additionaly cross-linked with glutaraldehyde retained almost 100% of the initial activity after ten consecutive reaction cycles. Meanwhile, at the same time, the enzyme preparation without GA treatment retained only about 60%.



Summing up, it was found that the cross-linking using glutaraldehyde was not an obligatory step needed to retain invertase in the gelatin-based carrier. Nevertheless, it was an indispensable procedure for improving the operational stability of the biocatalyst preparation after immobilization.





2.3. Characteristics of Invertase Immobilized in Ca2+–Alginate and Gelatin-Based Hydrogels


Alginate and gelatin-bound invertase preparations, received according to the procedures developed beforehand (Section 2.2), were characterized and compared with the properties of native form of this enzyme. For that purpose, the effect of various pH and temperature values on the activity and stability of the tested invertase forms were determined. Finally, storage stability was examined as well.



First, the impact of different pH on the retention of the catalytic activity and stability improvement was evaluated (Figure 8). It was observed that, independently of the hydrogel, the invertase after immobilization was characterized by a wider operating range of pH.



This was particularly evident in the case of the effect of pH on activity (Figure 8a), where the values obtained for the immobilized preparations were more than 20% to 50% higher in the range of pH 5.5–7.0 than for the native enzyme. Meanwhile, in the case of pH stability (Figure 8b), it reached over 60% in the whole tested range for both native and hydrogel-bound invertase preparations. However, it should be noted that the highest values were always obtained for the enzyme entrapped in the gelatin carrier.



Considering the effect of temperature, in this case, immobilized invertase preparations were also characterized by higher activity (Figure 9a) and stability (Figure 9b), particularly in the increased temperature range of 60–80 °C. Moreover, here, slightly higher values were obtained for gelatin-bound enzymes.



The last parameter studied in our work was the long-term stability of invertase preparations under storage conditions. In this case, the positive effect of immobilization was clearly remarkable and allowed to obtain enzyme preparations with significantly enhanced stability (Figure 10).



After 28 days of storage, the alginate and gelatin-bound invertase retained 70% and 82% of the initial activity, respectively. In contrast, the native enzyme in the same conditions retained only 32%.





3. Discussion


The use of enzymes as biocatalysts for various manufacturing processes of industrial importance is an issue that has been subjected to intensive research and dynamic development for decades. Moreover, at the moment, great importance is attached to sustainable development, the use of environmentally friendly methods, reduction of the waste generation, or their complete elimination from industrial processes. Therefore, increased attention is paid to the use of pro-ecological materials as well as methods in the production of immobilized enzyme preparations with practical application on a commercial scale [59,60]. Referring to this trend, the use of biodegradable carriers of natural origin (such as hydrogels) [20,21,61] in combination with entrapment as the immobilization method [8,31] perfectly fit into the currently considered biotechnological research directions. In this respect, the increasing popularity of using the computational tools for structural studies of various polymeric materials and molecular modeling of possible interactions arising between the reactive groups of carrier and enzyme molecule could be observed.



In our work, two natural hydrogel materials differing in chemical composition and cross-linking methods were used for comparison. For that purpose, the possibility of predicting the behavior of the enzyme (invertase) in a given hydrogel material based on structural models was initially tested. Then, the validity of the assumptions made in these theoretical design studies was tested experimentally by determining the properties of the biocatalyst after its immobilization in the considered carriers.



Molecular model analysis was an important guideline for these investigations. Although there are numerous advanced methods of atomistic calculations like molecular dynamics or Monte Carlo, simple look up of the molecular structures in question gives valuable insight before experimental research. Knowing the mechanism of gelatin chemical cross-linking and the number of Gln and Lys residues on the surface of the model enzyme, it was easy to predict that gelatin will be a much better scaffold for immobilization of that alginate.



There is no doubt that the experimental research presented in our work follows the typical pathway of the procedure used in the selection of an appropriate method for enzyme immobilization. The performed study resulted in the selection of the most favourable conditions for immobilization of soluble type invertase from Saccharomyces cerevisiae using the alginate and gelatin-based hydrogel matrices. Nevertheless, the added value of our research was the possibility of direct comparison of the results obtained in parallel for these two different carriers owing to the use of the same invertase preparation of equal concentration. Because, by using an enzyme of the same origin, purity, and catalytic activity, it is possible to eliminate erroneous interpretation of immobilization effectivity, that could result from differences in biocatalytic preparations used. Furthermore, this enables direct analysis of the enzyme preferences to the carrier or the immobilization method.



The comparison of both entrapment procedures developed in the current study is depicted in Figure 11.



In the case of alginate-bound invertase, even the introduction of an additional cross-linking step using a fairly high concentration of glutaraldehyde and quite a long exposure time did not result in complete entrapment of the enzyme into the carrier. Moreover, a further increase of GA concentration caused a severe drop in the activity retained by invertase. Therefore, the use of this procedure was not economically justified. In turn, using the gelatin matrix, the complete invertase retention was obtained prior to application of an additional step of cross-linking with glutaraldehyde. Nevertheless, this procedure performed in the presence of a low GA concentration (0.5%) and a short incubation time (10 min) enabled a significant increase in the operational stability of entrapped enzyme preparation (Figure 7). A comparative analysis of the results obtained allowed the unequivocal selection of gelatin-based hydrogel as an effective carrier for immobilization of invertase. This hydrogel matrix enables one to obtain entrapped enzyme preparation characterized by improved operational (Figure 7) and storage (Figure 10) stability, as well as grater resistance in the pH range of 3.0–7.0 (Figure 8) and at elevated temperatures (Figure 9) compared with invertase bound in the alginate beads. Moreover, the use of gelatin as a matrix for immobilization ensures complete retention of invertase in the hydrogel network (Table 7), which is extremely important from a processing side.



The obtained experimental results not only confirm our molecular analysis of the suitability of both materials for the immobilization of invertase, but also fit quite well with the outcomes reported in the literature [62,63,64,65]. Furthermore, the gelatin-entrapped invertase developed in our study successfully competes with similar enzyme preparations received by other research groups (Table 9).



It was observed that the gelatin-bound invertase received in our research was characterized by the highest operational stability and one of the most improved stabilities at the elevated temperatures from all of the preparations taken under consideration.




4. Materials and Methods


4.1. Materials


Porcine skin gelatin, alginic acid sodium salt, invertase from baker’s yeast (S. cerevisiae) (EC 3.2.1.26), glutaraldehyde (GA), calcium chloride, and sucrose were purchased from Sigma-Aldrich (St. Louis, MO, USA). The analytical glucose test was from Biomaxima (Lublin, Poland). Microbial transglutaminase Activa® WM was kindly donated by Ajinomoto (Tokyo, Japan). Other reagents, all of analytical grade, were supplied by Avantor Performance Materials (Gliwice, Poland). For molecular analysis, we used LAMMPS (ver. December 2018, distributed as an open source code under the terms of the GPL by lammps.sandia.gov) molecular package to together with AMBER forcefield and Avogadro 2.0 (ver. December 2018, LAMMPS is distributed as an open source code under the terms of the GPL by lammps.sandia.gov) and VMD 1.9.2 (free license provided by Theoretical and Computational Biophysics Group of University of Illinois https://www.ks.uiuc.edu/) for visualization.




4.2. Methods


4.2.1. Preparation of Molecular Models of Hydrogel Structures


The molecular model of alginate was prepared using polymatic tool run under nanoHub (nonohub.org) and then minimized using LAMMPS software with AMBER forcefield. The methodology of creating initial model of gelatin has been described in [32]. The gelatin model was then reduced and modified by polypeptide bong using Avogadro 2.0 software. All of the structures were visualized using VMD 1.9.2. software.




4.2.2. Preparation of Virtual Model of Invertase


The molecular model of invertase was downloaded from the PDB database (rcsb.org) and then visualized using VMD 1.9.2 software. To present our reasoning, we used the model depicted in the PDB database as 4EQV.




4.2.3. Preparation of Hydrogel Matrices Containing Immobilized Invertase


Immobilization of invertase in alginate-based hydrogel was performed as follows. Firstly, the solution of calcium chloride (cross-linking bath) with an appropriate concentration was prepared in 0.05 M acetate buffer at pH 4.5 and placed at 4 °C for about 2–3 h. Next, a weighed portion of sodium alginate (2.25% w/v) was dissolved in 0.05 M acetate buffer at pH 4.5 in a reactor thermostated at 80 °C for approximately 2 h. After this time, the solution was cooled to 40 °C and incubated at this temperature for a few minutes. In parallel, a buffer solution of invertase with a given concentration was prepared and mixed with sodium alginate at the volume ratio of 1:2. The cross-linking step was initiated by dropping the blend of invertase/sodium alginate to the continuously stirring (250 rpm) solution of chilled calcium chloride. Then, in order to complete the cross-linking process, the moulded Ca2+-alginate particles containing immobilized invertase were stored at 4 °C for 2 h. After this time, the hydrogel beads were drained, washed twice with 0.05 M acetate buffer pH 4.5, and their geometric dimensions were measured (dAVERAGE = 3.5 ± 0.2 mm). In this case, it was also assumed that the total amount of used invertase was immobilized in the alginate-based cross-linked beads.



Immobilization of invertase in gelatin-based hydrogel was performed analogously to the method applied in our previous study for entrapping of another enzyme (β-galactosidase) [24].



However, a few modifications were used to tailor this procedure to a given enzyme. Briefly, a weighed portion of gelatin (15% w/v) was dissolved in 0.05 M acetate buffer at pH 4.5 in a reactor thermostated at 60 °C for approximately 30 min. Next, the solution was cooled to 40 °C and incubated at this temperature for a few minutes. In parallel, a buffer solution of invertase with given concentration was prepared. Then, after total dissolution of the enzyme, a weighted portion of cross-linking agent (microbial transglutaminase, mTGase) was added to obtain its concentration of 3% w/v. The cross-linking step began by mixing the appropriate amount of invertase/mTGase solution with gelatin at the volume ratio of 1:2. Afterwards, the obtained blend was immediately cooled to 4 °C and kept under these conditions for 2 h. After this time, the hydrogel particles (cylinder shape) were drained, washed twice with 0.05 M acetate buffer pH 4.5, and their geometric dimensions were measured (dAVERAGE = 8.0 ± 0.4 mm; hAVERAGE = 10 ± 0.3 mm). It was assumed that the total amount of used invertase was immobilized in the gelatin-based hydrogel lattice.



Immobilization yield was determined as the activity of bound enzyme divided to activity of native form of the enzyme, expressed in (%).




4.2.4. Analytical Test for Determination of Protein Content


The protein concentration was determined using the Lowry’s method [66] with bovine serum albumin as a standard. This method is based on a two-step procedure. In the first step, a biuret reaction occurs—the interaction between peptide bonds and Cu2+ copper ions and the reduction of Cu2+ to Cu+ ions in an alkaline environment. In the second step, the Folina–Ciocalteu reagent (phosphomolybdic acid and phosphotungstic acid) is reduced to the corresponding oxides with Cu+ and tyrosine and tryptophan residues. The intensity of the blue color of the product measured spectrophotometrically at 750 nm is directly proportional to the protein concentration in the analyzed sample.



Then, 0.5 mL of Lowry reagent was added to a 0.5 mL solution of the analyzed sample, mixed, and incubated at room temperature for 20 min. After this time, 0.25 mL of Folina–Ciocalteu reagent was added, immediately mixed, and incubated for another 30 min. Then, the absorbance at 750 nm was measured. Protein concentration was determined using the standard curve (CPROTEIN [µg/mL] = 207.9.A750) obtained for different bovine serum albumin in the range of 10–200 µg/mL.




4.2.5. Analytical Test for Determination of Glucose Concentration


Glucose concentration was determined using the commercially available analytical test (Biomaxima, Poland). This detection method is based on the conversion of glucose to the coloured product, formed as a result of two consecutive enzymatic reactions. Briefly, glucose during the first reaction catalyzed by glucose oxidase is converted to gluconic acid and, simultaneously, one molecule of hydrogen peroxide is generated. Then, in the presence of peroxidase, the hydrogen peroxide reacts with hydroxybenzoic acid (HBA) and 4-aminoantipyrine (AAP) to form a red dye—quinoneimine. The intensity of the colour obtained was measured spectrophotometrically at 500 nm. It is directly proportional to the glucose concentration in the sample.



The test was performed as follows: 10 uL of the sample withdrawn from the reaction mixture was added to 1 mL of analytical reagent and incubated for 5 min at 37 °C. Next, the absorbance at 500 nm was measured. Glucose concentration was determined using the standard curve (CGLUCOSE [µg/mL] = 2703.5·A500) obtained for different glucose concentrations in the range of 50–3000 µg/mL.




4.2.6. Determination of Catalytic Activity of Native and Immobilized Invertase


The catalytic activity of invertase was determined by monitoring the progress of hydrolysis of sucrose to glucose and fructose over time. In all experiments, the sucrose solution at a final concentration of 50 g L−1 prepared in 0.05 M acetate buffer (pH 4.5) was used as a substrate. The activity determination method was based on measuring the concentration of glucose formed as a reaction product. One unit of enzyme activity (1 U) was defined as 1 µg of glucose formed within 1 min. of the reaction of sucrose hydrolysis catalyzed by invertase.



The reaction with the native enzyme was carried out in a sealed test tube. Then, 5 mL of sucrose solution was preincubated for 10 minutes in a thermostatic water bath at 50 °C. After this time, the reaction was started by adding 0.1 mL of invertase to the substrate. Every 0.5 min, the samples were withdrawn from the reaction and the glucose concentration was determined.



The reaction using immobilized invertase was carried out in a thermostated stirred reactor (250 rpm) at 50 °C. The appropriate volume of 50 g/L sucrose solution (25 mL—gelatin hydrogels, 10 mL—alginate hydrogels) was pre-incubated for 10 min, and then the sucrose hydrolysis process was started by adding a proportional amount of the hydrogel containing the immobilized enzyme. During the 10 min of the process, the samples were taken every 1 min for determination of the glucose content.




4.2.7. Determination of Enzyme Leakage from Hydrogel Matrices


The enzyme leakage degree was examined after one day of incubation of hydrogel-bound invertase in the 5 mL of 0.05 M buffer solution (pH 4.5).



Activity of the enzyme released from hydrogel matrices was determined analogously to the procedure used for the native invertase prior to immobilization (Section 4.2.6). The reaction of sucrose hydrolysis was carried out in a sealed tube placed in the water bath thermostated at 50 °C. Briefly, 5 mL of 50 g/L substrate was pre-incubated for 10 min. In order to start the reaction, 0.1 mL of the solution from the buffer suspension of the immobilized enzyme was added to the preheated sucrose solution. The hydrolysis process was carried out for 10 min, taking samples every 2 min.




4.2.8. Influence of the Concentration of the Primary Cross-Linking Agent on the Efficiency of Invertase Immobilization in Hydrogel Matrices


The preparation of durable alginate-based hydrogels required the incubation step in cross-linking bath containing the appropriate concentration of calcium chloride (CaCl2). The following concentrations of CaCl2 were tested: 2%, 4%, 10%, 15%, 20%, and 30%. In turn, for gelatin-based matrices, the addition of a variety of different concentrations (0.25%, 0.5%, 1.0%, 2.0%, 3.0%, and 4.0%) of microbial transglutaminase (mTGase) was examined as valuable cross-linking agent.



In order to verify the effect of these primary cross-linking agents on the efficiency of enzyme immobilization, the invertase activity and its leakage degree from the hydrogel were determined according to the standard procedures described in Section 4.2.6 and Section 4.2.7, respectively.



All results included in the tables are given as average values obtained from measurements performed in triplicate.




4.2.9. Influence of Additional Step of Cross-Linking with Glutaraldehyde on the Efficiency of Invertase Immobilization in Hydrogel Matrices


Different concentrations of glutaraldehyde (0.5%, 1.0%, 2.0%, and 4.0% v/v) were taken under consideration in order to determine the effect of an additional step of cross-linking on the efficiency of invertase immobilization. For that purpose, the preparations of hydrogel-bound enzyme were incubated in glutaraldehyde solutions for 20 minutes. After this time, the hydrogel beads were drained and washed twice with 0.05 M acetate buffer pH 4.5 prior to activity measurements (Section 4.2.6). Moreover, the effectiveness of this procedure was verified by determination of an invertase leakage degree (4.2.7). The concentration of glutaraldehyde, which enabled to receive the immobilized enzyme preparation with most favorable ratio of activity to leakage degree, was chosen for further research.



Subsequently, the influence of cross-linking time with glutaraldehyde on the efficiency of invertase immobilization was examined. In this case, hydrogels with bound enzyme were incubated in the GA solution for different time periods (0, 5, 10, 20, 30, 45, and 60 min). Then, the hydrogel beads were drained and washed twice with 0.05 M acetate buffer pH 4.5 prior to activity (Section 4.2.6) and leakage (Section 4.2.7) measurements.



All results included in tables are given as average values obtained from measurements performed in triplicate.




4.2.10. Determination of Operational Stability of Invertase Immobilized in Hydrogel Matrices


Operational stability of immobilized invertase was determined in consecutive batch processes of sucrose hydrolysis (reaction time 30 min). For that purpose, the enzyme-hydrogel preparations obtained using procedure without and with additional step of cross-linking with glutaraldehyde were examined. Ten subsequent reactions were performed for each sample of entrapped invertase. After the end of one reaction, the hydrogel-bound enzyme was washed twice with the 0.05 M acetated buffer pH 4.5 and the next batch process was started with the same invertase sample. The reaction rate received in the first run was set as 100%.




4.2.11. Determination of the Effect of pH on Activity and Stability of Invertase Immobilized in Hydrogel Matrices


The optimum pH for invertase in native and immobilized form was determined in the pH range of 3.0–7.0 by measuring the enzyme activity in the presence of sucrose solutions adjusted to a certain pH. The highest value of invertase activity obtained during the experiment was assumed as 100%.



The stability of invertase preparations was tested in the range of pH 3.0–7.0. Incubation of the enzyme at a given pH was carried out for 1 h. Then, the solution was adjusted to pH 4.5 and left at room temperature for another hour. After this time, the invertase activity was determined in standard conditions (Section 4.2.6). The highest value of enzyme activity obtained during the study was assumed as 100%.




4.2.12. Determination of the Effect of Temperature on Activity and Stability of Invertase Immobilized in Hydrogel Matrices


The optimum temperature for invertase in native and immobilized form was determined by measuring the enzyme activity in the presence of sucrose solutions brought to the desired temperature from the range of 20–80 °C. The highest value of invertase activity obtained during the experiment was assumed as 100%.



The stability of invertase preparations was tested in the temperature range of 20–80 °C. Incubation of the enzyme at a given temperature was carried out for 1 h. Then, the solution was adjusted to room temperature and left for another hour. After this time, the invertase activity was determined in standard conditions (Section 4.2.6). The highest value of invertase activity obtained during the study was assumed as 100%.




4.2.13. Determination of Storage Stability of Invertase Immobilized in Hydrogel Matrices


Storage stability was tested by keeping preparation in the buffer at 4 °C for 7, 14, 21, and 28 days. The enzyme activity measured before storage (day 0) was set as 100%.






5. Conclusions


In the current work, we analyzed the predisposition of two natural hydrogels (alginate and gelatin) as efficient matrices for immobilization of yeast invertase. During the study, the experimental immobilization procedures were preceded by the analysis of structural models of these materials and the enzyme. The outcomes from practical research confirmed our assumptions made in preliminary theoretical considerations. As the final result, it was found that a gelatin-based hydrogel matrix is the most preferred choice for invertase immobilization.



In the paper, we also indicate the importance of molecular analysis in guiding the researcher towards the right conclusions in the experimental. Although studying in detail the complex systems like enzyme and biopolymer in solution is possible using methods like molecular dynamics, it is still a state-of-the-art calculation requiring large computation power, specialized software, and a relatively long computational time. Such an approach is being presented more and more widely in this field of study. However, the interplay between molecular models and experimental setup may be accessible also in much simpler version, as presented in the paper. Currently, the researcher does not need to be an expert in computations to have access to molecular models of complex molecular systems using widely available databases of molecular systems such as, for example, PDB.org, and draw conclusions upon them. Three-dimensional molecular models provide valuable insight into possible mechanism of the mutual interaction in the enzyme-carrier system, and hence a selection of specific conditions prior to performing only strictly targeted experimental research.



In this work using aforementioned analysis on the molecular level, we pointed out the reason gelatin will be a more suitable choice for invertase immobilization. Namely, we indicated that because there are a number accessible Lys and Gln groups on the surface of the enzyme, there is a large probability of gelatin being chemically cross-linked with the enzyme. The experimental findings also justify our theoretical assumptions.



However, detailed molecular modeling analysis is also possible and needed in the research of enzyme immobilization. In the future perspective, the molecular dynamics and coarse-grained studies can provide additional information on the diffusion rate of product and substrate within the hydrogel matrix, how mechanical properties of hydrogel matrix changes upon presence of the enzyme, the swelling properties of the hydrogel, and the detailed nature of enzyme–hydrogel interactions.
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Figure 1. (a) Schematic representation of calcium ion mediated cross-linking mechanism of alginate strands. The calcium ions form a coordinative bond between G residues forming large pores (approximately 100 Å according to [54]) between cross-linked strands; (b) molecular model of alginate-Ca2+ hydrogel. Green indicates carbon atoms; red, oxygen; white, hydrogen; grey balls between alginate strands, calcium ions. 
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Figure 2. One of the representative gelatin peptide sequences Ala-Gly-Pro-Arg-Gly-Glu-Hyp-Gly-Pro. 
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Figure 3. Molecular model of gelatin-based hydrogel cross-linked with microbial transglutaminase (mTGase). The peptide bond is formed between Gln and Lys residues of two gelatin strands, thus limiting the accessible volume between them and enhancing the mechanical resistivity of the obtained polymeric structure. 
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Figure 4. Molecular model of invertase from Saccharomyces cerevisiae [https://www.rcsb.org/structure/4EQV]. 
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Figure 5. Molecular model of invertase from Saccharomyces cerevisiae with underlined Lys (purple) and Gln (green) residues. 
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Figure 6. Relative activity of invertase immobilized in alginate-based hydrogel determined after each of 10 consecutive batch processes. Enzyme entrapped without (gray) and with (dotted) additional step of cross-linking with glutaraldehyde (GA). The value of activity obtained in the first reaction cycle was assumed as 100%. 
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Figure 7. Relative activity of invertase immobilized in gelatin-based hydrogel determined after each of 10 consecutive batch processes. Enzyme entrapped without (gray) and with (dotted) additional step of cross-linking with glutaraldehyde. The value of activity obtained in the first reaction cycle was assumed to be 100%. 
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Figure 8. Effect of pH on relative activity (a) and stability (b) of free invertase (white square) and immobilized in alginate (grey triangle) and gelatin-based hydrogels (black circle). The highest activity value obtained during the experiments was assumed to be 100%. 
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Figure 9. Effect of temperature on relative activity (a) and stability (b) of free invertase (white square) and immobilized in alginate (grey triangle) and gelatin-based hydrogels (black circle). The highest activity value obtained during the experiments was assumed to be 100%. 






Figure 9. Effect of temperature on relative activity (a) and stability (b) of free invertase (white square) and immobilized in alginate (grey triangle) and gelatin-based hydrogels (black circle). The highest activity value obtained during the experiments was assumed to be 100%.
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Figure 10. Storage stability of free invertase (black) and immobilized in alginate (striped) and gelatin-based hydrogels (grey) over 28 days of storage at 4 °C. The value of activity obtained on the beginning of storage (day 0) was assumed to be 100%. 






Figure 10. Storage stability of free invertase (black) and immobilized in alginate (striped) and gelatin-based hydrogels (grey) over 28 days of storage at 4 °C. The value of activity obtained on the beginning of storage (day 0) was assumed to be 100%.
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Figure 11. Comparison of the entrapment procedures of invertase in alginate and gelatin-based hydrogels. 
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Table 1. Amino acid composition of gelatin strands [55].






Table 1. Amino acid composition of gelatin strands [55].





	Amino Acid
	Percentage (%)
	Amino Acid
	Percentage (%)





	Glycine (Gly)
	32.9
	Threonine (Thr)
	1.80



	Proline (Pro)
	13.2
	Phenylalanine (Phe)
	1.4



	Alanine (Ala)
	11.2
	Isoleucine (Ile)
	1.0



	Hydroxyproline (HPro)
	9.1
	Hydroxylysine (HLys)
	0.6



	Glutamic acid (Glu)
	4.8
	Asparagine (Asn)
	2.9



	Arginine (Arg)
	4.9
	Histidine (His)
	0.6



	Aspartic acid (Asp)
	2.9
	Tyrosine (Tyr)
	0.3



	Serine (Ser)
	3.5
	Methionine (Met)
	0.4



	Lysine (Lys)
	2.7
	Glutamine (Gln)
	2.5



	Leucine (Leu)
	2.3
	Cysteine (Cys)
	0.0
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Table 2. Amino acid composition of one polypeptide chain of invertase from Saccharomyces cerevisiae, calculated based on the FASTA code [https://www.uniprot.org/uniprot/P00724.fasta].






Table 2. Amino acid composition of one polypeptide chain of invertase from Saccharomyces cerevisiae, calculated based on the FASTA code [https://www.uniprot.org/uniprot/P00724.fasta].





	Amino Acid
	Percentage (%)
	Amino Acid
	Percentage (%)





	Glycine (Gly)
	5.8
	Threonine (Thr)
	7.6



	Proline (Pro)
	5.1
	Phenylalanine (Phe)
	7.0



	Alanine (Ala)
	5.7
	Isoleucine (Ile)
	3.5



	Valine (Val)
	5.7
	Tryptophan (Trp)
	3.1



	Glutamic acid (Glu)
	5.8
	Asparagine (Asn)
	8.6



	Arginine (Arg)
	2.5
	Histidine (His)
	0.8



	Aspartic acid (Asp)
	6.2
	Tyrosine (Tyr)
	6.0



	Serine (Ser)
	9.0
	Methionine (Met)
	2.0



	Lysine (Lys)
	4.9
	Glutamine (Gln)
	3.5



	Leucine (Leu)
	6.6
	Cysteine (Cys)
	0.4
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Table 3. Effect of the concentration of CaCl2 on invertase immobilization in alginate-based hydrogel.






Table 3. Effect of the concentration of CaCl2 on invertase immobilization in alginate-based hydrogel.





	CaCl2 Concentration

(% w/v)
	Activity

of Bound Enzyme

(U mL−1)
	Immobilization Yield

(%)
	Enzyme Leakage

(%)





	2
	7570
	38.0
	20.7



	4
	9210
	46.2
	17.9



	10
	10,300
	51.7
	16.2



	15
	12,202
	61.2
	10.4



	20
	11,513
	57.7
	11.0



	30
	4012
	20.1
	10.7
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Table 4. Effect of the concentration of glutaraldehyde (GA) on invertase immobilization in alginate-based hydrogel (cross-linking time 10 min).






Table 4. Effect of the concentration of glutaraldehyde (GA) on invertase immobilization in alginate-based hydrogel (cross-linking time 10 min).





	GA Concentration

(% v/v)
	Activity

of Bound Enzyme

(U mL−1)
	Immobilization Yield

(%)
	Relative Activity of Bound Enzyme

(%)
	Enzyme Leakage

(%)





	0.0
	11,975
	60.8
	100
	11.2



	0.5
	9292
	47.2
	77.6
	8.6



	1.0
	8924
	45.3
	74.5
	8.5



	2.0
	8620
	43.7
	72.0
	7.4



	4.0
	6900
	35.0
	57.6
	7.3










[image: Table] 





Table 5. Effect of the time of cross-linking with 2.0% glutaraldehyde (GA) on invertase immobilization in alginate-based hydrogel.






Table 5. Effect of the time of cross-linking with 2.0% glutaraldehyde (GA) on invertase immobilization in alginate-based hydrogel.





	Cross-Linking Time

(min)
	Activity

of Bound Enzyme

(U mL−1)
	Immobilization Yield

(%)
	Relative Activity of Bound Enzyme

(%)
	Enzyme Leakage

(%)





	0
	11,471
	59.1
	100
	11.0



	5
	9693
	49.9
	84.5
	9.2



	10
	8631
	44.5
	75.2
	7.9



	20
	8493
	43.8
	74.0
	7.0



	30
	8383
	43.2
	73.1
	5.5



	45
	8300
	42.8
	72.4
	5.3



	60
	8245
	42.5
	71.9
	5.4
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Table 6. Effect of the concentration of microbial transglutaminase (mTGase) on invertase immobilization in gelatin-based hydrogel.






Table 6. Effect of the concentration of microbial transglutaminase (mTGase) on invertase immobilization in gelatin-based hydrogel.





	mTgase Concentration

(% w/v)
	Activity

of Bound Enzyme

(U mL−1)
	Immobilization Yield

(%)
	Enzyme Leakage

(%)





	0.25
	3932
	19.7
	8.4



	0.50
	4503
	22.6
	3.3



	1.00
	4884
	24.5
	0.0



	2.00
	4820
	24.2
	0.0



	3.00
	4725
	23.7
	0.0



	4.00
	4852
	24.3
	0.0
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Table 7. Effect of the concentration of glutaraldehyde (GA) on invertase immobilization in gelatin-based hydrogel (cross-linking time 10 min).






Table 7. Effect of the concentration of glutaraldehyde (GA) on invertase immobilization in gelatin-based hydrogel (cross-linking time 10 min).





	GA Concentration

(% v/v)
	Activity

of Bound Enzyme

(U mL−1)
	Immobilization Yield

(%)
	Relative Activity of Bound Enzyme

(%)


	Enzyme Leakage

(%)





	0.0
	4826
	24.5
	100
	0.0



	0.5
	4338
	22.0
	89.9
	0.0



	1.0
	3884
	19.7
	80.5
	0.0



	2.0
	3091
	15.7
	64.0
	0.0



	4.0
	2352
	11.9
	48.7
	0.0
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Table 8. Effect of the time of cross-linking with 0.5% glutaraldehyde (GA) on invertase immobilization in gelatin-based hydrogel.






Table 8. Effect of the time of cross-linking with 0.5% glutaraldehyde (GA) on invertase immobilization in gelatin-based hydrogel.





	Cross-Linking Time

(min)
	Activity

of Bound Enzyme

(U mL−1)
	Immobilization Yield

(%)
	Relative Activity of Bound Enzyme

(%)
	Enzyme Leakage

(%)





	0
	4249
	22.4
	100
	0.0



	5
	3832
	20.2
	90.2
	0.0



	10
	3801
	20.0
	89.4
	0.0



	20
	3203
	16.8
	75.4
	0.0



	30
	3076
	16.2
	72.4
	0.0



	45
	3013
	15.8
	70.9
	0.0



	60
	3044
	16.0
	71.6
	0.0
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Table 9. Comparison of selected features of the invertase immobilized in gelatin-based carrier developed in the current study with other literature reports.






Table 9. Comparison of selected features of the invertase immobilized in gelatin-based carrier developed in the current study with other literature reports.





	No.
	Temperature Optimum

[°C]
	Thermostability*

[%]
	Operational Stability*

after 10 Cycles

[%]
	Storage Stability*

after 1 month

[%]
	Ref.

[-]





	1
	55
	70 (in 60 °C)

40 (in 70 °C)
	95
	82
	Current study



	2
	45
	28 (in 65 °C)
	71
	93
	[62]



	3
	55
	30 (in 70 °C)
	30–80
	-
	[63]



	4
	60
	75 (in 60 °C)

10 (in 70 °C)
	90
	-
	[64]







* relative activity in defined conditions expressed in %.
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