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Abstract

:

We revealed that the encapsulation of enzyme-immobilized silica particles in hollow-type spherical bacterial cellulose (HSBC) gels enables the use of the inside of HSBC gels as a reaction field. The encapsulation of horseradish peroxidase (HRP)-immobilized silica particles (Si-HRPs, particle size: 40–50 μm) within HSBC gels was performed by using a BC gelatinous membrane produced at the interface between Komagataeibacter xylinus suspension attached onto an alginate gel containing Si-HRPs and silicone oil. After the biosynthesis of the BC gelatinous membrane, formed from cellulose nanofiber networks, the alginate gel was removed via immersion in a phosphate-buffered solution. Si-HRP encapsulated HSBC gels were reproducibly produced using our method with a yield of over 90%. The pore size of the network structure of the BC gelatinous membrane was less than 1 μm, which is significantly smaller than the encapsulated Si-HRPs. Consequently, the encapsulated Si-HRPs could neither pass through the BC gelatinous membrane nor leak from the interior cavity of the HSBC gel. The activity of the encapsulated HRPs was detected using the 3,3′,5,5′-tetramethylbenzidine (TMB)-H2O2 system, demonstrating that this method can encapsulate the enzyme without inactivation. Since HSBC gels are composed of a network structure of biocompatible cellulose nanofibers, immune cells cannot enter the hollow interior, thus, the enzyme-immobilized particles encapsulated inside the HSBC gel are protected from immune-cell attacks. The encapsulation technique demonstrated in this study is expected to facilitate the delivery of enzymes and catalysts that are not originally present in the in vivo environment.
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1. Introduction


Enzymes, as biocatalysts, provide clean, environmentally friendly, and specific methods for biochemical reactions under mild conditions [1,2,3,4]. However, the use of enzymes is limited due to their high cost and low reusability. Moreover, the absence of an appropriate mechanism to protect the enzyme from protease attack, which occurs in almost all biological systems, is a major obstacle to achieving optimal activity [5]. Furthermore, the low operational stability of enzymes during biochemical reactions is also a challenge. Enzyme immobilization is an effective way to overcome the aforementioned issues. Immobilization methods include the inclusion and encapsulation of enzymes into matrices, or binding them to various surfaces [6,7]. Among various chemical catalysts, hydrogels can be used as effective carriers for immobilizing enzymes. An ideal hydrogel matrix should possess the following properties: (a) cost-effectiveness, (b) inertness, (c) stability, (d) excellent mechanical strength, (e) a lack of effect on the enzyme reaction products, and (f) the prevention of nonspecific adsorption and bacterial contamination. Hydrogels are superior to other immobilization materials because of their high water content, which can reduce the denaturation of enzymes and help maintain their activity [8]. Bialal et al. reported that horseradish peroxidase (HRP) immobilized in an agarose–chitosan hydrogel (ACH) maintained stability across a wide range of pH and temperatures [9]. Additionally, this immobilized enzyme remained reusable with a minimal loss of activity. The hydrophilic and highly porous polymer network of hydrogels makes them suitable for encapsulation [5]. However, one disadvantage of encapsulation is enzyme leakage during storage in an aqueous solution [10]. Naghdi et al. reported that laccase encapsulated in a chitosan–biochar composite leaked 2% over a 5-day period [11].



Enzyme and cell encapsulation technologies have been applied in diverse fields, such as pharmaceuticals, food sciences, paints, cosmetics, and adhesives. In particular, encapsulation of islet cells with alginate has proven effective in treating type I diabetes [12,13], though biocompatibility remains a concern. Consequently, alternative microencapsulated materials with alginate, including polyethylene glycol, poly(methyl methacrylate), agarose, chitosan, collagen, and gelatin are being explored [14,15,16].



Numerous natural and synthetic polymers have been examined to identify the optimal encapsulating material. In addition, several methods of fabricating capsules have also been developed, including chemical methods, such as interfacial polymerization and in situ polymerization (suspension, emulsion, and dispersion polymerization), physicochemical methods, such as coacervation, layer-by-layer assembly, and sol–gel encapsulation, and physicomechanical methods, such as spray-drying, co-extrusion, and phase-inversion precipitation [17]. Important characteristics of capsules such as membrane permeability, mechanical stability, and adhesion properties are influenced by material, size, and morphology. Capsules often have nanoscale pore sizes but can easily collapse under high osmotic pressure because of limited solute exchange with the bulk environment [18,19]. However, more open microcapsule structures can encapsulate fragile cellular cargo while allowing nutrient transport [20]. As a result, resistance to stretch and rupture is often limited, as materials such as poly(ethylene glycol) (PEG) and 2-hydroxyethyl acrylate (HEA) hydrogels can be too soft [21,22] to resist shearing and tearing. A significant advancement would be the fabrication of materials with substantial tensile strength and a flexible response to deformation, which can be achieved through a novel microstructure.



One material with useful hierarchical mechanical and structural properties is bacterial cellulose (BC). BC can be readily produced via the fermentation of bacteria such as Acetobacter Xylinum, and used as a hydrogel that offers strong mechanical and physical properties, including a high tensile strength, modulus, water-holding capacity, porosity, crystallinity, and good biocompatibility [23]. Controlling the shape of BC gel during production is difficult, thus, a new method to facilitate the production of BC gels with desired shapes suitable for specific purposes is required [24,25,26]. Recent reports have demonstrated the successful preparation of BC capsules using a BC gelatinous membrane biosynthesized by bacteria at the oil–water interface [20,27]. The BC gelatinous membrane, which comprises a network structure of cellulose nanofibers, creates a highly porous structure that allows for the exchange of various molecules smaller than the pore size of the cellulose nanofiber network.



On the other hand, the gelatinous membrane of BC capsules acts as a barrier against larger particles. In our previous work, we developed an encapsulation method using BC [28], in which a BC gelatinous membrane was generated at the interface between silicone oil and a cell suspension attached to the surface of a spherical alginate gel containing the target substance. Then, the alginate gel was dissolved to obtain a substance-encapsulated, hollow-type, spherical BC (HSBC) gel. This encapsulation with HSBC gel by the particle-preloaded droplet cultivation method using alginate gel can encapsulate particles regardless of whether they are organic or inorganic substances. The activated carbon encapsulated via this method did not leak externally from the interior cavity of the HSBC gel. The HSBC gel also did not suppress the mass transfer of solute molecules; the encapsulated activated carbon effectively adsorbed indole, a precursor of the uremic causative agent [29]. Additionally, the activated carbon encapsulated in the HSBC gel remained stable under acidic and basic conditions. By maintaining its structural integrity, the activated carbon encapsulated in the HSBC gel is expected to traverse the gastrointestinal tract without leaking. Due to this stability, activated carbon-encapsulated HSBC gel is being investigated as a new formulation for treating renal failure and enhancing patient compliance with medication regimens [30].



In this study, we revealed that the encapsulation of enzyme-immobilized silica particles using HSBC gels enables the use of the inside of HSBC gels as a reaction field. To prevent enzyme leakage, the enzyme (horseradish peroxidase (HRP)) was immobilized via glutaraldehyde on amino-modified silica particles larger than the pore size of the BC gelatinous membrane of the HSBC gel. The resulting HRP-immobilized silica particles (Si-HRPs) were encapsulated in HSBC gels using conventional methods [29]. The aqueous environment inside the HSBC gel helps prevent enzyme denaturation and maintain enzyme activity. Moreover, substrates of low molecular weight can react with the enzyme without interference from the BC gelatinous membrane. The activity of encapsulated HRP was evaluated using the TMB-H2O2 system. The dense cellulose nanofiber network prevents large-sized objects such as cells from penetrating into the HSBC gel’s hollow interior, therefore, enzyme-immobilized particles encapsulated in the HSBC gel are protected from immune cell attacks. Unlike conventional enzyme immobilization methods using hydrogels, the encapsulation of enzyme-immobilized particles using HSBC gel provides a new enzymatic reaction field with good biocompatibility, excellent strength, and a wide range of pH resistance.




2. Results and Discussion


2.1. Characterization of Si-HRPs


Figure 1 shows the method of preparing the Si-HRPs. In the first step, immediately after the addition of glutaraldehyde, the formyl group of glutaraldehyde reacted with the amino group of NH2-modified silica bead (Si-NH2) particles to form a Schiff base, resulting in white Si-NH2 particles turning orange. In the second step, the obtained Si-HRPs turned red. The immobilized HRP on the Si-HRPs showed TMB oxidation (see Section 2.3), thus confirming the successful immobilization of HRP on glutaraldehyde-modified silica beads (Si-GAs). Table 1 indicates the results of the elemental analysis of Si-NH2, Si-GAs, and Si-HRPs. Significant weight loss at each step indicated the immobilization of glutaraldehyde and HRP. Weight loss was assumed to occur due to the combustion of organic components on the silica surface, and the amount of HRP on Si-HRPs was calculated using the ratio of organic components to residue (Organic/Residue (wt%)) according to Equations (1)–(4). The amount of immobilized HRP on Si-HRPs was calculated to be 17.2 µg/mg (0.0172 µg/µg).


  W e i g h t   l o s s     w t %   =          S a m p l e   ( μ g )   −   R e s i d u e     μ g         S a m p l e     μ g        × 100 =      O r g a n i c   ( μ g )   S a m p l e     μ g        × 100  



(1)






         H R P   R e s i d u e        S i − H R P   =        O r g a n i c   R e s i d u e        S i − H R P   −        O r g a n i c   R e s i d u e        S i − G A    



(2)






  A m o u n t s   o f   H R P     μ g   =        H R P   R e s i d u e        S i − H R P   ×     R e s i d u e     μ g       S i − H R P    



(3)






  I m m o b i l i z e d   H R P     μ g / μ g   =      A m o u n t s   o f   H R P     μ g           R e s i d u e     μ g   + O r g a n i c     μ g       S i − H R P       



(4)








2.2. Preparation of HSBC Gels Encapsulating Si-HRPs


Figure 2 shows photographs of the Si-HRP-encapsulated HSBC gels. The yield exceeded 90%, and our method reproducibly produced the Si-HRP-encapsulated HSBC gel (Figure 2a). This method formed a uniform BC gelatinous membrane (Figure 2b) on the surface of the Ca-Alg gel. This is consistent with our previous reports [28,29], demonstrating that when Ca-Alg gel dissolves in PBS, Si-HRPs precipitate within the HSBC gel and remain within the HSBC gel’s inner surface. The Si-HRP containing Ca-Alg gel was prepared by adding 20 µL of a Na-Alg solution containing 1.0 wt% Si-HRP, resulting in HSBC gel samples that each contained 200 µg of Si-HRP. Thus, using the value obtained in Equation 4 (0.00172 μg/μg), the HRP content within the HSBC gel was found to be 3.44 μg.



SEM observations of the Si-HRP-encapsulated HSBC aerogels showed a network structure of cellulose nanofibers in the BC membrane (Figure 3). The presence of K. xylinus and cellular debris was confirmed as bacteriolysis treatment, and an NaOH aqueous solution was not performed in order to avoid deactivating the HRP (Figure 3a). SEM images of HSBC aerogels treated with the NaOH aqueous solution, which dissolved K. xylinus and cellular debris, demonstrated that the BC gelatinous membrane formed a network structure consisting of cellulose nanofibers with a diameter of about 30 nm. Importantly, the pore size of this network structure was less than 1 μm (Figure 3b), which was significantly smaller than the encapsulated Si-HRPs with a diameter of 40–50 µm. Consequently, these encapsulated Si-HRPs did not leak after being stored in Milli-Q water or acetate buffer solution for more than one month.




2.3. Activity Evaluation of Si-HRP-Encapsulated in HSBC Gels


When Si-HRPs encapsulated in HSBC gel were reacted with TMB substrate solution, the HSBC gel turned blue over time due to the formation of TMB dimers (TMB2), as shown in Figure 4. This result indicates that the encapsulated Si-HRPs utilized the internal space of the HSBC gel as a reaction field, generating TMB2 through substrate–enzyme reactions. This also suggests that encapsulation of Si-HRPs with HSBC gel does not deactivate HRP, and may similarly encapsulate other enzymes while maintaining their activity.



The activity of Si-HRPs encapsulated in HSBC gels was evaluated in more detail using UV–Vis spectroscopy. Over time, both HSBC gels encapsulated with Si-HRP and HSBC gels without Si-HRP showed an increase in absorbance at 370 nm and 655 nm, derived from the formation of TMB2 (Figure 5). Gu et al. reported that TMB with H2O2 but without a catalyst undergoes slow oxidation [31]. The absorbance at 655 nm increased more significantly in the presence of Si-HRP-encapsulated HSBC gel (Figure 5 (left)).



The time-dependence of the difference in absorbance at 655 nm is shown in Figure 6 (left). While the absorbance increased in both HSBC gels with and without Si-HRP, the increase was greater for the Si-HRP-encapsulated HSBC gel. The differential absorbance was then used to evaluate the activity of Si-HRPs. The differential absorbance was calculated by subtracting the absorbance of the HSBC gel without Si-HRP (blank) from that of the Si-HRP-encapsulated HSBC gel. For comparison, the differential absorbance was also calculated by subtracting the absorbance of the TMB solution from that of the unencapsulated Si-HRP. The time dependence of the differential absorbance is shown in Figure 6 (right). In the Si-HRP encapsulated HSBC gel, there was an initial lag phase (induction phase), where the absorbance of TMB dimers ([Abs]655 nm) was barely detectable until 10 min, followed by a linear increase afterward. Conversely, the activity of unencapsulated Si-HRP showed a continuous increase in [Abs]655 nm from the start of the reaction, with a constant increase rate observed after 20 min. The slope after 20 min was almost equal to 7.18 ± 1.04 × 10−4 for Si-HRP encapsulated HSBC gel and 6.55 ± 0.77 × 10−4 for free Si-HRP, indicating that immobilized HRP on the silica particles was not deactivated by the encapsulation process.


(Red circle) [Abs]Si-HRP encapsulated HSBC gel − [Abs]HSBC gel, (Blue circle) [Abs]Free Si-HRP − [Abs]TMB solution











Furthermore, this fact indicated that the presence of K. xylinus residues in the BC gelatinous membrane comprising HSBC gel does not affect the activity of HRP. During the cultivation process, Si-HRP is included within the alginate gel, protecting it from inactivation by K. xylinus on the surface of the alginate gel. Therefore, K. xylinus residues were considered to affect the permeability of TMB and TMB2 through the BC gelatinous membrane. Many researchers have proposed models for solute diffusion in hydrogels [32,33,34]. Clague and Phillips employed a combined hydrodynamic/obstruction simulation model to study solute diffusion within a random network of cylindrical fibers [35]. Their expression for the reduction in solute diffusivity is as follows:


       D   g       D   0      =     1 +    2   3    α     − 1   e x p   − π   φ   0.174   ln  ⁡    59.6      r   f       r   s               



(5)




where


  α = φ          r   s   +   r   f       r   f          2    



(6)







Dg is solute diffusion in a gel, D0 is the diffusion coefficient of the solute in the liquid at infinite dilution, φ is the volume fraction of polymer in the gel, rf is the radius of the polymer fiber, and rs is the radius of the solute. These results demonstrated that when the rf/rs ratio is large or the volume fraction is small, Dg/D0 ≒ 1.0, there is no effect on solute diffusion. The hydrodynamic radius of TMB2 was 0.55 nm (see Table 2), and the diameter of the cellulose nanofibers was 30 nm (see Section 2.2), resulting in an rf/rs ratio of 27.3. The porosity of BC gel was greater than 99%, and the volume fraction of cellulose nanofibers was less than 1% [36]. At rf/rs = 27.3 and a cellulose nanofiber volume fraction of 1%, Dg/D0 = 0.984. This indicated that the diffusion of TMB2 and smaller TMBs in the BC gelatinous membrane were nearly unaffected. Since K. xylynus (approximately 1 μm) were fewer in number, their volume fraction was smaller, resulting in a larger rf/rs value. Therefore, it is suggested that the K. xylynus residues do not affect the diffusion of TMB2 and TMB in the BC gel membrane.




2.4. Discussion


The induction phase of [Abs]655 nm in the Si-HRP-encapsulated HSBC gel, as shown in Figure 6 (right), is likely due to the following process (Figure 7). Firstly, the TMB substrate permeates into the interior of the HSBC gel through the BC gelatinous membrane. Initially, the TMB concentration inside the HSBC gel is zero, but it is high outside, hence, TMB diffuses and penetrates spontaneously into the HSBC gel. Secondly, the permeated TMB is oxidized with H2O2 by Si-HRP to form TMB2. Thirdly, as TMB2 accumulates inside the gel, it spontaneously permeates through the BC gel membrane and diffuses outward. These three processes—substrate permeation, enzyme reaction, and TMB2 release—are suggested to be contributing factors to the induction period.



After the initial induction period, the rate of increase in [Abs]655 nm remained constant, suggesting that TMB2 release was steady. As TMB2 is generated inside the HSBC gel, the TMB concentration inside the HSBC gel decreases, prompting TMB to be supplied from the outside. This continuous supply maintains a constant TMB concentration within the HSBC gel. With this constant TMB concentration, TMB2 is presumed to be generated at a consistent rate. The generated TMB2 permeates the BC gelatinous membrane of HSBC gel and is released outside. The driving force for this TMB2 release is the concentration difference inside and outside the HSBC gel, which follows diffusion according to Fick’s law.





3. Conclusions


In this study, we successfully encapsulated enzyme-immobilized silica particles (Si-HRPs) using HSBC gels composed of cellulose nanofibers. These nature-based materials exhibit excellent mechanical properties, good biocompatibility, and stability across a broad pH range [30]. Since this encapsulation process can be performed below 40 °C, it was successful without deactivating the immobilized HRPs. The encapsulated Si-HRP effectively oxidized TMB, albeit with an observed induction period in the reaction’s progress. This induction period arose from three steps: the penetration of TMB into the HSBC gel through the BC gelatinous membrane, the oxidation of TMB at the Si-HRP surface, and the release of generated TMB2 outside the HSBC gel. Subsequently, the concentration of TMB2 inside the HSBC gel was maintained by the continuous supply and reaction of TMB, ensuring a constant release rate of TMB2 from the HSBC gel. These findings suggest that HSBC gels composed of cellulose nanofibers are suitable materials for the encapsulation of biological components such as enzyme catalysts.



The activity of the encapsulated Si-HRPs was detected using the TMB-H2O2 system, indicating that this method can encapsulate the enzyme without deactivation. Since HSBC gels are formed by a network of biocompatible cellulose nanofibers, immune cells such as leukocytes cannot enter the hollow interior, thus, the enzyme-immobilized particles encapsulated inside the HSBC gel are protected from immune cell attacks. Therefore, the encapsulation technique presented in this study is expected to facilitate the delivery of enzymes and catalysts that are not originally present in the in vivo environment.




4. Materials and Methods


4.1. Materials


The Hestrine–Schramm medium (HS medium) [38] was used for incubating the bacterial strain. The standard HS medium consisted of a mixture of 3.0 g D-glucose (Kanto Chemical Co., Inc., Chuo-ku, Tokyo, Japan)), 0.5 g mannitol (Kanto Chemical Co., Inc.), 0.5 g peptone (HIPOLYPEPTONETM, Nihon Pharmaceutical Co. Ltd., Izumisano City, Osaka, Japan), 0.5 g BactoTM yeast extract (BD Biosciences, Franklin Lakes, NJ, USA), and 0.1 g magnesium sulfate heptahydrate (MgSO4∙7H2O: Kanto Chemical Co., Inc.) in 100 mL Milli-Q water. The density of the HS medium at 30 °C was measured as 1.02 g/cm3 using a Baume hydrometer. Silicone oils (KF-56A: 0.995 g/cm3, 15 mm/s2, ethanol-soluble oil) were obtained from Shin-Etsu Chemical Co., Ltd. (Chiyoda-ku, Tokyo, Japan). Sodium alginate, calcium chloride, dimethyl sulfoxide, hydrogen peroxide (35% in water), and NH2-modified silica gel (Silica Gel 60 (spherical) NH2, diameter: 40~50 µm) were purchased from Kanto Chemical Co., Inc. and used as received. Glutaraldehyde (50% in water), horseradish peroxidase (HRP), and N, N, N’, N’-Tetramethylbenzidine (TMB) were purchased from Tokyo Chemical Industry Co., Ltd. (Chuo-ku, Tokyo, Japan) and used as received. Acetate buffer solution (0.1 mol/L, pH 5.0) was purchased from Nacalai Tesque, Inc. (Nakagyou-ku, Kyoto, Japan) and used as received.




4.2. Preparation of HRP-Immobilized Silica Beads


HRP-immobilized silica beads were prepared using the glutaraldehyde bridging method [39,40,41]. Glutaraldehyde (50% in water, 0.8 mL) was added to 20 mL of water suspending 100 mg of NH2-modified silica beads (Si-NH2); this suspension was stirred for 1 h at room temperature (Figure 1, 1st step). After washing with water, the glutaraldehyde-modified silica beads (Si-GA) were suspended in 8 mL of 0.1 mol/L acetate buffer (pH 5.0). Then, a 1.0 mg/mL HRP solution (16 mL, acetate buffer (pH 5.0)) was added to this suspension and stirred for 1 h at room temperature (Figure 1, 2nd step). The HRP-immobilized silica beads (Si-HRPs) were washed thoroughly with Milli-Q water and stored at 4 °C. Organic components were determined using an elemental analyzer with a sample furnace temperature of 950 °C (MICRO CORDER JM10, J-SCIENCE LAB Co., Ltd., Minami-ku, Kyoto, Japan). In addition, the residue weight was measured using a microgram balance (Sartorius, MSE3.6P000DM, readability: 1 μg). Then, the amount of immobilized HRP was calculated from the organic components and weight loss (%) of Si-NH2, Si-GA and Si-HRP (see Section 2.1).




4.3. Preparation of Si-HRP-Encapsulated Hollow-Type Spherical BC Gels


Figure 8 shows the methods of preparing the Si-HRP-encapsulated HSBC gels. Spherical alginate gels (Ca-Alg gel), including Si-HRP, were prepared by dropping 20.0 µL of a 1 wt% sodium alginate aqueous solution (Na-Alg aq) suspending 1 wt% of Si-HRP into a 10 wt% calcium chloride aqueous solution (CaCl2 aq). The obtained Ca-Alg gels were washed via immersion in Milli-Q water.



The HS medium was sterilized via autoclaving, and then Komagataeibacter xylinus (IFO13772, synonym: Gluconacetobacter xylinus) was cultured in the HS medium at 30 °C for 3 days. The spherical Ca-Alg gels, which included SI-HRPs, were immersed in the cultured cell suspension and inoculated with K. xylinus for one day at 30 °C. Spherical Ca-Alg gels, in which the cell suspension remained at the Ca-Alg gel surface, were immersed in each well of a U-shaped bottom 96-well plate filled with silicone oil. While maintaining these states, the K. xylinus in the cell suspension was cultured for a specified period at 30 °C. Using this method, the BC gelatinous membrane was biosynthesized by K. xylinus at the interface between cell suspension attached to the alginate gel and silicone oil. To create a uniform BC gel membrane, the gel was inverted vertically on day 5 of incubation, and then incubated for an additional 2 days, for a total of 7 days. After the BC gelatinous membrane was biosynthesized, an alginate gel was dissolved in a phosphate-buffered solution to prepare an HSBC gel with Si-HRP.



The yield of the Si-HRP-encapsulated HSBC gel was calculated using the following Equation (7).


  Y i e l d   ( % ) =    N u m b e r   o f   o b t a i n e d   S i − H R P   e n c a p s u l a t e d   H S B C   g e l   N u m b e r   o f   C a − A l g   g e l   u s e d   i n   c u l t i v a t i o n    × 100  



(7)








4.4. Preparation of HSBC Aerogel Using Supercritical CO2


Water-swollen HSBC gel was placed in a large quantity of ethanol and washed thoroughly, and the swelling solvent completely changed from water to ethanol. The gel was dried using a supercritical CO2 (scCO2) technique without disintegrating its microstructure [27,28,29,42]. The drying process was conducted under conditions of 60 °C, 20 MPa, a CO2 flow rate of 2.0 mL/min, and a duration of 5 h. The drying apparatus consisted of a CO2 delivery pump (SCF-Get, JASCO Corporation, Hachioji, Tokyo, Japan), a 50 mL pressure vessel, a gas pressure regulator (SCF-Bpg, JASCO Corporation, Hachioji, Tokyo, Japan), and a constant-temperature water bath (BK33, Yamato Scientific Co. Ltd., Chuo-ku, Tokyo, Japan).




4.5. Microstructure Measurements of HSBC Gels


The microstructure of the HSBC aerogels was observed using a field-emission scanning electron microscope (FE-SEM: Hitachi High-Technologies Corporation S-4500, Minato-ku, Tokyo, Japan) with an acceleration voltage of 10 kV. For the pretreatment prior to FE-SEM observation, the deposition of Pt-Pd was performed via ion sputtering (Hitachi High-Technologies Corporation E-1010, Minato-ku, Tokyo, Japan).




4.6. Evaluation of HRP Activity


The assay conditions were essentially those described by Bos et al. [43]. Solution A was prepared by dissolving 30.3 mg of TMB in 6 mL of DMSO. A TMB stock solution was prepared by mixing 100 µL of Solution A with 9.9 mL of acetate buffer (pH 5.0) containing 1.0 µL of H2O2. The Si-HRP-encapsulated HSBC gel was placed in 3 mL of TMB stock solution in a square quartz cell (optical path length of 1 cm), and the reaction was conducted at 37 °C with a stirring speed of 100 rpm. Enzyme activity was evaluated by measuring the spectra every 10 min using a UV–Vis spectrometer (JASCO Corporation, V-530, Hachioji, Tokyo, Japan).



For comparison, the activity of unencapsulated Si-HRP was similarly evaluated under ten-fold higher feeding conditions (Si-HRP: 2.0 mg, TMB stock solution: 30.0 mL). Enzyme activity was evaluated using UV–Vis spectrophotometry of the supernatant solution after centrifugation (5000 rpm, 30 s) of 3.0 mL solutions collected at 10-min intervals.








Author Contributions


Conceptualization, T.H.; data curation, T.H.; formal analysis, T.H.; funding acquisition, T.H. and T.A.; investigation, T.H. and M.S.; methodology, T.H. and M.S.; project administration, T.H.; supervision, T.H. and T.A.; writing—original draft, T.H.; writing—review and editing, T.H. and T.A. All authors have read and agreed to the published version of the manuscript.




Funding


Some parts of this research were financially supported by JSPS KAKENHI, Grant Number JP22K05768.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


Some parts of this research were financially supported by JSPS KAKENHI, Grant Number JP22K05768, and experimentally supported by the Center for Creative Materials Research, Research Institute of Science and Technology, Nihon University.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



McIntosh, J.A.; Owens, A.E. Enzyme engineering for biosynthetic cascades. Curr. Opin. Green Sustain. Chem. 2021, 29, 100448. [Google Scholar] [CrossRef]

	



Ferrer, M.; Martínez-Martínez, M.; Bargiela, R.; Streit, W.R.; Golyshina, O.V.; Golyshin, P.N. Estimating the success of enzyme bioprospecting through metagenomics: Current status and future trends. Microb. Biotechnol. 2016, 9, 22–34. [Google Scholar] [CrossRef]

	



Yushkova, E.D.; Nazarova, E.A.; Matyuhina, A.V.; Noskova, A.O.; Shavronskaya, D.O.; Vinogradov, V.V.; Skvortsova, N.N.; Krivoshapkina, E.F. Application of immobilized enzymes in food industry. J. Agric. Food. Chem. 2019, 67, 11553–11567. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Snajdrova, R.; Moore, J.C.; Baldenius, K.; Bornscheuer, U.T. Biocatalysis: Enzymatic synthesis for industrial applications. Angew. Chem. Int. Ed. 2021, 60, 88–119. [Google Scholar] [CrossRef] [PubMed]

	



Maroufi, L.Y.; Rashidi, M.; Tabibiazar, M.; Mohammadi, M.; Pezeshki, A.; Ghorbani, M. Recent advances of macromolecular hydrogels for enzyme immobilization in the food products. Adv. Pharm. Bull. 2022, 12, 309–318. [Google Scholar]

	



Liu, D.-M.; Chen, J.; Shi, Y.P. Advances on methods and easy separated support materials for enzymes immobilization. TrAC Trends Anal. Chem. 2018, 102, 332–342. [Google Scholar] [CrossRef]

	



Bilal, M.; Zhao, Y.; Rasheed, T.; Iqbal, H.M.N. Magnetic nanoparticles as versatile carriers for enzymes immobilization: A review. Int. J. Biol. Macromol. 2018, 120, 2530–2544. [Google Scholar] [CrossRef] [PubMed]

	



Labus, K.; Wolanin, K.; Radosiński, Ł. Comparative study on enzyme immobilization using natural hydrogel matrices-experimental studies supported by molecular models analysis. Catalysts 2020, 10, 489. [Google Scholar] [CrossRef]

	



Bilal, M.; Rasheed, T.; Zhao, Y.; Iqbal, H.M.N. Agarose-chitosan hydrogel-immobilized horseradish peroxidase with sustainable bio-catalytic and dye degradation properties. Int. J. Biol. Macromol. 2019, 124, 742–749. [Google Scholar] [CrossRef] [PubMed]

	



Du, H.; Shi, S.; Liu, W.; Teng, H.; Piao, M. Processing and modification of hydrogel and its application in emerging contaminant adsorption and in catalyst immobilization: A review. Environ. Sci. Pollut. Res. 2020, 27, 12967–12994. [Google Scholar] [CrossRef] [PubMed]

	



Naghdi, M.; Taheran, M.; Brar, S.K.; Kermanshahi-Pour, A.; Verma, M.; Surampalli, R.Y. Fabrication of nanobiocatalyst using encapsulated laccase onto chitosan-nanobiochar composite. Int. J. Biol. Macromol. 2019, 124, 530–536. [Google Scholar] [CrossRef] [PubMed]

	



Lim, F.S.; Sun, A.M. Microencapsulated islets as bioartificial endocrine pancreas. Science 1980, 210, 908–910. [Google Scholar] [CrossRef] [PubMed]

	



O’Shea, G.M.; Goosen, M.F.; Sun, A.M. Prolonged survival of transplanted islets of Langerhans encapsulated in a biocompatible membrane. Biochim. Biophys. Acta 1984, 804, 133–136. [Google Scholar] [CrossRef] [PubMed]

	



Vaithilingam, V.; Bal, S.; Touch, B.E. Encapsulated Islet Transplantation: Where Do We Stand? Rev. Diabet. Stud. 2017, 14, 51–78. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Lacik, I.; Brissová, M.; Anilkumar, A.V.; Prokop, A.; Hunkeler, D.; Green, R.; Shahrokhi, K.; Powers, A.C. An encapsulation system for the immunoisolation of pancreatic islets. Nat. Biotechnol. 1997, 15, 358–362. [Google Scholar] [CrossRef] [PubMed]

	



de Vos, P.; Lazarjani, H.A.; Poncelet, D.; Faas, M.M. Polymers in cell encapsulation from an enveloped cell perspective. Adv. Drug Deliv. Rev. 2014, 67–68, 15–34. [Google Scholar] [CrossRef] [PubMed]

	



Trojanowska, A.; Nogalska, A.; Valls, R.G.; Giamberini, M.; Tylkowski, B. Technological solutions for encapsulation. Phys. Sci. Rev. 2017, 2, 20170020. [Google Scholar]

	



Fery, A.; Dubreuil, F.; Möhwald, H. Mechanics of artificial microcapsules. N. J. Phys. 2004, 6, 18. [Google Scholar] [CrossRef]

	



Choudhury, N.; Meghwal, M.; Das, K. Microencapsulation: An overview on concepts, methods, properties and applications in foods. Food Front. 2021, 2, 426–442. [Google Scholar] [CrossRef]

	



Song, J.; Babayekhorasani, F.; Spicer, P. Soft bacterial cellulose microcapsules with adaptable shapes. Biomacromolecules 2019, 20, 4437–4446. [Google Scholar] [CrossRef] [PubMed]

	



Merkel, T.J.; Jones, S.W.; Herlihy, K.P.; Kersey, F.R.; Shields, A.R.; Napier, M.; Luft, J.C.; Wu, H.; Zamboni, W.C.; Wang, A.Z.; et al. Using mechanobiological mimicry of red blood cells to extend circulation times of hydrogel microparticles. Proc. Natl. Acad. Sci. USA 2011, 108, 586–591. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Björnmalm, M.; Liang, K.; Xu, C.; Best, J.P.; Zhang, X.; Caruso, F. Super-Soft Hydrogel Particles with Tunable Elasticity in a Microfluidic Blood Capillary Model. Adv. Mater. 2014, 26, 7295–7299. [Google Scholar] [CrossRef] [PubMed]

	



Klemm, D.; Heublein, B.; Fink, H.-P.; Bohn, A. Cellulose: Fascinating Biopolymer and Sustainable Raw Material. Angew. Chem. Int. Ed. 2005, 44, 3358–3393. [Google Scholar] [CrossRef] [PubMed]

	



Czaja, W.; Romanovicz, D.; Brown, R.M., Jr. Structural Investigations of Microbial Cellulose Produced in Stationary and Agitated Culture. Cellulose 2004, 11, 403–411. [Google Scholar] [CrossRef]

	



Putra, A.; Kakugo, A.; Furukawa, H.; Gong, J.P.; Osada, Y. Tubular Bacterial Cellulose Gel with Oriented Fibrils on the Curved Surface. Polymer 2008, 49, 1885–1891. [Google Scholar] [CrossRef]

	



Nimeskern, L.; Ávila, H.M.; Sundberg, J.; Gatenholm, P.; Müller, R.; Stok, K.S. Mechanical Evaluation of Bacterial Nanocellulose as an Implant Material for Ear Cartilage Replacement. J. Mech. Behav. Biomed. Mater. 2013, 22, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Hoshi, T.; Yamazaki, K.; Sato, Y.; Shida, T.; Aoyagi, T. Production of hollow-type spherical bacterial cellulose as a controlled release device by newly designed floating cultivation. Heliyon 2018, 4, e00873. [Google Scholar] [CrossRef] [PubMed]

	



Hoshi, T.; Suzuki, M.; Ishikawa, M.; Endo, M.; Aoyagi, T. Encapsulation of micro- and milli-sized particles with a hollow-type spherical bacterial cellulose gel via particle-preloaded droplet cultivation. Int. J. Mol. Sci. 2019, 20, 4919. [Google Scholar] [CrossRef] [PubMed]

	



Hoshi, T.; Endo, M.; Hirai, A.; Suzuki, M.; Aoyagi, T. Encapsulation of Activated Carbon into a Hollow-Type Spherical Bacterial Cellulose Gel and Its Indole-Adsorption Ability Aimed at Kidney Failure Treatment. Pharmaceutics 2020, 12, 1076. [Google Scholar] [CrossRef] [PubMed]

	



Hirai, A.; Suzuki, M.; Sato, K.; Hoshi, T.; Aoyagi, T. Adsorption capacity of activated carbon-encapsulated hollow-type spherical bacterial cellulose gels for uremic toxins in a simulated human gastrointestinal environment. Gels 2024, 10, 417. [Google Scholar] [CrossRef] [PubMed]

	



Gu, S.; Risse, S.; Lu, Y.; Ballauff, M. Mechanism of the oxidation of 3,3′,5,5′-tetramethylbenzidine catalyzed by peroxidase-like Pt nanoparticles immobilized in spherical polyelectrolyte brushes: A kinetic study. ChemPhysChem 2020, 21, 450–458. [Google Scholar] [CrossRef] [PubMed]

	



Brain, A. Solute diffusion within hydrogels. Macromolecules 1998, 31, 8382–8395. [Google Scholar]

	



Lustig, S.R.; Peppas, N.A. Solute diffusion in swollen membranes. IX. Scaling laws for solute diffusion in gels. J. Appl. Polym. Sci. 1988, 36, 735–747. [Google Scholar] [CrossRef]

	



Johansson, L.; Elvingston, C.; Lofroth, J.-E. Diffusion and interaction in gels and solutions. 3. Theoretical results on the obstruction effect. Macromolecules 1991, 24, 6024–6029. [Google Scholar] [CrossRef]

	



Clague, D.S.; Phillips, R.J. Hindered diffusion of spherical macromolecules through dilute fibrous media. Phys. Fluids 1996, 8, 1720–1731. [Google Scholar] [CrossRef]

	



Maeda, H.; Nakajima, M.; Hagiwara, T.; Sawaguchi, T.; Yano, S. Preparation and properties of bacterial cellulose aerogel. Kobunshi Ronbunshu 2006, 63, 135–137. [Google Scholar] [CrossRef]

	



SIGMA Product Information, Fluorescein Isothiocyanate-Dextran Sigma Stock Nos. FD-4, FD-10S, FD-20S, FD-20, FD-40S, FD-40, FD-70S, FD-70, FD-150S, FD-150, FD-250S, FD-500S, and FD-2000S. Available online: https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/106/654/fd20spis.pdf (accessed on 1 August 2024).

	



Hestrin, S.; Schramm, M. Synthesis of cellulose by Acetobacter xylinum. 2. Preparation of freeze-dried cells capable of polymerizing glucose to cellulose. Biochem. J. 1954, 58, 345–352. [Google Scholar] [CrossRef] [PubMed]

	



Sakuragawa, A.; Taniai, T.; Okutani, T. Fluorometric determination of microamounts of hydrogen peroxide with an immobilized enzyme prepared by coupling horseradish peroxidase to chitosan beads. Anal. Chim. Acta 1998, 374, 191–200. [Google Scholar] [CrossRef]

	



Sakurai, K.; Kitada, K.; Takahashi, T. Preparation of porous chitosan beads as supports for immobilization of β-galactosidase. Mem. Fac. Eng. Fukui Univ. 1989, 37, 173–182. [Google Scholar]

	



Gorton, L.; Ögren, L. Flow injection analysis for glucose and urea with enzyme reactors and on-line dialysis. Anal. Chim. Acta 1981, 130, 45–53. [Google Scholar] [CrossRef]

	



Buchtová, N.; Budtova, T. Cellulose aero-, cryo- and xerogels: Towards understanding of morphology control. Cellulose 2016, 23, 2585–2595. [Google Scholar] [CrossRef]

	



Bos, E.S.; van der Doelen, A.A.; van Rooy, N.; Schuurs, A.H.W.M. 3,3′,5,5′-Tetramethylbenzidine as an ames test negative chromogen for horse-radish peroxidase in enzyme-immunoassay. J. Immunoass. 1981, 2, 187–204. [Google Scholar] [CrossRef] [PubMed]








[image: Gels 10 00516 g001] 





Figure 1. Schematic representation of the preparation of HRP-immobilized silica beads (Si-HRP). 
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Figure 2. Photographs of the Si-HRP-encapsulated HSBC gels. (a) Si-HRP-encapsulated HSBC gel from a single experiment, with a yield of over 90% (>86 pieces). (b) An enlarged view of the Si-HRP encapsulated HSBC gel, showing reddish-brown Si-HRP particles. 
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Figure 3. SEM images of BC gelatinous membrane of Si-HRP-encapsulated HSBC aerogels. (a) Non-treated sample, and (b) NaOH aqueous solution-treated sample. 
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Figure 4. Photographs of Si-HRP-encapsulated HSBC gels after reaction with TMB. 
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Figure 5. Time–dependent UV–Vis absorption spectra of TMB–H2O2 system in the presence of (left) Si-HRP encapsulated HSBC gel or (right) HSBC gel without Si-HRP. 
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Figure 6. Evaluation of Si-HRP activity using UV–Vis spectra. (Left) Time-dependence of absorbance at 655 nm of Si-HRP-encapsulated HSBC gel and HSBC gel in TMB–H2O2 system. (Right) Time-dependence of the differential absorbance at 655 nm between samples and blanks in the TMB–H2O2 system. 
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Figure 7. Schematic diagram showing the steady state release of TMB2. 
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Figure 8. A schematic of the production process of the hollow-type spherical bacterial cellulose (HSBC) gel encapsulating HRP-immobilized silica particles (Si-HRPs). 
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Table 1. Results of elemental analysis of Si-NH2, Si-GAs, and Si-HRPs.
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	Sample Name
	Weight Loss

(wt%)
	Organic/Residue

(wt%)





	Si-NH2
	18.0 ± 0.1
	21.9 ± 0.1



	Si-GA
	31.5 ± 0.5
	46.1 ± 0.8



	Si-HRP
	32.7 ± 0.2
	48.6 ± 0.3










 





Table 2. Hydrodynamic radius and diffusion coefficient of FITC–Dextran and TMB2.
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	Sample Name
	Molecular Weight

(g/mol)
	Temp.

(°C)
	Hydrodynamic

Radius (nm)
	Diffusion Coefficient *

(m2/s)





	FITC-Dextran
	1.0 × 104
	25.0
	2.3 [37]
	1.1 × 10−10



	FITC-Dextran
	1.0 × 104
	37.0
	2.3 [37]
	1.4 × 10−10



	TMB2
	472.63
	37.0
	0.55 **
	5.9 × 10−10







* The diffusion coefficient was calculated using the Einstein–Stokes equation. ** The molecular radius, r, of TMB2 that was assumed to be a sphere was calculated using the following equation:      4   3    π   r   3   =      M   w     d ·   N   A       , where Mw is the molecular weight, d is density, and NA is Avogadro’s constant.
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