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Abstract

:

In many respects, enzymes offer advantages over traditional chemical processes due to their decreased energy requirements for function and inherent greener processing. However, significant barriers exist for the utilization of enzymes in industrial processes due to their limited stabilities and inability to operate over larger temperature and pH ranges. Immobilization of enzymes onto solid supports has gained attention as an alternative to traditional chemical processes due to enhanced enzymatic performance and stability. This study demonstrates the co-immobilization of glucose oxidase (GOx) and horseradish peroxidase (HRP) as an enzyme system on Metal-Organic Frameworks (MOFs), UiO-66 and UiO-66-NH2, that produces a more effective biocatalyst as shown by the oxidation of pyrogallol. The two MOFs utilized as solid supports for immobilization were chosen to investigate how modifications of the MOF linker affect stability at the enzyme/MOF interface and subsequent activity of the enzyme system. The enzymes work in concert with activation of HRP through the addition of glucose as a substrate for GOx. Enzyme immobilization and leaching studies showed HRP/GOx@UiO-66-NH2 immobilized 6% more than HRP/GOx@UiO-66, and leached only 36% of the immobilized enzymes over three days in the solution. The enzyme/MOF composites also showed increased enzyme activity in comparison with the free enzyme system: the composite HRP/GOx@UiO-66-NH2 displayed 189 U/mg activity and HRP/GOx@UiO-66 showed 143 U/mg while the free enzyme showed 100 U/mg enzyme activity. This increase in stability and activity is due to the amine group of the MOF linker in HRP/GOx@UiO-66-NH2 enhancing electrostatic interactions at the enzyme/MOF interface, thereby producing the most stable biocatalyst material in solution. The HRP/GOx@UiO-66-NH2 also showed long-term stability in the solid state for over a month at room temperature.






Keywords:


enzyme co-immobilization; metal-organic framework; biocatalysis












1. Introduction


Due to current advances in biotechnology, the commercial value of enzymes as biocatalysts has increased dramatically in recent years [1,2,3,4]. The use of biocatalysts for industrial applications is attractive because of the benefits offered by enzyme proteins, including high selectivities, diverse functionalities, and the promotion of greener chemistries [4]. However, the fragile nature of enzymes and narrow operating temperatures and pH ranges have hampered their use commercially. One strategy of preparing enzymes that are more robust to withstand pH, temperature, and/or organic solvents is by immobilizing enzymes on solid supports. In this way, enzymes may be altered that may increase their activity, specificity, or selectivity of the target reaction [5]. Industrially, there is a great deal of interest in the immobilization of enzymes onto solid supports, where an enzyme is attached to a physical surface or material by covalent and/or noncovalent interactions, which has been shown to enhance enzyme stabilities and activities [1,4,6,7]. Solid supports also offer potential for enzyme recovery and recyclability, which increases their commercial value [1,4,6,8,9,10,11,12]. Many reports investigating enzyme immobilization have shown utility for applications in organic syntheses, such as warfarin catalysis and even esterification reactions where immobilization was crucial for long term use [7,13,14,15,16,17]. Several of these immobilization studies explore techniques and methodologies surrounding enzymes immobilized on relatively new materials, such as Metal-Organic Frameworks (MOFs) [1]. These materials have proven to be capable of many different types of immobilizations, both noncovalent and covalent by nature, including surface attachment, cross linkage, covalent linkage and bonding, and encapsulation [16,18,19,20,21,22,23,24].



Metal-organic frameworks are coordination networks composed of organic linkers and inorganic nodes containing potential void space with large surface areas [1,25,26,27,28,29]. MOFs stand out as effective solid supports for immobilization due to their highly tunable organic linkers and potential void space, which are ideal for the design of strong guest–host interactions. The target MOFs, UiO-66 and UiO-66-NH2 used in this study as solid supports for enzyme co-immobilization of HRP and GOx, create new biocatalytic materials referred to as HRP/GOx@UiO-66 and HRP/GOx@UiO-66-NH2. The Zr-based UiO MOFs were chosen for immobilization because of their high thermochemical stability, making them amongst the most stable MOFs known, as well as their high degree of tunability [30]. Encapsulation or diffusion into potential void space is typically the focus of enzyme immobilization studies. This requires the use of MOFs with large organic linkers that can be difficult to synthesize or expensive to purchase, and typically have much lower stabilities in solution. The highly tunable surface chemistry of MOFs, however, remains an under-utilized avenue for enzyme immobilization despite the simplicity in pre- and post-synthetic modifications that can enhance interactions at the enzyme/MOF interface. This is especially true for co-enzyme systems where surface immobilization has less probability of hindering enzyme activity. The UiO-66-NH2 MOF, in particular, features an amine group off the organic linker that could serve as a site for covalent bond formation or increased hydrogen-bonding at the enzyme/MOF interface. Increasing the interfacial stability of the enzyme/MOF biocatalyst is expected to increase immobilization loading, thereby improving stability and catalytic activity.



Co-immobilization of enzymes on solid supports have been studied for various applications with multiple systems in the past decade [5,6,9,10,11,12,30,31,32,33]. Immobilization of two or more enzymes has its advantages and disadvantages. For systems that involve cascade reactions, co-immobilization offers a kinetic advantage where the first product is in close proximity to the second enzyme that is activated by the first product. This removes the potential lag time of the diffusion of substrate at high concentrations for the second enzyme, which allows the second enzyme to be activated at high concentrations from the first product [31]. Enzyme co-immobilizations have shown to be useful for two main tasks in catalysis: (1) to act as a pathway for intermediate reaction products to proceed directly to a second enzyme, and (2) to maximize intermediate and avoid the loss of intermediate due to diffusion or instability [12]. Co-immobilizing prevents high concentrations of intermediates or reaction products to inhibit the enzymes by restricting local concentration as discussed in the review by Betancor et al. on co-immobilized coupled enzymes [12]. While individual immobilization offers some of these advantages, the strategy of co-immobilization can have even more positive effects, such as fast conversion of substrate to product, easy separation of enzyme and product, and higher efficiency [9]. Furthermore, co-immobilized or multienzyme systems have shown better performance than single enzyme systems due to restriction in the diffusion of unstable intermediates [9]. Garcia-Galen et al. reviewed how immobilization strategies affect and many times improve enzyme performance. They describe how co-immobilization also presents some challenges: (1) immobilization of all enzymes must use the same immobilization strategy, and (2) the robustness of the overall biocatalyst will be determined by the least stable enzyme [31,34]. When co-immobilizing enzymes, there must be considerations of whether separate immobilization of individual enzymes or co-immobilization on the same solid support utilizing the same reaction conditions [31]. By using the same immobilization protocol for a multienzyme system, the researcher is assuming that immobilization of each will be similar, which may result in the loss of immobilization advantages, if this is not the case. A proposed strategy to avoid this problem is to co-immobilize the most stable enzymes, which was shown in a study done by Rios et al. [35]. The study showed that when lipase with different stabilities were co-immobilized, the most stable lipase dominated co-immobilization [35]. A benefit of our system in this study is that the surface of the MOF is tunable as we report differences in stabilities due to changes in MOF linker functionalities. The UiO-66 MOFs, in particular, can readily be functionalized post-synthetically to alter surface properties, as demonstrated by Marshall et al., which could allow for the immobilization of different individual enzymes [36]. Other disadvantages of co-immobilization or multienzyme systems are the randomness of the enzyme concentrations, the inability to use large multidomain enzymes, and the supports can be a diffusion barrier [9,12]. In an attempt to improve co-immobilization and multienzyme systems, a rational design has been recently developed by quantitative tools using yeast cell surface to study how multienzyme assemblies form, molecular crowding, and how to maximize enzyme density [37,38]. For co-immobilization of enzymes to work properly, both enzymes need to be immobilized on the solid support. This study demonstrates that our MOF system is suitable for enzyme co-immobilization.



The results presented herein focus on co-immobilization of two enzymes onto the surface of zirconium-based MOFs using a facile adsorption technique to create novel biocatalysts held together by strong, noncovalent interactions at the enzyme/MOF interface. The enzyme system in this investigation consists of glucose oxidase (GOx) from Aspergillus niger and horseradish peroxidase (HRP). Glucose oxidase is available commercially and is used for a wide range of applications in chemical industries related to biosensors, biofuel cells, food and beverage production, and textile manufacturing [7,39]. Horseradish peroxidase is a common enzyme used for organic syntheses that is often coupled with other enzymes for immunoassays, chemiluminescent assays, and water treatment assays [40,41]. These two enzymes are known to work cooperatively in systems where sugar is oxidized by GOx to produce hydrogen peroxide, which activates the HRP enzyme that in turn oxidizes an organic substrate [41,42].



In relation to this paper, the co-immobilization of glucose oxidase (GOx) and horseradish peroxidase (HRP) generates hydrogen peroxide in situ by the oxidation of glucose from GOx to activate HRP. The two enzymes have been co-immobilized in previous studies for applications such as catalysis in organic syntheses and biosensing [9,38,43,44,45,46,47,48,49,50,51,52]. Coordination polymer formation was previously utilized by Jia and colleagues to co-immobilize HRP/GOx by binding a nucleotide and a metal, guanine and copper, for a biocompatible composite in glucose biosensing technology [46]. The two enzymes were also investigated by Zhu et al. for glucose biosensing by co-immobilization on carbon nanotube electrodes, and by Chen et al. for bisphenol A detection by co-immobilization on a copper-based MOF [24,30]. Gustafsson and colleagues have reported co-immobilization by using dendronized polymer and mesoporous silica nanoparticle layers, which showed stability for at least two weeks [44]. Furthermore, studies that attempted to spatially control the co-immobilization of HRP/GOx utilizing micelles and inorganic nanocrystal–protein complexes reported similar enhanced activities and stabilities [43,53]. The coupled enzymes have also been co-immobilized on DNA-directed assemblies by conjugate covalent DNA oligonucleotides to oxidize Ampex Red [54]. While immobilizations on scaffolds such as DNA have shown to allow for spatial control, this method is costly and only stable under standard conditions [38].



MOFs have proven to be a more tunable solid support for HRP/GOx in studies that investigate factors influencing immobilization such as changes in surface area, magnetic properties, and, in this work, linker functionalization [8,47,48]. Chen et al. showed how magnetic nanoparticles can be used in co-immobilization of HRP/GOx to tune layers of enzymes on the MOF HKUST-1 [48]. Synthesis studies reported by Lou et al. have immobilized soybean epoxide hydrolase (SEH) onto UiO-66-NH2 to synthesize vicinal diols by a crosslinking technique [13]. Additionally, Wu et al. have reported a single immobilization by encapsulating a three enzyme/MOF composite to synthesize purpurogallin using the MOF ZIF-8, HRP, cytochrome c (Cyt c), and Candida antarctica lipase B (CALB) [47]. This investigation, however, demonstrates that effective immobilization of the HRP/GOx coenzyme system can be accomplished through adsorption to the MOF surface by simply incubating in a buffered solution for 24 hours at cold temperatures. While prior investigations have focused on producing novel biocatalysts using more complex techniques, this paper focuses on understanding the effect of linker functionalization on adsorption at the enzyme/MOF interface, and how it affects immobilization, stability, and activity in a bi-enzymatic system.




2. Results and Discussion


2.1. The Biocatalytic Enzyme System


A biocatalytic system was created to verify co-immobilization and test the catalytic activity of HRP/GOx@UiO-66 and HRP/GOx@UiO-66-NH2 in the production of purpurogallin from pyrogallol. Purpurogallin has been shown to have inhibiting properties and anti-inflammatory effects potentially useful in the pharmaceutical industry [55,56,57,58]. Pyrogallol is known for its auto-oxidation properties, and is often used to synthesize purpurogallin using a catalyst [59]. Purpurogallin has been synthesized from pyrogallol using reconstituted forms of HRP containing synthetic hemes in the presence of H2O2 [60]. This biocatalytic system, however, utilizes the oxidation of glucose to catalyze the oxidation of pyrogallol to purpurogallin in the presence of HRP. Figure 1 shows the overall procedure used with the enzyme/MOF biocatalytic materials investigated. The reaction mixture initially consists of glucose, pyrogallol, and the enzyme/MOF composite (HRP/GOx@UiO-66 or HRP/GOx@UiO-66-NH2). Glucose is oxidized by GOx immobilized onto the enzyme/MOF composite to produce hydrogen peroxide. Hydrogen peroxide activates HRP in the enzyme/MOF composite, which subsequently oxidizes pyrogallol to purpurogallin. Pyrogallol is colorless in solution, but oxidation to purpurogallin creates a yellow-brown solution with a ʎmax of 420 nm in the visible range [59]. The appearance of purpurogallin can therefore be tracked by monitoring increases in absorbance at 420 nm over time. Eventually, as it becomes insoluble, the purpurogallin will precipitate out of solution as an orange solid overnight.



In addition to using the biocatalytic system shown in Figure 1, protein quantification was performed using the Bradford assay to study the difference in MOF linker functionalization on enzyme immobilization and composite stability. The Bradford assay is widely used to quantify protein by binding to a dye reagent, causing a blue shift at 595 nm [61]. This assay was used to quantify the amount of enzyme immobilized onto the MOF surface from the solution during immobilization.




2.2. Zeta Potential Characterization


The MOFs used in this investigation possess uniquely dynamic surface charge characteristics with terminal carboxylic acid struts across their surfaces. These surface charges are important for enzyme loading, and can vary depending on the pH and composition of the buffered solution used during immobilization. Zeta potential measurements of solutions containing pure MOFs and enzyme/MOF composites, therefore, can indirectly probe surface charge and stability of MOF dispersions providing useful insights into differences observed in immobilization and leaching [62]. The higher zeta potentials observed in UiO-66-NH2 (−26.67 mV) compared with UiO-66 (−18.00 mV) reflect a slightly more stable dispersion in the buffered solution utilized for immobilization. After enzyme loading, there is a sharp decrease in zeta potential observed for all enzyme/MOF composites investigated, as shown in Table 1. This is congruent with the pIs reported for HRP and GOx, 6.35 and 4.64 respectfully, which indicate a negative charge in the pH = 7 buffered solution.




2.3. FT-IR Characterization


The FT-IR spectra of the pure MOFs UiO-66 and UiO-66-NH2 are shown in Figure 2b. Both spectra have characteristic peaks at 1580, 1390, 723, and 670 cm−1 for UiO-66 and 1565, 1365, 760 and 656 cm−1 for UiO-66-NH2. These peaks correspond to asymmetric O–C–O stretching, O–C–O symmetric stretching, C–C ring stretching and Zr-O stretching, respectively [63]. The spectra for UiO-66-NH2 show additional peaks at 3317, 3444, 1416 and 1252 cm−1, which correspond to the asymmetric and symmetric N–H stretching, N–H bending and the C–N stretch from the aromatic amine, respectively [64].




2.4. SEM of Enzyme/MOF Composites


SEM images of pure UiO-66 and UiO-66-NH2 powder in Figure 3a,b show distorted octahedrons with aggregates ranging from 400 to 1000 nm in size. This is consistent with morphologies and sizes commonly reported for these MOFs [58,65,66]. Enzyme immobilization has no perceivable effects on MOF morphology in UiO-66 or UiO-66-NH2 at 17,000× magnification. This indicates enzyme immobilization did not disrupt the MOF architectures, and that enzymes did not aggregate in appreciable quantities in the MOF suspension.




2.5. Purpurogallin Synthesis


Initially, enzymes were singly immobilized and tested using the formation of purpurogallin. This was done to assure that the enzyme HRP was immobilizing onto the MOF, since HRP is crucial after activation from peroxide to oxidize the organic substrate. This was also performed using GOx to assure that the oxidation is from the enzyme HRP rather than auto-oxidation of pyrogallol. The single immobilized composites, GOx@UiO-66-NH2 and GOx@UiO-66, showed little to no absorbance, which is expected since HRP is not present to catalyze the oxidation. In the presence of hydrogen peroxide in the solution, single immobilized HRP@UiO-66-NH2 composite did show greater absorbance values by 4% compared with the HRP@UiO-66 composite. The observation of the amino functionalized enzyme/MOF system performing better is also observed with the bi-enzymatic system. Both enzyme/MOF composites, HRP/GOx@UiO-66-NH2 and HRP/GOx@UiO-66, showed enhanced catalysis of pyrogallol to purpurogallin compared with solutions containing free HRP and GOx. The HRP/GOx@UiO-66-NH2 biocatalyst, which showed the greatest enzyme immobilization, produced higher absorbance values at 420 nm using the biocatalytic system, indicating greater production of purpurogallin over time. The free enzyme activity was studied by utilizing our enzyme/MOF immobilization data to replicate the enzyme concentration in the MOF to be only free enzymes in the solution for purpurogallin synthesis. Furthermore, this enzyme/MOF composite showed the greatest stability during leaching studies where each of the biocatalysts were placed in buffered solution over long periods of time. As shown in Figure 4a, the composite HRP/GOx@UiO-66-NH2 excels in catalyzing the synthesis of purpurogallin from pyrogallol and glucose. This is especially noteworthy considering it validates immobilization of two cooperative enzymes onto a solid support. In addition, the current data from our study indicate the parameter for expressed activity, as standardized by Lafuente et al., is increased percent enzyme activity [67]. In Table 2, the enzyme activity was calculated from the increasing absorbance of purpurogallin formation. Both composites, HRP/GOx@UiO-66-NH2 and HRP/GOx@UiO-66, showed an increase in enzyme activity of 189 and 143 U/mg, respectively. The composite HRP/GOx@UiO-66-NH2 showed an 88.6% activity increase, while composite HRP/GOx@UiO-66 showed only 42% activity increase compared to free enzyme HRP/GOx displaying 100 U/mg of enzyme activity. To confirm that this observed increase in activity is indeed enzymatic and not simple auto-oxidation of pyrogallol, controls with only UiO-66-NH2 and UiO-66 were run using the biocatalytic system, which produced almost no absorbance at 420 nm as shown in Figure 4a,b. A 1H NMR taken of the purpurogallin product synthesized from HRP/GOx@UiO-66-NH2 using the biocatalytic system shown in Figure 5 verifies the presence of purpurogallin formation in the solution. This also shows the clean conversion of substrate to product using the enzyme/MOF composite as a potential biocatalyst for synthesis of organic substances.




2.6. Enzyme/MOF Immobilization and Leaching


Although both UiO-66 and UiO-66-NH2 showed co-immobilization of both enzymes, UiO-66-NH2 exhibited 6% greater enzyme immobilization than UiO-66, as shown in Table 2. This is likely due to enhanced electrostatic and H-bonding interactions imparted by the amine group attached to the organic linker in UiO-66-NH2. Although maximum immobilization occurred with 24 hours of incubation, more data are required to signify immobilization percent yield. Nonetheless, the HRP/GOx@UiO-66 composite material did show enhanced catalysis using the biocatalytic system, however, this composite lacks long-term stability in solution. Both enzymes have completely leached from UiO-66 by the end of the three-day leaching study, as show in Table 2. Further investigation of the HRP/GOx@UiO-66 stability showed that enzyme immobilization did not last over 24 hours in buffered solution. The discrepancy in solution stability between HRP/GOx@UiO-66 and HRP/GOx@UiO-66-NH2 is likely due to weaker interactions at the enzyme/MOF interface as a result of differences in the surface of UiO-66 compared with UiO-66-NH2. In Figure 6, the immobilization (a) and leaching (b) data demonstrate the enhanced stability from immobilization onto UiO-66-NH2 in the HRP/GOx@UiO-66-NH2 composite. In addition to a higher percent immobilization (9.9%), the HRP/GOx@UiO-66-NH2 only loses 36% of enzyme loading after three days in buffered solution. Conversley, the HRP/GOx@UiO-66 composite shows lower enzyme loading (3.9% immobilization) and loses 100% of the adsorbed enzymes after only 24 hours in buffered solution. As shown in Table 2, the results for percent immobilization and composite stability correlate well with enzyme activity for the formation of purpurogallin, showing immobilization efficiency and indicating greater stability and enzyme loading increases enzyme activity. This study did not investigate individual enzyme loading. However, Lou et al. performed single immobilized soybean epoxide hydrolase (SEH) onto UiO-66-NH2 to synthesize vicinal diols [13]. In the Lou et al. report, a shift in the N-H bending vibration of UiO-66-NH2 was observed using XRD and FT-IR after immobilization with SEH via crosslinking. Lou et al. also reported high immobilization loading and solution stability for their SEH@UiO-66-NH2 biocatalyst [13]; however, we are able to achieve comparable immobilization loading and composite stability using only surface adsorption to the MOF support. Based on our results for both UiO-66 and UiO-66-NH2, as well as the results reported by Lou et al., it is apparent that MOF linker functionality plays a crucial role in maximizing loading and catalytic activity by enzyme immobilization on MOF supports.





3. Materials and Methods


3.1. Materials


MOPSO buffer was prepared by diluting Bioworld 0.2 M MOPSO buffer with a pH of 6.5 to 50 mM buffered solution. Solid glucose oxidase from Aspergillus niger 145,200 U/g, solid β-d-Glucose, and solid pyrogallol were all purchased from Sigma Aldrich. Solid horseradish peroxidase 190 U/mL was purchased from Tokyo Chemical Industry (TCI). The reaction mixture of purpurogallin synthesis consisted of the following glucose to pyrogallol ratio in millimoles: 2:0.95 and 10 mg of enzyme/MOF composite, and 0.05 mg/mL of free enzyme solution for controls.




3.2. Methods


SEM images were collected on a JEOL JCM-7000 SEM. MOF suspensions were deposited on atomically flat silica wafers and were precoated using 10 nm Au nanoparticles to reduce charging. Using the immobilized 166:50 MOF-enzyme ratio of each composite, a working solution of 1 mg/mL of the composite material in methanol was prepared. After sonicating the working solution, 100 μL of it was further diluted in 8 mL of methanol. To prepare the disk sample, 11 μL of the diluted solution of each composite was dropped on the disk individually. Fourier-transform infrared attenuated total resonance spectroscopy (FT-IR-ATR) was used to characterize UiO-66 and UiO-66-NH2 using a CARY 630 FT-IR Spectrometer. Zeta potentials of the MOFs—UiO-66 and UiO-66-NH2—and the enzyme/MOF composites—HRP/GOx@UiO-66 and HRP/GOx@UiO-66-NH2—were measured using a Malvern Zetasizer Nano ZS. All solutions were prepped by dissolving 2 mg of MOF and 20 µL of total enzymes into 15 mL of 0.2 M MOPSO buffer with a pH of 6.5.




3.3. Synthesis of UiO-66 and UiO-66-NH2


UiO-66 synthesis was completed as a one pot synthesis in a Teflon-lined reaction vessel based on a solvothermal synthesis reported by Shearer et al. [68]. Zirconium (IV) chloride (1.98 mmol) and terephthalic acid (1.98 mmol) precursors were dissolved in 34 mL DMF in the reaction vessel. An addition of 340 μL of concentrated hydrochloric acid moderator was then added to improve ligand solvent exchange. The solution was placed in a 120 °C oven and heated for 24 h. The resulting precipitate was washed 3 times with DMF, and once with methanol, before being collected by vacuum filtration. This process was repeated for the synthesis of UiO-66-NH2 substituting 2-aminoterephthalic acid for terephthalic acid. Functional groups of the MOFs composites were identified using Fourier transform infrared attenuated total resonance (FT-IR-ATR) spectroscopy on a CARY 630 FT-IR spectrometer.




3.4. Enzyme Immobilization and Characterization


Enzymes were immobilized with MOFs in a MOPSO buffer system in an Erlenmeyer flask by shaking while incubating for 24 hours at cold temperatures maintained using gel ice packs. The following MOF to enzyme mass ratios (in mg) were utilized to study the immobilization capacity of both MOFs: 77:34, 166:50, and 30:45. All enzyme solutions consisted of 23% GOx, 23% HRP, (both from 5 mg/mL stock enzyme solution) in 50 mM MOPSO buffer. In 10 mL of 50 mM MOPSO, pH 6.5 buffered solution, 5 mg of GOx/HRP@MOF (at the mass ratios listed above) were shaken at room temperature for 3 days. Before and after incubation, the Bradford assay was performed on the centrifuged enzyme solution for spectrophotometric quantification using a Persee T8-DS Double Beam UV-Vis spectrometer to determine percent immobilization and percent leaching. The Bradford assay was carried out using Bio-rad Dye Protein Assay Dye Reagent Concentrate, and Bio-rad Lyophilized Bovine γ-Globin was used to form a standard concentration calibration curve.





4. Conclusions


The results of this investigation indicate that HRP/GOx@UiO-66-NH2 is the better biocatalyst for pyrogallol oxidation by activity and stability measurements. The enhanced catalytic activity observed in both enzyme/MOF systems studied show that enzyme immobilization onto metal-organic frameworks can increase reactivity for cooperative enzyme systems. The effect of linker functionalization on the enzyme/MOF interface also shows that the amine-functionalized MOF linker in HRP/GOx@UiO-66-NH2 enhances loading, reactivity, and stability when compared with HRP/GOx@UiO-66. HRP/GOx@UiO-66-NH2 and HRP/GOx@UiO-66 showed increased enzyme activity in comparison to free enzymes. The increase in enzyme loading and composite stability is likely due to the amine group increasing electrostatic attractive forces on the surface of the MOF for the enzymes used in this investigation. While the HRP/GOx@UiO-66 also showed enhanced catalysis compared to free enzymes in the solution, it is not stable enough to maintain enzyme loading and catalytic enhancement over time.



Despite the low degree of spatial control, enzyme/MOF composite systems provide an adaptable, low cost material that can function effectively as a green biocatalyst for synthesis reactions, such as the one utilized in this investigation. The enzyme/MOF composite materials prepared in this study are both valid biocatalysts potentially useful for synthesizing organic compounds in different industries, such as pharmaceuticals. Schwartz and colleagues have shown a tradeoff between stability and activity when immobilizing enzymes by multipoint covalent attachment to a polymer [69]. While the enzymes in this study are not in multipoint covalent attachment, however, similar results were observed. After a month of storage, the measured absorbance at the ʎmax of the purpurogallin for HRP/GOx@UiO-66-NH2 composite decreased by 37%, while HRP/GOx@UiO-66 decreased by 44%. This study demonstrates that an analysis of structure and function relationships can be utilized to design better biocatalysts. Under investigation in our laboratory is determining the relationship between enzyme dynamics and its catalytic activity with the intent on preparing even more effective biocatalysts.
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Figure 1. Biocatalytic system. Synthesis of purpurogallin from pyrogallol and glucose by catalysis using HRP/GOx@UiO-66 or HRP/GOx@UiO-66-NH2. The appearance of purpurogallin is monitored spectroscopically in the visible region by tracking increases in absorbance at 420 nm. 
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Figure 2. FT-IR spectra of UiO-66 and UiO-66-NH2. (a) Representation of the Secondary Building Unit (SBU) of UiO MOFs with cartoons of the octahedrons showing differences in linker functionalization for UiO-66 vs. UiO-66-NH2. (b) The FT-IR Spectra of UiO-66 and of UiO-66-NH2. * The characterization peaks of synthesized MOF UiO-66-NH2. 
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Figure 3. SEM images of MOF and enzyme/MOF composites. (a) UiO-66 aggregate cluster, (b) UiO-66-NH2 aggregate cluster, (c) HRP/GO@UiO-66 aggregate cluster, (d) HRP/GO@UiO-66-NH2 aggregate cluster. Both enzyme/MOF composites show clusters composed of irregular octahedrons consistent with MOF images, indicating retention of MOF morphology. All images were recorded at 17,000× magnification. 
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Figure 4. Purpurogallin synthesis. (a) UV/vis absorbance values of solutions after synthesis using the biocatalytic system for all conditions investigated. The appearance of purpurogallin is tracked by monitoring absorbance at 420 nm over time, indicating HRP/GOx@UiO-66-NH2 is the most catalytically robust system. (b) Images of synthesized purpurogallin in the solution using the biocatalytic system for all conditions investigated. The appearance of a yellow-brown color indicates the presence of purpurogallin in the solution. 
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Figure 5. 1H NMR spectrum of the product from HRP/GOx@UiO-66-NH2 catalysis. The presence of 2,3,4,6-tetrahydroxy-5H-benzocyclohepten-5-one (also known as purpurogallin) confirms product formation in the solution from pyrogallol and glucose using the HRP/GOx@UiO-66-NH2 biocatalyst. * indicates hydrocarbon impurity. 
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Figure 6. Immobilization and leaching in all composite materials. (a) UV/vis spectra of pure enzyme and enzyme/MOF solutions after 24 h showing a more dramatic decrease in absorbance at 595 nm for HRP/GOx@UiO-66-NH2 due to higher enzyme immobilization; (b) Leaching of enzymes to buffered solution from enzyme/MOF composites showing HRP/GOx@UiO-66 leaching more enzyme to solution in comparison with HRP/GOx@UiO-66-NH2. 
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Table 1. Zeta potentials of all composite materials.
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	Composite
	Zeta Potential (mV)





	HRP/GOx@UiO-66-NH2
	−3.13 (s = ±8.73)



	HRP@UiO-66-NH2
	−8.46 (s = ±0.14)



	GOx@UiO-66-NH2
	−10.00 (s = ±5.64)



	UiO-66-NH2
	−26.67 (s = ±6.68)



	HRP/GOx@UiO-66
	−10.80 (s = ±4.86)



	HRP@UiO-66
	−7.97 (s = ±4.89)



	GOx@UiO-66

UiO-66
	−3.38 (s = ±4.50)

−18.00 (s = ±5.96)
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Table 2. Percent immobilization and leaching of all composite materials.
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	Composite
	% Immobilization a
	% Leached from Composite b
	Enzyme Activity (U/mg) d





	HRP/GOx@UiO-66-NH2

HRP/GOx@UiO-66
	9.91 (s = ±0.033)

3.91 (s = ±0.007)
	35.6 (s = ±0.025)

100 (s = ±0.045)
	189

143



	HRP/GOx
	0
	6 c
	100



	UiO-66-NH2

UiO-66
	0

0
	0

0
	0

0







a Percent immobilization was calculated as mass percent of enzyme immobilized from solution relative to the mass of MOF present in the solution. b Percent leached was calculated as mass percent of enzyme leached from the composite relative to the amount of enzyme immobilized onto the MOF. c Free enzyme leaching was measured as the amount of enzyme that “disappears” presumably from structural denaturation. d Calculated from absorbance data in activity units (U per mg) of contained enzymes.
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