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Influence of Membrane Pore Size on Immobilized Urease Biocatalytic Activity

ABSTRACT
	Membranes with varying pore sizes were used as urease immobilization substrates to examine the effect of structural confinement on enzyme kinetics. The reduction in pore diameter led to uneven substrate distribution, which affected the local urea conversion rate and limited overall catalytic performance. The findings of this study provide insights into the optimal design of biocatalytic membranes for efficient urea removal in water purification systems and enzymatic reactors.
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1. INTRODUCTION
Ultrapure water is a critical component in high-tech industries, particularly semiconductor, pharmaceutical, and optical manufacturing, where even trace impurities can disrupt production. Its production involves multiple stages such as filtration, degassing, oxidation, and adsorption [1]. Among common contaminants, urea poses a unique challenge due to its high solubility, chemical stability, and resistance to conventional purification processes [2].

Current methods for urea removal—such as UV irradiation combined with persulfate or hypochlorous acid activation—are energy-intensive and may generate secondary pollutants [3,4]. These drawbacks necessitate greener, enzymatic approaches. Urease, a nickel-dependent enzyme, catalyzes the hydrolysis of urea into ammonia and carbon dioxide, which subsequently form bicarbonate ions [5]. This enzyme-mediated process offers high selectivity and operates efficiently under mild conditions.

Immobilization of urease on solid supports, particularly membranes or fibers, enhances enzyme reusability, mechanical stability, and resistance to denaturation [6,7]. However, pore size in the supporting matrix influences diffusion of both substrates and products, thus modulating enzyme performance [8]. Smaller pores can restrict urea access and product removal, leading to internal mass-transfer limitations. Conversely, larger pores may reduce enzyme loading and mechanical stability.

This study investigates the kinetic behavior of urease immobilized on alumina membranes with three different pore diameters (20, 100, and 200 nm). The goal is to elucidate how pore size affects enzyme activity, substrate accessibility, and overall urea conversion efficiency.
2. material and methods
2.1 Materials and Membrane Preparation
Anodized alumina membranes (Whatman Anodisc) with nominal pore diameters of 20, 100, and 200 nm were used. Before immobilization, membranes were washed with ethanol and deionized water, followed by drying under nitrogen. Surface activation was achieved using 2.5% (v/v) ethyl (dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) for 45 minutes to introduce reactive ester groups for covalent enzyme coupling.
2.2 Urease Immobilization Procedure
A 50 U/mL urease solution prepared in 20 mM MES buffer (pH 6.0) was applied to each activated membrane and incubated at 25°C for 3 hours to allow covalent attachment via amide bond formation. Unbound enzyme was removed by rinsing with buffer. The immobilized enzyme quantity was calculated by measuring protein concentration before and after immobilization using Bradford assay. Surface coverage was estimated at 28 ng-protein/μm², corresponding to approximately 1.0 μM immobilized enzyme concentration [8
].
2.3 X-ray Photoelectron Spectroscopy (XPS)
Chemical surface composition changes were analyzed after each treatment step—bare membrane, EDC/NHS activation, and urease coupling. The presence of characteristic peaks for C1s, N1s, and S2p confirmed successful functionalization and enzyme immobilization.

2.4 Scanning Electron Microscopy (SEM)
SEM imaging confirmed the structural integrity and pore distribution of the membranes before and after modification. Representative images for 20, 100, and 200 nm membranes were recorded to ensure no pore blockage occurred during enzyme loading.

2.5 Urea Conversion Measurements
Electrochemical detection using cyclic voltammetry (CV) was employed to monitor urea hydrolysis. The electrochemical setup comprised an Ag/AgCl reference electrode, Pt counter electrode, and a glassy carbon working electrode immersed in a Pyrex cell containing urea solution. The potential was scanned from -200 to +800 mV at a rate of 0.05 mV/s. Urea conversion was calculated based on the change in current response over time, proportional to the ionic products generated during enzymatic hydrolysis.

2.6 Data Analysis
Kinetic data were fitted using a first-order rate equation. 𝐶𝑡 = 𝐶0𝑒−𝑘𝑡 where 𝐶𝑡 is the urea concentration at time 𝑡, 𝐶0 is the initial concentration, and 𝑘 is the apparent rate constant. Least squares regression yielded coefficients of determination (R²) exceeding 0.9, confirming good model fit.




3. results and discussion
3.1 Surface Characterization
XPS data confirmed successful surface activation and enzyme immobilization, evidenced by increased carbon, nitrogen, and sulfur content. SEM images showed that pore integrity was maintained, with no visible clogging after enzyme coupling. Using scanning electron microscope, the pore sizes were confirmed as shown in Fig. 1. After the confirmation, each step for the urease immobilization was performed followed by the characterization of the membrane using XPS. The results from the characterization were summarized in Table 1. It was found that the carbon ratio after the EDC/NHS treatment and the sulfur ratio after the urease treatment increased. The change in ratio indicates that each step was performed successfully because the carbon and the sulfur originated from EDC/NHS and urease, respectively, in the initial alumina membranes without both elements.

Fig. 1. Membrane structure, 20 nm pore (left), 100 nm (middle), and 200 nm (right).
Table 1. X-ray photoelectron spectroscopy results after each step.

	
	Bare alumina membrane
	EDC/NHS
	Urease

	C 1s
	0.1%
	23.7%
	25.7%

	N 1s
	0.1%
	6.1%
	6.6%

	O 1s
	55.3%
	40.2%
	42.3%

	Al 2p
	44.5%
	30.5%
	25.1%

	S 2p
	
	
	0.3%




3.2 Enzyme Kinetics as a Function of Pore Size
Since the urease was found to induce the urea conversion previously, this study was for the change in the conversion with respect to the pore size of the surface where the urease was immobilized [9
]. For all size, the conversion rate was linearly proportional to the urea concentration. The relation between the rate and the concentration was shown in Fig. 2 (on next page). For the experimental data of Fig. 2, the least square fitting was performed and the determination coefficients were estimated into over 0.9. Therefore, the fitting equation reasonably suggested the physical behavior of the conversion in each pore size. The fitting corresponded to the first-order reaction of the urea concentration with 0.0525 min-1 for 200 nm, 0.0474 min-1 for 100 nm, and 0.0327 min-1 for 20 nm as the rate constants [10,11]. 
This observation aligns with theoretical predictions where internal diffusion and substrate accessibility become rate-limiting in confined geometries. In 20 nm pores, urea molecules experience restricted transport and longer diffusion paths, diminishing enzyme turnover frequency. At larger pore sizes (≥100 nm), the diffusion effect becomes less pronounced, leading to more efficient substrate–enzyme contact. Similar observations of reduced apparent activity due to transmembrane transport limitations have been reported for urease covalently bound within ultrafiltration membranes [12]
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Fig.2. Plot of first-order equation for urea concentration over time, solid line for 20 nm pore, dot-dash line for 100 nm pore, and dot line for 200 nm pore.
It was found that the reduction in the pore size lead to the decrease in the rate constant. This result seemed from the limitation of urea mass transfer, which was caused by the less urea-gradient due to the short supply in the smaller pore. The shortage was ambiguous for 100 and 200 nm pore because the size difference was relatively less prior to 100 minutes, but became clearer with the longer reaction time. This is consistent with the reciprocal relation between the Ln(Urea conc./Initial urea conc.) and the reaction time. The strong dependence of immobilized enzyme performance on pore diameter is consistent with broader analyses of enzyme–pore interactions in porous supports [13].
3.3 Effect of Pore Number and Volume Distribution
Figure 3 (on next page) compares the relative number of pores (normalized to the 200 nm membrane) versus pore size when total membrane volume is constant. The results reveal an asymmetric trend: as pore size decreases, the number of pores increases geometrically, enhancing surface area but also increasing tortuosity and mass-transfer resistance. Around 70 nm, a transition occurs where diffusion resistance dominates over surface-area gains.

This asymmetry suggests that there exists an optimal pore size balancing enzyme loading capacity and substrate diffusion. Excessively small pores limit reactant access, while excessively large pores reduce immobilization density and enzyme–substrate interaction probability.
3.4 Implications for Reactor Design
The findings underscore the importance of controlling pore geometry in designing immobilized-enzyme reactors. For continuous-flow systems, mass-transfer limitations can be mitigated by optimizing flow velocity, membrane thickness, and enzyme density. Using hierarchical structures—macropores for convective transport and mesopores for enzyme binding—may further enhance performance. Additionally, computational modeling can assist in predicting optimal pore architectures for specific enzyme–substrate systems.
Optimizing pore size is critical for the design of enzymatic membrane reactors (EMRs) and biosensors. In EMRs, too small a pore size leads to pressure drop and diffusion limitations, whereas too large pores result in enzyme leaching. Designing multi-scale porous supports—combining macropores for flow and mesopores for enzyme binding—can overcome these issues. Additionally, hybrid systems integrating magnetic nanoparticles or layer-by-layer coatings can further stabilize enzyme orientation and enhance accessibility.
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Fig.3. Asymmetric changes in pore number and size around 70 nm size and 8 relative number when the total volume is identical. Round symbol represents pore size while diamond represents pore number.
For biosensors, immobilization in mesoporous membranes can improve sensitivity by increasing enzyme density near the electrode surface. However, excessive confinement may lower turnover rates, necessitating careful optimization between pore geometry and enzyme activity. Enzyme-based purification offers a low-energy, chemical-free alternative for removing nitrogenous wastes. Immobilized urease membranes could serve as catalytic filters in point-of-use water purification systems or industrial wastewater treatment units, particularly where urea contamination arises from agricultural runoff or dialysis effluent. Urease is a key component in urea biosensors used for monitoring kidney function and in breath tests for Helicobacter pylori detection. Understanding the pore size effect aids in designing high-sensitivity, stable biocatalytic interfaces for such sensors. In bioprocesses involving urea as a reactant or byproduct, immobilized urease systems could be integrated into closed-loop reactors for continuous detoxification, minimizing waste accumulation and improving sustainability.
Future research should focus on: (1) computational fluid dynamics (CFD) simulations of flow-through membranes, (2) co-immobilization of urease with stabilizing agents such as bovine serum albumin or chitosan, and (3) real-time monitoring of local pH gradients using fluorescent nanoprobes to better understand pore-level reactions.

4. Conclusion
The study demonstrates that urease activity strongly depends on membrane pore size. Smaller pores (20 nm) lead to reduced urea conversion due to mass-transfer limitations, while larger pores (100–200 nm) support faster conversion rates. The relationship between pore number and size shows an asymmetric dependence, indicating a critical pore size (~70 
nm) where catalytic performance transitions from diffusion-limited to kinetics control.

These results provide valuable design principles for biocatalytic membranes in water purification and biosensor applications. Future work should focus on integrating multi-scale porous structures and exploring enzyme stabilization through nanostructured coatings.
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�Effect of Membrane Pore Size on the Activity of Immobilized Urease Enzymes


�The limitations of the scientific protocol stem from the necessity that the methodology employed by the authors must be reproducible consistently over time.


�


�The research idea is compelling; however, the methodology for material collection and the organization of implementation procedures are underdeveloped. For example, in subsection 2.1, "Materials and Membrane Preparation," it is unclear whether the authors fabricated the membranes themselves or procured them from external suppliers. Clarification is needed regarding the sources, specifications, and preparation protocols of the materials used.





�Certainly! Here's a more scientifically articulated version of your statement:


Table 1 appears to present isolated data that is neither supported by nor corroborated with other data within the manuscript. The authors should clarify the calculation and representation of the percentages included in the table. Additionally, details on how these percentages are derived and manipulated are necessary to ensure reproducibility of the results.


�The authors need to explicitly clarify the mechanism by which urease induces urea conversion under subsection 3.2, "Enzyme Kinetics as a Function of Pore Size." Specifically, they should describe how the enzyme's activity is influenced by pore size, including the biochemical or physical basis for the conversion process. 





Furthermore, they should clearly state the factors affecting the enzyme's catalytic activity, such as changes in ionic current or other measurable parameters, and specify how these relate to the enzyme's induced urea conversion. For example, they might include details on how pore size impacts substrate accessibility, enzyme conformation, or electron transfer processes, which in turn affect the current or reaction rate.





A more precise statement could be:  


*"The urease catalyzes the hydrolysis of urea into ammonia and carbon dioxide, a process that can be monitored via changes in ionic current. The influence of pore size on this conversion is hypothesized to stem from its effect on substrate diffusion and enzyme accessibility within the membrane matrix, thereby modulating the catalytic efficiency and corresponding current signals."*





This clarifies the induction mechanism and the parameters involved, such as current changes, in a scientifically rigorous manner


�Authors are strongly advised to provide definitive evidence supporting whether membrane pore sizes were independently used at 20 nm, 100 nm, and 200 nm, as stated in their hypothesis. The assertion that 100 nm and 200 nm are equivalent to a range of 100–200 nm is misleading and may lead to incorrect conclusions. Clarification is needed on whether each specific size within the 100–200 nm range was employed separately or if the sizes were used interchangeably.


�The area is highly alert given the current situation; however, the authors have referenced an extremely limited amount of existing literature.






