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Time Scale Analysis (TSA) is an investigative tool used in engineering design to identify locations in processes that should be a focus of Process Intensification (PI). Furthermore, TSA points to process variables and parameters that could be used to advance and measure PI improvement. However, TSA cannot suggest any specific design solution to intensify process performance. Instead, design engineers should use their fundamental knowledge and creative intelligence to specify detailed design transformations. TSA will then provide a specific quantitative measure of the improvement. TSA implementation improves an explicitly defined process performance, thus helping achieve process intensification goals. TSA is based on first principles, and it utilizes Characteristic Times (CT) such as diffusion, mean residence, and reaction times to improve an existing process. In this study, we specifically consider microfluidic biomedical devices. To illustrate the genesis of CT and TSA, we start by developing a mathematical model of an enzymatic degradation process in a biomedical device called iCore based on mass, momentum, and kinetic equations. After introducing user-defined scaling parameters, we extract CTs pertinent to the enzymatic degradation of uric acid in this microfluidic biomedical device. Diffusion coefficients, microchannel architectural characteristics, enzyme loading, hydrogel thickness, and characteristic parameters of enzyme kinetics are the parameters and process variables incorporated in this analysis. Finally, we compared the extracted CTs with a COMSOL Multiphysics parametric study to demonstrate how time scale analysis as a design tool and adjusting design parameters, such as diffusion coefficient, hydrogel layer thickness, substrate concentration, and enzyme concentration, can enhance the enzymatic reaction process without a need for complex computational modeling. It is crucial to recognize that pertinent CTs can be determined by understanding the type and nature of the observed process, previous experience, published data, and other foundational engineering design work. There is no need for mathematical modeling and numerical simulations to identify and acknowledge the CTs relevant and essential to the observed process; in this work, we only illustrate the principal origin of CTs via a detailed mathematical model of the process, as previously reported by Jovanovic et al. Therefore, in a routine application of TSA, it is important to remember that mathematical modeling and detailed numerical simulations are not necessary. This is a very comforting fact when TSA is deployed as a tool in higher-level process design functions. The investigations on how best to apply TSA in these higher level design functions such as Process Intensification, scale-up/numbering-up, change of device architecture, change of operating conditions, change of process feed characteristics, change of material physical and chemical properties, parametric optimization of the system for various objective functions, and techno-economic analysis, are yet to be studied and reported.
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1 INTRODUCTION
Biomedical engineering offers a dynamic platform for developing innovative solutions to transform healthcare practices. Researchers in this field continuously strive to enhance medical treatments and improve patient treatment outcomes. Time scale analysis (TSA) is a technique that serves as an analytical tool to identify phenomena in the reaction process where process intensification (PI) is needed and points to process variables and parameters to address these needs (Jovanovic et al., 2021a; Jovanovic et al., 2021b). Characteristic times (CTs) are the times (measured in seconds) associated with specific physical and chemical reaction process phenomena occurring within a therapeutic biomedical device. Understanding, interpreting, and suggesting changes in characteristic timescales enables enhancement of the process towards improved performance. Together, all the process CTs are the variables in TSA analysis, representing the timescale of constitutive processes such as mass transfer and reaction phenomena. TSA is a specifically vital design approach that can potentially transform biomedical devices by analyzing and enhancing biological processes via manipulating temporal and spatial characteristics to improve processes and treatment outcomes. When designing biomedical devices, especially in therapeutic procedures, researchers must consider various characteristic times associated with representative processes in the human body. For instance, one characteristic time that could be considered in hemodialysis is the characteristic time of water removal from the human body in renal patients. The characteristic time of accumulated water removal from the human body in a healthy adult male person is approximately 4 hours. Current treatment of renal patients via hemodialysis machines removes products of biological metabolic reactions at a 3-day time interval (Lacson and Brunelli, 2011). Other metabolites removed during hemodialysis, such as urea, creatinine, phosphates, etc., have substantially different CT requirements, thus making current hemodialysis practices relatively crude and inadequate (Himmelfarb and Ikizler, 2010). The TSA analysis of the hemodialysis characteristic times inevitably points to a design of a wearable biomedical device that can address these characteristic times in a substantially different manner. A wearable hemodialysis machine could provide selective, prolonged, and timely removal of hemodialysis compounds, each at a more adequate and different timescale. A design approach guided by CTs and TSA is technically feasible and would lead to medical treatments with improved patient outcomes.
TSA also has a crucial role in achieving process intensification (PI) goals. PI refers to any effort to design and develop more efficient systems via faster, smaller, and less energy-consuming processes (Jovanovic et al., 2021a; Jovanovic et al., 2021b; Tonkovich and Daymo, 2018; Boffito and Fernandez Rivas, 2020). In biomedical engineering, PI aims to improve the effectiveness of medical processes, such as drug delivery, cell separation (Asadi-Saghandi et al., 2023), enzyme reactions (Pantakitcharoenkul et al., 2024; Tamborini et al., 2018), and therapeutic intervention (Shallan and Priest, 2019). Optimizing treatment regimens and dosage protocols requires consideration of disease temporal characteristics and patient responses.
Microfluidics (momentum transport) is a basic, underlining, and uniquely successful technical approach to achieving process intensification goals (Santana et al., 2018). Microfluidics and predominantly associated laminar flow govern the behavior, control, and manipulation of fluids at the micrometer scale (Song, 2015). Microfluidic systems have several advantages, including sample and reagent volume reduction, enhancing heat and mass transfer rates (Singh et al., 2014), improving reaction kinetics, and providing precise control over process parameters at micrometer spatial and millisecond temporal scales. These fundamental advantages make microfluidic platforms pivotal in achieving PI goals in biomedical systems. Microfluidic devices offer compact designs, enabling the integration of multiple process steps and operations onto a single platform. This integration minimizes the footprint, reduces equipment and infrastructure requirements, and streamlines the overall process. In microfluidic devices, a high surface-to-volume ratio and effective transport at short distances in the laminar flow enhances reaction efficiency, enabling faster diffusion of species, and often improves reaction product yields.
PI often encompasses the transition from large-scale to smaller modular processes (Stankiewicz and Moulijn, 2002). Microfluidics enables this scaled-down approach, which supports the translation of macroscale processes into micro/nanoscale platforms (Silva et al., 2024; Nazoktabar et al., 2014). For instance, iCore is a micro-scale-based blood processing biomedical device for capturing, separating, and enzymatic conversion applications (Pantakitcharoenkul et al., 2024). This device follows the fundamental advantages of microfluidic devices to achieve PI goals and is composed of an array of straight microchannels, which are accompanied by a thin hydrogel layer at the bottom of the device for therapeutics and diagnostics (see Figure 1) (Pantakitcharoenkul, 2022; Touma, 2022).
[image: Figure 1]FIGURE 1 | iCore extracorporeal blood processing device. (A) The computer-aided design (CAD) of iCore; (B) the 3D-printed iCore device, including the top flow plate and bottom plate loaded with a thin hydrogel layer. Courtesy from the Jovanovic lab.
However, numbering up becomes a requirement for implementing microfluidics in iCore and intensified processes. Numbering up, coupled with the automation capabilities of microfluidics, allows for high-throughput processing, leading to PI by reducing processing time and increasing processing capacity. In the healthcare realm, PI has the potential to enhance healthcare delivery significantly by producing small biomedical devices that reduce material costs and promote distributed additive manufacturing. Distributed additive manufacturing is especially important in remote areas where access to therapeutic devices may be limited. Shifting from institutional biomedical platforms toward home healthcare delivery is one of the primary goals of utilizing PI in biomedical device design and development. Enabling equal access to therapeutics facilitates improved community health, specifically in developing countries where being far from medical centers and physicians significantly decreases the level of health services and life quality.
In this study, we generated characteristic times by (first) creating a mathematical model that precipitated characteristic times for the uric acid reduction process. The uric acid reduction process was experimentally demonstrated in the microfluidic blood processing device, iCore, functionalized with a thin (500 µm) hydrogel film containing entrapped enzyme. Hyperuricemia occurs when the concentration of uric acid in the bloodstream exceeds 7 mg/dL, and it is often associated with gout disease. This arthritis-like disease causes severe joint inflammation and pain. To demonstrate how TSA could improve iCore design, we focused on the enzymatic (uricase) reduction of uric acid in the bloodstream. By considering pertinent CTs and TSA, we have shown one of the potential approaches to improve treatment outcomes by adjusting relevant process parameters.
2 MATHEMATICAL MODELING AND CHARACTERISTIC TIMES
2.1 Development of the mathematical model
Creation of the characteristic times starts with developing a mathematical model of the design based on the mass and momentum equations, introducing assumptions, defining scaling factors and boundary conditions, and then recognizing the characteristic times. The detailed description of the characteristic times development based on the mathematical model is elaborated in the Supplementary Material. To initiate the development of the mathematical model equations, consider a 2D straight microchannel geometry, as shown in Figure 1, comprising two distinct domains. The top domain represents the fluid domain, with the thickness [image: image], where a unidirectional [image: image]., Newtonian, isothermal laminar flow of uric acid enters the microchannel, and the system is in a steady state condition [image: image]. The bottom domain comprises a thin hydrogel film designed to accommodate entrapped enzymes, for which we selected uricase as the enzyme to degrade uric acid for our study. Uricase catalyzes the enzymatic conversion of the diffused uric acid within the hydrogel layer into the desired products, such as allantoin and hydrogen peroxide. This study assumes that uricase is homogeneously immobilized within the hydrogel layer, no changes in enzyme activity during the process, and no convection occurs into the hydrogel domain. The uniform distribution of enzymes within a hydrogel layer has been demonstrated in a study by Pantakitcharoenkul et al., where multiple FTIR analyses of different sections of freeze-dried hydrogel samples demonstrated a consistent distribution of the enzyme within the hydrogel matrix (Pantakitcharoenkul et al., 2024). In another study by Khademhosseini et al., a uniform distribution of cells within an agarose gel has been shown, where CSFE-labeled fluorescence images of a cell encapsulation process demonstrated a uniform distribution of cells throughout the agarose gel (Ling et al., 2007). Due to the no-slip boundary condition selection, the fluid velocity equals zero at the top wall of the fluid domain and the fluid-hydrogel interface. The hydrogel layer is where the enzymatic reaction of uric acid degradation takes place. This involves the inflow of uric acid into the fluid domain, diffusion of uric acid into the hydrogel layer, meeting immobilized uricase within the hydrogel layer, and, consequently, the reaction product formation.
[image: image]
The momentum balance equation is crucial in creating the mean residence characteristic time for the fluid domain. Equation 1 is the simplified form of the momentum balance equation for the fluid layer and Equation 1 in the Supplementary Material is the momentum balance equation in the vector notation based on the Navier-Stokes equations for an incompressible Newtonian fluid, unidirectional flow, and a steady-state condition.
[image: image]
Additionally, the mass balance equation can be formulated for any species present in the fluid domain, such as uric acid. Equation 2 is the mass balance equation for uric acid and includes, from left to right, the convection term in the x-direction, the diffusion flux of uric acid in the x-direction, and the diffusion flux of uric acid in the y-direction, respectively, in the fluid domain. For the boundary conditions of the fluid domain, we considered the equal flux of uric acid perpendicular to the interface of hydrogel and fluid layers, no uric acid concentration changes at [image: image] concerning the y-axis and at [image: image] concerning the x-axis, and finally, the concentration of uric acid at the inlet of the fluid domain equals to the initial concentration of uric acid (see Figure 2).
[image: image]
[image: Figure 2]FIGURE 2 | Schematic representation of the geometry in Cartesian coordinates (z∼x >>> y) used for the mathematical modeling, comprising the hydrogel layer (bottom domain), the fluid layer (top domain), and characteristic times.
At this step, scaling factors need to be introduced to derive characteristic times from the mass balance equation of a fluid domain. These scaling factors normalize the geometry dimensions and concentrations of the different species present in the fluid (e.g., uric acid). By normalizing these values, the unit consistency of the mass balance equation is obtained [1/s], and characteristic times could be extracted for further analysis (Equation 3).
[image: image]
Scaling factors:
[image: image]
Where [image: image] is the normalized concentration of uric acid in the fluid phase [image: image] and the normalizing uric acid concentration in the fluid phase is [image: image], and [image: image] is the normalized length and [image: image] is the fluid layer normalized thickness.
Ultimately, the final form of the mass balance equation for the fluid domain is shown in Equation 4.
[image: image]
Where, [image: image] is the mean residence characteristic time of the fluid flow, and [image: image] and [image: image] are the x and y-direction characteristic times of uric acid diffusion in the fluid domain, respectively.
Equation 3 shows that the uric acid-containing fluid mean residence time depends on the average inlet fluid velocity and is inversely proportional to the channel length. Then, based on the design engineer’s choice, if a longer mean residence time is favorable in a bioprocess, designing a device by increasing the channel length or decreasing the average fluid velocity could suffice to achieve this goal.
The diffusion of uric acid in the x-direction depends on the diffusion coefficient of uric acid in the fluid and the channel length. Assuming a constant uric acid diffusion coefficient, the x-direction diffusion characteristic time can be varied by changing the channel length. However, convection could dominate diffusion as a mass transfer method within the fluid domain. Additionally, the derived characteristic time in the last part of Equation 3 (y-direction diffusion time) indicates that increasing the thickness of the fluid layer will result in an increase in the y-direction diffusion characteristic time. This means a thinner fluid layer could be chosen for faster y-direction diffusion. To accomplish this, micro/nanofabrication methods and additive manufacturing could be employed to construct desirable microfluidic geometries.
The mass balance equations for the hydrogel domain are explained in the next step. The complete process of expanding the mass balance equation, along with assumptions and scaling factors, can be found in the Supplementary Material. Since there is no fluid flow within the hydrogel layer, we only consider diffusion and the net reaction rate [image: image] in the mass balance equation of the hydrogel layer. The boundary conditions associated with the mass balance of uric acid in the hydrogel domain include no uric acid flux at x = 0, x = L, and the bottom wall of the hydrogel domain (y = 0). Equation 5 is the mass balance equation of the uric acid species in the hydrogel. The first part of Equation 5 represents the diffusion flux of uric acid in the hydrogel in the x-direction. The second part represents the diffusion flux of uric acid in the gel layer in the y-direction. The final term denotes the net reaction rate of the species within the hydrogel domain (e.g., uric acid) using the Michaelis-Menten kinetics.
[image: image]
Scaling factors:
[image: image]
Finally, Equation 6 shows the final form of the uric acid mass balance equation in the hydrogel domain, including the uric acid diffusion characteristic time in the x and y directions ([image: image]; [image: image]) and the uric acid consumption characteristic time [image: image].
[image: image]
The mathematical model uses mass balance equations to extract the characteristic times for uric acid species. A similar method can be applied to create a mathematical model for any other species involved in an enzymatic reaction. Equation 5 shows that the diffusion time of uric acid is directly proportional to the square of the channel’s length and the square of the hydrogel thickness. Thinner hydrogel layers would significantly reduce the diffusion characteristic time in the y-direction, which is favorable in uric acid reduction applications. However, creating thinner hydrogel films requires advanced tools, methods, and considering the mechanical strength of the film. Moreover, the characteristic time of uric acid reduction increases with increasing the uric acid concentration within the hydrogel layer. Notably, the maximum uric acid concentration in the hydrogel layer is equal to the initial (inlet) uric acid concentration entering the fluid domain.
2.2 Time scale analysis
In order to comprehend the technical significance of the characteristic times derived in biomedical device design, it is essential to examine each recognized characteristic time. Analyzing the time scale enables us to regulate and manage various design parameters based on our functional requirements and provides engineers with insight. These design parameters include the microchannel length, flow properties such as average fluid velocity, the thickness of the hydrogel and fluid layers, inlet substrate concentration, and enzyme concentration within the hydrogel layer. One can adjust these parameters by combining experimental data, literature references, and specific functional needs (Table 1).
TABLE 1 | List of characteristic times.
[image: Table 1]2.2.1 Mean residence characteristic time
As shown in Equation 3, the mean residence characteristic time is proportional to the average fluid velocity and the channel length. If one considers a microfluidic device with a length of 100 mm and a fluid flow with an average velocity of [image: image], then the mean residence time equals 200 s. This is the time the inlet fluid containing substrate spends inside the device, ensuring the necessary time for species transport and reactions.
[image: image]
Often, a greater mean residence time compared to diffusion and reaction characteristic times ([image: image]) is favorable for providing sufficient time for species to diffuse into the porous structure of the hydrogel hosting the entrapped enzymes and for the enzymatic reaction to occur. The length of the device as a design parameter is tunable by changing the computer-aided design (CAD) of the device. Additionally, adjusting the average fluid velocity by controlling the pump properties could be another choice for design engineers to manage the mean residence time. However, finding the optimum pumping conditions could be a more accessible option for mean residence time adjustments. As a result, one could optimize the mean residence time by determining the process aims and operational limitations. Dispersion due to the laminar velocity profile in the channel exists, but an advantage of operating in microscale is that the characteristic time for diffusion perpendicular to the flow direction (i.e., channel height direction) becomes significantly short, such that species in the fluid are able to sample a wide range of flow velocity regions. This dampens the laminar dispersion, but we aim for other important characteristic times to be significantly shorter than the mean residence time (e.g., three times shorter) to create some buffer. This has been investigated in previous work (Coblyn, 2015; Coblyn et al., 2016).
2.2.2 Diffusion characteristic times
Diffusion characteristic time in x-direction: The diffusion characteristic times of any species within the fluid domain depend on the diffusion length and the diffusion coefficient of species in the media. Using Equation 3 and by considering a device length of 100 mm and a uric acid diffusion coefficient of [image: image] (Pantakitcharoenkul et al., 2024), we find a long diffusion time in the fluid domain in the x-direction. This observation is convincing since convection is the dominant mass transfer mechanism within the fluid domain and in the x-direction. Therefore, diffusion characteristic time in the x-direction has less significance in any process optimization efforts.
The characteristic time of uric acid diffusion in the x-direction and for the hydrogel domain depends on the length of the hydrogel layer and the diffusion coefficient of uric acid in the hydrogel. Again, adjusting the length of the hydrogel layer is more accessible than enhancing the diffusion coefficient by various methods, such as employing an active transport mechanism (electric/magnetic fields) or increasing the temperature.
[image: image]
Diffusion characteristic time in y-direction: The diffusion of uric acid into the hydrogel layer in the y-direction is crucial for facilitating mass transfer and reducing uric acid concentration in the device. It has been shown that the diffusion characteristic time in the hydrogel layer depends on the thickness of the hydrogel film and the species diffusion coefficient (e.g., uric acid). The square of the thickness of the hydrogel layer has a direct relation with the y-direction diffusion characteristic time, demonstrating how different hydrogel thicknesses could change the diffusion characteristic time. On the other hand, adjusting the thickness of the hydrogel as a design parameter is often more accessible than enhancing the diffusion coefficient. Thinner hydrogel films could lead to shorter diffusion times and improve the substrate reduction/product formation rate within a microfluidic device. Assuming a hydrogel layer thickness of 50 μm, the y-direction diffusion characteristic time is equal to:
[image: image]
A characteristic time of 125 s for uric acid diffusion in the y-direction is generally considered unfavorable. This slow diffusion time may be associated with the high density of polymer crosslinks in the porous structure of the hydrogel. However, the diffusivity of hydrogels could be improved by adjusting specific properties such as porosity, crosslinking density, and swelling. Subsequently, this improvement can lead to shorter diffusion characteristic time and better overall reaction performance.
Now, assuming doubling the hydrogel thickness (100 µm), then we would have a y-direction diffusion characteristic time of 500 s ([image: image], which is greater than the mean residence time and it means the more extended diffusion characteristic time can prevent the species from diffusing into the hydrogel layer before the fluid leaves the device. As a result, a process designer should consider greater mean residence time compared to diffusion time [image: image] to ensure sufficient time for species to diffuse into the hydrogel layer.
2.2.3 Uric acid consumption characteristic time
To illustrate the uric acid consumption characteristic time and based on the enzymatic reaction, we assume that uric acid consumption leads to the formation of allantoin, which is a product of the enzymatic reduction of uric acid by uricase. Based on Equation 5, there are two contributors in the uric acid consumption characteristic time, including the maximum rate of uric acid consumption [image: image] and the maximum concentration of uric acid in the hydrogel layer [image: image]. The maximum uric acid concentration is the value of gout disease onset and is equal to the inlet (fluid domain) uric acid concentration.
[image: image]
The transport of uric acid in the hydrogel layer can be adjusted to increase by enhancing the diffusion of uric acid into the hydrogel layer from the fluid layer by tuning the hydrogel properties. However, a higher concentration of uric acid in the hydrogel could lead to longer uric acid consumption time. Ultimately, the maximum uric acid concentration in the hydrogel layer is equal to the inlet uric acid concentration in the fluid domain.
3 CONCLUSION
Time scale analysis, a powerful diagnostic tool, offers a fresh perspective on mass transfer and reaction kinetics in biochemical processes. It not only illuminates the inadequacies of a biochemical process by providing characteristic times of individual processes, but also allows to pinpoint process’s shortcomings through tunable design parameters such as channel length, enzyme concentrations, hydrogel and fluid layers thicknesses, and species concentrations.
This is particularly valuable in biological processes where access to biological samples is limited, and rapid treatments are crucial. By aiding in process improvement, time scale analysis paves the way for process intensification, a key goal in our field.
To highlight the value of TSA and CTs in estimating and targeting the bottlenecks of a bioprocess and observing the effect of design parameters extracted from characteristic times, we used a COMSOL Multiphysics® model of the uric acid reduction in an iCore device. We selected various uric acid diffusion coefficients in the hydrogel layer with assumptions including a laminar, isothermal, Newtonian fluid flow and choice of physics comprising of the transport of diluted species, fluid flow and chemical reaction engineering modules. Four different uric acid diffusion coefficients within the hydrogel layer have been used. Figure 3 illustrates how increasing the diffusion coefficient enhances the transfer of uric acid species into the hydrogel layer and facilitates the enzymatic reaction within the iCore device. TSA and CTs, developed based on mass and momentum balance equations, target these engineering design parameters, and improve microfluidic device operations. The diffusion coefficient of species within the hydrogel layer could be adjusted by tuning the hydrogel properties, including the crosslinking density and porosity of the hydrogel. As a result, any effort to improve the diffusion process could significantly enhance the device function and, subsequently, the consumption of uric acid species.
[image: Figure 3]FIGURE 3 | The effect of various uric acid diffusion coefficients in the hydrogel layer on the concentration of uric acid over time.
In summary, microfluidics is not just a tool but a necessity to meet the tenets of process intensification, and time scale analysis is not just a design tool but a catalyst for improving microfluidic devices and biochemical processes. This, in turn, leads to the attainment of process intensification tenets and aims. The advent of novel manufacturing methods such as additive manufacturing, coupled with the power of time scale analysis, is revolutionizing process intensification in biomedical research. This is an exciting time for the biomedical engineering field, and there are great opportunities to push the boundaries of current biomedical microfluidic devices and biochemical processes.
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