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The robust scale up of perfusion systems requires comparable conditions over all scales to ensure equivalent cell culture performance. As cells in continuous processes circulate outside the bioreactor, performance losses may arise if jet flow and stirring cause a direct connection between perfusion feed and return. Computational fluid dynamics can be used to identify such short circuit flows, assess mixing efficiencies, and eventually adapt the perfusion setup. This study investigates the scale up from a 2 L glass bioreactor to 100 L and 500 L disposable pilot scale systems. Highly resolved Lattice Boltzmann Large Eddy simulations were performed in single phase and mixing efficiencies (Emix) furthermore experimentally validated in the 2 L system. This evaluation gives insight into the flow pattern, the mixing behavior and information on cell residence time inside the bioreactors. No geometric adaptations in the pilot scale systems were necessary as Emix was greater than 90% for all conditions tested. Two different setups were evaluated in 2 L scale where the direction of flow was changed, yielding a difference in mixing efficiency of 10%. Nevertheless, since Emix was confirmed to be >90% also for both 2 L setups and the determined mixing times were in a similar range for all scales, the 2 L system was deemed to be a suitable scale down model. The results demonstrate how computational fluid dynamic models can be used for rational process design of intensified production processes in the biopharmaceutical industry.
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1 INTRODUCTION
A rapidly growing population, increased prevalence of diseases as well as rising knowledge and acceptance of biopharmaceuticals has compelled biopharmaceutical companies to optimized processes. In particular the demand for monoclonal antibodies (mAbs) has increased over the past years. The majority of mAbs are typically manufactured in Chinese Hamster Ovary (CHO) cells with fed batch processes as preferred process strategy (Jain and Kumar, 2008; Orellana et al., 2015; Dhara et al., 2018; Kesik-Brodacka, 2018). Nevertheless, the need for higher product yields has encouraged the development of intensified process strategies. Therefore, perfusion processes have become a substantial part of upcoming manufacturing technologies using cell retention to provide higher cell densities. Most common technologies like tangential flow filtration (TFF) or alternating tangential flow (ATF) systems involve a hollow fiber, which is used to circle cells back into the bioreactor while constantly exchanging media (Karst et al., 2016). As an alternative to N-stage perfusion or traditional fed batch processes the less-productive growth phase can also be shifted to the pre-stage, leading to higher volumetric productivities in the N-stage. With such intensified fed batch strategies, the titer was almost doubled compared to low seeded cultures (Stepper et al., 2020).
On the downside perfusion mode also comes with challenges. Besides a technical complex setup, which increases the risk of contamination, high cell densities are responsible for elevated viscosities in the bioreactor and consequently a decrease in mixing efficiency (Ozturk, 1996). Additionally, the combination of jet flow and stirring might induce a direct connection between perfusion feed and retentate flow leading to the formation of a short circuit flow. Accordingly, mixing is of great importance at high cell density cultures (Al-Rubeai, 2015). Poorly mixed reactors can cause local heterogeneities in the cellular environment such as substrate concentration, pH, DO and CO2 gradients (Xing et al., 2009). As a result, the overall performance of the bioreactor may be impaired by decreased cell viability due to extreme pH, poor supply of DO or substrate concentration. The consequences are lower product titer as well as product quality out of specifications (Nadal-Rey et al., 2020).
Over the past decade computational fluid dynamics (CFD) has emerged as an important modelling tool for several applications within the biopharmaceutical environment (Thomas J. A. et al., 2021) or for mixing applications (Nguyen et al., 2014; Bach et al., 2017; Thomas J. et al., 2021). Exemplary use cases are the establishment of a kLa-model in microtiter plates (Wutz et al., 2018), the modeling of heat and mass transport including phase transition in freeze containers (Roessl et al., 2014) as well as the optimization of UF/DF processes including assessment of mixing efficiency (Wutz et al., 2020). Numerical flow simulations of an ATF module were previously performed by Radoniqi et al. (2018). However, the focus of their study was drawn to the lumen of the hollow fiber and the elucidation of membrane fouling rather than the mixing performance inside the tank.
In general, if transient approaches are required traditional simulation schemes can be very expensive in terms of computational costs and time. Promising simulation approaches involving Lattice Boltzmann Large Eddy Simulations (LBLES) speed up high resolved transient simulations when parallelized on graphics processing units (GPU). Their validity for mixing studies has been proven in several studies (Thomas J. A. et al., 2021; Fitschen et al., 2021; Kuschel et al., 2021; Haringa, 2022; Hofmann et al., 2022). Unlike traditional CFD approaches, which numerically approximate the solution of the macroscopic Navier-Stokes and energy equations, the Lattice Boltzmann Method (LBM) approach describes the particle behavior in a flow domain on a mesoscopic scale. LBM-based CFD tools like M-Star numerically solve the Lattice Boltzmann equations (LBE). Therefore, all necessary macroscopic flow variables can be calculated by using particle distribution functions and conservation laws to recover macroscopic equations such as the Navier-Stokes equations. Compared to other approaches the LBM approach is preferable for simulations with complex boundaries. In addition to that, the LBM approach runs faster, as the LBE can be calculated by considering only linear streaming and collision processes rather than constructing the macroscopic continuum equation, in which the calculation of high order occurs (Yan and Zu, 2008; Zhao et al., 2022). Therefore, this approach is specifically suited to describe the transient behavior of complex mixing phenomena as present in continuous perfusion processes.
In this work, the aim was to characterize the mixing performance over various scales of perfusion bioreactors to mitigate the risk of process failure. Initially, a 2 L scale down perfusion reactor was investigated experimentally. The gained experimental data were subsequently used for the validation of mixing efficiencies retrieved from Lattice Boltzmann Method (LBM) CFD simulations. Furthermore, the scale up to 100 L and 500 L pilot scale was investigated simulatively. Besides mixing efficiencies, flow patterns and cell residence times were determined, supporting the assessment of perfusion systems over various scales.
2 MATERIALS AND METHODS
2.1 Reactor setup
Three different reactor scales were investigated regarding their mixing capabilities when operated in perfusion mode. The laboratory scale reactor had a working volume of 2 L, which was used for both experiment and numerical simulation. The unbaffled tank had an inner diameter of D = 130 mm and was equipped with a 3-blade segment impeller (d = 45 mm). For perfusion a dip tube and U-shaped silicone hose was used as depicted in Figure 1 A. Probes, tubes and sparger are neglected in the figure for simplicity. The pilot scale tanks are commercially available Single-Use Bioreactor (SUB) systems from Thermo Fisher Scientific with working volumes of 100 L and 500 L. The 100 L SUB had a diameter of 437 mm and was equipped with a segment impeller with d = 200 mm. The 500 L SUB had a diameter of 755 mm and was equipped with a segment impeller with d = 320 mm. In perfusion mode inlet and outlet were located as depicted in Figure 6. Further geometric details are displayed in the supplements (Supplementary Figure S1) or can be taken from the vendors website. The pilot scale reactors were only used in numerical simulations.
[image: Figure 1]FIGURE 1 | Reactor setup (A), schematic representation of the experimental setup (B).
A standard perfusion setup consists of a perfusion feed, a perfusion return and an inlet for fresh media supply. Product, waste, spent media as well as cells are removed via perfusion feed. Meanwhile, the cells are separated and returned to the perfusion tank via a perfusion return with a bypass flow rate of [image: image]. Since the bypass flow is much higher compared to the perfusion rate of [image: image], the inlet for media supply is neglected in these studies. Likewise fluxes through the hollow fiber are not considered in the experimental and simulation setup as the investigation in this work is focused on flow conditions and mixing efficiency within the tank. Bypass flow rates for pilot scale bioreactors were chosen based on wall shear rate calculations.
2.2 Experimental setup
The perfusion tank was filled with 2 L water for injection (WfI) and [image: image] of 10 M NaOH was added to the tank. The tracer was then mixed for at least one minute. After that, the solution was continuously diluted by WfI which was provided by a WfI source tank. The mixing performance inside the tank was then characterized by the change in conductivity over time measured with a probe (Incyte Arc View 265 PERM). The perfusion feed of the stirred tank reactor was connected to a waste tank.
Two different setups, referred to as setup I and setup II are shown in Figure 1 A. WfI was provided via U-shaped hose or vertical tube. The supply of WfI via tube is referred as setup I, the supply via hose as setup II. The measured conductivities of all experiments were within the detection range of the conductivity sensor. Each experiment was carried out for at least five minutes. The stirring speed was set to 250, 350 and 450 rpm. In total, three repetitions were performed for each stirrer speed.
The mixing performance inside the tank is influenced by the perfusion feed, the perfusion return, as well as by the stirrer. In ideal cases the fluid inside the tank is perfectly mixed and there are no mixing phenomena such as short circuit flows that could impact the process performance negatively. For these cases, the dilution can be described by an ideal dilution rate [image: image]. The ideal dilution rate [image: image] can be calculated by using the flow of media supply and the flow of perfusion feed [image: image] as
[image: image]
Whereas the real dilution rate [image: image] is derived from both experimental data from the conductivity probes as well as simulative data at virtual points or the integral tracer mass.
[image: image]
where [image: image] describes the tracer concentration inside the tank. Here, [image: image] is the filling volume of the tank. Both the dilution rate [image: image] and the ideal dilution rate [image: image] are necessary to calculate the mixing efficiency [image: image] that is given as
[image: image]
The dilution rate [image: image] from the experiment or CFD is determined by taking the logarithm of the normed concentration over time as depicted in Figure 2 (Wutz et al., 2020).
[image: Figure 2]FIGURE 2 | Example for dilution rate determination. Measured conductivity signal at an impeller speed of 250 rpm (A), logarithmized concentration (B).
2.3 Numerical simulations
The fluid flow inside the perfusion tank is modeled by the incompressible Navier-Stokes equations, wherein the Lattice-Boltzmann (LB) method is applied as a Navier-Stokes solver. M-Star CFD v. 3.3.77 was used for all CFD simulations. The Navier-Stokes equations describe the mechanics of flows by modeling the conservation of mass, momentum and energy of each fluid particle and is written as (Thomas J. et al., 2021).
[image: image]
The local velocity vector of the fluid particle at a given time [image: image] is described as [image: image], the gravitational acceleration as [image: image], the pressure as [image: image], the fluid density as [image: image], and the fluid kinematic viscosity as [image: image]. The spatial and temporal acceleration of the fluid particle in a flow field is represented in the left-hand side, whereas the right-hand side lists all forces acting on the fluid particle caused by gravity, pressure gradients, and shear stress.
The Boltzmann transport equation is known as (Thomas J. A. et al., 2021)
[image: image]
where [image: image] describes the probability of locating a particle at a given position in space and at a given time [image: image], [image: image] is the phase space velocity, and [image: image] is a collision operator. The collision operator considers all collisions, which occur among particles and can cause changes in the probability density function [image: image] The distribution function [image: image] is relaxed towards the equilibrium function by using the simplified Bhatnagar-Gross-Krook (BGK) collision operator. The Navier-Stokes equations are recovered by linking the particle distribution function to macroscopic properties to obtain equations for mass and momentum, whereas the kinematic viscosity is related to the relaxation factor of the collision operator. To solve the Boltzmann equation numerically, the velocity space is discretized by using a discrete set of velocities instead of a continuous particle velocity. All velocities of a set connect lattice sites resulting to a 3D lattice Boltzmann model (D3Q19) (Krüger et al., 2017; Thomas J. et al., 2021).
At the tank surface the no-slip condition is assumed, where both fluid and tank have zero velocities applied via a zero-velocity bounce back method. The immersed boundary method is employed for the interaction between fluids and moving impeller which enables to implement a no-slip boundary condition at the impeller surface while moving through the fluid. The top surface of the fluid is treated as a dynamic free surface.
Both, a tracer substance and particles are added after the flow field was developed. The tank inlet is coupled to the tank outlet in terms of flow rate and concentration of the tracer substance so that the total fluid volume and tracer concentration is maintained. The particles are removed at the outlet. This allows to calculate the mixing time including the recirculation loop with the tracer, while the mixing efficiency and particle residence time is calculated with the help of the particles in a single simulation. The examination of the particles starts after one full mixing time with 95% homogeneity of the tracer has passed.
The concentration evolves locally according to the convection-diffusion equation
[image: image]
and the particles are treated as tracer particles without any size or forces. Hereby [image: image] is the diffusion coefficient with [image: image], [image: image] the concentration of the tracer and [image: image] the velocity vector.
A grid study was performed to assure that the numerical solution was independent of the applied grid. As can be found in the supplementary material 1.2 a grid with a total number of 25.2 million grid points was sufficient to reach grid independence for the determination of power number and kinetic energy in case of the laboratory scale 2 L perfusion bioreactor. For the 100 L bioreactor grid independence was reached with 13.7 million grid points and for 500 L with 14.5 million grid points, respectively.
3 RESULTS AND DISCUSSION
The mixing efficiency of a 2 L laboratory perfusion bioreactor was assessed by experimental conductivity measurement as well as by transient numerical flow simulations. Characterization data were compared to simulated pilot scale bioreactors of 100 L and 500 L working volume to support the scale up of perfusion processes.
3.1 Simulation and validation of a lab scale perfusion bioreactor
The mixing efficiency was determined for various power inputs as described in Section 2. Two setups were tested. In setup I, the tube served as inlet and the U-shaped hose as outlet, whereas the pumping direction was changed for setup II. Experimental as well as simulated data are depicted in Figure 3. In most cases a very high mixing efficiency with values greater than 90% was reached indicating that the jet flow coming from the retentate pipe shows no direct connection to the reactor outlet by perfusion feed flow. Setup I shows a constant mixing efficiency of 97–100% over the tested power inputs as can be seen in Figure 3. Very good agreement was reached for simulated results compared to experimental data with less than 1.5% deviation. Changing the direction of flow, however, led to reduced mixing efficiencies as depicted in Figure 3. Interestingly, instead of increasing mixing efficiencies, higher power inputs resulted in decreased performance with values of 83% (exp) and 90% (sim) for 58 W/m³. While discrepancies between experimental and simulated mixing efficiencies were still acceptable for 10 W/m³ and 27 W/m³ with a relative deviation of <5%, highest discrepancies occurred for 58 W/m³ with 8%. This can be attributed to fluctuations in conductivity signal due to different flow conditions compared to setup I and increased turbulence by higher power inputs. Alternatively, Emix might be overestimated by the numerical simulation for the given flow conditions.
[image: Figure 3]FIGURE 3 | Comparison of simulated and measured mixing efficiency of 2 L perfusion tank. (A) Setup I, (B) Setup II.
Figure 4 and Figure 5 help to better understand the underlying flow conditions. Orange streamlines represent the retentate flow coming into the reactor and blue streamlines the perfusion feed flow leaving the reactor. Noticeably, independent of the power input no short circuit flow occurs in setup I, as streamlines indicate no direct connection between inlet and outlet (Figure 4). The flow induced by the impeller generates a flow field which is oriented in a similar direction compared to the incoming jet flow. Higher power inputs (Figure 4C) compared to lower power inputs (Figure 4A) do not lead to a stronger diversion of the incoming flow, thus mixing efficiency is rather unaffected. In contrast to setup I, jet flow and the flow by agitation strongly interact in setup II. Especially for higher power inputs (Figure 5C), the incoming jet flow is diverted by agitation leading to an overlap of streamlines from inlet and outlet. These flow conditions led to a drop in Emix and may also be the cause of fluctuating signal of the conductivity probe. Streamlines of setup I and II from a different angle can be also found in the supplements.
[image: Figure 4]FIGURE 4 | Streamlines in 2 L bioreactor of setup I at different power inputs (A) 10 W/m³, (B) 27 W/m³ and (C) 58 W/m³. Streamlines calculated forwards in orange as inflow and streamlines calculated backwards in blue as outflow. The surface color indicates the topology of the vortex.
[image: Figure 5]FIGURE 5 | Streamlines in 2 L bioreactor of setup II at different power inputs (A) 10 W/m³, (B) 27 W/m³ and (C) 58 W/m³. Streamlines calculated forwards in orange as inflow and streamlines calculated backwards in blue as outflow. The surface color indicates the topology of the vortex.
In general, the findings show that a numerical approach involving LBLES simulations is suitable to depict the mixing efficiency in a continuous process. Both experiment and simulation indicate a higher robustness of setup I towards changing power inputs, whereas the loss of mixing efficiency for elevated stirrer speeds in setup II is reasonably captured by the simulation.
3.2 Assessment of mixing performance during perfusion scale up
To minimize the risk of process failure due to insufficient mixing in larger scales, two pilot scale reactors of 100 L and 500 L working volume respectively were also evaluated regarding their mixing efficiency when operated in perfusion mode. Since lab scale experiments showed good agreement of experimental and simulated values, pilot scale reactors were only characterized by computational fluid dynamics.
Streamlines of the 100 L and 500 L reactors are depicted in Figure 6. Similar to the 2 L bioreactor, no short circuit flow can be detected. In fact, both tanks indicate a good mixing behavior as streamlines show an axial distribution of the incoming liquid.
[image: Figure 6]FIGURE 6 | Streamlines in 100 L (A) and 500 L (B) perfusion bioreactor. Streamlines calculated forwards in orange as inflow and streamlines calculated backwards in blue as outflow. The surface color indicates the topology of the vortex.
Homogenous distribution of the retentate flow within the pilot scale perfusion tanks can also be assumed due to high mixing efficiencies (see Figure 7). Emix remains greater than 90% over various power inputs, proving a robust behavior of the reactor setup. Consequently, no geometric changes are necessary since sufficient mixing efficiency is reached. Considering the 2 L as scale down model, single phase simulations for setup II resulted in absolute values closer to pilot scale, whereas setup I seems to overperform. However, no significant impact is expected for mixing efficiencies above 90%. Accordingly, both setups are assumed to be suitable scale down models.
[image: Figure 7]FIGURE 7 | Comparison of mixing efficiencies of 2 L, 100 L and 500 L perfusion systems.
Besides mixing efficiency, the mixing time t95 (Figure 8) can be used to assess the performance among the different scales. With increasing power input the mixing time decreased for all reactor scales except for setup II in 2 L scale. As described above, the interaction of jet flow and flow field by agitation may lead to a hampered distribution of incoming retentate flow resulting in higher mixing times. The 500 L reactor showed values of 28–35 s, the 100 L reactor resulted in lower values of 16–27 s. Similar to mixing efficiencies, setup II showed t95 closer to pilot scale with 21–27 s, while setup I overperformed with lowest mixing times of 9–20 s. Nevertheless, differences between mixing times for all scales are deemed uncritical for cell culture (Lara et al., 2006).
[image: Figure 8]FIGURE 8 | Comparison of mixing times t95 of 2 L, 100 L and 500 L perfusion systems.
The residence time until 50% of all cells have left the perfusion tank at least once was evaluated via particle tracking by CFD. Results are shown in Figure 9. This time can be interpreted as a measure for the frequency of cells being exposed to the pump or hollow fiber of the perfusion tank. The time is dependent on the recirculation flow rate, as well as on the mixing efficiency. However, since Emix was very high in all cases, the latter has only minor influence on the residence time. Considering that scale up was based on identical wall shear rates, the resulting ratio of recirculation rate to working volume was similar for 100 L and 500 L scale in contrast to the 2 L scale. Thus, the residence time in the 2 L scale down model is much lower. In other words, the frequency of cells entering the recirculation loop is much higher, which might lead to potentially higher stress for the cells (Neunstoecklin et al., 2015; Fries et al., 2016).
[image: Figure 9]FIGURE 9 | Comparison of residence time distribution of 2 L, 100 L and 500 L perfusion systems.
In summary, LBLES simulations of pilot scale perfusion reactors showed that no reactor adaptations were necessary to reach sufficient mixing efficiency. Additionally, an assessment of the 2 L scale down model was performed. Results showed that both evaluated setups are capable to mimic pilot scale conditions with a slight preference towards setup II. The higher exposure frequency of the cells to the recirculation loop cannot be scaled with the given setup and may result in performance differences.
4 CONCLUSION
The determination of mixing efficiency and prevention of short circuit flows is an essential part of the characterization and optimization of perfusion systems. To ensure robust process performance such criteria should be kept constant among various scales. Lattice Boltzmann Large Eddy simulations have been proven as valuable tools capable of highly resolved transient simulation. This study shows the assessment of mixing efficiency via LBLES and its validation in a 2 L laboratory scale perfusion reactor. Discrepancies between simulation and experiment were below 5% with one exception of 8% for two reactor setups and several power inputs.
The scale up into 100 L and 500 L pilot scale was investigated by simulation of flow patterns, mixing efficiency, mixing time and residence time distribution of cells in the perfusion reactor. In all cases mixing efficiencies of >90% were achieved. Accordingly, no geometric adaptations of the reactor systems were necessary. The 2 L system was demonstrated to be a suitable scale down model for the pilot scale perfusion considering the examined criteria. Results for setup II slightly better matched pilot scale performance, however, differences for the two laboratory scale reactor setups were deemed non-crucial. In summary, this LBLES approach is recommended in the scale up of perfusion processes as a risk mitigation measure to prevent process failure by short circuit flow. Since this study only included single-phase simulations, future work should focus on multi-phase systems. If the gas phase is considered, flow patterns would differ, potentially leading to altered mixing times and efficiencies. Eventually, all simulated results have to be confirmed by cell culture cultivations.
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