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In biopharmaceutical manufacturing, continuous perfusion cultivation enables high space-time yields and increased plant utilization, which are critical targets for modern upstream process intensification. However, filter-based cell retention devices, utilized in these processes, have significant disadvantages: Significant sieving effects and the risk of filter blockage alongside the retention of harmful substances and non-viable cells, represent a major challenge and often reduce the viability of the culture. To enable the next-generation of continuous processes, novel cell retention strategies are required. Therefore, the aim of this study was to develop an approach for large-scale sorting of viable and non-viable cells and to investigate its applicability for novel continuous cultivation strategies. To remove non-viable cells and thus to enrich viable cells in the culture, a single-use fluidized bed centrifuge (FBC) was used, which is usually applied for concentration and washing of mammalian cells. A novel FBC method was introduced by overloading the centrifuge chambers that allows high throughput sorting depending on the culture´s viability. The impact of the sorting on the subsequent cultivation and productivity of the cells was investigated in a multi-parallel 15 mL bioreactor setup. Cell sorting after regular fed-batch cultivation showed +14% increase of viability, continued cell growth, and thus +13% higher titers. Thereafter, periodic cell sorting was tested on a 5-L scale bioreactor, combining the advantageous characteristics of fed-batch and perfusion cultivation. The feasibility was successfully demonstrated for 20 days, achieving a high average space-time yield of 0.75 g/L/d. In both cultivation trials, up to +38% higher cell specific antibody productivities were found after cell sorting. Overall, the FBC sorting method in combination with innovative cultivation concepts addresses current limitations and challenges of continuous biopharmaceutical manufacturing and has great potential to further advance modern process intensification.
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1 INTRODUCTION
A continuously rising number of approved biopharmaceuticals, in particular monoclonal antibody (mAb) products, has driven the fast-growing bioindustry for decades (Lu et al., 2020; Walsh and Walsh, 2022; Mullard, 2021). In the past years, a notable shift in approvals from novel mAb products towards biosimilars could be seen, a trend that significantly increased the cost pressure for these products (BioPlan AssociatesInc, 2024). Consequently, efforts have been increasing to reduce development and manufacturing costs significantly. For the production of mAbs, mammalian suspension cells, such as Chinese hamster ovary cells (CHO), are predominantly used, whose costly and time-consuming cultivation represents an intrinsic bottleneck. To decrease costs and increase space-time yields, bioprocess intensification strategies have been developed targeting highly productive host cells, high cell concentrations during manufacturing, and increased plant utilization (Müller et al., 2022). For those intensified cultivation processes, maintaining the cell population in a proliferating or at least in a viable, productive state is essential.
Continuous perfusion processes are able to keep the cells proliferating and thus productive for weeks or even months using membrane-based cell retention devices to exchange the spent media against fresh media. However, in addition to the fouling risks of these membranes, such retention devices can show significant sieving effects, which results in substantial product retention and accumulation of impurities (Hayati et al., 2025; Pappenreiter et al., 2023). Moreover, frequent or continuous bleeding of cells by discharging a specific amount of cell broth is needed to provide space for the dividing cells and to remove the dead cells from the process (Pinto et al., 2020). As a result, also a fraction of still productive viable cells is removed, alongside part of the product and thus the process loses efficiency. These aspects, together with the high media consumption, and the high complexity of process control are remaining challenges for perfusion approaches.
Therefore, a large proportion of industrial biopharmaceutical manufacturing processes is still based on established fed-batch (FB) operations, where a concentrated feed is added to supply the cells with a constant nutrient level (BioPlan AssociatesInc, 2024). However, FB processes are ultimately limited, as inhibitory and cytotoxic molecules can accumulate over time or insufficient nutrient supply can occur, both of which lead to cell death. Furthermore, the apoptotic cells release host cell impurities that require elaborative downstream processing and thus reduce process efficiency. Therefore, FB processes are usually terminated after 12–15 days.
To overcome these limitations, cell sorting could be beneficial to separate the productive and proliferating cell fraction from the non-viable, impurity-releasing cell fraction. Most of the cell separation technologies are affinity-based and usually applied for biomedical sorting of different patient cell types (Dainiak et al., 2007; Bacon et al., 2020). However, there is currently no affinity marker that can be used to separate dead cells from viable cells that is also economically feasible at production-scale.
An alternative sorting technology based on cell morphology is cell elutriation using a counter-flow centrifuge, also named fluidized bed centrifuge (FBC). Such systems are able to capture mammalian cells inside a fluidized bed by loading cells in a counter-current mode into a rotating chamber (Figure 1A). The cells are captured at a certain position inside the chamber at which the hydrodynamic drag force equals the counteracting centrifugal force (Figure 1B). This capture position is influenced by chamber dimension, fluid flow rate and viscosity, cell and fluid density, and cell size (Kelly et al., 2016). Due to the pear-shaped chamber dimensions, the flow velocity and thus the hydrodynamic drag force decreases significantly from the chamber inlet to the outlet, whereas the centrifugal force only decreases slightly towards the center of the rotor (Figure 1B). As all physical properties of the media and the monoclonal cells can be assumed constant, except of the cell size, the larger, mostly viable cells are enriched in the tip of the chamber and the smaller, mostly non-viable cells are enriched at the broader chamber outlet, whereas sub μm cell debris pass the elutriation boundary and are washed out of the chamber (Figure 1A).
[image: Diagram showing a fluidized bed centrifuge setup and associated graphs. Part A illustrates a chamber with viable cells (yellow), non-viable cells (blue), and cell debris (black dots) under centrifugal and hydrodynamic forces. Flow and rotation directions are indicated. Part B is a graph showing acting forces, with hydrodynamic drag decreasing and centrifugal force increasing along the chamber position. Part C plots total cell concentration and viability, both decreasing along the chamber position. Elutriation boundary is marked with a red line.]FIGURE 1 | Capture and separation of a mammalian cell population inside a fluidized bed centrifuge (FBC) chamber: (A) Illustration of an FBC chamber completely loaded with a cell population consisting of larger and smaller cells, as well as cell debris. (B) Schematic hydrodynamic drag force and opposing centrifugal force inside the FBC chamber (between red dashed lines). (C) Experimental determined total cell concentration and viability inside a loaded FBC chamber.To use FBC for cell sorting, an approach is to wash the filled chamber with a density gradient buffer, where smaller cells are elutriated from the chamber with increasing buffer density (Morijiri et al., 2013). A similar effect can be achieved by increasing the feed flow rates, which is used for blood and plasma separation since decades (Persidsky und Ling, 1982). In addition, it has been shown that the method can be used to sort cells using small morphologic differences occurring during the cell cycle (Davis et al., 2001).
However, all existing cell sorting technologies are only established at milliliter to lower liter scale to sort less than ∼ 109 cells in total within a few hours (Witek et al., 2020). Therefore, they are only used for cell line development, research, and biomedical applications (Chakrabarti et al., 2024; Lu et al., 2023). To use cell sorting in industrial biopharmaceutical production a scale-up to process hundreds or even thousands of L cell broth with up to 100 x 106 cells/mL is needed, which equates to 1011–1012 cells in total.
Recently, it was shown that a single-use FBC developed for washing and concentration of cells is also efficient to clarify those high cell density cultures (Saballus et al., 2021) and can achieve throughputs of more than 350 L/h processing 20 x 106 cells/mL (Saballus et al., 2023). Moreover, the gentle capture of the cells in the FBC chamber allows to re-use them in a subsequent cultivation process. In a novel process scenario, called intermediate harvest (IH), the cells were concentrated, washed, and further cultivated in their exponential phase, resulting in more than 60% higher peak cell densities and more than 150% higher mAb amounts compared to a standard FB process with the same duration (Reger et al., 2023a). Based on this scenario, a highly productive continuous process with FB characteristics was developed, called continuous FB (cFB), where the cells were washed in an interval of a few days and re-cultivated (Reger et al., 2023b). Compared to continuous perfusion, the cFB achieves significant savings of culture media, but also requires a cell bleed to maintain the level of proliferating cells.
As part of the cFB studies, the cell concentration gradient and the distribution of cell viability in fully loaded FBC chambers were also investigated. It was observed that the captured viable cells were enriched in the tip of the chamber while non-viable cells were enriched at the chamber outlet close to the elutriation boundary (Figure 1C). These unexpected findings indicated that slight density and size differences between viable and non-viable cells can be used for their separation by a scalable FBC.
To take advantage from the sorting effect, the aim of this study was to develop a novel high-throughput FBC method for large-scale cell sorting. Furthermore, the feasibility of cell sorting during cultivation and its potential to intensify biomanufacturing was investigated.
2 MATERIALS AND METHODS
2.1 FBC operation
To develop and test a cell sorting method, two FBC system sizes were applied being the small-scale Ksep® 50 FBC system (Sartorius) with two 25 mL chambers, and the large-scale Ksep® 400 FBC system (Sartorius) with four 100 mL chambers. Appropriated cell harvest consumable kits (Sartorius) were used. Process parameters were chosen for both systems that have already been shown to be suitable for the concentration and washing of CHO suspension cells, in accordance with the results of large-scale FBC parameter optimization (Saballus et al., 2021) and used in an approach for alternating intermediate harvest of mAb (Reger et al., 2023b). In brief, the FBC´s were operated in the “cell wash harvest” mode. For each FBC system, the maximum possible centrifugal force was applied in all trials, which was 2,000 xg in the small-scale and 1,000 xg in the large-scale. Unless stated otherwise, a flow rate of 50 mL/min per chamber for small-scale and 100 mL/min per chamber for large-scale was used for cell loading and washing. For both FBC sizes, cells inside the loaded chambers were washed by exchanging 2.6x times the chamber volume with buffer in the non-sterile trials or fresh cell culture media in the sterile trials. For the FBC processes in which the processed cells were further cultivated, sterile connections of bioreactor, intermediate storage vessels, and sterile FBC consumable kits were provided utilizing BioWelder® and BioSealer® TC systems (Sartorius).
2.2 Cell line and medium
Two different CHO cell lines were used, both CHO-DG44, carrying the DHFR selection marker and a proprietary vector system, provided by Sartorius Stedim Cellca. Each cell line stably expresses a humanized IgG1 mAb. For the feasibility trials in FB mode, NISTmAb RM 8671, lacking a specific antigen and specified by the National Institute of Standards and Technology (NIST), was used as a well-characterized, representative mAb standard. For the FBC sorting trials in cFB mode, a mAb construct targeting the IgE antigen was expressed as an industry-relevant product. Both CHO-DG44 cell lines were cultivated within the chemically defined 4Cell®CHO media platform (Sartorius) comprising a basal and two feed media system. To diminish differences, all seed trains were conducted in similar manner to ensure equal point of origin in the production cultivations.
2.3 Feasibility trials in fed-batch mode
To test feasibility of the new developed cell sorting within a bioprocess an FB model process for production of a NIST mAb was set-up. In detail, a 5-L benchtop-scale bioreactor (Sartorius) was filled with 3.3 L and inoculated at 0.3 x 106 cells/mL, and cultivated at 36.8 °C, DO setpoint of 40%, and pH at 7.1 which was controlled by CO2 gassing. After a 3 days batch phase, daily addition of 4% feed A and 0.4% feed B based on the starting volume was conducted, consecutive to day 5 a glucose feed was added to reach a concentration of 4.5 g/L in the culture. When the viability had dropped to 70%, which happened at day 12, a part of the cell broth was processed by a small-scale FBC (see section 2.1) and re-inoculated in Ambr® 15 small-scale bioreactor vessels (Sartorius) with enriched basal media. Three different approaches were conducted in triplicates: Without any processing by FBC (std. FB); with media exchange by FBC (IH), and with media exchange and cell sorting by the FBC (IH sorted). In the small-scale cultivation, similar setpoints- and proportional feeding scheme as for the 5-L bioreactor were used. The cultivation was finished after 4 days.
2.4 FBC sorting for continuous fed-batch
The FBC cell sorting was further tested with a previously developed cultivation scenario, named continuous FB (cFB) as described in detail by Reger et al. (2023b). As cFB model, the scenario with a FB cycle interval of 3 days and re-inoculation with 20 x 106 cells/mL was selected, producing an industrial relevant mAb. In contrast to the established cFB process, additional cell sorting was performed with each cycle interval (Figure 2). Similar to the feasibility trials (section 2.3), a 5-L benchtop-scale reactor was used and inoculated at 0.3 x 106 cells/mL with 3 L initial culture volume. Similar setpoints for DO, pH and temperature as well as a similar feeding strategy up to day 4 was used. The first FBC media exchange and cell sorting was performed at day 5 using a large-scale FBC (section 2.1). 12 h after each FBC sorting, a reduced feeding scheme with 2% feed A and 0.2% feed B, relative to the inoculation volume, was performed (Reger et al., 2023b). Thereafter, a feeding scheme was applied based on the viable cell volume as described in former previous work until the next FBC processing. This cycle was repeated each 3 days until the cultivation reached a viability below 70%.
[image: Diagram showing a timeline of cell cultivation over 14 days. The timeline includes blue for initial culture, yellow for fixed feeding, and green for cell volume dependent feeding. Sorting and re-inoculation occur on days 5, 8, and 11.]FIGURE 2 | Schematic sequence of the developed continuous fed batch cultivation scenario with media exchange and cell sorting in a cyclic 3-day interval and adapted feed strategy in between.2.5 Analytics
The Cedex HiRes (Roche) was used to measure cell broth characteristics such as viable cell concentration (VCC), viability and cell diameter. Metabolic parameters and pH were measured with the ABL800 basic (Radiometer). All samples were centrifuged at 6,600 xg for 5 min (Centrisart A-14, Sartorius) and supernatants were analyzed.
The concentrations of mAb and the aggregation ratios were determined by size exclusion chromatography using a Vanquish™ Flex UHPLC System (Thermo Scientific) and Yarra™ 3 μm SEC-3000 columns (Phenomenex). Chromatography was performed at a flow rate of 1 mL/min running buffer (100 mM Na2SO4, 50 mM NaH2PO4, and 50 mM Na2HPO4; chemicals supplied by Carl Roth). For each mAb, separate concentration standards were measured in the range of 25 to 2,000 mg/L to determine specific calibration factors between mAb peak area and its concentration.
In order to compare different cultivation processes, the above-described measurements were used to calculate the integral of viable cell count (IVCC), integral of viable cell volume (IVCV), and cell specific productivity (Qp), which had already been used in previous work by Reger et al. (2023b) and are described in detail in the Supplementary Equations S1–S4.
The glycosylation patterns of the mAb were investigated using the ProfilerPro® Glycan Profiling Assay (PerkinElmer), as described in more detail by Saballus and Kampmann (2022).
3 RESULTS AND DISCUSSION
The aim of this study was to develop a cell sorting strategy that can be used for intensified biopharmaceutical production. For this purpose, the chambers of a single-use FBC system were loaded with more cells than can be captured and the breakthrough of viable and non-viable cells was investigated. Based on the results of two different FBC scales, a scalable cell sorting approach was developed. Its applicability and limitations to enrich viable CHO cells from a low viable, high cell density culture was investigated using the large scale FBC system for sorting of 2 L cell broth.
As a next step, a sorting trial with subsequent cultivation of the sorted cells was conducted to assess the impact of cell sorting on the culture characteristics and mAb productivity after regular fed-batch cultivation duration. Finally, the sorting approach was tested in a novel 5-L CHO cultivation scenario, named continuous fed-batch (cFB), for production of an industrial relevant mAb. The whole fed-batch culture was sorted every 3 days in combination with the harvest of the mAb containing supernatant. For this novel cultivation concept, the cellular and product expression characteristics were determined.
3.1 Development of FBC cell sorting
When using FBC systems for concentration and washing of mammalian suspension cells, the systems are usually operated at their maximum chamber loading capacity (CLCmax) to ensure high throughput, low wash buffer consumption, and high concentration of the harvested cells. The CLCmax of an FBC system is defined as the highest possible total number of cells per chamber that can be captured in the fluidized bed and transferred to a harvest vessel. However, the CLCmax is not a fixed value as it depends on the feed cell broth characteristics, such as the size distribution of cells and the density difference between media and cells, as well as on the FBC process conditions, such as the applied centrifugal force and the flow rates (Saballus et al., 2021). Therefore, the CLCmax and thus the maximum volume of cell broth that can be loaded into the chamber (CVmax) is usually visual controlled and if needed manually re-adjusted. For a known CLCmax, the CVmax can be calculated as a function of the total cell concentration (TCC) in the centrifuge feed stream as described in Equation 1:
CVmax=CLCmax / TCC(1)
For better comparability of different FBC sizes and different cell broths, the relative chamber loading (rCL) was determined (Equation 2), which is the quotient of the applied chamber loading volume (CVapplied) and the system-specific CVmax:
rCL=CVapplied / CVmax(2)
To investigate the separation of viable from non-viable cells inside the FBC chambers, a FB cell broth of an internal standard mAb process at harvest point was used with a CHO host TCC of 13.4 x 106 cells/mL, 76.5% viability, and an average cell diameter of 20.2 µm. The chambers of a small-scale FBC with a pre-determined CLCmax of 4 x 109 cells (not shown) were overloaded in a controlled way. During the loading, ∼45 mL fractions of the supernatant were collected and analyzed by a cell counter. Approximately 6 x 109 cells in total were loaded per chamber, which corresponds to a rCL of ∼150%. Hardly any cell breakthrough was detected until CVmax (99% rCL) was reached (Figure 3A), which confirms the pre-determined CLCmax. The first overloading fraction (99%–106%) contained a total CHO cell concentration of 8.0 x 106 cells/mL with a very low viability of 2.6% and a low average cell diameter of 14.3 µm (Figure 3C). This confirms that the smallest cells are arranged in the chamber on the side of the elutriation boundary, as shown in Figure 1A. These cells are therefore the first to be pushed out during overloading. The results also show that the smallest cells in the culture are primarily non-viable cells. The reason for this is probably related to the morphological changes associated with apoptosis like shrinking of the cells and the release of apoptotic bodies with a diameter of 1–5 µm (Liu et al., 2018; Yu et al., 2023).
[image: Graphs show cell concentration and viability across chamber loading percentages in small and large-scale FBCs. A) Small-scale shows viable and non-viable cell concentrations. B) Large-scale indicates similar trends. C) Small-scale viability and cell diameter. D) Similar data for large-scale FBC.]FIGURE 3 | Supernatant composition of two different fluidized bed centrifuge (FBC) sizes during the chamber loading. Small-scale FBC loaded with 100 mL/min using a CHO cell broth characterized by a total cell concentration of 13.4 x 106 cells/mL, 76.5% viability, 20.2 μm cell diameter. Large-scale FBC loaded with 800 mL/min using a CHO cell broth characterized by a total cell concentration of 25.9 x 106 cells/mL total, 74.0% viability, 18.5 μm cell diameter. (A,B) Breakthrough of viable and non-viable cells, (C,D) Cell viability and average cell diameter in the collected fractions.During the further overloading the concentration of viable cells, the cell diameter, and the viability ratio increased in the collected supernatant fractions, however, until 120% chamber loading the largest proportion in the fractions were non-viable cells. After the breakthrough peak of non-viable cells, the concentration of the non-viable cells decreased to an almost constant value and that of the viable cells increased to approximate the initial value. At 150% chamber loading, the cell broth composition of 11.4 x 106 cells/mL TCC and 74.0% viability in the last supernatant fraction of the FBC outlet almost equaled the composition of the FBC inlet.
To develop a scalable FBC cell sorting approach, another overloading trial was conducted using a larger FBC. The main differences to the smaller FBC trial were lower maximum centrifugal force of 1,000 x g and higher applied total loading flow rate of 800 mL/min (smaller FBC: 2,000 x g, 100 mL/min). In addition, a higher maximum chamber capacity of 10 x 109 cells was assumed based on (Saballus et al., 2021) due to the larger FBC chambers (smaller FBC: 4 x 109 cells/Ch).
A similar sorting effect was observed that shows breakthrough of smaller, non-viable cells before the concentration of the slightly larger viable cells increased in the supernatant fractions of the overload (Figures 3C,D). Until the chambers were 100% loaded, negligible cell breakthrough was observed, similar to the smaller FBC (Figures 3A,B). In contrast to the small-scale trial, the increase of non-viable cells in the breakthrough is less sharp, which is also shown by a higher chamber overloading (>170%) applied before almost constant cell broth characteristics in the fractions were obtained. This could be caused by the combination of lower centrifugal force with higher flow rate. Another reason could be the differences in cell size distribution in the cell broth prior FBC treatment as indicated by the average diameter of 20.2 µm in the small scale trial (Figure 3C) and 18.5 µm in the large scale (Figure 3D). Nevertheless, up to the loading fraction of 131%–143% with a cell viability ratio of 49.4%, more non-viable cells than viable cells were flushed out of the chamber.
Based on the chamber loading trials with both FBC system sizes, an empirical approach for simple calculation of the chamber loading volume for efficient cell sorting (CVsorting) was defined (Equation 3). This approach targets scalability between different FBC sizes and a high increase in viability in combination with a high recovery of viable cells.
The function of CVsorting comprises the corresponding FBC maximum chamber loading volume (CVmax) that can be loaded into a chamber without cell loss and an additional, so far not defined, volume for chamber overloading. As indicated by the investigated breakthroughs of non-viable cells, too low overloading would lead to a low reduction of non-viable cells and thus to a low increase of cell broth viability in the harvest. A too high overloading would cause high loss of viable cells. Another variable that must also be considered is the cell culture viability in the FBC feed. The lower the viability, the more cells in total (viable and dead) must be loaded into the chamber to push out the fraction of dead cells for sufficient sorting. Consequently, the chamber loading function for efficient sorting is inversely proportional to the cell broth viability. In a process setting, the viability of the cell broth can be determined by sampling of the bioreactor before FBC sorting is started. For the FBC system and the process parameters used, the specific CVsorting to be set can be calculated by dividing the corresponding CVmax by the measured viability:
CVsorting=CVmax/ viability(3)
It should be noted that if sufficient cell broth is available or only a small number of sorted cells are to be re-used, larger loading volume than CVsorting of the calculation approach can also be used resulting in lower cell recoveries but slightly higher sorted cell viabilities.
Similar to the calculation of the relative chamber loading (Equation 2), the relative chamber loading for cell sorting (rCLsorting) can be determined for better comparability:
rCLsorting=1 / viability(4)
This approach was applied for all following trials.
3.2 Large-scale proof-of-concept
To evaluate the calculation approach for efficient cell sorting, a proof-of-concept experiment was performed to sort approximately 2 L of a CHO cell broth with a high TCC of 33.4 x 106 cells/mL and a low viability of 50.7% using a large-scale FBC. In accordance with Equation 4, an rCLsorting of approximately 200% was determined. Therefore, a CVsorting of 588 mL was applied, taking into account a CLCmax of 10E9 cells and the TCC (Equations 2, 3). To ensure a full FBC cycle with the limited cell broth volume, only three of four chambers with a loading flow rate of 100 mL/min/Ch were used. Although the throughput was reduced, the entire cell broth was sorted, washed with fresh culture medium, and transferred back into the harvest vessel in less than 12 min.
The applied cell sorting approach achieved a significant viability increase from 50.7% in the initial cell broth to 81.4% in the sorted viable cell fraction (Figure 4). Some of the viable cells were found in the waste fraction, due to the high overloading volume. However, most of the viable cells (65%) were recovered in the viable cell fraction and most of the non-viable cells (84%) were removed in the waste fraction. This demonstrated that the sorting approach is suitable for fast processing of large quantities of cells and successfully enriching viable cells in the harvest.
[image: Bar chart showing the total number and viability of cells in sorting feed, waste fraction, and viable fraction. Viable cells are in yellow, dead cells in blue, and overall viability is outlined. Total cell count is in tens of billions, while viability is presented as a percentage on the x-axis.]FIGURE 4 | Bulk sorting of a low viable CHO cell broth feed (2.0 L; total 33.4 x 106 cells/mL; 50.7% viability) by approximately 200% chamber loading of a large-scale fluidized bed centrifuge to generate a waste fraction containing most of the non-viable cells and a viable cell fraction containing most of the viable cells.3.3 Sorting feasibility trials in fed-batch
In order to investigate the behavior of the cells and thus impact on the cultivation after FBC sorting a small-scale cultivation was conducted. To show the capabilities of the FBC sorting approach, cells were taken from the late stage (day 12) of a fed batch, with a low viability. The cell broth was split in three different approaches: A negative control without any processing (Std. FB), a control with FBC media exchange but without cell sorting (IH) similar to previous conducted work (Reger et al., 2023a), and as the third approach with FBC media exchange and cell sorting (sIH). The approaches were cultivated for an additional 4 days (day 12–16) within the small-scale system. As note, in the next passages only the 4 days (day 12–16) will be evaluated.
Different performance data of the feasibility trials were determined (Figure 5). As shown in Figure 5A, only neglectable differences in the VCC between the approaches were observed after inoculation of the 15 mL bioreactors. In contrast, cell viability showed a strong increase for the sIH from 70% to 83% (+13%), which is in alignment with our previous data. This effect resulted in an elongated duration of the cultivation of 4 days (+33%) in comparison to the Std. FB and IH approaches. Furthermore, a decrease in cell diameter was visible (Figure 5B) for the two approaches processed by the FBC (IH and sIH) as expected. However, within the 4 days after the FBC processing the cell diameters increased again for both approaches and reached a similar diameter compared to the std. FB. The diameter decrease is likely caused by the rapid change in media matrix as it occurs for both cultures with media exchange. Interestingly, this effect was also visible in our previous work without cell sorting (Reger et al., 2023a). However, the cause of this effect has not yet been fully examined.
[image: Four charts analyzing cell culture conditions and productivity over time. Chart A shows viable cell count (VCC) and viability percentage against days with three cultivation modes: Std. FB, IH, and sIH. Chart B displays cell diameter growth. Chart C presents integrated viable cell concentration (IVCC) and volume (IVCV). Chart D illustrates cumulated titer and a specific productivity metric. Each chart includes error bars and distinguishes conditions with different markers.]FIGURE 5 | Cellular and product expression characteristics for the impact analysis of cell sorting conducted at the end of a fed-batch (FB) experiment, marked with a dotted line. Subsequent cell culture was split into three approaches: no change (Std. FB), full media exchange by FBC (intermediate harvest, IH) and the new developed sorting approach (sIH). (A) Viable cell concentration (VCC) and cell culture viability; (B) Cell diameter over the course of cultivation; (C) Integral of viable cell concentration (IVCC) and integral of viable cell volume (IVCV); (D) Cumulated titer values over the course of cultivation and cell specific productivities (Qp) for the last 4 days of cultivation.To further investigate the impact of the sorting, the integral of viable cell count (IVCC) was calculated (Figure 5C) revealing an increase of viable cells within the sIH culture (+20.7%) compared to the std. FB. To consider the previously described change of cell diameter within the process (Reger et al., 2024), the integral of viable cell volume (IVCV) was also determined showing an increase of +19.6% compared to the std. FB. The similar results for IVCC and IVCV can be explained by the observation that in the course of cultivation after sorting more cells remain viable in combination with the fact that the initially reduced cell diameter for the sIH increased again. This suggests that cell sorting has a positive effect on the overall condition of the cell population.
This effect of improved cellular state is further supported by the measured titer and cellular expression characteristics shown in Figure 5D. After transfer to the 15 mL bioreactor system, during day 12–16 of cultivation, a further increase in antibody titer can be seen for all approaches. However, the greatest increase was observed for the sIH with +1.55 g/L compared to the lowest rise in titer for the standard FB of only +0.93 g/L. To consider the differences in cell numbers, the cell-specific-productivity (Qp) was calculated for the different approaches during day 12–16. The comparison shows that the titer increase only partially results from the increased VCC but indeed is substantially influenced by a strong increase in specific productivity of +38% for the sIH compared to the std. FB. This effect is likely caused by the media exchange and FBC as visible in previous studies (Reger et al., 2023a; Reger et al., 2023b) and also for some perfusion cultivations (Gomez et al., 2020; Gagnon et al., 2018). In alignment with this hypothesis, an increased Qp was also determined for the IH, comprising only a media exchange, but not as distinctive as for the sIH approach. An explanation for this might be that the removal of a fraction of the non-viable cells by sIH leads to a lower release of inhibitory substances in the further course of cultivation, which improves the expression of the product.
Overall, a successful cultivation of the cells after FBC sorting (sIH) could be shown, resulting in higher cell numbers as well as cell viabilities post processing of the cells. In addition, the novel method leads to an elevated product expression, and thus to increased product titers at harvest. However, economic studies are necessary to evaluate whether the higher titer of only +0.62 g/L compensates for the higher costs and efforts associated with of the sIH process in a FB setting. The sIH approach probably offers more advantages if it is performed several times during a (semi-) continuous cultivation, such as an additional feature in the already developed concept of continuous FB cultivation (cFB) (Reger et al., 2023b). Therefore, the applicability of sorting in a cFB scenario was further investigated (see section 3.4).
3.4 FBC sorting for continuous cultivation
As outlined above, the application of FBC cell sorting in late stage fed-batch, is feasible, however, from an economic point of view, transfer of this approach towards continuous processes seems more beneficial. For a respective proof of concept study, the previously developed continuous FB (cFB) was selected (Reger et al., 2023b). In short, the cFB comprises a defined FB-cycle interval of several days per cycle, each cycle started by a complete media exchange using a FBC and cell bleed to a defined re-inoculation cell density (20 x 106 cells/mL). This results in a continuous process format with superior characteristics such as low media consumption compared to a perfusion system and increased productivity compared to an FB. Our previous studies thereby showed that a starting VCC of 20 x 106 cells/mL of each cycle and a FB cycle duration of 3 days was not suitable, as the proportion of non-proliferating cells in the process increased and viability decreased over the course of cultivation (Reger et al., 2023b). We anticipate that the cell sorting approach can be used to prolong cFB with a 3 days cycle duration. Therefore, this cFB scenario was selected to show the feasibility and added value of the cell sorting approach to elongate these processes and enhance the productivity.
The cFB with cell sorting was carried out in a 5-L cultivation system and aimed at improved viability (>70%) and increased number of IH cycles compared to previous experiments without sorting. In Figure 6A the cellular performance is plotted showing overall decreasing peak cell densities in each of the FB cycles from around 43 x 106 cells/mL during the first cycle to 20 x 106 cells/mL during the last cycle. Similar to the VCC, the viability showed significant drops within each 3-day cycle, finally reaching the 70% marker at day 20. However, the cell sorting effect can be clearly seen at three timepoints (day 11; 14; 17) showing an increase of viability from +6% up to +12%, finally enabling a significant elongation of the process from 12 days (2 cycles) without cell sorting (historical data, see (Reger et al., 2023b)) to 20 days (5 cycles) with the novel sorting method. Furthermore, the data confirms our previous findings of a better sorting efficacy with lower cell culture viability as the increase in viability increases towards the end of the cultivation with decreasing overall cell viabilities.
[image: Four graphs labeled A to D showing various cell culture metrics over time in days. A: Viable cell concentration (VCC) and viability percentage decrease over 20 days. B: Cell diameter increases from 13 to 18 micrometers over 20 days. C: VCC and viable cell volume (VCV) increase and fluctuate over five cycles lasting about 3 days each. D: Titer and specific productivity (qp) increase, with titer peaking around 3.5 grams per liter, showing periodic fluctuations over 20 days.]FIGURE 6 | Cultivation and product expression data for the conducted continuous fed-batch (cFB) at re-inoculation density of 20 x 106 cells/mL and 3 days interval of cell sorting: (A) Viable cell concentration (VCC) and cell viability for the process over the 20 days of cultivation; (B) Cell diameter; (C) Integral of viable cell concentration (IVCC) and integral of viable cell volume (IVCV) within the cultivation; (D) Antibody product titer and cellular specific productivity (Qp) for each production interval.In addition, a strong increase of the average cell diameter can be seen (Figure 6B), which is linked to a steady increase in the cell volume (+133%) within the cultivation. This increase in cellular diameter is consistent with previous studies within this field (Pan et al., 2017; Reger et al., 2023b) and it can be hypothesized that it is a result of a cellular ‘switch’ from cell division towards a cell size increase (Reger et al., 2024). This theory is supported by the IVCC and IVCV values visible in Figure 6C, showing a significant decrease in IVCC from 104 x 106 cells/mL down to 51 x 106 cells/mL for the sequence of FB-cycles. In contrast, IVCV values are relatively constant showing slight fluctuations at around 170–190 mm3/mL with a slight decrease in the last two FB cycles. This indicates that the overall cell volume (VCC x cell volume) that is generated during one FB cycle remains constant over the complete process duration. Interestingly, the titer values do not stabilize on a constant but show an increasing trend from around 2.3 g/L/cycle up to 3.6 g/L/cycle, with increasing values for the last 3 cycles (Figure 6D). This trend is also reflected within the Qp values increasing up to 59 pg/c/d in the last FB-cycle. In summary, around 15 g/L cumulated product titer within 20 days cultivation time were generated that equals a space time yield of 0.75 g/L/d, representing a significant increase compared to the conducted cFB process without sorting of approximately 0.54 g/L/d (historical data, see Reger et al., 2023b). Since no additional material and labor costs are assumed for the cFB process with sorting compared to the initial cFB process, it can be assumed that the increased productivity has a direct positive impact on reducing mAb production costs. To compare the cFB processes with FB and perfusion processes, however, the additional labor and material costs of cyclic FBC must be taken into account in addition to the different media consumption. For this purpose, a detailed cost of goods analysis for different production capacities should be conducted in follow-up studies.
Another aspect that should be examined in more detail is the impact of sorting on critical product quality attributes, such as aggregation, charge variants, glycosylation pattern, and functional product titer. The stability of these attributes in the various harvest pools throughout the entire cultivation process is particularly important the more sorting cycles are conducted and the longer the processing time. In an initial investigation, the glycosylation pattern of the mAb and the mAb aggregation ratio from each harvest of the process was determined, as shown in the Supplementary Material. With the exception of a slightly altered glycosylation pattern on day 11, the other harvest pools showed a consistent glycan pattern between days 8 and 20 (Supplementary Figure S1). The aggregation ratio was similar for all samples and showed a maximum of 0.84% on day 11 (Supplementary Figure S2). Compared to typical aggregation rates between 0.8% and 2.1% in FB and perfusion production processes of IgG1 and IgG4 (Walther et al., 2019), the aggregate rate of the cFB with cell sorting was at a low level. These initial results suggest that FBC processing and cyclic cultivation of cFB with sorting do not have a significant impact on glycan structures, mAb aggregate ratio, and thus the associated quality of mAb. However, further studies taking all critical quality attributes into account are required for a final assessment.
Overall, the cell sorting method was successfully applied within the cFB process mode to increase cultivation duration, without decline of the cell culture viability below the threshold of 70%. In addition, the sorting had no adverse effects on the cells and even increased their productivity. Therefore, the developed cultivation approach with integrated cell sorting represents a promising new strategy to enhance productivity in (semi-)continuous bioproduction processes.
4 CONCLUSION
In this study, a novel cell sorting approach was developed based on controlled overloading of an FBC to enrich viable cells and to remove non-viable cells from cell cultures. A calculation for the FBC parameters was found that takes into account the viability of the culture and the specific capacity of the FBC chamber, making the approach simple to adapt to different cultures and scales. For various low culture viabilities, high sorting efficiency and thus a significant increase in the viability of the harvested cells was successfully demonstrated for two different system sizes. The high FBC throughput achieved in bulk cell sorting could enable processing of complete cell cultures in biomanufacturing, whereby the cells can additionally be washed and supplied with fresh culture media.
As shown by a feasibility study, the sorting after regular FB resulted not only in an increase of viability and slower loss of viability during the continued cultivation but boosted cell specific mAb productivities. These observed positive effects on the CHO host cells can be associated with the removal of non-viable cells and inhibitory cell culture components, but this requires further investigation. Moreover, a cFB process scenario with cyclic cell sorting was developed, that also showed significant improvements in productivity and elongated cultivation duration. These results highlight the potential of FBC cell sorting to enable novel cultivation strategies that combine advantageous characteristics of continuous and discontinuous processes. In addition to its application in biopharmaceutical mAb production using CHO cells, the cell sorting approach should also be evaluated for other cell lines, such as human embryonic kidney (HEK) cells, which are typically used to produce viral vectors. Sorting could be particularly beneficial for intensifying these processes, as non-viable cells and viruses can be separated without the risk of perfusion membrane blockage. Another emerging field of applications that could benefit from FBC bulk cell sorting is found in advanced cell therapies, where the cell itself is the final drug product. Preliminary data of a follow-up study are attached to the Supplementary Material (part 3). Decreasing the burden of dead cells could not only support proliferation of live cells but increase overall quality of the cells that are returned to the patients. In summary, the cell sorting strategy developed in this study promises applicability in various scenarios and offers great advantages for the intensification of bioproduction.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
MS: Writing – review and editing, Investigation, Methodology, Visualization, Writing – original draft, Data curation, Formal Analysis, Project administration, Conceptualization, Supervision. LR: Visualization, Writing – original draft, Supervision, Formal Analysis, Methodology, Conceptualization, Investigation, Writing – review and editing. RO: Writing – review and editing, Investigation. JN: Supervision, Writing – review and editing, Resources, Project administration, Validation. RW: Supervision, Writing – review and editing, Methodology, Validation. DM: Supervision, Methodology, Writing – review and editing, Validation. MK: Resources, Supervision, Validation, Writing – review and editing, Project administration.
FUNDING
The author(s) declare that no financial support was received for the research and/or publication of this article.
ACKNOWLEDGMENTS
The authors would like to thank the complete Corporate Research BioProcessing team of Sartorius for all the efforts they put into generating these data. Special thanks to Marie Gerke and Thomas Filz for their support with the fluidized bed centrifugation system and their excellent laboratory work.
CONFLICT OF INTEREST
Authors MS, LR, RO, JN, and MK were employed by Sartorius, Corporate Research.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1667343/full#supplementary-material
REFERENCES
	Bacon, K., Lavoie, A., Rao, B. M., Daniele, M., and Menegatti, S. (2020). Past, present, and future of affinity-based cell separation technologies. Acta biomater. 112, 29–51. doi:10.1016/j.actbio.2020.05.004

	BioPlan Associates, Inc (2024). Report and survey of biopharmaceutical manufacturing capacity and production. Rockville, MD, United States: Unter Mitarbeit von Ioanna Deni. Available online at: https://www.bioplanassociates.com/wp-content/uploads/2024/06/21st-Annual-Report-Survey-Biomfg-TOC-21062024.pdf.

	Chakrabarti, L., Savery, J., Mpindi, J. P., Klover, J., Li, L., and Zhu, J. (2024). Simplifying stable CHO cell line generation with high probability of monoclonality by using microfluidic dispensing as an alternative to fluorescence activated cell sorting. Biotechnol. Prog. 40 (3), e3441. doi:10.1002/btpr.3441

	Dainiak, M. B., Kumar, A., Galaev, I. Y., and Mattiasson, Bo (2007). Methods in cell separations. Adv. Biochem. engineering/biotechnology 106, 1–18. doi:10.1007/10_2007_069

	Davis, P. K., Ho, A., and Dowdy, S. F. (2001). Biological methods for cell-cycle synchronization of mammalian cells. BioTechniques 30 (6), 1322–1331. doi:10.2144/01306rv01

	Gagnon, M., Nagre, S., Wang, W., and Hiller, G. W. (2018). Shift to high-intensity, low-volume perfusion cell culture enabling a continuous, integrated bioprocess. Biotechnol. Prog. 34 (6), 1472–1481. doi:10.1002/btpr.2723

	Gomez, N., Lull, J., Yang, X., Wang, Y., Zhang, X., Wieczorek, A., et al. (2020). Improving product quality and productivity of bispecific molecules through the application of continuous perfusion principles. J. Instrum. 36 (4), e2973. doi:10.1002/btpr.2973

	Hayati, H., Kurtz, C., Feng, Y., and Khattak, S. (2025). Computational fluid particle dynamics modeling of tangential flow filtration in perfusion cell culture. Bioprocess Biosyst. Eng. 48 (2), 331–342. doi:10.1007/s00449-024-03112-2

	Kelly, W., Rubin, J., Scully, J., Kamaraju, H., Wnukowski, P., and Bhatia, R. (2016). Understanding and modeling retention of mammalian cells in fluidized bed centrifuges. Biotechnol. Prog. 32 (6), 1520–1530. doi:10.1002/btpr.2365

	Liu, D., Kou, X., Chen, C., Liu, S., Liu, Y., Yu, W., et al. (2018). Circulating apoptotic bodies maintain mesenchymal stem cell homeostasis and ameliorate osteopenia via transferring multiple cellular factors. Cell Res. 28 (9), 918–933. doi:10.1038/s41422-018-0070-2

	Lu, R.-M., Hwang, Y.-C., Liu, I.-J., and Lee, C.-C. (2020). Development of therapeutic antibodies for the treatment of diseases. J. Biomed. Sci. 27 (1). doi:10.1186/s12929-019-0592-z

	Lu, N., Tay, H. M., Petchakup, C., He, L., Gong, L., Maw, K. K., et al. (2023). Label-free microfluidic cell sorting and detection for rapid blood analysis. Lab a chip 23 (5), 1226–1257. doi:10.1039/d2lc00904h

	Morijiri, T., Yamada, M., Hikida, T., and Seki, M. (2013). Microfluidic counterflow centrifugal elutriation system for sedimentation-based cell separation. Microfluid Nanofluid 14 (6), 1049–1057. doi:10.1007/s10404-012-1113-5

	Mullard, A. (2021). FDA approves 100th monoclonal antibody product. Nat. Rev. Drug Discov. 20 (7), 491–495. doi:10.1038/d41573-021-00079-7

	Müller, D., Klein, L., Lemke, J., Schulze, M., Kruse, T., Saballus, M., et al. (2022). Process intensification in the biopharma industry: improving efficiency of protein manufacturing processes from development to production scale using synergistic approaches. Chem. Eng. Process. - Process Intensif. 171, 108727. doi:10.1016/j.cep.2021.108727

	Pan, X., Dalm, C., Wijffels, R. H., and Martens, D. E. (2017). Metabolic characterization of a CHO cell size increase phase in fed-batch cultures. Appl. Microbiol. Biotechnol. 101 (22), 8101–8113. doi:10.1007/s00253-017-8531-y

	Pappenreiter, M., Schwarz, H., Sissolak, B., Jungbauer, A., and Chotteau, V. (2023). Product sieving of mAb and its high molecular weight species in different modes of ATF and TFF perfusion cell cultures. J Chem. Tech and Biotech 98 (7), 1658–1672. doi:10.1002/jctb.7386

	Persidsky, M. D., and Ling, N. S. (1982). Separation of platelet-rich plasma by modified centrifugal elutriation. J. Clin. Apher. 1 (1), 18–24. doi:10.1002/jca.2920010106

	Pinto, N. D. S., Napoli, W. N., and Brower, M. (2020). Impact of micro and macroporous TFF membranes on product sieving and chromatography loading for perfusion cell culture. Biotechnol. Bioeng. 117 (1), 117–124. doi:10.1002/bit.27192

	Reger, L. N., Saballus, M., Matuszczyk, J., Kampmann, M., Wijffels, R. H., Martens, D. E., et al. (2023a). Boosting productivity for advanced biomanufacturing by Re-using viable cells. Front. Bioeng. Biotechnol. 11, 1106292. doi:10.3389/fbioe.2023.1106292

	Reger, L. N., Saballus, M., Kappes, A., Kampmann, M., Wijffels, R. H., Martens, D. E., et al. (2023b). A novel hybrid bioprocess strategy addressing key challenges of advanced biomanufacturing. Front. Bioeng. Biotechnol. 11, 1211410. doi:10.3389/fbioe.2023.1211410

	Reger, L. N., Wijffels, R. H., Martens, D. E., and Niemann, J. (2024). Performance benchmark of different cell clones in discontinuous and continuous bioprocesses reveals critical impact of cellular diameter. Biochem. Eng. J. 208 (15), 109359. doi:10.1016/j.bej.2024.109359

	Saballus, M., and Kampmann, M. (2022). Fluidized bed centrifugation of precipitated and flocculated cell cultures: an intensified clarification approach for monoclonal antibodies. J. Biotechnol. 352, 16–25. doi:10.1016/j.jbiotec.2022.05.004

	Saballus, M., Nisser, L., Kampmann, M., and Greller, G. (2021). A novel clarification approach for intensified monoclonal antibody processes with 100 million cells/mL using a single-use fluidized bed centrifuge. Biochem. Eng. J. 167, 107887. doi:10.1016/j.bej.2020.107887

	Saballus, M., Filz, T. J., Pollard, D., and Kampmann, M. (2023). “Cost-efficient cell clarification using an intensified fluidized bed centrifugation platform approach,” in Biotechnology and bioengineering . doi:10.1002/bit.28475

	Walsh, G., and Walsh, E. (2022). Biopharmaceutical benchmarks 2022. Nat. Biotechnol. 40 (12), 1722–1760. doi:10.1038/s41587-022-01582-x

	Walther, J., Lu, J., Hollenbach, M., Yu, M., Hwang, C., McLarty, J., et al. (2019). Perfusion cell culture decreases process and product heterogeneity in a head-to-head comparison with fed-batch. Biotechnol. J. 14, 1700733. doi:10.1002/biot.201700733

	Witek, M. A., Freed, I. M., and Soper, S. A. (2020). Cell separations and sorting. Anal. Chem. 92 (1), 105–131. doi:10.1021/acs.analchem.9b05357

	Yu, L., Zhu, G., Zhang, Z., Yu, Y., Zeng, L., Xu, Z., et al. (2023). Apoptotic bodies: bioactive treasure left behind by the dying cells with robust diagnostic and therapeutic application potentials. J. nanobiotechnology 21 (1), 218. doi:10.1186/s12951-023-01969-1


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Saballus, Reger, Obser, Niemann, Wijffels, Martens and Kampmann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-13-1667343-g005.jpg
< N (=] © ©
N

m

100
0

N N -~ -~
[wn] Jse1oWwielIq

Viability [%]

0 (=) e} o 0
N N - -

[Twysiieo g01X] DOA

<
-

o

Time [d]
& Std.FB -+ |H e sIH

Time [d]

= Std. FB —+ IH - s|H

(m]

(&)

© N

<
[1/6] 4813 pajeinwing

IVCV [mm?3mL]
(=] (=] (=]
o wn o o
N - - n o

o [=]
(3] N

[Twysiied X,0L] DOAI

Time [d]
=2 Std.FB 4« |H -e sl|H






OPS/images/fbioe-13-1667343-g006.jpg
Qp (pg/c/d)

o o o o
) © =4 <
T
[]
E
-
(<] -] © < o~
o T - - = <« ) ~ -
[tHH] Jejeteia (/6] JouL @
11} o .
u Viability [%] u [VCV [mm®/mL]
o o =} o
S el o 0 o o
= Q N N - - n
- 2 o
=)
(0]
£
T

4 =3 (=] o o =}
0 < ] ~ -

[Tw/siieo X40L100A @ [w/sii®d X011 DOAI e

< 3)

150
0
50

25

20

15

Time [d]

10






OPS/images/fbioe-13-1667343-g003.jpg
A)

C)

Cell Concentration in
Breakthrough [mio. cells/mL]

Cell Viability [%]

= N W A O D

o O

-—
~
J

(]
o

~
o

o O O O O

-
N

-

o N A O © O

60

Small-Scale FBC

—e—Viable ——Non-Viable

80 100 120 140
Chamber Loading [%]

—e—\Viability —e—Diameter

60

80 100 120 140
Chamber Loading [%]

160

160

20

15

10

Average Cell Diameter [um]

w0
N
= N N
o o o o o

Cell Concentration in
Breakthrough [mio. cells/mL]

o

o O

o

Cell Viability [%]

= N W b O D
o O O o

Large-Scale FBC

—e—\iable ——Non-Viable

60 80 100 120 140 160 180 200
Chamber Loading [%]

—e—Viability —e—Diameter 20

r 16
r 14
- 12
r 10

T
oON PO

— T 71 T T T T T T T T T

60 80 100 120 140 160 180 200
Chamber Loading [%]

Average Cell Diameter [um]





OPS/images/fbioe-13-1667343-g004.jpg
Total Number of Cells [10”9 cells]

0 10 20 30 40
Sorting
Feed
W Viable Cells
Waste
Fraction B Dead Cells

O Viability

Viable
Fraction

0 20 40 60 80 100
Viability [%]






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Viable cell sorting by fluidized bed centrifugation enables novel cultivation strategies		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 FBC operation

		2.2 Cell line and medium

		2.3 Feasibility trials in fed-batch mode

		2.4 FBC sorting for continuous fed-batch

		2.5 Analytics





		3 RESULTS AND DISCUSSION		3.1 Development of FBC cell sorting

		3.2 Large-scale proof-of-concept

		3.3 Sorting feasibility trials in fed-batch

		3.4 FBC sorting for continuous cultivation





		4 CONCLUSION

		DATA AVAILABILITY STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Viable cell sorting by fluidized
bed centrifugation enables
novel cultivation strategies





OPS/images/fbioe-13-1667343-g001.jpg
)
@ Viable Cells @ Non-Viable Cells «Cell Debris

Flow Direction Centrifugal Force

Elutriation Boundary

L

|—> Hydrodynamic Drag

Acting Force

! |—> Centrifugal

Chamber Position

L2)

1
1

1

: —e—Cell Concentration
: ——Viability

1
1

Viability

Total Cell Concentration

1 Chamber Position 1





OPS/images/fbioe-13-1667343-g002.jpg
Sorting & Re-inoculation

Cultivation time [days] 5 8 1 14

. Initial Culture . Fixed feeding

Cell volume
dependend feeding










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





