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Abstract 

 

Rapid expansion of biopharmaceutical market calls for more efficient and reliable platforms to 

culture mammalian cells on a large scale. Stirred-tank bioreactors have been widely used for large-

scale cell culture. However, it requires months of trials and errors to optimize culture conditions 

for each cell line. In this paper, we extend our earlier studies on Rolled Scaffold (RS) bioreactors 

for high-density adherent cell culture and report two new implementations of RSs with greatly 

enhanced mass-manufacturability, termed as Mesh-RS and Fiber-RS. CHO-K1 cells were 

successfully expanded in Mesh-RS and Fiber-RS bioreactors with an average growth rate of 1.09 

± 0.04 1/day and 0.95 ± 0.07 1/day, which were higher than those reported in similar studies. Fiber-

RS bioreactor exhibited a very high cell density of 72.8×106 cells/mL. Besides, a dialyzer was 

integrated into the RS bioreactor to remove cellular waste and to replenish nutrients without 

disturbing the cells. By collecting the dialyzed media separately, the dialysis efficiency was 

significantly improved. In conclusion, the developed RS bioreactor has a strong potential to 

provide a highly reliable and easily scalable platform for large-scale cell culture in the 

biopharmaceutical industry. 
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1. Introduction 

Biopharmaceutical market has seen steady growth in the last few decades (Lu et al., 2020; 

Walsh, 2018). The industry’s market size had increased from $107 billion in 2010 to over $188 

billion in 2017 (Walsh, 2014, 2018). Therapeutic monoclonal antibodies claim more than half of 

the sales since 2012 (Grilo & Mantalaris, 2019), and their sales alone are expected to reach $300 

billion by 2025 (Lu et al., 2020). Mammalian cells are currently the most dominant expression 

platform of therapeutic proteins (Ecker & Seymour, 2020; Whaley & Zeitlin, 2021), and there is a 

strong need to streamline the large-scale culture of these cells. To this end, the biopharmaceutical 

industry actively seeks bioreactors that can culture mammalian cells with larger capacity, higher 

efficiency and reliability, reduced production cost, and shorter commercialization period (Karst, 

Steinebach, & Morbidelli, 2018; Walker, 2017). 

Various cell culture platforms have been developed for large-scale culture of mammalian 

cells. For adherent culture, there are multilayer flasks (Auniņš et al., 2003; Pakos & Johansson, 

1985), packed-bed reactors (Bancroft, Sikavitsas, & Mikos, 2003), hollow fiber bioreactors 

(Hanley et al., 2014; Mizukami et al., 2018; Roberts et al., 2012; Sheu et al., 2015), and 

microcarrier culture in stirred-tank bioreactors (Markvicheva & Grandfils, 2004). Multilayer flasks 

are directly parallelized monolayer culture systems, but they are difficult to scale up (Merten, 

2015). Packed-bed reactors and stirred-tank bioreactors with microcarriers suffer from insufficient 

oxygen transfer, especially with high cell densities (Catapano, Czermak, Eibl, Eibl, & Pörtner, 

2009; Martens et al., 1996). In general, bioreactors based on adherent culture provide limited 

culture capacity and cell density, as it is often found difficult or inefficient for culture media to 

reach the cells. The multilayer flasks can provide up to 6 m2 of capacity (Rowley, Abraham, 

Campbell, Brandwein, & Oh, 2012), the hollow fiber bioreactors up to 2.1 m2 of capacity (Frank, 



Jones, Vang, & Coeshott, 2019), and packed-bed bioreactors up to 500 m2 of capacity (Valkama 

et al., 2020). 

 For suspension culture, there are stirred-tank bioreactors (Reuveny, Velez, Miller, & 

Macmillan, 1986; Xu & Chen, 2016) and WAVE Bioreactors™ (M.-F. Clincke et al., 2011; R. 

Eibl, Werner, & Eibl, 2009). There are also limited cases of hollow fiber bioreactors for suspension 

culture (De Bartolo et al., 2007; Gardner et al., 2001). Although WAVE bioreactors and hollow 

fiber bioreactors provide a better microenvironment for the cells than stirred tank bioreactors, they 

still have inadequate capacities to satisfy industrial demand (D. Eibl & Eibl, 2009). 

Currently, suspension culture in stirred-tank bioreactors is the most widely used culture 

platform in the biopharmaceutical industry for protein production on a large scale (Chu & 

Robinson, 2001). In these systems, cells are cultured in suspension as single cells or in aggregates 

while an impeller is continuously stirring the media to suspend the cells and to provide sufficient 

nutrients and gases uniformly. Stirred-tank bioreactors are difficult to scale up quickly. Larger tank 

sizes require higher stirring rates to ensure uniform and sufficient transfer of nutrients and gases. 

However, a higher stirring rate imposes higher shear stress on cells, adversely affecting their 

growth and production rate (Nienow, 2006; Z. Wang et al., 2020). As such, one would need 

heuristic approaches to optimize the culture conditions for an extended period of time.  

In the biopharmaceutical industry, there is a strong pressure to increase production yield. 

As the production yield is typically proportional to the number of the recombinant cells and the 

culture duration, it is advantageous to expand cells quickly and maintain the fully expanded cells 

as long as possible. A major limiting factor in extending the culture duration of high-density cell 

cultures is the accumulation of harmful cellular biowastes. For instance, lactate is the most 

common metabolic byproduct that is routinely monitored during the cell culture process (Tsao et 



al., 2005). Its accumulation can acidify the culture medium, which is unfavorable to cells (Lao & 

Toth, 1997; Ozturk, Riley, & Palsson, 1992). In perfusion culture, the accumulating cellular 

biowastes are diluted away as the media is continuously exchanged. However, a cell retention 

mechanism is required to keep the cells inside the bioreactors (Bettinardi, Castan, Medronho, & 

Castilho, 2020; Woodside, Bowen, & Piret, 1998). Unfortunately, those cell retention devices 

typically complicate the system (S. Wang et al., 2017) and are susceptible to contaminations (M. 

F. Clincke et al., 2013). Another approach to removing these byproducts is dialysis, as most 

cellular biowastes have much smaller molecular weights than target proteins. Dialyzing the media 

is shown to prolong the culture duration by removing cellular biowastes and replenishing nutrients 

(Fuchs et al., 2002) while retaining produced target proteins inside the media reservoir. 

Unfortunately, most dialysis cultures have low efficiency, as they mix the dialyzed medium with 

the spent one. As a result, the media need to be continuously dialyzed to lower the concentration 

of cellular biowaste (Fuchs et al., 2002; Märkl, Zenneck, Dubach, & Ogbonna, 1993; Pörtner & 

Märkl, 1998). Due to these limitations, the dialysis culture is not widely used in the 

biopharmaceutical industry.  

Rolled Scaffold (RS), developed in our earlier study (YekrangSafakar, Hamel, 

Mehrnezhad, Jung, & Park, 2020), is a platform for high-density adherent culture of mammalian 

cells. The RS is fabricated by rolling polymer film around a center rod to make spiraled layers in 

a cylindrical form, as shown in Figure 1a. These layers provide a large surface area for cells to 

attach to. The gap between layers allows the media to flow through, providing sufficient nutrients 

and gases to the cells. As shown in Figure 1c, cells are separated from the media reservoir, and the 

media in the reservoir can be stirred and sparged vigorously and even replaced without harming 

or losing the cells. 



In this study, the RS structure was redesigned for enhanced manufacturability, and a 

dialysis culture based on the RS bioreactor was demonstrated. In our earlier publication 

(YekrangSafakar et al., 2020), the first generation of RS, termed as UV-RS in this report, was 

fabricated through manual UV-imprinting, making it difficult to manufacture large-scale 

bioreactors. To overcome this issue, we developed Mesh-RS and Fiber-RS, both of which used a 

feed spacer to control the gap between each layer, as shown in Figure 2a. The feed spacer is 

commonly used in a reverse osmosis water filter (Haidari, Heijman, & Van Der Meer, 2018). 

Fiber-RS had an additional layer of non-woven fiber to further increase the surface area for cell 

attachment. We demonstrated high-density adherent culture with these two types of RSs to prove 

their functionality. Besides, we implemented a dialysis culture system with the RS bioreactor. The 

dialyzed media were collected separately rather than mixed with the spent media to greatly enhance 

dialysis efficiency.  

2. Materials and methods 

2.1 Fabrication of RS 

Mesh-RS was fabricated by rolling a 50 µm-thick polyethylene terephthalate (PET) film 

(8567K24, McMaster-Carr, USA) and a feed spacer or mesh (Naltex Extruded Netting 115330, 

Delstar, USA) around a 3.18 mm diameter nylon rod. At the end of the rolling, the rolled film 

layers were glued with a UV curable adhesive (1187-M, Dymax, USA) and inserted into a RS 

holder. The UV curable adhesive was cured under a 100W UV LED (light emitting diode) with a 

peak wavelength at 349 nm for 5 minutes. To fabricate Fiber-RS, the PET film, the feed spacer 

layer, and a non-woven fiber layer (Reemay 2006, MidWest filtration LLC, USA) were rolled 

around the same nylon rod. Similarly, the rolled film layers were glued and placed into a RS holder. 



To make a RS holder, two syringes were cut, leaving the portion with the luer lock 

connectors. The RS was inserted into the cut syringes, and the two cut syringes were sealed with 

the UV curable adhesive, as shown in Figure 2b. 10 mL syringes (309604, BD, USA) were used 

for small-size RSs, and 30 mL syringes (309650, BD, USA) were used for medium-size RSs.  

2.2 Configuration and operation of RS bioreactor 

The RS holder was connected to two three-way stopcocks (99781, Qosina, USA) on either 

side, followed by two oxygen sensors (FTC-SU-PSt3, PreSens, Germany) read by fiber optic 

oxygen meters (OXY-1 SMA, PreSens, Germany), as shown in Supplementary Figure S1. The 

two oxygen sensors measured the dissolved oxygen concentration (DO) of the media passing 

through them. Needleless aseptic connectors (C1000, Clave Connector, ICU medical, Inc., USA) 

were connected to the third ports of the stopcocks. These were used as access ports to inject the 

cells into the RS or take samples during the cell expansion. A 100 mL spinner flask (CLS-1430-

100, Chemglass, USA) and a 1 L glass bottle (218105403, DURAN, Germany) were used as the 

media reservoirs for small RS and medium RS, respectively. The media in the reservoirs were 

stirred by a magnetic stirrer (MS-01UA, Crystal Technology & Industries Inc., USA) at 480 rpm 

(revolutions per minute). A magnetic stir bar was used in the 1 L reservoir. The RS and the 

reservoir were connected using 1/16” ID Tygon tubing which passed through a peristaltic pump 

(Masterflex L/S 77300-40, Cole-Palmer, USA). A multichannel cartridge pump head (Masterflex 

7519-20, Cole-Palmer, USA) was used for small-size RS bioreactor with the flow rate in the range 

of 80 - 5,000 µL/min, and an Easy-Load® II pump head (Masterflex 77200-50, Cole-Palmer, USA) 

was used for medium-size RS bioreactor with the flow rate in the range of 1,300 - 78,000 µL/min. 

The media inside the 1 L reservoir was sparged with humidified 5% CO2 air when the upstream 

DO decrease to 5.5 mg/L. 



2.3 Seeding procedure for RS bioreactors 

Prior to seeding cells into the RS, the RS was filled with growth media and incubated for 

3 hours. Afterward, the RS was seeded through the upstream access port. Mesh-RS and Fiber-RS 

were seeded with a cell suspension of 2×105 and 8×105 cells/mL, respectively, to have the target 

seeding density of 5×103 cells/cm2. The seeded RS was incubated at a 5% CO2 37 °C environment 

without media flow for 3 hours to ensure proper cell attachment. 

2.4 Control of media flow rate 

The media flow rate was controlled manually with Mesh-RS bioreactors and automatically 

with Fiber-RS ones. After incubating the seeded RS for 3 hours, the media was circulated at 80 

µL/min for Mesh-RS and 1300 µL/min for Fiber-RS. As cells grow in number over time, the total 

oxygen consumption increases, causing the downstream DO to decrease further with increasing 

cell numbers. In Mesh-RS bioreactors, the flow rate was manually doubled to provide sufficient 

oxygen to the cells, when downstream DO decreases to 3 mg/L. In Fiber-RS bioreactors, the flow 

rate was controlled by a computer using a custom MATLAB (MathWorks, USA) script, which 

increased the flow rate by 10% whenever the downstream DO decreases to 3 mg/L, resulting in 

significantly more stable downstream DO.  

2.5 Characterization of cell growth and culture medium 

The DO at upstream and downstream were measured every 2 minutes. The total oxygen 

consumption rate (OCRtotal) of the cells inside the RS was calculated as below: 

( ) QDODOOCR downstreamupstreamtotal −=  

where DOupstream and DOdownstream are the DO at upstream and downstream, and Q is the media flow 

rate. The growth rate, µ, was calculated based on the OCRtotal: 
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where x2 and x1 are the OCRtotal at times t2 and t1. 

The media samples were taken from the upstream access port. Glucose concentration was 

measured using GlucCellTM (Cesco Bioengineering, Taichung, Taiwan), and lactate concentration 

was measured by Lactate Plus (J1384N, Nova Biomedical, USA). A standard curve for lactate 

concentration was generated with lithium lactate (440469, Sigma-Aldrich, USA) solution in the 

same growth media.  

2.6 Harvesting expanded cells in RS bioreactors 

After stopping the media flow, PBS (phosphate buffered saline) was injected into the RS 

through the upstream access port to wash away the culture medium. Then, 0.25% trypsin-EDTA 

(25200056, Life Technologies, USA) was injected into the RS, and the RS was incubated at 37 °C 

for 5 minutes. After detaching the cells, the RS was injected with culture media at a high flow rate 

to collect the detached cells. This process was repeated two more times for higher harvesting 

efficiency.  

2.7 Dialysis setup 

The dialysis setup consisted of a dialyzer (114745L-Revaclear 300 dialyzer, Gambro 

Dialysatoren GmbH, Germany) with a 1.4 m2 membrane area, two media reservoirs, two dialysate 

reservoirs, and a RS bioreactor, as shown in Figure 5a and Supplementary Figure S2. Both ends 

of the RS were connected to both media reservoirs with three-way stopcock valves to select one 

reservoir at a time. The two media reservoirs were also connected through the dialyzer. 



Initially, the culture media was stored in the first media reservoir and pumped into the RS. 

During the dialysis, which took about 20 minutes, the media in the first reservoir flowed through 

the dialyzer at 46 mL/min, while the dialysate (Ham’s F-12K, 21127022, Life Technologies, USA) 

was pumped into the dialysate port in a countercurrent flow at 96 mL/min. Cellular biowastes with 

low molecular weights in the culture media were moved to the dialysate through the dialyzer’s 

membrane, while target proteins and antibodies with high molecular weight were retained in the 

culture media. The dialyzed media was collected in the second reservoir to separate them from the 

undialyzed media in the first reservoir. Once most of the media in the first reservoir was dialyzed, 

the dialyzed media in the second reservoir was pumped into the RS.  

2.8 Cell culture and culture medium 

CHO-K1 cells were maintained in T-flasks in a humidified 5% CO2 environment at 37 °C. 

The growth media consisted of Ham’s F-12K (Kaighn’s) Medium (21127022, Life Technologies, 

USA) supplemented with 10% (v/v) fetal bovine serum (FBS, 10437028, Life Technologies, USA) 

and 1% (v/v) penicillin streptomycin (15140122, Life Technologies, USA). Cells were subcultured 

every four days when they reached 70-80% confluency. The same medium was used in the RS 

bioreactors. 27 mL of concentrated supplement (CHO CD EfficientFeed™ A, Life Technologies, 

USA) was added to the Fiber-RS reservoirs when glucose levels decreased to 0.25 g/L or below. 

3. Results 

3.1 Cell expansion in Mesh-RS 

We expanded CHO-K1 cells in the Mesh-RS bioreactor and observed the OCRtotal, which 

is proportional to the total cell number. The cellular metabolism and the growth were monitored 

in real-time by measuring the DO of media at upstream and downstream, as shown in Figure 3a. 

The DO at upstream slowly decreases by about 17% over 4 days, showing that the gas transfer 



efficiency in the reservoir was sufficient for the maximum cell population. The downstream sensor 

shows a lower DO value than the upstream one, as the cells in the RS consume dissolved oxygen 

in the passing media. As cells proliferate over time, the total oxygen consumption increases and 

the downstream DO decreases. Each time the downstream DO decrease to 3 mg/L, the flow rate 

was increased to provide sufficient oxygen to the cells.  

The OCRtotal increased exponentially with an average doubling time of 15.4 ± 0.9 hours, as 

shown in Figure 3b. To evaluate the growth of CHO-K1 cells in Mesh-RS, three expansions in 

small-size, denoted by ‘Mesh-SRS’, and two expansions in medium-size, denoted by ‘Mesh-MRS’, 

were performed. Cells in Mesh-SRS were harvested 90 hours after the cell seeding, and the 

resulting doubling times of ‘Mesh-SRS#1’, ‘Mesh-SRS#2’, and ‘Mesh-SRS#3’ were 14.4, 16.7, 

15.7 hours, respectively. Cells in medium-size Mesh-RSs exhibited a similar growth rate to those 

in the small-size ones. In Mesh-MRS#1, 950 million cells were harvested after 116 hours, 

indicating a 103-fold increase in the cell population. Cells in Mesh-MRS#2 showed a 66-fold 

increase in the OCRtotal over a 99-hour culture period (cells were not harvested from the RS in this 

experiment). Cells doubling time during Mesh-MRS#1 and Mesh-MRS#2 runs were 14.8 and 15.3 

hours, respectively. 

OCRtotal is linearly proportional to the number of cells inside the RS, as shown in Figure 

3c. We compared harvested cell counts to the final OCRtotal value just before harvesting cells to 

identify the correlation between CHO-K1 cell count and oxygen consumption in the RS bioreactor. 

The data presented in Figure 3c was collected from multiple cell expansions in UV-RS bioreactors 

in our previous study (YekrangSafakar et al., 2020) and Mesh-RS bioreactors in this paper. The 

average cell-specific oxygen uptake rate (OURCHO-K1) was 39.2 ± 3.5 amol/cell/s, which is similar 

to the reported values of 55 amol/cell/s (Gray, Chen, Howarth, Inlow, & Maiorella, 1996) and 47-



66.8 amol/cell/s (Goudar, Piret, & Konstantinov, 2011). The RS bioreactor’s unique configuration 

allows for direct and real-time measurement of the OCRtotal, from which the total cell count and 

the cellular metabolic level can be extracted based on cell-specific oxygen uptake rate.  

To assess the cell proliferation rate with different scales of RS bioreactors, we compared 

the growth rate and the OURCHO-K1 for small-size and medium-size Mesh-RSs, as shown in Figure 

3d and 3e. The average growth rate of cells in Mesh-SRS and Mesh-MRS were 1.09 ± 0.05 1/day 

and 1.11 ± 0.03 1/day, respectively. Moreover, the OURCHO-K1 were 41.0 amol/cell/s for Mesh-

SRS and 42.4 amol/cell/s for Mesh-MRS. Hence, cells’ metabolism was consistent regardless of 

the RS bioreactor size. 

3.2 Cell expansion and low-temperature culture in Fiber-RS   

Two cell expansions with Fiber-RS bioreactor were performed, labeled as Fiber-RS#1 and 

Fiber-RS#2 in Figure 4a. Both runs exhibited an exponential growth phase in the first 5 days. Cells 

in Fiber-RS#1 showed a 103-fold increase in 111 hours based on the OCRtotal, while cells in Fiber-

RS#2 had a 77.5-fold increase in 107 hours. The cell doubling times for these two expansions were 

16.6 and 17.0 hours, respectively. Although the cell growth rates in the two expansions were very 

similar, the fold-increases exhibited some variation due to the difficulties in assessing initial 

OCRtotal accurately. On day 6, the OCRtotal of Fiber-RS#1 showed a gradual saturation, where the 

total cell number and cell density were estimated at 1670 million and 64.7×106 cell/mL. We believe 

that this saturation is due to the lack of available surface area for newly divided cells, as the internal 

surface of the RS is occupied by other cells. The media in the reservoir was exchanged on day 6 

to replenish the nutrients at the end of the exponential growth phase. On day 7, the incubator’s 

temperature was lowered to 34 °C to slow down cell proliferation. It is a common practice in the 

biopharmaceutical industry to reduce the temperature during the protein production phase to slow 



the cell metabolism for enhanced protein production (Ahn, Jeon, Jeong, Lee, & Yoon, 2008; Chen, 

Wu, Liu, Liu, & Huang, 2004; Chuppa et al., 1997; Rodriguez et al., 2010). Cells in Fiber-RS#1 

were maintained for 10 days with an occasional supply of the nutrient supplement. 

The cumulative consumption of glucose increased exponentially during the growth phase, 

as shown in Figure 4b. In the Fiber-RS#1 run, the total glucose consumed by cells started to 

increase linearly after day 6 as the OCRtotal approached saturation, suggesting a constant glucose 

consumption. The specific glucose consumption rate (qglc) was analyzed at different cell densities, 

shown in Figure 4c. For both Fiber-RS runs, qglc reached a steady state of 3.5 pmol/cell/day when 

cell density increased to 30×106 cells/mL. Other high-density culture studies that used CHO cells 

reported a qglc of 2 pmol/cell/day (M. F. Clincke et al., 2013) and 1.5 pmol/cell/day (Xu & Chen, 

2016). Higher qglc in the RS bioreactor suggests that cells in the RS have a higher metabolic rate.  

3.3 Dialysis culture in Fiber-RS 

We expanded 2 billion cells in the Fiber-RS bioreactor and used a dialyzer in the RS setup 

to maintain the culture for 10 days without replacing the media, as shown in Figure 5. Using the 

dialysis module in Figure 5a, we removed cellular biowastes and replenished nutrients at the end 

of the exponential growth phase on day 5. In the first 125 hours of cell expansion, cells exhibit 

similar exponential growth to Fiber-RS#1 and Fiber-RS#2, with a doubling time of 18.7 hours. At 

the end of the growth phase on day 5, the reservoir’s media was dialyzed. The dialysis took about 

20 minutes, after which the lactate concentration in the media reservoir was reduced by 92%, and 

the glucose concentration was recovered from 21% to 100% of a fresh media, as shown in Figure 

5c. The total amount of glucose and lactate in the main media and the used dialysate remained 

consistent before and after the dialysis process, as shown in Figure 5d. On day 6, the OCRtotal 

reached saturation with the number of cells estimated to be 2 billion, indicating a cell density of 



72.8×106 cells/mL. After day 6, the nutrient supplement was periodically added to the reservoir 

and a high cell density was maintained until day 10.  

4. Discussion 

4.1 RS bioreactor for large-scale cell culture 

The unique design of RS bioreactor has the potential to overcome the existing limitations 

of current large-scale bioreactors. First, the microenvironment does not vary with increasing RS 

capacities. As shown in Figure 3, RSs with different capacities have almost the same cell growth 

characteristics. The capacity of RS is increased by increasing the number of layers with the same 

composition and gap height, and this ensures an identical microenvironment for cells over different 

scales. On the contrary, the microenvironments of stirred-tank bioreactors change with their 

capacities, requiring careful optimization for scaling up. Second, in the RS bioreactor, the medium 

flows through the gap from upstream to downstream in a laminar flow due to the small gap height. 

As such, the fluid flow in the RS bioreactor creates much less shear stress on cells and transport 

nutrients and gases more efficiently. Third, combined metabolic activities of cells or total cell 

population can be directly monitored in real-time with the upstream and downstream sensors. A 

real-time assessment of cellular metabolic activities would facilitate the optimization of the culture 

medium and other operating parameters of the RS bioreactor. Lastly, the culture media is mostly 

separated from the cells, and the culture media can be aerated, stirred, replaced, or dialyzed without 

damaging cells, increasing efficiency and flexibility in the bioreactor operation.  

On the other hand, the RS bioreactors require cell detachment and seeding, when one wants 

to further expand the cells in a larger RS-bioreactor. Typically, the cells would need about half a 

day to fully recover their growth rate, which would slow down the cell expansion to the desired 

scale. This can be minimized by reducing the initial seeding density and increasing the fold-



increase per each expansion stage. In our recent tests, CHO cells were expanded in T-flasks at 20% 

of typical seeding concentrations without showing a reduction in the growth rate, suggesting that 

further optimization of seeding density in RS bioreactors is feasible. Also, current cell lines and 

media are mostly developed for suspension culture. For the highest production efficiency with the 

RS bioreactor, cell lines and culture media specifically optimized for adherent culture would be 

essential. Lastly, with a much larger RS, the preferential flow pathway may form and the media 

flow may not be evenly distributed. We believe that this can be prevented by using a shower-head 

setup inside the RS holder, as shown in Supplementary Figure S3.  

4.2 Comparison between Mesh-RS, Fiber-RS, and UV-RS 

Fiber-RS provides a higher cell culture density compared to Mesh-RS and UV-RS due to 

the embedded fiber layer. A medium UV-RS with 5.5 mL of internal volume can maintain 960 

million cells at its peak confluency and the cell density inside the UV-RS bioreactor is up to 

61.8×106 cells/mL. A Mesh-RS with a similar surface area would have 47 mL of internal volume 

as the gap between its layers is 4.6 times larger than that of UV-RS. The cell density in a Mesh-

RS can reach up to 20.4×106 cells/mL. However, Fiber-RS provides up to 72.8×106 cells/mL due 

to its additional fiber layer that increases the surface area dramatically. The use of feed spacer 

simplifies the fabrication process of Fiber-RS and Mesh-RS for large-scale production, but we 

believe that it will result in higher shear stress than UV-RS. Supplementary Table S1 summarizes 

the key characteristics of each type of RS. In summary, although UV-RS provides great 

performances, it is very challenging to mass-produce UV-RS without building a complicated roll-

to-roll UV imprinting setup. Fiber-RS can be a practical alternative to UV-RS with comparable 

performances, as Fiber-RS has large-capacity and mass-producibility. 



4.3 Cellular growth rate within a RS bioreactor 

We compared the growth rate of CHO-K1 cells in the RS to three different perfusion 

cultures in the literature that achieved cell densities over 50×106 cells/mL, as shown in Figure 6. 

In this comparison, the cell density of the RS bioreactor is based on the cell population over the 

RS internal volume rather than the reservoir volume, as similarly done in Zhang et al. (2015). 

CHO-K1 cells in culture flasks exhibited an average growth rate of 1.078 ± 0.014 1/day or a 

doubling time of 15.5 hours over six passages. The same cells in RS bioreactors exhibited a 

comparable growth rate with an average of 0.95 ± 0.07 1/day or a doubling time of 17.5 hours. We 

maintained the 2 billion cells in RS bioreactor for 11 days and used 2L of media. This is equivalent 

to cell-specific perfusion rate (CSPR) of 100 pL/cell/day. The growth rate was consistent over 

different cell densities until the available surface area was depleted and the cell population 

saturated. Clincke et al. (2013) utilized a disposable WAVE Bioreactor™ with an alternating 

tangential flow (ATF) system for its cell retention to reach the maximum cell density of 101×106 

cells/mL with a CSPR of 50-60 pL/cell/day. The growth rate started at 0.7 1/day, but it dropped to 

0.35 1/day when the cell density increased above 30×106 cells/mL on day 5. In another study 

(Zhang et al., 2015), CHO cells were immobilized in a CellTankTM bioreactor. The perfusion 

culture reached a cell density of 110×106 cells/mL after 13 days with an average growth rate of 

0.37 ± 0.1 1/day and a CSPR of 50 pL/cell/day. Finally, Xu & Chen (2016) achieved a cell density 

of 68.3×106 cells/mL in a stirred tank bioreactor with an ATF system. The cells had a steady, non-

increasing growth rate of 0.52 ± 0.09 1/day during the growth phase, with CSPR reported at 23 

pL/cell/day. A consistently high growth rate significantly shortens the cell expansion phase in 

biopharmaceutical production and reduces the time and cost of the upstream process (Bielser, Wolf, 

Souquet, Broly, & Morbidelli, 2018).  



4.4 Using dialysis in the RS bioreactor setup  

Dialysis offers an effective method to remove cellular biowastes while retaining 

macromolecular products in the bioreactor. Other studies (Comer et al., 1990; Frahm, Lane, Märkl, 

& Pörtner, 2003; Kurosawa, Märkl, Niebuhr-Redder, & Matsumura, 1991) have used dialysis 

setup before but they suffer from poor efficiency. In these studies, the dialyzed media was not 

collected separately. The dialyzed media was mixed with the un-dialyzed media and the 

concentration of cellular biowaste decreased very slowly. Therefore, reducing the lactate level 

below 50% usually takes several hours (Czermak, Pörtner, & Brix, 2009; Nakano, Rischke, Sato, 

& Märkl, 1997), even if the dialysis systems has a high membrane area (Fuchs et al., 2002) 

The dialysis setup implemented in the RS bioreactor collects the dialyzed media in a 

separate reservoir, making it highly efficient compared to dialysis systems reported in earlier 

studies. As the dialyzed media is separated from the spent media, the cellular biowaste can be 

removed with high efficiency and in a significantly shorter time. In our study, the lactate 

concentration decreased to 8% in only 20 minutes of dialysis.  

5. Conclusion 

To keep up with the increasing demands in the biopharmaceutical industry for large-scale 

production of therapeutic proteins, a reliable and scalable bioreactor is urgently required. In this 

work, we presented two novel designs of the RS bioreactors. The fabrication processes of these 

new RSs, Mesh-RS and Fiber-RS, are significantly streamlined and can be automated using a 

simple roll-to-roll setup. We demonstrated that the Fiber-RS bioreactor could reach a peak cell 

density of 72.8×106 cells/mL. The fast growth rate of CHO-K1 cells in the RS bioreactors was 

maintained over a longer period than other comparable high cell density bioreactors. Moreover, 

we showed the integration of a dialyzer into the RS bioreactor to efficiently remove cellular 



biowaste without disturbing cells, to prolong the cell culture without replacing costly media. This 

has a strong potential to increase yield and reduce media costs significantly. In conclusion, 

although there are some remaining technical challenges, the RS bioreactor is a highly efficient, 

reliable, and affordable platform for expanding mammalian cells and has the potential to produce 

biopharmaceutics with higher productivity on an industrial scale. Besides, the RS bioreactors can 

be used in other large-scale cell culture applications, where adherent culture is preferred over 

suspension culture.  
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Figure legends 

Figure 1 Schematic diagram of rolled scaffold (RS) and RS bioreactor. (a) RS is made by rolling 

multiple layers to create a uniform gap between them. (b) RS is placed in a holder and the culture 

medium flows through its gap. Cells are growing on the internal surfaces of RS. (c) Simplified 

schematics of a RS bioreactor. The sensors at upstream and downstream can provide real-time 

assessment of combined cellular metabolism.  

Figure 2 Structures of Mesh-RS and Fiber-RS. (a) Different layer structures of UV-RS, Mesh-RS, 

and Fiber-RS with their cross-section image. (b) The surface area increases quadratically by 

increasing the radius of the RS. L is the length of RS. (c) A phase-contrast image and (d) a 

fluorescent confocal image of CHO cells growing on the fiber layer. 

Figure 3 Expansion of CHO-K1 cells in Mesh-RS. (a) Dissolved oxygen concentrations at 

upstream and downstream were measured during the culture period. The flow rate was increased 

to provide more oxygen to cells. (b) The oxygen consumption increased exponentially over time. 

Number of harvested cells at the end of each expansion is shown in boxes. (c) The number of cells 

inside the RS has a linear correlation to the amount of oxygen they consume. Comparing (d) the 

average growth rate and (e) the oxygen consumption rate of cells growing in medium and small 

Mesh-RSs shows little difference.  

Figure 4 The growth of CHO-K1 cell in Fiber-RS. (a) The oxygen consumption increased 

exponentially, indicating an exponential growth for the initial 5 days. In Fiber-RS #1, cells were 

maintained for 10 days by changing the media on day 6 and reducing the temperature from 37°C 

to 34°C on day 7. (b) The cumulative consumption of glucose increased exponentially before cells 



reached saturation on day 7. (c) The cell-specific glucose consumption rate in Fiber-RSs over 

different cell densities.  

Figure 5 RS bioreactor with dialysis module. (a) Configuration of a RS dialysis bioreactor. 

Peristatic pumps are not shown. (b) CHO-K1 cells can be cultured for more than 10 days without 

replacing the media. During this period, air pressure in the flask was adjusted and supplements 

were added to provide adequate oxygen and nutrient to the cells. (c) After performing the dialysis 

on day 5, 92% of the lactate in media flask was removed and the glucose concentration was fully 

recovered. (d) The total amounts of glucose and lactate were preserved during the dialysis. 

Figure 6 Comparing the growth rate of CHO cells in different high cell density bioreactors. Cells 

in RS bioreactors consistently showed a higher growth rate even at high cell densities until the cell 

population saturated. 



 

  



  



  



  



  



  



  



  



  



  



 

 


