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Abstract

Bioreactors for large-scale culture of mammalian cells are playing vital roles in biotechnology and
bioengineering. Various bioreactors have been developed, but their capacity and efficiency are
often limited by insufficient mass transfer rate and high shear stress. A rolled scaffold (RS) is a
fully defined scaffold for high-density adherent culture of mammalian cells. The RS is a polymer
film with spacers, that is rolled into a cylinder with a pre-determined gap between each turn. Cells
are cultured on its inner surfaces, while media flows through the gap. The RS exhibits high surface-
area-to-volume ratio over 100 cm?*/mL and can transport nutrients and gases with significantly
reduced shear stress via convection in a unidirectional laminar flow, rather than diffusion and
random turbulent flow as in stirred-tank bioreactors. In this paper, we expanded Chinese Hamster
Ovary cells with RS bioreactors and demonstrated cell culture density over 60 million cells/mL
with a growth rate higher than conventional suspension culture. Besides, murine embryonic stem
cells were successfully expanded without losing their pluripotency. The RS will provide an
affordable, scalable, and reliable platform for large-scale culture of recombinant cells in

biopharmaceutical industries and shear-sensitive stem cells for tissue engineering.
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1. Introduction

Biopharmaceutical industry (Walsh 2014; Wurm 2004) uses mammalian cells to produce
therapeutic proteins and monoclonal antibodies (Reichert et al. 2005). In tissue engineering and
regenerative medicine, billions of stem cells are used to fabricate tissue engineered constructs
(Billiet et al. 2014; Yan et al. 2005) or to replenish lost or damaged cells in degenerative diseases
(Chong et al. 2014; Shiba et al. 2016). With these various demands in biotechnology, there is a
strong and immediate need for a reliable and efficient platform to culture a large amount of

mammalian cells.

Various methods have been developed to culture mammalian cells on a large scale.
Multilayer flasks (Abraham et al. 2017; Chen et al. 2014) can be used to culture anchorage-
dependent cells on a large scale. Scaling up this approach is straightforward from the conventional
2D techniques. However, the maximum culture capacity is limited and the techniques requires
manual operation (Jenkins and Farid 2015). Currently, the stirred-tank bioreactor is widely used.
Culture medium is sparged with air bubbles and stirred with impellers. This provides a uniform
and sufficient level of nutrients and dissolved gases. The cells are suspended in the culture medium
either as single cells (Chotteau et al. 2014), cell aggregates (Krawetz et al. 2009; Olmer et al. 2010),
or cells attached to microcarriers (Badenes et al. 2016; Gupta et al. 2016). In the biopharmaceutical
industry, genetically engineered cells are cultured as suspended single cells to produce
recombinant proteins and monoclonal antibodies (Wurm 2004). Stem cells, such as induced
pluripotent stem cells (iPSCs) and mesenchymal stem cells (MSCs), are anchorage-dependent and

often cultured as cell aggregates (Krawetz et al. 2009; Olmer et al. 2010).

Recently, a number of new platforms are commercialized to facilitate the large-scale

culture of mammalian cells. One of the recent developments is a disposable plastic bag on a
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rocking platform (Eibl et al. 2009; Singh 1999). This approach is similar to a stirred-tank bioreactor
where cells are suspended and the culture medium is mechanically agitated. However, the culture
medium is agitated by a gentle rocking motion and the shear stress on the suspended cells is
reduced (Eibl et al. 2009). Other commercialized techniques include hollow-fiber bioreactors
(Mizukami et al. 2018) and packed-bed bioreactors (Cino et al. 2003; Merten et al. 2001) with
porous scaffolds. These platforms typically achieve high cell culture densities and a more
favorable microenvironment. However, they still lack the culture capacity and scalability

compared to industrial scale stirred-tank bioreactors.

Due to its simple structure, stirred-tank bioreactors are widely used in biopharmaceutical
industries (Chu and Robinson 2001). The transport of nutrients and oxygen in stirred-tank
bioreactors relies on diffusion and random turbulent flow generated by impellers. As the capacity
of the bioreactor increases, the surface-area-to-volume ratio of the culture medium decreases. To
maintain sufficient mass transfer rate of nutrients and oxygen in larger stirred-tank bioreactors, the
mechanical agitation and sparging should be increased. This will increase hydrodynamic shear
stress (Abu-Reesh and Kargi 1991; Oh et al. 1989; Senger and Karim 2003), which can adversely
affect cell proliferation or protein production. As such, when scaling up, the mass transfer rate and
the hydrodynamic shear stress have to be carefully balanced for optimal culture conditions. The
scale and geometry of stirred-tank bioreactors greatly affect both the hydrodynamic shear stress
and the mass transfer rate. For this reason, empirical approaches are often used to optimize the
expansion protocol of a specific cell line for each bioreactor with different capacity. Also, cell
lines commonly used in biopharmaceutical industries have to be adapted to suspension culture
over multiple generations and screened for scalability (Sinacore et al. 2000; Wurm 2004). Besides,

stem cells such as MSCs and iPSCs are inherently anchorage-dependent and a ROCK inhibitor



(e.g. Y-27362) should be used to maintain initial viability of the suspended single cells (Amit et
al. 2010) until they form cell aggregates. In addition, the stirring rate should be even more carefully
adjusted in stem cell expansion, as it affects the size of cell aggregates (Moreira et al. 1995; Sen
et al. 2002) and differentiation potential (Gareau et al. 2014; Leung et al. 2010; Stolberg and

McCloskey 2009; Wolf and Mofrad 2009).

Here we report a novel rolled scaffold (RS) for large-scale adherent culture of anchorage-
dependent cells. The RS is a scalable scaffold for high-density adherent culture of mammalian
cells. It is fabricated by rolling a thin plastic film with UV-imprinted spacers into a cylinder with
a predetermined gap between each turn, as shown in Fig. 1. The cells are attached to and growing
on the internal surfaces of the RS, while the culture medium flows through the gap. The RS is
unique in that its microarchitecture is fully defined and engineered for optimal transport of oxygen
and nutrients. Unlike stirred-tank bioreactors, nutrients and oxygen are transported through
convection in a unidirectional laminar flow with higher efficiency. This drastically reduces the
hydrodynamic shear stress. More importantly, the capacity of the RS is scaled up by rolling more
plastic film with same spacers and the microenvironment is consistent with increasing culture
capacity. The current design provides a surface-area-to-volume ratio over 100 cm?/mL. In this
paper, we present the fabrication process and the dimensional analysis of the RS. We demonstrate
the expansion of Chinese Hamster Ovary (CHO) cells with a higher growth rate and the successful

culture of murine embryonic stem cells (mESCs).

2. Material and Methods
Fabrication of Rolled scaffold: The fabrication process of the RS is presented in Fig. 2a. An array
of grooves with 1 mm spacing and 100 pm depth were engraved on a 1.6 mm thick silicon rubber

sheet with a laser engraver (VLS 2.30, Universal laser system Inc., USA). After washing the
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engraved silicon rubber with water and soap, the grooves were filled with ultraviolet (UV) curable
resin (1187-M, Dymax, U.S.A.) and covered with a 50 um thick polyethylene terephthalate (PET)
film. The mold was placed under a 100 W UV LED (light emitting diode) with the peak wavelength
of 349 nm for 5 minutes to cure the resin. The film was detached from the mold with the cured
UV-resin to form 100 um high spacers. The mold was cleaned with 70% ethanol for reuse. The
film was washed in 70% ethanol for 1 minute to remove the residue of the UV-resin between the
spacers. Figure 2b shows the SEM (scanning electron microscope) image of the film with spacers.
Afterward, the films were rolled tightly around a Nylon core rod with a diameter of 3.18 mm to
form the RS, as shown in Fig. 2¢. The diameter of the RS depends on the length of the film. The
film length was 34 cm for a small RS and 240 cm for a medium RS. Two syringes with a luer-lock
port were cut to make a RS holder, as shown in Fig. 2d. The holder was sealed with the UV-resin
on the joint. Two 3 mL syringes (309657, BD, USA) with a 4.75 mm inner radius and two 30 mL
syringes (309650, BD, USA) with a 10.75 mm inner radius were used to make holders for a small

RS and a medium RS.

Experimental setup: Figure 2e represents a schematic diagram of the setup. Prior to assembly, all
of the parts except the RS and the spinner flask were sterilized with 70% ethanol for 15 minutes.
RSs and spinner flasks were autoclaved. A 100 ml spinner flask (CLS-1430-100, Chemglass, USA)
with 100 ml of culture medium and a 1 L spinner flask (Bellco Glass, Inc., USA) with 1 L of
culture medium were used as reservoirs for a small RS and a medium RS. Tubing with a diameter
of 1.6 mm was used for fluidic connections. The upstream oxygen sensor (FTC-SU-PSt3 & OXY-
1 SMA, PreSens, Germany) measured the dissolved oxygen concentration of the culture medium
in the reservoir and the downstream oxygen sensor measured the culture medium passing through

the RS. Each access port between the oxygen sensor and the RS consisted of a 3-way stopcock



valve (GH-30600-23, Cole-Parmer, USA) and a needleless aseptic connector (C1000, Clave
Connector, ICU Medical, Inc., USA) for aseptic fluid handling. A peristaltic pump (UX-77300-40,
Masterflex, USA) was used to circulate the culture medium through the RS while a magnetic stirrer
platform (440811, Corning, USA) stirred the medium in the reservoir. Glucose concentration and
pH of the medium was measured by a glucose meter (GlucCell™, Cesco Bioengineering, Taichung,
Taiwan) and a pH meter (UX-05662-51 and UX-35618-32, Cole Parmer, USA). Humidified air
was injected into the reservoir using a 3 W air pump (AAPA7.8L, Active Aqua, USA). To control
and monitor the air pressure in the reservoir, a rotameter (7530-1-1-1-2C-01, King Instrument,

USA) and a pressure gauge (PEM199, Winters Instruments, USA) were used.

Cell line and characterization protocols: See supplementary information for details.

Cell seeding and culture: To facilitate the attachment of CHO cells, the RS was filled with poly-
L-lysine solution (P4707, Sigma-Aldrich, USA) and incubated for 1 hour at 37 °C, followed by a
PBS wash. Similarly, the RS was coated with 0.1% (v/v) solution of gelatin (16566, Electron
Microscopy Sciences, USA) for 1 minute to enhance the attachment and growth of mESC. Then,
the RS and the tubing were washed with culture medium. The RS was seeded by injecting the cell
suspension through the downstream access port, while the RS was kept vertical. Knowing the
surface area of the RS and the volume of media that is required to fill its channels, we calculated
the seeding density in cell/mL for each cell line. CHO cells were seeded at a density of 10° cells/mL
to have a target seeding density of 5 x 10* cells/cm?, at which the CHO cells had been seeded for
2D culture. mESCs were seeded at a density of 8 x 10° cells/mL to have a target seeding density
of 4 x 10* cells/cm?. In a typical 2D cell culture, mESC were seeded at 10 - 10° cells/cm?(Jaccard
et al. 2014; Kohlmeier et al. 2013; Stoelzle et al. 2011). After seeding, the setup was moved into

an incubator with 5% CO; at 37 °C and incubated without medium flow for 4 hours to ensure

7



proper cell attachment, while the RS was kept horizontal. After cell attachment, the media was
circulated with the peristaltic pump. The flow rate was doubled when the downstream oxygen
concentration became lower than 3 mg/L. To replenish the depleted nutrients, a concentrated
nutrient supplement (CHO CD EfficientFeed™ A Nutrient Supplement, Gibco, USA) was added

to the reservoir.

Cell harvesting protocol: To harvest the expanded cells, the RS was removed from the setup by
disconnecting the 3-way stopcock valves from the oxygen sensors. Through the upstream access
port, PBS was injected to wash away the culture medium, followed by the injection of trypsin
(25200056, Life Technologies, USA) for CHO cells and accutase (AT104-100ml, Innovative Cell
Technologies, Inc., USA) for mESCs. After incubating at 37°C for 4 minutes, the RS was gently
washed with fresh culture medium to wash away the detached cell. The cell detachment process

was repeated a few times to ensure the complete collection.

3. Result and Discussion

Key characteristics of the RS can be controlled by varying its dimension and the flow rate of the
medium. Figure 3a shows the surface area of the RS that is proportional to the square of its radius
and inversely proportional to the spacer’s height. The surface area, 4, can be described as below,

2 2
A:ng 1)

h+t

where R, r, L, h, and ¢ are radius of the RS, radius of the core rod, length of RS, height of the
spacers, and thickness of the PET film, respectively. In this study, # was 100 pm, ¢# was 50 pm,

and L was 4.3 cm. The surface area of a small RS with R of 4.5 mm and that of a medium RS with

R of 10.75 mm were 251 cm? and 1831 ¢cm?, which were equivalent to 10 and 73 T-25 culture



flasks. The volume of the small RS and the medium RS were 2.5 mL and 16 mL. The surface-
area-to-volume ratio of the small RS and the large RS were 100.4 cm?>/mL and 114.4 cm?/mL,

respectively.

The surface-area-to-volume ratio can be increased, by reducing 4. However, this will increase the
hydrodynamic shear stress on the cells. The shear stress, 7z, in the RS can be calculated with the
Poiseuille equation (Holt et al. 2006; Longuet-Higgins and Austin 1966), as shown below,

_ 610 _ 61Oy (h + t)
hw O.9><7z(R2 —rZ)x h?

(2)

where u, Oc, Or, and w are the viscosity of culture medium, flow rate between adjacent spacers,
total flow rate through the RS, and spacing between each spacer, respectively. Calculated shear

stress in a medium RS is presented in Fig. 3b.

As cells in the RS consume oxygen in the culture medium, the cells near the downstream will
experience lower oxygen concentration than those near the upstream. The oxygen concentration
difference between the upstream and the downstream, A[Oz], will be affected by the flow rate and
length of the RS. Assuming a uniform oxygen uptake rate of individual cells in the RS, A[O2] can

be calculated as below.

27[(R2 —r?

0. (h+t) x0.9 (3)

Alo,]= px OUR, x(i] = px OUR,. x
Or

where p and OURCc are the cell density per unit area and the oxygen uptake rate of a single cell.

From our experiments with RSs, the OURc was measured to be 105.2 pg/day/cell (or 38.04

amol/s/cell) and the typical oxygen concentration at the upstream was about 6.23 mg/L. In Fig. 3c,



A[O2] in a medium RS is presented based on the cell density of 10° cells/cm?. It is proportional to
the length of the RS, L, and inversely proportional to the total flow rate, Or. The shear stress and
A[O:] can be easily adjusted by varying the spacer height, 4, and the flow rate, Or, as shown in

Fig. 3d.

We examined the proliferation of the CHO cells in a small RS, as shown in Fig. 4. The oxygen
consumption rate was used as a primary indicator of the total metabolic activity of the cells. To
this end, the dissolved oxygen concentrations at the upstream and downstream were measured, as
shown in Fig. 4a. The medium was not circulated for the initial 4 hours after cell seeding to enhance
cell attachment. The medium was then perfused with a peristaltic pump at a minimum flow rate of
80 puL/min, which is the minimum flow rate of the used pumping system. As the cell proliferated,
the downstream oxygen concentration decreased rapidly, whereas the upstream dissolved oxygen
concentration exhibited little change. Once the downstream oxygen concentration decreased below
3 mg/L, the flow rate was doubled. The morphology of the CHO cells was checked at 4, 48, and
94 hours after the cell seeding by imaging the PET film unrolled from the RS, as shown in Fig. 4b
and Supplementary Fig. 1. The CHO cells were successfully attached to the PET substrate after 4
hours, with a seeding efficiency of 98%. At 48 and 94 hours, the CHO cells showed normal
morphology and the cell density increased substantially. Based on the image analysis, the cell
density was 4.89 x 103, 2.33 x 10%, and 1.67 x 103 cells/cm? at 4, 48, and 94 hours after the cell

seeding, respectively.

The unique configuration of the RS allowed direct measurement of the oxygen consumption rate,
based on the flow rate and the difference between the upstream oxygen concentration and the
downstream oxygen concentration, as shown in Fig. 4c. As mentioned before, the peristaltic pump

was turned off after the cell seeding for 4 hours to ensure cell attachment. During this period, the
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cells consumed the oxygen in the culture medium confined in the RS. When the perfusion started,
the consumed medium passed through the downstream oxygen sensor and a peak in the oxygen
consumption rate was produced. After the initial peak, the oxygen consumption rate increased
exponentially, suggesting exponential proliferation of the CHO cells in the RSs. After 80 hours of
active growth, the oxygen consumption rate showed a gradual saturation. The number of the CHO
cells harvested from ‘SRS - 2’ and ‘SRS - 3’ in Fig. 4c were 4.37 x 107 and 3.6 x 107, respectively.
The cell density was (1.60 + 0.2) x 10° cells/cm?, which was similar to the cell density in a tissue
culture flask at 90% confluency. The gradual saturation of the cell proliferation can be attributed
to the contact inhibition (McClatchey 2012) and the lack of the culture area for newly born cells.
The total fold-increase of the CHO cells in the small RS was 32.1 + 4.3 times and the average
culture time was 94.3 + 1.2 hours. The average doubling time was 18.85 £ 0.56 hours. Figure 4d

shows the growth rate, u (Baptista et al. 2013; Nath et al. 2017) of CHO cells in the small RS.

After successful expansion with small RSs, medium RSs with a 100 ml spinner flask with a vented
cap (MRS-100ml) or a 1 L spinner flask with a vented cap (MRS-1) were tested, as shown in Fig.
5a. Both cases clearly showed exponential cell growth for over 72 hours with MRS-100ml and 96
hours with MRS-1. However, the upstream oxygen concentration dropped significantly when the
oxygen consumption rate went over § pg/min for MRS-100ml and 40 pg/min for MRS-1, due to

the limited gas transfer rate of the spinner flasks with simple vented caps.

In the third trial, denoted as ‘MRS - 2’, sparging was tested to increase the gas transfer rate. When
the upstream oxygen concentration started to drop, the culture medium in the reservoir was sparged
for 5 minutes. The upstream oxygen concentration increased very rapidly with sparging, as shown
in Fig. 5b and Supplementary Fig. 2c. However, a thick layer of foam was generated quickly and

prevented the rotation of the impeller. In another attempt denoted as ‘MRS - 3°, the chamber was
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slightly pressurized to enhance the gas transfer rate. Humidified air with 5% CO> was injected into
the 1 L spinner flask’s overhead space using an air pump at 2 mL/s. When the upstream oxygen
concentration eventually started to decrease with the increased oxygen consumption rate near the
end of the culture, the flask was pressurized by attaching a 4 m long thin tubing with a diameter
of 0.8 mm at the end of the vent. In a separate testing, the attachment of the thin tubing increased
the pressure by 0.3 psi. Both the upstream and downstream oxygen concentrations increased by
about 18%, as shown in Supplementary Fig. 2d. In all of these trials, the CHO cells showed active
proliferation, evidenced by the exponential increase in oxygen consumption and the decrease in
the glucose concentration and the pH, as shown in Fig. 5c and 5d. The average growth rate of these

four trials was comparable to that of the small RSs, as shown in Fig. Se.

Based on these trials, the pressurization approach as in ‘MRS-3’ was selected and the setup was
further improved. To provide sufficient oxygen, humidified air with 5% CO; was injected into the
overhead space of the spinner flask with an air pump. A rotameter was attached to the vent of the
spinner flask to control the pressure of the reservoir, and a nutrient supplement was used to
replenish the depleted nutrients in the culture medium. This trial was termed as ‘MRS - 4’ and its
setup is detailed in Supplementary Fig. 3. For the initial 50 hours, the air was injected without
being humidified by accident and the medium volume decreased by 100 mL, producing osmotic
pressure. This osmotic pressure decreased the proliferation rate of the cells in the RS, as shown in
Fig. 6a. The culture medium was fully changed at 204 hours and the cells proliferated actively
afterward. At 225 hours after seeding, the upstream oxygen concentration started to decrease, as
shown in Supplementary Fig. 2e. We pressurized the spinner flask by closing the valve on the
rotameter. The pressure increased by 1.8 psi and the outlet air flow rate reduced from 17 mL/s to

1 mL/s. The upstream oxygen concentration was kept above 5.4 mg/L with an oxygen consumption
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rate of 80 pg/min. In this trial, over 958 million CHO cells were produced from 9.1 million cells.
As the volume of a medium RS was 16 mL and the surface area was 1831 cm?, the resulting culture

density was 6.0 x 107 cells/mL or 5.2 x 10° cells/cm?.

The growth rate, u, of the CHO cells in the RSs was 1.001 + 0.225 day™' on average, which is
significantly higher than other studies. Other studies (Clincke et al. 2013; Ducommun et al. 2002;
Kwon et al. 2017; Lee et al. 2005; Mignot et al. 1990; Zhang et al. 2015) that expanded CHO cells
with suspension culture reported a growth rate in the range of 0.17 — 0.72 day™!. We believe that
low shear stress, sufficient mass transfer rate, and monolayer culture provided the optimal
environments for cellular growth. Similarly, the maximum culture density of the RS, which was
6.0 x 107 cells/mL, was similar or higher than other studies summarized in Supplementary Table
1. In earlier studies, the final culture density of 12.3 x 107 cells/mL was achieved (Clincke et al.
2013) using a disposable plastic bag on a rocking platform. A density of 13.0 x 107 cells/mL was
also reported (Zhang et al. 2015) based on a non-woven matrix-based bioreactor. Other than these
two studies, most studies (Ducommun et al. 2002; Kwon et al. 2017; Lee et al. 2005; Mignot et al.
1990) on high-capacity CHO cell culturing reported a maximum culture density in the range of 0.1

x 107 = 3.6 x 107 cells/mL.

We also cultured mESCs with a small RS. The oxygen consumption rate exhibited exponential
growth, as shown in Fig. 7a. The average growth rate was lower than the CHO cells, as evidenced
in Fig. 7b. The average fold increase was 4.13 + 1.31 times and the average culture time was 95.61
+ 19.57 hours. The expanded mESC maintained strong pluripotency. As shown in Fig. 7c, the
expression levels of three pluripotent genes, Nanog, Sox2, and Pou5fl were similar between the

mESCs expanded with small RSs and those cultured with standard 2D tissue culture plastic-wares.
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A strong and uniform expression of Oct4 was confirmed by immunofluorescence staining the

mESCs expanded with a small RS, as shown in Fig. 7d.

As demonstrated with the successful expansion of CHO cells and mESCs, the RS is an efficient
platform to culture anchorage-dependent cells on a large scale. The unique geometry of the RS
provides a number of advantages over conventional platforms. First, the RS can provide consistent
microenvironments that are independent of its capacity, as the capacity of the RS is expanded by
increasing the length of the rolled plastic film with same spacer height. As a result, the growth and
metabolism of the cells are consistent with different capacities of the RSs. For instance, x4 and
OURc of CHO cells in small RSs were 1.06 + 0.16 day™ and 39.07 + 3.72 amol/s/cell, whereas
those in medium RSs were 1.00 + 0.23 day™' and 37.63 + 3.4 amol/s/cell. As a reference, OURc of
CHO cells were reported to be 47 — 66.8 amol/s/cell (Goudar et al. 2011) and 55 amol/s/cell (Gray
et al. 1996). Second, the cells in the RS experience significantly reduced shear stress than those in
other culture platforms, as nutrients and gases are transported through convection in a
unidirectional laminar flow. The shear stress on the cells in this study ranges from 1.9 mPa to 61
mPa for a small RS with a flow rate of 0.08 — 2.6 mL/min, and from 4.2 mPa to 135 mPa for a
medium RS with a flow rate of 1.3 — 41.6 mL/min. It should be noted that the shear stress was
increased exponentially to support the exponential cell proliferation and the cells experienced the
maximum shear stress only at the last day of the culture when the cells were highly confluent. The
average shear stress over the culture time was 21.06 + 3.74 mPa for a small RS and 12.08 + 7.20
mPa for a medium RS. These values were substantially lower than the shear stress in other cell
expansion platforms (Badenes et al. 2016; Wang et al. 2013; Youn et al. 2005) and the shear stress
that would adversely affect the cells (Ma et al. 2002). For instance, the shear stress in a 100 ml

spinner flask was reported to be 200 — 520 mPa with a pitched-blade impeller, 450 — 780 mPa with
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a paddled impeller, and 152 mPa with a glass-ball impeller (Wang et al. 2013). In literatures
(Abraham et al. 2017), the non-lethal but harmful effect of the shear stress was reported with a
shear stress over 1 Pa. Stem cells are in general more sensitive to the shear stress (Stolberg and
McCloskey 2009). It was reported that mESCs were damaged with a shear stress of 780 mPa
(Cormier et al. 2006) and that differentiation and gene expression of mESC were affected with a
shear stress over 1 Pa (Illi et al. 2005; McCloskey et al. 2006; Stolberg and McCloskey 2009).
More importantly, the shear stress in RS is uniform, independent of the culture capacity, and
readily controllable with the flow rate and the spacer’s height. Third, the cells are separated from
the medium reservoir and the culture medium can be agitated, sparged, or replaced without
damaging or losing the cells. Lastly, the combined metabolic activity of cells in the RS can be
directly measured from the oxygen concentrations at the upstream and downstream. This allows

real-time evaluation of cellular conditions and facilitates optimization of culture conditions.

Oxygen is one of the most limited components in the culture medium due to its low solubility. In
this paper, we increased the flow rate to maintain the downstream oxygen concentration above 3
mg/L, whereas the upstream oxygen concentration was about 6.5 mg/L. The variation of the
oxygen concentration in the RS may result in heterogeneity of expanded cells or a non-optimal
level of cell proliferation. The gradient of the oxygen concentration in the RS can be reduced by
increasing the flow rate of the culture medium or the spacer’s height at the cost of increased shear
stress or reduced culture density, as illustrated in Fig. 3. For instance, if we increase the spacer's
height by 50% while fixing the shear stress, the surface area, and the RS length, then A[O2] will

decrease by 55.6% with a flow rate increase of 125%.

In this study, the RS setup was operated manually and frequent human interventions could cause

human error or contamination. For instance, manual collection of samples for pH and glucose
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measurement leave a brief spike on oxygen concentration measurement, as shown in
supplementary Fig. 2. Fortunately, the configuration of the RS bioreactor is inherently easy to
automate. In the future work, we are planning to automate the RS bioreactor, implementing
automatic control systems for controlling the flow rate by monitoring the downstream oxygen
concentration and maintaining pH by integrating in-line pH sensors and a syringe pump loaded

with acid neutralizer.

Conclusion

A reliable and efficient platform to culture mammalian cells on a large scale is essential in
advanced biomanufacturing. In this paper, we present the RS as a novel platform for high-density
adherent culture of mammalian cells and demonstrate the expansion of CHO cells and mESCs.
The RS provides high surface-area-to-volume ratio and the cells growing in the RS experience
significantly lower shear stress than other platforms. Moreover, the microenvironment in the RS
is fully defined and various aspects of the RS can be precisely tailored for specific applications.
The RS will provide a scalable and robust platform to culture recombinant cells for

biopharmaceutics as well as shear-sensitive stem cells for tissue engineering.
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Fig. 1 Schematic diagram of rolled scaffold (RS). (a) RS is made from PET film with repeating spacers. The film is
rolled to form a cylindrical shape with numerous channels. (b) The spacers on the PET film ensure a uniform gap
between the layers. The cells are cultured on the inner surface. (¢) RS is placed in a holder and the culture medium

flows through the gaps
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Fig. 2 Fabrication process and experimental setup of
RS. (a) Fabrication process of RS is presented. (b)
SEM image of a flat PET film with spacers. Scale bar
is 600 um. (c) Optical image of RS from side view.
Scale bar is 700 um. (The dotted line shows the core
rod.) (d) A medium RS (1831 c¢m?) and a small RS
(251 cm?) are shown with a T-25 flask. (e)
Experimental setup and fluidic connection of RS-
based bioreactor
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Fig. 3 Dimensions and operational parameters of RS.
(a) The surface area, 4, is proportional to the square of
the radius, R, and the inverse of the spacer's height, 4.
(b) The shear stress can be decreased by increasing /
or decreasing the flow rate, Q. (c) The oxygen
between upstream and
downstream, 4/0,], can be controlled with Q; or the
length of the RS, L. (d) The shear stress, z, and 4/0,/
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Fig. 4 Expansion of CHO cells with a small RS. (a)
Dissolved oxygen concentration at upstream and
downstream was measured over 90 hours. The flow
rate was doubled when the downstream oxygen
concentration became below 3 mg/L. (b) Phase-
contrast images of CHO cells on an unrolled small RS
shows active proliferation. Scale bars are 150 um. (c)
The oxygen consumption increased exponentially. The
numbers of harvested CHO cells after expansion are
shown in boxes. (d) Growth rate of CHO cells
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Fig. 5 Expansion of CHO cells with a medium RS. (a)
The oxygen consumption increased exponentially.
The numbers of harvested CHO cells after expansion
are shown in boxes. (b) Dissolved oxygen
concentrations at upstream and downstream increased
immediately when the reservoir was sparged. (c) The
glucose concentration decreased throughout the cell
expansion, while (d) pH slightly decreased in that
duration (MRS-2). (e) The cells showed active
proliferation
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Fig. 6 CHO expansion in a medium RS with pressurization. (a) By pressurizing the reservoir, near 1 billions of CHO
cells were successfully harvested. About 100 ml of the culture medium was evaporated during initial 50 hours. The
osmotic stress reduced the proliferation, but the cells fully recovered after the medium change. (b) Glucose and pH of
the medium in the reservoir was monitored daily. To provide sufficient nutrients, 28mL of nutrient supplement was
added on day 6 and 10. The culture medium was exchanged on day 8. (c) The glucose consumption rate increased
significantly after the culture medium was changed
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Supplementary Fig. 1 Phase-contrast images of CHO cells on an unrolled small RS taken at 4, 48, and 94
hours after cell seeding
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