Journal of Visualized Experiments

Orbital shaking culture of mammalian cells in O-shaped vessels for production of

Article Type:
Manuscript Number:

Full Title:

Keywords:

Corresponding Author:

Corresponding Author's Institution:

Corresponding Author E-Mail:
First Author:
Other Authors:

Author Comments:
Additional Information:

Question

uniform aggregates
--Manuscript Draft--
Methods Article - JOVE Produced Video
JOVE57922R2

Orbital shaking culture of mammalian cells in O-shaped vessels for production of
uniform aggregates

Suspension culture; orbital shaking; mass production; mammalian cell; culture bag;
aggregate

Ikki Horiguchi
The university of tokyo
Tokyo, JAPAN

The university of tokyo
horiguchi@bio.eng.osaka-u.ac.jp
Ikki Horiguchi

Ikumi Suzuki

Takashi Morimura

Yasuyuki Sakai

Response

If this article needs to be "in-press" by a
certain date, please indicate the date
below and explain in your cover letter.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to download Manuscript 57922_R2_RE.docx 2

1  TITLE:

2 An Orbital Shaking Culture of Mammalian Cells in O-shaped Vessels for the Production of Uniform

3  Aggregates

4

5 AUTHORS & AFFILIATIONS:

6  Ikki Horiguchi®?, Ikumi Suzuki®, Takashi Morimura3, Yasuyuki Sakai*

7

8 !Department of Chemical System Engineering, The University of Tokyo, Tokyo, Japan

9  2Department of Biotechnology, Osaka University, Osaka, Japan
10  3Biotech Business Unit, Fukoku Co. Ltd., Saitama, Japan
11  “Institute of Industrial Science, The University of Tokyo, Tokyo, Japan
12
13 Email Addresses of Co-Authors:
14  Takashi Morimura (t_morimura@fukoku-rubber.co.jp)
15  Yasuyuki Sakai (sakaiyas@iis.u-tokyo.ac.jp)
16
17  Corresponding authors:
18  Ikki Horiguchi (horiguchi@bio.eng.osaka-u.ac.jp)
19  lkumi Suzuki (i_suzuki@fukoku-rubber.co.jp)
20
21  KEYWORDS:
22 Suspension culture, orbital shaking, mass production, mammalian cell, culture bag, aggregate
23
24 SHORT ABSTRACT:
25  Here we present a protocol for using O-shaped vessels, specialized for suspension cultures of
26  cellular aggregates, with orbital shaking. The HEK293 cells grown in this bag form more
27 homogeneous aggregates than those grown in conventional culture vessels.
28
29 LONG ABSTRACT:
30 Suspension cultures of mammalian cell aggregates are required for various applications in
31 medical and biotechnological fields. The disposable bag-based method is one of the simplest
32  techniques for the mass production of cellular aggregates, but it does not protect the cultures
33  against over-aggregation, which occurs when they gather at the bottom center of the culture
34  vessel. To solve this problem, we developed an O-shaped dish and an O-shaped bag, neither of
35 which contains a central region. Aggregates grown in either O-shaped culture vessel were
36 noticeably more uniform in size than aggregates grown in conventional vessels. Histological
37 analyses showed that aggregates in conventional culture dishes contained necrotic cores most
38 likely caused by a poor oxygen supply. In contrast, aggregates that were grown in the O-shaped
39  bag, even those with similar diameters to aggregates in conventional culture dishes, did not show
40 necrotic cores. These results suggest that the O-shaped bag provides sufficient oxygen to the
41  aggregates due to the oxygen permeability of the bag material. We, therefore, propose that this
42  novel gas-permeable O-shaped culture bag is suitable for the mass production of uniform
43  aggregates that are necessary in various biotechnological fields.
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INTRODUCTION:

Suspension cell culture plays an important role in the cell production for regenerative medicine?
and recombinant protein production? because it is easy to scale up and achieve high cell densities,
sometimes up to more than 10’ cells/mL>. Chinese hamster ovary (CHO) cells3> and human
embryonic kidney cells 293 (HEK293)* have been grown in suspension culture, and human
pluripotent stem cells (hPSCs) have recently been grown in suspension culture systems for
regenerative therapies®’. The use of suspension cultures is expected to increase in the future.

In suspension culture, some cell lines cannot grow as single cells and must, therefore, form
aggregates. For example, hPSCs cannot survive in suspension conditions without forming
aggregates. However, this requirement for aggregated growth presents difficulties for uniform
suspension cultures. One difficulty is the formation of uniform aggregates in the early period of
the culture, which determines the efficiency of the suspension culture®. Another difficulty is the
mass transfer of nutrients into aggregates. In particular, the oxygen supply limits the maximum
size of aggregates, and a poor oxygen supply causes necrosis in the center of aggregates®.
Consequently, suspension cultures of cell aggregates are more difficult to obtain than
conventional suspension cultures. Nevertheless, suspension cultures are crucial for biomedical
and biotechnology applications.

Orbital shaking vessels are one of the simplest suspension culture systems that achieve culture
medium mixtures without impeller agitation. Shear stress from the impeller and the dynamic
medium flow is the major problem of suspension culture because it causes cell damage and
differentiation. To achieve agitation with a lower shear stress, researchers and industries have
developed a variety of orbital shaking vessel systems?19,

However, conventional culture vessels are not designed for orbital shaking cultures. In orbital
shaking vessels, cells gravitate towards the center-bottom of the vessels by a type of medium
flow known as the “Einstein's tea leaf paradox”!!, which causes the inhomogeneous aggregation
of cells. The circular flow, caused by a centrifugal force and a friction between the culture medium
and a vessel, sweeps cells into the center'*2, In addition, conventional culture bags for mass
culture are square-shaped, which is not suitable for orbital shaking.

In this study, we developed a novel culture bag suitable for orbital shaking cultures. The novelty
of this bag is its O-shape which does not have a center region, so cells are prevented from
gathering at the bottom center region. We have also demonstrated the handling of these vessels
with an HEK293 culture to demonstrate the possibility of these bags for biotechnological
applications.

PROTOCOL:
1. Preparation of the Cells and Materials

1.1. Cultivate HEK293 cells in Dulbecco’s modified Eagle medium with a 10% fetal bovine serum
(FBS) and 1% non-essential amino acids. Adjust the pH of the culture medium to 6.8 - 7.6.
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1.2. After culturing for 5 to 7 d, dissociate the cells with a 0.25% trypsin-
ethylenediaminetetraacetic acid solution (trypsin-EDTA) and reseed the cells at 5,000-10,000
cells/cm?.

2. Seeding the Cells in an O-shaped Bag

2.1. Dissociate the cells as described in step 1.2 and resuspend them in 2 - 5 mL of culture
medium.

2.2. Filter the cell suspension through a cell strainer (40 um) to collect a single cell suspension.

2.3. Count the number of cells by trypan blue staining and automatic cell counter, and then
prepare 20 mL of the cell suspension (2.0 x 10° cells/mL).

2.4. Connect the inlet of the O-shaped bag (Figure 1a) to a clamped 50 mL syringe without a
plunger.

[Insert Figure 1 here]
2.5. Pipette the prepared cell suspension into the O-shaped bag through the clamped syringe.

2.6. Replace the first clamped syringe with a clean syringe. Add 55 mL of clean air through the
clean syringe to expand the bag completely.

2.7. Clamp the inlet tube and then close the inlet. Finally, remove the clamp from the tube.

2.8. Incubate the cells in the O-shaped bag by shaking them at 45 rpm in conditions of 37 °C and
5% CO».

3. Medium Change (optional)

3.1. Transfer the cell suspension into a 50 mL tube through the inlet.

3.2. Centrifuge it for 2 min at 200 x g at room temperature, and then aspirate the supernatant.
3.3. Add 20 mL of culture medium and resuspend the cells.

3.4. Add the resuspended cells to the O-shaped bag by following steps 2.4 - 2.7.

3.5. Incubate the cells in the O-shaped bag by shaking them at 45 rpm in conditions of 37 °C and
5% CO,.

4. Collecting the Cells from the Bag
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4.1. Transfer the cell suspension into a 50 mL tube through the inlet.

4.2. Wash the inside of the bag with 20 mL of calcium/magnesium-free phosphate buffered saline
[PBS(-), pH = 7.4 - 7.6] and then drain the contents into a tube to collect the remaining cells from
the bag.

4.3. Centrifuge the collected cell suspension for 3 min at 200 x g at room temperature, and then
aspirate the supernatant.

4.4. Add 10 mL of PBS(-) and wash the aggregates.

4.5, Centrifuge them for 3 min at 200 x g at room temperature, and then aspirate the supernatant
to collect the aggregates.

4.6. Add 4 mL of PBS and 1 mL of trypsin and incubate them with the aggregates for 10 min at 37
°C to dissociate the cells for counting (optional).

5. Preparation of an O-shaped Dish (optional)

Note: See Figure 1b for a schematic image of the O-shaped dish.

5.1. Cut out the bottom of a 60 mm or 35 mm dish with a hot knife and utilize it as an inner dish.
5.2. Put the 60 mm dish upside-down on the center of a 100 mm dish.

Note: A guide sheet can help to decide the position of the 60 mm dish.

5.3. If required, put viscosity-adjusted cyclohexanone on the commissure from the inside of 60
mm dish.

5.4. Dry the O-shaped dish for a few days and sterilize it by gamma ray or ethylene oxide gas.

REPRESENTATIVE RESULTS:

According to our measurements, aggregates grown in the conventional dish had varied diameters
after 5 d of orbital shaking. In contrast, aggregates grown in O-shaped vessels for 5 d had much
more uniform diameters. The conventional dish culture showed small aggregates (50 - 200 um),
whereas the cultures in the O-shaped vessels did not contain any small aggregates (Figure 2a).
According to the image-based size measurement, the conventional dish culture showed two
different peaks (Figure 2b1), indicating a wide deviation of aggregate size. This result implied that
aggregates in the conventional dish were growing under two different conditions in the same
culture, which could result in heterogeneous cell quality. On the other hand, aggregates in O-
shaped vessels showed a single peak and less deviation in diameter than those in the
conventional dish (Figures 2b2 and 2b3), suggesting that such aggregates may be of more uniform
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quality.
[Insert Figure 2 here]

Hematoxylin and eosin staining of aggregate cross-sections showed that aggregates grown in the
conventional dish had some denucleated cells and necrotic cores (Figure 3a). However,
aggregates grown in O-shaped vessels did not show any necrotic cores (Figures 3b and 3c). In
particular, aggregates grown in the O-shaped bag were as large as those in the conventional dish
yet did not have any necrotic cores (Figure 3c). These results suggested that the gas-permeable
bag supplied enough oxygen to the culture.

[Insert Figure 3 here]

Cell counts showed that more than 85% of the cells survived for 5 d of suspension culture in each
vessel (Figure 4a). The final cell density was approximately 1.5 - 2.0 x 10° cells/mL. Although there
was no significant difference, the growth ratio in the O-shaped bag was higher than those in other
vessels (Figure 4b). The specific growth rates of the cells in the conventional dish, the O-shaped
dish, and the O-shaped bag between day 2 and day 5 were 0.018, 0.025, and 0.020 h?,
respectively.

[Insert Figure 4 here]
FIGURE AND TABLE LEGENDS:

Figure 1: Schematic images and pictures of O-shaped vessels. (al) This is a schematic image of
an O-shaped bag. (a2) This is a picture of an O-shaped bag. (b1) This is a schematic image of an
O-shaped dish. (b2) This is a picture of an O-shaped dish. The outer and inner diameter of the O-
shaped bag are 90 mm and 20 mm, respectively.

Figure 2: Morphologies and diameters of aggregates grown in various vessels. These panels
show (a) brightfield images and (b) histograms of aggregates grown in either (al and bl) a
conventional dish, (a2 and b2) an O-shaped dish, or (a3 and b3) an O-shaped bag.

Figure 3: Cross-sections of aggregates in various vessels. The cross-sections are 12 um thick and
were prepared from frozen samples. The sections were stained with hematoxylin and eosin to
visualize the cells. (a) The cell aggregates grown in a conventional suspension culture showed
necrotic cores. Cell aggregates grown in either (b) an O-shaped dish or (c) an O-shaped bag
showed very little necrosis in their cores.

Figure 4: Cell viability and growth. These panels show the (a) cell viability and (b) cell density of
HEK293 cells in various culture vessels after 2 d of culture (day 2) and 5 d of culture (day 5). The
values shown represent the mean of the results from 3 independent experiments. The values for
each experiment were calculated from trypan blue-stained cells counted with an automatic cell
counter. The error bars indicate standard deviation.



221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

Supplemental Figure 1: Bead distribution in 2 different dish formats in various shaking
conditions. This panel shows the bead distribution during various shaking conditions (30, 40, and
45 rpm) in a conventional and O-shaped dish.

DISCUSSION:

In this study, we developed O-shaped vessels and performed an HEK293 suspension culture in
them for a uniform aggregates formation and expansion. In the conventional culture dish, an
orbital shaking culture produced two different diameters of aggregates, whereas we observed
uniform aggregates in the O-shaped vessels (Figure 1). According to the observation of the
distribution of stained beads in the orbital shaking conditions, beads gather in the center-bottom
of a conventional culture dish. That gathering presumably caused the difference in cell density
leading to various sizes of aggregates. Alternatively, beads were distributed in the O-shaped dish
which does not have the center-bottom region (Supplemental Figure 1). This distribution
probably causes the uniformly-sized aggregates in O-shaped vessels. Another—widely used—
approach to producing uniform aggregates is the culturing in microwells, but this approach has
some problems, such as in supplying a culture medium without aggregates dropping out of the
microwells!3. In the case of O-shaped vessels, uniform aggregates can be produced in a simple
suspension culture.

The orbital shaking culture is a popular culture system utilized for mammalian cells. There are
various culture methods for the mass production of mammalian cells, such as the stirred tank
bioreactor!#, wave-motioned bags'®, and rotating bottles. Orbital shaking cultures do not include
an inner impeller for stirring the medium, unlike the stirred tank bioreactor does. This feature is
similar to the wave-motioned bags and rotating bottles. These impeller-free culture systems can
avoid cellular damage from the shear force surrounding the impellers and realize low shear stress
in suspension culture. Especially, orbital shaking culture systems are effective for the mass
production of sensitive cells such as mammalian cells because of their high scalability and low
shear stress.

O-shaped vessels can improve the remaining problem of orbital shaking culture in the formation
of aggregates. In orbital shaking culture systems, floating cells migrate to the center and bottom
of the vessel, which is known as the “Einstein’s tea leaf paradox”Error! Reference source not found. ' Thjg
migration causes the inhomogeneous aggregation and non-uniform aggregate production in
conventional orbital shaking vessels. In this study, O-shaped vessels prevented the concentration
of cells into the center-bottom of the vessels, which is speculated as the reason of uniform
aggregation in orbital shaking O-shaped vessels.

Histological analyses showed that the aggregates in the conventional dish contained denucleated
cells (Figure 2a). In contrast, denucleated cells did not appear in the aggregates from O-shaped
vessels (Figure 2b and 2c). It is possible that these denucleated cells were caused by a shortage
of substrates such as glucose, glutamine, and oxygen®. According to the size measurement,
aggregates in the O-shaped vessels had homogeneous diameters lower than 400 um. In contrast,
in a conventional dish, some aggregates had a diameter larger than 400 um, and these aggregates
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included denucleated cells. This result suggests that creating homogeneous-sized aggregates in
O-shaped vessels is effective in controlling the quality of aggregates. In addition, it is also
speculated that the oxygenation through the gas-permeable polyethylene film prevented the
appearance of denucleated cells in the O-shaped bag.

These experiments showed the possibility of these O-shaped vessels as a simple system for
producing uniform aggregates. Although other culture bags for suspension culture have been
developed?®, those culture bags are square-shaped, which prevents the culture from getting
effectively mixed in orbital shaking. The bag in this study has a novel round shape suitable for
orbital shaking to produce aggregates with a homogeneous size. This characteristic of vessels is
important for controlling the conditions and the high reproducibility of cells in mass production.
The possible application of the O-shaped vessel is widespread. It can be used when producing
recombinant proteins from cells and for regenerative medicine when dealing with stem cells.

In conclusion, we developed a novel O-shaped bag suitable for producing uniform cell aggregates
with an orbital shaking culture. The bag shows possibilities for various biomedical applications
such as in regenerative medicine.
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Materials Table

Name of Material/ Equipment Company

RIKEN Bio resorce

HEK293
centre
DMEM, high glucose, pyruvate GIBCO
Fetal Bovine Serum, qualified, USDA-
approved regions GIBCO
MEM Non-Essential Amino Acids
Solution, 100X GIBCO
Trypsin-EDTA (0.25%), phenol red GIBCO
Cell Science &
Dulbecco's PBS (—) Technology
Institute
Cell Strainer 40um CORNING
50 mL Syringe TERUMO
Shaker AS ONE
Centrifuge Tube 50 mL AS ONE
Automated cell counter BioRad

Catalog Number

RCB1637
11995040
10437-028

11140050
25200056

1102P05

352340
SS-50ESZ
2-1987-02
1-3500-02
TC20

Click here to download Materials Table renamed_6846c¢.xls
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Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

Orbital shaking culture of mammalian cells in O-shaped vessels for production of uniform aggregates

20T Jon 26

Date:

Name: Ikki Horiguchi
Department: Department of Chemical System Engineering
Institution: The University of Tokyo
Article Title:
\ N
e ¢ TL’l/—\
Signature: HDY\ \ <

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe documentto +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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ARTICLE AND VIDEO LICENSE AGREEMENT

Orbital shaking culture of mammalian cells in O-shaped vessels for production of uniform aggregates

Ikki Horiguchi, Ikumi Suzuki, Takashi Morimura, Yasuyuki Sakai

ltem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish ) via:

Iltem 2 (check one box):

v

Standard Access J Open Access

The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.

L]


http://www.jove.com/authors
http://www.editorialmanager.com/jove/download.aspx?id=828597&guid=96fae007-7ad5-4b9d-bef0-45ad53a56e19&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=828597&guid=96fae007-7ad5-4b9d-bef0-45ad53a56e19&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=828598&guid=96fae007-7ad5-4b9d-bef0-45ad53a56e19&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=828598&guid=96fae007-7ad5-4b9d-bef0-45ad53a56e19&scheme=1

1 Alewife Center #200
Cambridge, MA 02140
tel. 617.945.9051
WWW.jove.com

4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

Orbital shaking culture of mammalian cells in O-shaped vessels for production of uniform aggregates

20T Jon 26

Date:

Name: Ikki Horiguchi
Department: Department of Chemical System Engineering
Institution: The University of Tokyo
Article Title:
\ N
e ¢ TL’l/—\
Signature: HDY\ \ <

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe documentto +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Rebuttal Letter Click here to download Rebuttal Letter Review Answer.docx %

Answer to Editorial comment

We thank you for consideration for the publication of our manuscript, “Orbital shaking
culture of mammalian cells in O-shaped vessels for production of uniform aggregates”, in Journal
of Visualized Experiments. According to your comments, we have revised the manuscript and
indicated revised part in red color. We hope to confirm our revision and reconsider for the

publication of our manuscript.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in

the submitted revision may be present in the published version.

Response: Thank you for remind. The manuscript has been already proofread by

English-native editing service.

2. Please use SI units, e.g. please use "uL" instead of "ul". Please leave a white space between the

values and the units.

Response: Thank you for reminding. We used SI units in the manuscript.

3. Please define all abbreviations before use.

Response: Thank you for reminding. We defined all abbreviations and removed the

unnecessary abbreviation (H&E staining).

4. Please remove all commercial language from your manuscript and use generic terms instead. All

commercial products should be sufficiently referenced in the Table of Materials and Reagents.

Response: The manuscript does not have commercial language.

5. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.g., "Do this,” "Ensure that," etc.). The actions should be
described in the imperative tense in complete sentences wherever possible. Any text that cannot be
written in the imperative tense may be added as a "Note." However, notes should be concise and

used sparingly. Please include all safety procedures and use of hoods, etc.


http://www.editorialmanager.com/jove/download.aspx?id=828599&guid=80509827-73c1-4ff8-98e7-dc315e6618f0&scheme=1
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Response: According to the comment, we improved the protocol 5.1 and 5.4 in our

manuscript.
6. The Protocol should be made up almost entirely of discrete steps without large paragraphs of text
between sections. The Protocol steps should contain only 2-3 actions per step and a maximum of 4

sentences per Step.

Response: According to the comments, we confirmed that the steps contain lower than

three actions in the manuscript.

7. Please ensure you answer the "how" question, i.e., how is the step performed? Alternatively, add

references to published material specifying how to perform the protocol action.

Response: According to the comment, we added the information about cell counting on

the protocol 2.3.

8. Please leave a blank line between all protocol steps as well as Notes.

Response: According to the comment, we confirmed that there was a blank line between

all protocol steps.

9. Protocol: 1.1: How much is the pH of the solution?

Response: We clarified the pH of solution (6.8-7.6) in protocol 1.1.

10. Protocol: 2.3: How do you count the cells? Please describe.

Response: We counted cells by trypan blue staining and automatic cell counter. We added

the information of automated cell counter in the material list.

11. Protocol: 3.2, 4.3, 4.5: Please convert centrifuge speeds to centrifugal force (x g) instead of

revolutions per minute (rpm).

Response: We converted centrifuge speeds to centrifugal force (x g) in the protocol 3.2,
4.3, and 4.5.



12. Protocol: 4.2, 4.6: How much is the pH of the PBS?

Response: We updated the information of the pH of the PBS on the protocol 4.2.

13. Protocol: 5.1, 5.4: Please use the imperative tense for all steps in the protocol.

Response: We improved the protocol 5.1 and 5.4.

14. Figures: Please upload each Figure individually to your Editorial Manager account as

a .png, .pdf, or a .tiff file. Please combine all panels of one figure into a single image file.

Response: We have uploaded the Figure individually for submission.

15. Figure 3: Please define the error bars.

Response: According to the comment, we defined the error bars in the caption of Figure

16. If you are reusing figures from a previous publication, you must obtain explicit permission to
re-use the figure from the previous publisher (this can be in the form of a letter from an editor or a
link to the editorial policies that allows you to re-publish the figure). Please upload the text of the
re-print permission (may be copied and pasted from an email/website) as a Word document to the
Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please also cite
the figure appropriately in the figure legend, i.e. "This figure has been modified from [AUTHOR] et
al. [REFERENCE]".

Response: All figure is the original and has not been published anywhere.
17. Please revise the table of the essential supplies, reagents, and equipment. The table should

include the name, company, and catalog number of all relevant materials in separate columns in an

xls/xlsx file. Please list all the materials, equipment, instrument, and software used in your work.



Answer to Reviewer #1

Manuscript Summary:

The manuscript presents a new culture system termed "o-shaped bag" for the cultivation of
cell-aggregates in suspension. The main idea behind the platform is to prevent local accumulation
of cells to the center-bottom of a vessel while cultured on an orbital shaker. In consequence, the
technology aims at generating better controlled and more homogeneous cell aggregates e.g.
compared to conventional culture dishes or Erlenmeyer flasks placed on an equivalent orbital
shaker device.

In principle, the manuscript is interesting and the technology deems straightforward. However, a

number of key issues and questions remain.

We thank you for careful reviewing and scientifically important comments. All your
comments are so helpful to improve our manuscript. According to your comments, we revised our
manuscripts and indicated the corrections in red color. We also answered your each comment below.

We hope that the revised manuscript and answers make you satisfied.

Major Concerns:

1) Without any pictures, schematic and movies, which have not been provided by authors, it's
difficult to understand and validate the features of the technology; these must be provided before a
proper review can be performed. An additional schematic outlining the details of the experimental

procedure e.g. culture inoculation, propagation etc. would be very helpful as well.

Response: All figure is the original and has not been published anywhere.

2) Technologies' advantages and limitations must be better compared and discussed to other
approaches in the field e.g. the use of stirred tank bioreactors (STBRs) or wave motioned bags for
cell aggregation. Authors mussed not focus on review article but also include some primary papers
on this topic e.g. the following might be helpful: Zweigerdt R, Burg M, et al. Cytotherapy.
2003;5(5):399-413.; Niebruegge S, Nehring A, et al. Tissue Eng Part A. 2008
Oct; 14(10):1591-601.; Singh H, Mok P, Stem Cell Res. 2010 May,;4(3):165-79; Olmer R, Lange A,
et al. Tissue Eng Part C Methods. 2012 Oct; 18(10):772-84.;

Response: We thank you for various helpful references and we added some of them into
the reference (reference 7 and 14). According to the comment, we have added the discussion of the

technical advantage and limitations of stirred suspension culture, orbital shaking culture and



O-shape vessels (Page 5, line 13-28.)

3) The results part misses important information, which makes it difficult to evaluate the value of

the presented data.

Response: We are sorry for poor explanation of the experiment and results. We answered

the question below.

Protocol:

- For centrifugation the unit rpm is used but x g should be used instead to make it more comparable

We used the x g as a unit instead of rpm for the condition of the centrifugation.

- How was cell counting performed (trypan blue?); this must be mentioned especially if a special

counting devices was used

We used trypan blue staining and automated cell counter.

- What is the total- and the min/max culture volume of the o-shaped bag?

We fixed the culture volume at 20 mL.

Results:

- Details on the dimension of different culture systems used in the paper are missing, it's thus
essentially impossible to evaluate the conclusions made. Different culture volumes and different
dish sizes incubated at same shaking speeds will lead to different shear forces and therefore to

different aggregate sizes, this has not been comprehensively considered in the manuscript.

We agree that the difference of culture volume and vessel diameter affects the medium
flow and the shear forces even at same shaking speeds. In the experiment, we used same culture
volume at 20 mL and designed culture vessels with as a similar diameter to 90 mm culture dish as

possible in order to minimize the difference of shear force (Figure 1).

Minor Concerns:

- P5 L14/15: Authors stated: "This result showed that enough oxygen was supplied to aggregates in



culture bag through the gas permeable film." This statement is inadequate on the basis of the data

presented in the manuscript. Using e.g. oxygen sensors (e.g. www.presens.de/o2sensors) for

culturing hiPSC as suspension culture aggregates in conventional flasks or dishes, we found >80%
of dissolved oxygen (DO) in the medium, even at high cell densities of up to 2 million cells / ml.
This deems not surprising given the very high surface-to-liquid ratio in such systems on an orbital
shaker. Actually, the data in the manuscript may suggest a more homogeneous size distribution of
aggregates generated in o-shaped backs, which is likely the most important selling point of the
System.

But it's not convincingly shown in the paper draft, that cells/aggregates cultured on conventional
dishes are less viable. However, depending on the culture conditions applied (e.g. cell density at
inoculation, duration of culture etc.), aggregates may become >300um in diameter which may
result lack into the lack of other nutrients in the core of aggregates and thus limit cells viability.

These issues must be more comprehensively discussed.

Response: We appreciate your valuable comment and we agree that discussion of
oxygenation is not appropriate. According to the comment, we emphasized the effect of
homogeneous size distribution of aggregates and reduced the description of oxygenation in the

discussion (page 5, line 30-39).

- P5 L20/22: Authors stated: "According to our preliminary experiments, these O-shaped vessels
can be used for suspension culture of human induced pluripotent stem cells, Vero cells, and HepG2
cells (data not shown)." This statement alone is insufficient. Please show exemplary data on human
iPSC cultivation in you system to indicate that these more challenging cells can really be

successfully cultivated in your setup, remain pluripotent etc.

Response: According to the comment, we removed the mention about the results of other

cell lines (page 6, line 1-4)

- It figl and fig3: It remains entirely unclear how often have been repeated? It must be
demonstrated that independent biological repeat using cells from at different passages has been

performed.

Response: We repeated the measurement twice for the histogram and three-times for the
cell growth. We clarified the number of experiments in the caption of fig 3 (current fig 4). Although

we did not show the number of experiments in the caption of fig 1 (current fig 2), the results have


http://www.presens.de/o2sensors

good reproducibility.

- Demonstrate homogeneity of your cell suspension used for culture inoculation. It seems possible
that some inhomogeneity in aggregates may result from an inhomogeneous cell dissociation i.e. not

all cells where fully dissociated into single cells ahead of culture inoculation.

Response: We totally agree with your opinion that incomplete dissociation may results in
inhomogeneity of aggregate size. Therefore, to remove cell clamp causing inhomogeneity, we did

filter cell suspension through a 40 um cell strainer (protocol 2.2).

- Provide data on the absolute cell density rather than showing "fold increase". This is important to

understand and reproduce the protocol.

Response: We thank you for comment. According to your comment, we used absolute

cell density instead of fold increase in figure 4b.



Answer to Reviewer #2
Manuscript Summary:
The authors describe a new O shaped vessel for culturing cell aggregates. Here are the technical

and data short comings

We thank you for reviewing and comments. According to your comments, we revised our
manuscripts and indicated the corrections in red color. We also answered your each comment below.

We hope that the revised manuscript and answers make you satisfied.

Major Concerns:
There is no description of how media can be simply exchanged in the O-shaped vessels, even

though this is claimed.

Response: In HEK293 culture, we did not changed culture medium. If we culture cells
requiring frequent medium change such as pluripotent stem cells, when medium change, we
collected all suspension from O-shaped bag and separate cells and medium by centrifugation. We
agree with you that it is effective to change medium in O-shaped bag directly, but it is still

developing for next publication.

There is no measure of oxygen permeability improvement. Where are the measurements vs.

controls? What instrument used? What is the control O2 levels?

Response: We agree that effect of oxygenation was just speculation. According to your

comment, we reduced the mention of oxygenation in the discussion (page 5, line 30-39).

There is no picture of the bag. There is no video of the bag in operation. No video of aggregates

growing in cultures vs. controls.

Response: According to your comment, we added the schematic images and pictures of
vessels in figure 1. The video of the bag operation will be captured after publication for preparing
video journal.

There is only 1 set of data with HEK cells. What about the ones for hiPSC, Vero and HepG2?

Response: We chose HEK293 cells as a model cells forming aggregates. For other cell



lines, we performed just only preliminary experiments. According to the comments, we removed

the mention about the results of other cell lines from discussion (page 6, line 1-4).

No growth rate and growth curves.

Response: We agree that the growth profile is the one of important part in the manuscript.
According to the comment, we calculated and added the specific growth rates in the manuscript. We
think that the specific growth rate is enough for evaluating growth in the manuscript. In order to
count cells, we have to dissociate cell aggregates as a periodic destruction sampling. In the
experiment in the manuscript, the culture volume is not enough for such periodic sampling to draw

growth curves.

No cell characterisations

Response: The most important point of this manuscript is producing uniform aggregates
form novel O-shaped vessel. Although characterization is also important, we think further

characterization does not support this point and will be point of next publication.

This paper therefore needs more, major revisions, data inclusion and videos to be convincing to the

readers. Definitely a picture of the O bag should be shown or a schematic.

Response: We appreciate your comment and we hope the revision satisfies you.
According to your comment, we added picture and schematic image of O-shaped vessels in figure
1.



Answer for editorial revision Click here to download Rebuttal Letter Review Answer to
editorial revision.docx

We are sorry for late reply and now we revised the manuscript according to the editorial

comments. We also answered your each comment below.

1. (Short Abstract) The title says vessel here it says bag. Please verify.

Response: Thank you for informing. We have changed the word “vessels” instead of bag

in the short abstract
2. (Page 2, Line 74) Needs a citation here if this term is mentioned here. Also if adding a citation,
please ensure that the references are changed accordingly thoughout for intext formatting and
perform the necessary changes in the reference section as well.

Response: According to the comment, we added the citation (Page 2, Line 74).
3. (Protocol 2.4) Syringe of what size?

Response: We used 50 mL syringe. We added the information about the size of a syringe.

4. (Figure 2b1) How these measurements were performed?

Response: We used image-based size measurement from the picture. We added

information of method in the representative results. (Page 4, Line 167)

5. (Discussion paragraph 1) We cannot have data not shown. This sentence is important, and it will

be good if data is shown here.

Response: Thank you for an advice. According to the comment, we added the
supplemental figure illustrating the different distribution of two different formats of dishes

(Supplemental Figure 1).
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SHORT ABSTRACT:

Here we present a protocol for using an O-shaped ]bag ]specialized for suspension culture of
cellular aggregates with orbital shaking. HEK293 cells grown in this bag formed more
homogeneous aggregates than those grown in conventional culture vessels.

LONG ABSTRACT:

Suspension culture of mammalian cell aggregates is required for various applications in medical
and biotechnological fields. The disposable bag-based method is one of the simplest techniques
for mass production of cellular aggregates, but it does not prevent over aggregation from
gathering in the bottom center of the culture vessel. To solve this problem, we developed an O-
shaped dish and an O-shaped bag, neither of which contained a central region. Aggregates
grown in either O-shaped culture vessel were noticeably more uniform in size than aggregates
grown in conventional vessels. Histological analyses showed that aggregates in conventional
culture dishes contained necrotic cores most likely caused by poor oxygen supply. In contrast,
aggregates grown in the O-shaped bag, even those with similar diameters to aggregates in
conventional culture dishes, did not show necrotic cores. Our results suggest that the O-shaped
bag provides sufficient oxygen to the aggregates due to the oxygen permeability of the bag
material. We, therefore, propose that this novel gas-permeable O-shaped culture bag is suitable
for mass production of uniform aggregates that are necessary in various biotechnological fields.

Click here to download Supplemental File (Figures, Permissions, 2
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INTRODUCTION:

Suspension cell culture plays an important role in cell production for regenerative medicine® and
recombinant protein production? because it is easy to scale up and achieve high cell densities,
sometimes up to more than 107 cells/mL°>. Chinese hamster ovary (CHO) cells?, human
embryonic kidney cells 293 (HEK293)* have been grown in suspension culture, and human
pluripotent stem cells (hPSCs) have recently been grown in suspension culture systems for
regenerative therapies’ ® 7. The use of suspension culture is expected to increase in the future.

In suspension culture, some cell lines cannot grow as single cells and must, therefore, form
aggregates. For example, hPSCs cannot survive in suspension conditions without forming
aggregates. However, this requirement for aggregated growth presents difficulties for uniform
suspension culture. One difficulty is the formation of uniform aggregates in early period of
culture, which determines the efficiency of suspension culture®. Another difficulty is the mass
transfer of nutrients into aggregates. In particular, oxygen supply limits the maximum size of
aggregates and poor oxygen supply causes necrosis in the center of aggregates®. Consequently,
suspension culture of cell aggregates is more difficult to obtain than the conventional
suspension culture. Nevertheless, suspension cultures are crucial for biomedical and
biotechnology applications.

Orbital shaking vessels are one of the simplest suspension culture systems that achieve culture
medium mixture without impeller agitation. Shear stress from impeller and dynamic medium
flow is the major problem of suspension culture because it causes cell damage and
differentiation. To achieve agitation with lower shear stress, researchers and industries have
developed a variety of orbital shaking vessel systems®1°,

However, conventional culture vessels are not designed for orbital shaking culture. In orbital
shaking vessels, cells become localized to the center-bottom of vessels by a type of medium
flow known as the “Einstein tea leaf paradox” Mhich causes inhomogeneous aggregation of
cells. The circular flow caused by a centrifugal force and a friction between culture medium and
a vessel sweeps cells into the center ' 12 In addition, conventional culture bags for mass
culture are square-shaped, which is not suitable for orbital shaking.

In this study, we developed a novel culture bag suitable for orbital shaking culture. The bag had
a novel O-shape, which did not have a center region to prevent cell gathering into the bottom
center region. We have also demonstrated the handling of these vessels in HEK293 culture to
demonstrate the possibility of these bags for biotechnological applications.

PROTOCOL:

1. Preparation of Cells and Materials

1.1. Cultivate HEK293 cells in Dulbecco’s modified Eagle medium with 10% fetal bovine serum
(FBS) and 1% non-essential amino acids. Adjust the pH of the culture medium to 6.8-7.6.
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1.2. After culturing for five to seven days, dissociate cells with 0.25% trypsin-
ethylenediaminetetraacetic acid solution (trypsin-EDTA) and reseed cells at 5000-10000
cells/cm?

2. Seeding Cells in O-shaped Bag

2.1. Dissociate cells as described in 1.2 and resuspend in 2-5 mL of culture medium.

2.2. Filter the cell suspension through a cell strainer (40 um) to collect a single-cell suspension.

2.3. Count the number of cells by trypan blue staining and automatic cell counter, then prepare
20 mL of a cell suspension (2.0 X 10° cells/mL).

2.4. Connect the inlet of the O-shaped bag (Figure 1a) to a ’clamped syringe without a plunger.
[Insert Figure 1 here]
2.5. Pipette the prepared cell suspension into the O-shaped bag through the clamped syringe.

2.6. Replace the first clamped syringe with a clean syringe. Add 55 mL of clean air through the
clean syringe to expand the bag completely.

2.7. Clamp the inlet tube and then close the inlet. Finally, remove the clamp on the tube.

2.8. Incubate cells in the O-shaped bag by shaking at 45 rpm in conditions of 37 °C and 5% COa.
3. Medium Change (optional)

3.1. Transfer the cell suspension into a 50 mL tube through the inlet.

3.2. Centrifuge for 2 min at 200 X g and room temperature, and then aspirate the supernatant.
3.3. Add 20 mL of culture medium and resuspend cells.

3.4. Add the resuspended cells by following steps 2.4 - 2.7.

3.5. Incubate cells in the O-shaped bag by shaking at 45 rpm in conditions of 37 °C and 5% CO..
4. Collecting cells from the bag

4.1. Transfer the cell suspension into a 50 mL tube through the inlet.

4.2. Wash the inside of the bag with 20 mL of calcium/magnesium-free phosphate buffered
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saline (PBS(-), pH=7.4-7.6), then drain into a tube to collect remaining cells in the bag.

4.3. Centrifuge the collected cell suspension for 3 min at 200 X g and room temperature, and
then aspirate the supernatant.

4.4, Add 10 mL of PBS(-) and wash aggregates.

4.5. Centrifuge for 3 min at 200 X g and room temperature, and then aspirate the supernatant
to collect aggregates.

4.6. Add 4 mL of PBS and 1 mL of trypsin, incubate for 10 min at 37 °C to dissociate cells for
counting (optional).

5. Preparation and Use of an O-shaped Dish (Figure 1b, optional)

5.1. Cut out the bottom of a 60 mm or 35 mm dish with a hot knife and utilize it as an inner
dish.

5.2. Put the 60 mm dish upside-down on the center of 100 mm dish. A guide sheet can help to
decide the position of the 60 mm dish.

5.3. If required, put viscosity-adjusted cyclohexanone on the commissure from the inside of 60
mm dish.

5.4. Dry the O-shaped dish for a few days and sterilize it by gamma ray or ethylene oxide gas.

REPRESENTATIVE RESULTS:

According to our measurements, aggregates grown in the conventional dish had varied
diameters after five days of orbital shaking culture. In contrast, aggregates grown in O-shaped
vessels after five days culture had much more uniform diameters. The conventional dish culture
showed small aggregates (50-200 um), whereas the cultures in the O-shaped vessels did not
contain any small aggregates (Figure 2a). According to the histogram, the conventional dish
culture showed two different peaks (]Figure 2b1), indicating a wide deviation of aggregate size.
This result implied that aggregates in the conventional dish were growing under two different
conditions in the same culture, which could result in heterogeneous cell quality. On the other
hand, aggregates in O-shaped vessels showed a single peak and less deviation in diameter than
those in the conventional dish (Figure 2b2-b3), suggesting that such aggregates may be of more
uniform quality.

[Insert Figure 2 here]
Hematoxylin and eosin staining of aggregate cross-sections showed that aggregates grown in
the conventional dish had some denucleated cells and necrotic cores (Figure 3a). However,

aggregates grown in O-shaped vessels did not show necrotic cores (Figure 3b and 3c). In
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particular, aggregates grown in the O-shaped bag were as large as those in the conventional
dish yet did not have necrotic cores (Figure 3c). These results suggested that the gas-permeable
bag supplied enough oxygen to the culture.

[Insert Figure 3 here]

Cell counts showed that more than 85% of cells survived for five days of suspension culture in
each vessel (Figure 4a). The final cell density was approximately 1.5-2.0 X 10° cells/mL.
Although there was no significant difference, the growth ratio in the O-shaped bag was higher
than those in other vessels (Figure 4b). The specific growth rates of cells in conventional dish, O-
shaped dish and O-shaped bag between day 2 and day 5 were 0.018, 0.025, 0.020 h?!
respectively.

[Insert Figure 4 here]

FIGURE AND TABLE LEGENDS:

Figure 1: Schematic images and pictures of O-shaped vessels. Schematic images (1) and
pictures (2) of O-shaped bag (a) and dish (b). The outer and inner diameter of O-shaped bag was
90 mm and 20 mm respectively.

Figure 2: Morphologies and diameters of aggregates grown in various vessels. Brightfield
images (a) and histograms (b) of aggregates grown in either a conventional dish (a1, b1), an O-
shaped dish (a2, b2) or an O-shaped bag (a3, b3).

Figure 3: Cross-sections of aggregates in various vessels. Cross-sections were 12 um thick and
were prepared from frozen samples. Sections were stained with hematoxylin and eosin to
visualize the cells. Cell aggregates grown in conventional suspension culture showed necrotic
cores (a). Cell aggregates grown in either an O-shaped dish (b) or an O-shaped bag (c) showed
very little necrosis in their cores.

Figure 4: Cell viability and growth. Cell viability (a) and cell density (b) of HEK293 cells in
various culture vessels after two days of culture (day 2) and five days of culture (day 5). Values
shown represent the mean of the results from three independent experiments. Values for each
experiment were calculated from trypan blue-stained cells counted with an automatic cell
counter. Error bars indicated standard deviation.

DISCUSSION:

In this study, we developed O-shaped vessels and performed HEK293 suspension culture in
them for uniform aggregates formation and expansion. In the conventional culture dish, orbital
shaking culture produced two different diameters of aggregates, whereas we observed uniform
aggregates in the O-shaped vessels (Figure 1). According to the observation of the distribution
of stained beads in orbital shaking conditions, beads gathered in the center-bottom of the
conventional culture dish. That gathering presumably caused the difference in cell density
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leading to forming various sizes of aggregates. However, O-shaped vessels did not have the
center-bottom region, and, as expected, we observed less variation in cell density ‘(data not
shown)\. Therefore, cells could form uniformly-sized aggregates in O-shaped vessels. To produce
uniform aggregates, culturing in microwells is widely used, but this approach also has some
problems, such as in supplying culture medium without aggregates dropping out from the
microwells®3. In the case of O-shaped vessels, uniform aggregates can be produced in a simple
suspension culture.

Orbital shaking culture is the popular culture system utilized for mammalian cells. There are
various culture methods for mass production; stirred tank bioreactor!4, wave motioned bags®®
and rotating bottles. Orbital shaking culture does not include an inner impeller for stirring
medium unlike stirred tank bioreactor. This feature is similar to wave motioned bags and
rotating bottles. These impeller-free culture systems can avoid cellular damage from shear force
surrounding impellers and realize low shear stress in suspension culture. Especially, orbital
shaking culture systems are effective for mass production of sensitive cells such as mammalian
cells because of their high scalability and low shear stress.

O-shaped vessels can improve remaining problem of orbital shaking culture in aggregate
formation. In orbital shaking culture systems, floating cells migrate into a center and bottom of
the vessel, which is known as “Einstein’s tea leaves” problem!®. This migration caused
inhomogeneous aggregation and non-uniform aggregate production in conventional orbital
shaking vessels. In this study, O-shaped vessels could prevent concentration of cells into the
center-bottom of the vessels, which is speculated as a reason of uniform aggregation in orbital
shaking O-shaped vessels.

Histological analyses showed that aggregates in the conventional dish contained denucleated
cells (Figure 2a). In contrast, these denucleated cells did not appear in the aggregates from O-
shape vessels (Figure 2b and 2c). It is possible that these denucleated cells were caused by the
shortage of substrates such as glucose, glutamine and oxygen®. According to size measurement,
aggregates in the O-shaped vessels had homogeneous diameters lower than 400 um. In
contrast, in conventional dish, some aggregates had the diameter larger than 400 um and these
aggregates include denucleated cells. This result suggests that creating homogeneous-sized
aggregates in O-shaped vessels is effective to control the quality of aggregates. In addition, it is
also speculated that oxygenation through the gas permeable polyethylene film prevent the
appearance of denucleated cells in O-shaped bag.

These experiments showed the possibility of these O-shaped vessels as a simple system for
producing uniform aggregates. Although other culture bags for suspension culture have been
developed?®, those culture bags are square-shaped, which prevents effective mixture in orbital
shaking. The bag in this study has a novel round shape suitable for orbital shaking to produce
aggregates with homogeneous size. This character of vessels is important for controlling the
conditions of cells in mass production and the high reproducibility. The possible application of
the O-shaped vessels is widespread; producing recombinant proteins from cells and
regenerative medicine by using stem cells.
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In conclusion, we developed a novel O-shaped bag suitable for producing uniform cell
aggregates with orbital shaking culture. The bag showed possibilities for various biomedical
applications such as in regenerative medicine.
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