
bioengineering

Review

Bioprocessing of Human Mesenchymal Stem Cells:
From Planar Culture to Microcarrier-Based Bioreactors

Ang-Chen Tsai 1,* and Christina A. Pacak 2,*

����������
�������

Citation: Tsai, A.-C.; Pacak, C.A.

Bioprocessing of Human

Mesenchymal Stem Cells: From

Planar Culture to Microcarrier-Based

Bioreactors. Bioengineering 2021, 8, 96.

https://doi.org/10.3390/

bioengineering8070096

Academic Editor: Denise Salzig

Received: 2 May 2021

Accepted: 2 July 2021

Published: 7 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pediatrics, University of Florida, Gainesville, FL 32603, USA
2 Department of Neurology, University of Minnesota, Minneapolis, MN 55455, USA
* Correspondence: at11h@my.fsu.edu (A.-C.T.); cpacak@umn.edu (C.A.P.)

Abstract: Human mesenchymal stem cells (hMSCs) have demonstrated great potential to be used
as therapies for many types of diseases. Due to their immunoprivileged status, allogeneic hMSCs
therapies are particularly attractive options and methodologies to improve their scaling and man-
ufacturing are needed. Microcarrier-based bioreactor systems provide higher volumetric hMSC
production in automated closed systems than conventional planar cultures. However, more sophisti-
cated bioprocesses are necessary to successfully convert from planar culture to microcarriers. This
article summarizes key steps involved in the planar culture to microcarrier hMSC manufacturing
scheme, from seed train, inoculation, expansion and harvest. Important bioreactor parameters, such
as temperature, pH, dissolved oxygen (DO), mixing, feeding strategies and cell counting techniques,
are also discussed.

Keywords: human mesenchymal stem cell; hMSC; bioprocess; bioreactor; microcarrier; cell expan-
sion; cell counting

1. Introduction

Human mesenchymal stem cells (hMSCs) have been considered promising for thera-
peutic development to treat many types of diseases. Most of these disorders (including
neurological, bone and joint and cardiovascular diseases) lack any disease altering treat-
ment options [1]. In addition to classic studies that demonstrated hMSCs multilineage
differentiation capabilities and their ability to home or migrate to injury sites, more recent
studies have shown their ability to perform paracrine secretion and immunomodulatory
effects [2,3]. Since the first case was reported in 1995, hMSCs have been increasingly tested
in the clinic with more than 1100 clinical trials registered at clinicaltrials.gov to date [4].
Among these, the numbers of trials using autologous and allogeneic hMSC were compa-
rable until 2015, after which the number of allogeneic hMSC trials surpassed autologous
hMSC trials [5]. This trend likely results from the benefits of immunomodulation which
allows hMSCs to be immunoprivileged and thus less able to trigger the transplantation-
induced immune rejection that is always a key concern in cell-based therapies [6–8]. An
additional benefit is the reduced cost of manufacturing associated with allogenic cell prod-
ucts: ($1490–$1830/dose) compared to autologous ones ($3630–$4890/dose) based on some
assumptions [7]. Thus far, 9 out of 13 approved hMSC-based products use allogeneic
cells [9]. Based upon clinical trial data, transplantation efficacy relies on a specific range
quantity of qualified cells (a typical dose ranges from 70 to 190 million cells with a median
of 100 million cells) successfully administered to the recipients. Achieving sufficient cell
numbers from originating cells requires large in vitro expansion schemes [5]. The need
for efficient systems to consistently amplify large quantities of high quality hMSCs for
upcoming late-phase clinical trials and future commercialization continues to grow [10].

For clear economic reasons, efficient scaling-up of manufacturing is a desirable endeavor
to increase feasibility of allogeneic hMSC therapies [11,12]. To expand anchorage-dependent
cells such as hMSCs in scaled-up manufacturing, efficient exploitation of the accessible surface
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determines the maximum volumetric productivity and the manufacturing lot size. The most
common contemporary approach to manufacture hMSCs relies upon multi-layer vessels
that are designed as stacked layers within one chamber to enable handling of all layers
at the same time to provide higher space efficiency and a more economic bioprocess than
regular T-flasks. Despite their improvements over traditional cultureware, hMSC expansion
in these multi-layer vessels just barely hits the threshold cell numbers needed for clinical
relevance [13]. To further scale up the process, microcarrier systems offer a much higher
surface-to-volume ratio that maximizes space efficiency. Microcarriers have been used in
various iterations for human cell culture since 1967 [14]. Pioneer studies demonstrated hMSC
expansion on microcarriers in fully controllable liter-scale bioreactors [15–18]. Thanks to recent
increased interest in manufacturing economics to expand the use of hMSCs from research
and development stages to commercial manufacturing for standard therapies [19], industrial
empirical studies have reported that microcarrier bioreactor cultures can reach nearly 80-fold
volumetric cell production while only occupying 10% of current Good Manufacturing Practice
(cGMP) manufacturing space with a reduced manufacturing cost ($0.044/cm2) as compared to
multi-layer vessel cultures ($0.061/cm2) [20,21]. For these reasons, the development of hMSC
production in microcarrier bioreactor systems represents a valuable advancement for the
field [13,22,23]. Taken together, microcarrier-based bioreactor systems are an up-and-coming
approach to profitably manufacture hMSC-based products for commercialization.

Even though microcarrier bioreactor cultures are theoretically simply an amended ap-
proach to generate sufficient cells for transplantation, the innate manufacturing processes are
significantly different from those of standard, well established planar cultures. For example,
microcarrier culture requires dynamic flow to suspend microcarriers and homogenize bulk
medium. This enables mass transfer of oxygen, nutrients and cell metabolites predominantly
through convection which is much more efficient than the diffusion that is required in planar
culture. Concurrently, the dynamic flow alone induces shear stress on cells and the frequency
of cell-bead and cell-cell collisions combined with the sensitivity of hMSCs to mechanical
and physical forces, are all thought to influence cell growth and quality [24–26]. Another
important difference is that the cell growth surfaces in microcarrier cultures are quite different
from the flat surfaces that T-flasks or petri dishes provide. In planar culture, cells instinctively
adhere the flat surface due to the gravity within a couple of hours after inoculation; contrarily,
sufficient cell attachment on microcarriers is determined by cell-bead collisions in addition to
adhesion and may take more than one day. Furthermore, in contrast with the integral surface
in planar cultures, the surface that microcarriers provide is isolated, which prevents bead to
bead cell migration. In other words, the observation that cells primarily propagate and prolif-
erate within an individual microcarrier underscores the importance of the initial colonization
efficiency that is not a crucial factor in 2D planar culture. Incomplete liquid removal is another
hurdle for microcarrier-based bioprocessing. For instance, a complete medium change is a
simple routine for T-flasks or multi-layer vessels. In contrast, a typical medium change vol-
ume for microcarrier-based cultures is approximately 25% to 50% (Table 1), depending on the
microcarrier bed depth once all microcarriers have settled to the bottom of the bioreactor. A
related hurdle that complicates multiple steps during the cell harvest processes is incomplete
liquid removal. Consequently, each step of the microcarrier bioreactor cell harvesting process
including wash, cell detachment, microcarrier filtration and cell suspension concentration
involves special considerations and corresponding strategies to maximize liquid removal
without negatively impacting cell quality or yields. Moreover, scaling-up of microcarrier
bioreactor processes requires specialized equipment at very large scales. As typical cell strain-
ers can only pass tens of milliliters of cell suspension and laboratory-scale centrifuges are
limited to liter volumes, neither are feasible options for efficient harvesting of bioreactor
volumes, which can be scaled up to tens or even hundreds of liters of cell suspension. Thus,
although these newly evolved bioreactor process parameters improve the scaling-up process
at the cell growth stage, they create additional downstream volume-related challenges for
microcarrier-based hMSC production. Further improvements in downstream equipment
design are needed to fully enable successful process development.
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Table 1. hMSC microcarrier-based bioreactor process parameters.

Cell
Type

Seed
Train

Vessel
Type

Vessel
Volume

(L)

Working
Volume

(L)
MC Type

MC
Concentra-

tion
(g/L)

Cell-to-
Bead
Ratio

Cell
Inocula-

tion
Concentra-

tion
(Cells/mL)

Cell
Seeding
Density

(Cells/cm2;
Cells/mL)

Strategy for Cell
Attachment

Action
Time for
Attach-
ment

(h)

Counting
Method

Attachment
Effi-

ciency

Colonization
Efficiency pH Gas

Input Mixing
Power
Ratio

(W/m3)

Feeding
Method

and
Regime

Period
(day)

Recovery
Mesh
Size

(µm)

Ref.

hPL-
MSC

Planar
culture

CultiBag
or

Cellbag
2 0.5 CultiSpher-

S - 5 - -

Cell were
inoculated

at minimum
volume of

medium. Gentle
rocking to

distribute the
cells, maintaining
static culture for

overnight prior to
addition of
medium to

working volume.

18

CyQUANT cell
quantification
assay kit for
unattached

cells.

90% - -

5% O2
5%

CO2
Air

- - - 7 - [18]

hBM-
MSC

Directly
transfer

from
spinner

flask
MC

culture

Mobius
Cell-

Ready
3L

3 2
SoloHill
collagen-
coated

- 4.5 α 30,000

5000
(seeding

before
transfer-

ring)

200 mL MCs with
attached cells
were directly

transferred from
spinners into the

bioreactor
containing 800

mL of media with
fresh MCs.

25 rpm at low
volume (1 L) and
then increased to

40 rpm at the
larger volume (2

L) on Day 3.

-

Using NC-100
after lysing the

cells off the
MCs.

- - - -

25 rpm to
40 rpm
(after

Day 3)

- 50%
addition 7 100 [16]

Hf-
MSC

Planar
culture

Biostat
B-DCU 1 1 Cytodex

3 8.34 3 or 4 α 100,000 4440 α

50% working
volume at 30 rpm
(lower agitation)

for 24 h. Then,
add to full

working volume
at 50 rpm.

24

Attached cells
on MCs were
counted by

nuclei count
NC-100;

Unattached
cells were

counted by
trypan blue.

- -

NaOH
and
CO2
gas

7.2–7.3

O2
CO2
Air

50 rpm -

50%
medium
change
every 2

day

8 70 [27]

hBM-
MSC

Planar
culture

Biostat
B Plus 5 2.5 Plastic

P-102L 27.8 α 5 24,000 6000 Static for 18 h. 18

Attached cells
on MCs were
counted by

NC-100 with
propidium

iodide.

- -

no
control
(7.2 to
6.7 and

6.9)

- 75 rpm -

50%
medium
change
every 2

day after
Day 3

9 60 [17]

hBM-
MSC

Planar
culture
or Fresh
Thawed

Mobius
Cell-

Ready
3 ] - 15 - 5000 - Low agitation at

25–35 rpm. 24

Samples were
spun down at
200 rpm for

5 min and cell
numbers were

measured using
NC-100.

60% - - 5% CO2 - -

Feeding
twice

(Day 6 and
Day 10)

12 - [15]
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Table 1. Cont.

Cell
Type

Seed
Train

Vessel
Type

Vessel
Volume

(L)

Working
Volume

(L)
MC Type

MC
Concentra-

tion
(g/L)

Cell-to-
Bead
Ratio

Cell
Inocula-

tion
Concentra-

tion
(Cells/mL)

Cell
Seeding
Density

(Cells/cm2;
Cells/mL)

Strategy for Cell
Attachment

Action
Time for
Attach-
ment

(h)

Counting
Method

Attachment
Effi-

ciency

Colonization
Efficiency pH Gas

Input Mixing
Power
Ratio

(W/m3)

Feeding
Method

and
Regime

Period
(day)

Recovery
Mesh
Size

(µm)

Ref.

hAD-
MSC

Fresh
thawed

UniVessel®

SU
2 2

ProNectin®

F-
COATED

7.5
2.5 α 7560 α

2800

The 4-h
attachment phase

was realized in
0.7 L culture

volume without
stirring before the

medium was
filled up to 2 L.

4
Cell densities

were
determined

using NC-100.

- - 7.2 0.1 vvm 100–
140 rpm

1.54 at
100 rpm;
2.87 at

125 rpm;
3.94 at

140 rpm

50%
medium

change on
Day 4

7
63 [28]

CultiBag
STR 50 35

ProNectin®

F-
COATED

7.14 7197 α

After inoculation
into CultiBag RM
20-L which was

placed in an
incubator at
37 ◦C, 80%

humidity and 5%
CO2, and kept

stationary for 4 h.
Afterwards, the

MC-cell
suspension was
transferred into

the CultiBag STR
50-L.

7.2–7.3 0.03
vvm 50 rpm 0.63 9

hBM-
MSC
hAD-
MSC

Directly
transfer

from
spinner

flask
MC

culture

Bioflo®

110
1.3 0.8 SoloHill

plastic
5 (in

spinner)

3.1 (in
spinner)

α

50,000 (in
spinner)

3472 (in
spinner) α

25 rpm for 18 h
followed by a
non-agitation

period
of 6 h (in
spinner).

24 (in
spinner)

Samples were
washed with

PBS and
incubated with
TrypLE Express

at 37 ◦C for
5–7 min at

650 rpm using
Thermomixer

confort. for
detaching cells.

Single cell
suspension
were then
counted by

Trypan Blue.

- - 7.2

CO2
sparg-

ing;
Air 5
ccm

60 rpm -
25%

medium
daily

7 -
[29]

hBM-
MSC

Planar
culture

DASGIP
(cellferm-

pro)
- 0.4 SoloHill

plastic 20 3.4 α 27,000 3750 α

40 rpm for 2 min
followed by a
non-agitation
period of 2 h.

24

MC-cell pellet
was instantly

frozen at -80 ntil
cell counting

using
CyQUANT1

Cell
Proliferation
Assay (Life

Technologies)
based onDNA.

- - 7 - 40 rpm -

Perfusion
at 25%

working
volume

(100
mL/day)

after 3
days

11 -

hUC-
MSC

Fresh
thawed

B-
DCU1

2 L
unives-
selQuad
version

2 1.5 Cytode×
1 -

1.2 (in
spinner)

α
- 1200

450 mL in static
culture for

orvernight. Then,
medium addition

to 1500 mL at
50 rpm.

24 - 50% - 7.35 2 50 rpm -

50%
medium
change

twice per
week

8–13
(various
donors)

80 [30]
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Table 1. Cont.

Cell
Type

Seed
Train

Vessel
Type

Vessel
Volume

(L)

Working
Volume

(L)
MC Type

MC
Concentra-

tion
(g/L)

Cell-to-
Bead
Ratio

Cell
Inocula-

tion
Concentra-

tion
(Cells/mL)

Cell
Seeding
Density

(Cells/cm2;
Cells/mL)

Strategy for Cell
Attachment

Action
Time for
Attach-
ment

(h)

Counting
Method

Attachment
Effi-

ciency

Colonization
Efficiency pH Gas

Input Mixing
Power
Ratio

(W/m3)

Feeding
Method

and
Regime

Period
(day)

Recovery
Mesh
Size

(µm)

Ref.

hAD-
MSC

Directly
transfer

from
shaking

flask
MC

culture

BioBLU
5c 3.75 3.75

SoloHill
collagen-
coated

17 2.7 (in
flask) α 17,500 3000 (in

flask)

3.5 L MCs with
attached cells

were transferred
into the

bioreactor at
25 rpm. After 1 h,
addition of 0.25 L

medium was
added to reach
3.75 L working

volume.

-
Cells on MCs
were counted

by NC-100.
- - 7

Air,
CO2,

N2, O2
N2

sparg-
ing at
0.01

SLPM
after

Day 6

25–
35 rpm

after Day
6

-

50%
medium

change on
Day 4, 8,
12 and

addition of
0.5 g/L

glucose on
Day 15

18 (peak
on

Day 16)
- [31]

hfMSC

Harvest
from

spinner
flask
MC

culture

Biostat
B-DCU 2 0.8 to

1.9
Cytode×

3 8 α 4 100,000 4629 α - -

Total and
non-viable cell
concentrations

in the MC
culture were

determined by
NC-3000.

- - 7.2–7.3
O2

CO2
Air

60–
80 rpm -

Periodic
feeding
concen-
trated

medium
every 1.5 h

6 - [32]

hBM-
MSC

Planar
culture

PBS-
VW - 2.2 Synthemax®

II

16 to 48
after Day 6 3.9 α 25,000 4340 α

0–6 h: 17 rpm,
1 min; off, 20 min
6 h–day 6: 17 rpm
Day 6–10: 17 rpm,

5 min; off, 1 h
Day 10–14:

17 rpm.

12
Total cells were

briefly
disrupted using
0.1 M citric acid

with 1%
TritonX-100 at

37 ◦C overnight
and the nuclei
were stained

with 0.1%
crystal violet for

counting by
hemocytometer.

95%
68%

7.2
- 17 rpm 0.3 50%

medium
change

every 2.5
day after

Day 5

14 - [33]

Biostat
Qplus

ST
- 0.25

0–6 h: 40 rpm,
1 min; off, 20 min
6 h–day 6: 40 rpm
Day 6–10: 40 rpm,

5 min; off, 1 h
Day 10–14:

45 rpm.

48% - 40–
45 rpm

Avg.
0.1–0.2
Max.

0.6–0.8

hBM-
MSC -

Biostat
Qplus
stirred
tank

- 0.4 Synthemax®II
16 to 48

after Day 6 3.9 α 25,000 4340 α

For the first 6 h,
200 mL at 60 rpm

for 1 min and
0 rpm for 20 min.
Then, another 200
mL medium was
added to reach

400 mL working
volume at
40–60 rpm.

6

Trypan blue;
Fluorescein
diacetate-

propidium
iodide staining;

LDH assay.

7.2 0.1 vvm

40–
60 rpm
(from

Day 6 to
9, an

intermit-
tent

agitation
was set at

15 rpm
for 5 min

and
0 rpm for
55 min)

-

50%
medium
change

every 2.5
day after
Day 5 or

perfusion
rate at 20%
daily after

Day 5

14 75 [34]

hAD-
MSC

Fresh
thawed CultiBag 2 1.5 MC-2 13.63 α 5.8 α 31,902 α 6500

MCs were
incubated at

37 ◦C overnight
before cell

inoculation into 1
L shake flasks.

After a 20-h static
attachment, MCs
with cells were
transferred into
the culture bag

prior to addition
of medium to

working volume.

20

Cells were
dissociated

from MCs by
TrypLE Select
for 30 min at

37 ◦C and
counted by

NC-200.

- - 7.3 0.05
vvm

4◦ and
31 rpm

Avg.
8.92
Max.
17.69

50%
medium

change on
Day 5 after

settling
down MCs
for 15 min

9 - [26]
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Table 1. Cont.

Cell
Type

Seed
Train

Vessel
Type

Vessel
Volume

(L)

Working
Vol-
ume
(L)

MC Type

MC
Concentra-

tion
(g/L)

Cell-to-
Bead
Ratio

Cell
Inocula-

tion
Concentra-

tion
(Cells/mL)

Cell
Seeding
Density

(Cells/cm2;
Cells/mL)

Strategy for Cell
Attachment

Action
Time for
Attach-
ment

(h)

Counting
Method

Attachment
Effi-

ciency

Colonization
Efficiency pH Gas

Input Mixing
Power
Ratio

(W/m3)

Feeding
Method

and
Regime

Period
(day)

Recovery
Mesh
Size

(µm)

Ref.

hUCM-
MSC

Planar
culture

Celligen
310 2.5 0.8 Cultispher®S 1 31.25 α 25,000 -

0–24 h: 30 rpm
24–72 h: 40 rpm

after 72 h: 50 rpm.
24

Samples were
trypsinized to

recover
bead-free cell

suspension (i.e.,
no filtration

step needed).

75 -

7.3
(NaHCO3

and
H2SO4)

N2
O2
Air

50 rpm - no medium
change

6 (peak
on Day 4) - [35]

hBM-
MSC

Planar
culture

Mobius®3
L

3 2.4

SoloHill
collagen-
coated

15 2.5 α 15,000 2777 α

1 L for cell
attachment. - - - - 7.4–7.6 - - - - 13 -

[36]

Mobius®50
L

50 50 20 L at 64 rpm for 4
h. 4

Total cells were
counted by
nuclei using

NC-100;
unattached cells

were counted
after filtration
with 100 µm

sieve; attached
cells were

counted after
unattached cell

removal and
PBS wash.

13% at 4h
and

>100%
after 24 h

- 7.45
(NaHCO3)

1
lpmAir

CO2
N2
O2

instead
of Air
after

Day 4

75 rpm -
85 rpm

after Day
7 -

95 rpm
after Day

9
-100 rpm

at final

- Day 3 and
Day 7 11 -

hUCM-
MSC

Directly
transfer

from
spinner

flask
MC

culture

Celligen
310 2.5 0.8 Plastic

P102L
10 (in

spinner)

10 (in
spinner)

α

40,000 (in
spinner)

11,000 (in
spinner)

Intermittent
stirring was set for

3 days: 2 min
agitating at 30 rpm
followed by 15 min
static (in spinner).

72 (in
spinner)

MCs with
attached cells
were treated
with TrypLE

and
Collagenase for

7 min.
Detached cells
were counted

by Trypan Blue
exclusion
method.

- - 7.3 - 30 rpm -

25%
medium
change

daily after
Day 5

7 100 [37]

hBM-
MSC
hAD-
MSC

Planar
culture

2 L
UniVessel®SU 2 2 Synthemax®II

32 to 16
after 5 h 3.9 α 25,000 4340 α

50% working
volume for 5 h

(On:100 rpm for
1 min; Off: 0 rpm

for 20 min).
Addition of

medium to full
working volume at

100 rpm.

5 - 84% 85 7.2 0.1
vvm 100 rpm 1.54

50%
medium

change on
Day 5

7 - [38]

hWJ-
MSC

Planar
culture B-DCU 1 0.3 to

0.48

Low
density

Poly-
caprolac-

tone

31.3 α 4 120,000 7330 α - -
Viable cells

were counted
with NC-3000.

- - 7.2

Air
CO2
N2
O2

80 rpm -

Medium
addition to
maintain
glucose

concentra-
tion at 0.2
g/L after

Day 3

7 (peak
on Day 5) - [39]

hUCM-
MSC

Planar
culture

Celligen®

310
2.5 0.8

CultiSpher-

S® 2 - - 5000

a stirring period
(50 rpm for 1 min)

followed by 30 min
of nostirring. After
6 h of cell adhesion,

a continuous
stirring was set at

50 rpm.

6

Cell number
was quantified

using MTT
assay.

- -

7.3
(NaHCO3

and
H2SO4)

N2
O2
Air

50 rpm -

50%
medium
change

daily after
Day 4

7 100 [40]
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Table 1. Cont.

Cell
Type

Seed
Train

Vessel
Type

Vessel
Volume

(L)

Working
Volume

(L)
MC Type

MC
Concentra-

tion
(g/L)

Cell-to-
Bead
Ratio

Cell
Inocula-

tion
Concentra-

tion
(Cells/mL)

Cell
Seeding
Density

(Cells/cm2;
Cells/mL)

Strategy for Cell
Attachment

Action
Time for
Attach-
ment

(h)

Counting
Method

Attachment
Effi-

ciency

Colonization
Efficiency pH Gas

Input Mixing
Power
Ratio

(W/m3)

Feeding
Method

and
Regime

Period
(day)

Recovery
Mesh
Size

(µm)

Ref.

hAD-
SC

Planar
culture

Mobius®

3-L
3 2

Corning®

En-
hanced
Attach-
ment

15 3.6 α 21,625 α 4000

0.5% PL instead
of 2% and

supplemented
with 0.1%

Pluronic® F68 for
24. Then, PL was
added to reach

5% PL at 800 mL
working volume.

24

Cells were
harvested and
counted using
Trypan blue
exclusion.

- - 7.5

Air
(27

mL/min)
CO2

35 rpm - - 12 - [41]

hBM-
MSC

Planar
culture

DASGIP
DAS-
box

0.25 0.1 Plastic
P-102L 13.8 α 5 30,000 α 6000

The culture was
static for one

hour and then
start to agitate.

24

Total and
non-viable cell
concentrations

in the
MC culture

were
determined by

NC-3000.

30% at
sparging
and 60%

at
overlay

after 24 h

- 7.4

Air
sparg-

ing
0.1VVM

115 rpm 2.56α

50%
medium
change

every other
day

6 - [42]

hUCM-
MSC

Planar
culture Celligen®310 2.5 0.8

CultiSpher-

S® 2 - - 5000

A stirring period
(50 rpm for 1 min)

followed by
30 min of no

stirring. After 6 h
of cell adhesion, a

continuous
stirring was set at

50 rpm.

6

Cell number
was quantified

using MTT
assay.

- -

7.3
(NaHCO3

and
H2SO4)

N2
O2
Air

50 rpm -

50%
medium
change

daily after
Day 4

7 - [43]

hUCM-
MSC

Directly
transfer

from
shaking

flask
MC

culture
Xuri™

2/10Cell-
bag

2 0.6
CultiSpher-

S®

2.1 (in
spinner)

30

50,000 (in
spinner) -

0–1 h: 200 mL at
50 rpm for 1 min

every 15 min
0–3 h: 200 mL at
50 rpm for 1 min

every 30 min
3–9 h: 200 mL

static
9–24 h: –

After 24 h, the
culture was

transferred into
cellbag and

medium was
added to reach

600 mL at
24 rpm 4◦

24 Cells adhered
on MCs was

indirectly
measured by
MTT assay.

94.80% -
6.8–7.4

5–10%
CO2
Air

0.02 to
0.04
lpm
after
24 h

24–48 h:
15 rpm

7◦
48–168 h:
24 rpm

4◦
168–216

h: 27 rpm
3◦

216–240
h: 33 rpm

2◦

- -
10 - [44]

Planar
culture

8.3 to 0.7
after 24 h 200,000 -

0–24 h: 50 mL at
Static

After 24 h,
medium addition
to reach 600 mL

at 24 rpm 4◦ .

24 60.5%–
77.8% - 24 rpm

4◦ - -
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Table 1. Cont.

Cell
Type

Seed
Train

Vessel
Type

Vessel
Volume

(L)

Working
Volume

(L)
MC Type

MC
Concentra-

tion
(g/L)

Cell-to-
Bead
Ratio

Cell
Inocula-

tion
Concentra-

tion
(Cells/mL)

Cell
Seeding
Density

(Cells/cm2;
Cells/mL)

Strategy for Cell
Attachment

Action
Time for
Attach-
ment

(h)

Counting
Method

Attachment
Effi-

ciency

Colonization
Efficiency pH Gas

Input Mixing
Power
Ratio

(W/m3)

Feeding
Method

and
Regime

Period
(day)

Recovery
Mesh
Size

(µm)

Ref.

hAD-
MSC

Planar
culture Applikon mini 500 250 SoloHill

plastic
20 to 12

after Day 3 10.4 α 83,333 α 11,574 α

0–24 h: 150 mL at
85 rpm

24–48 h: 150 mL
at 95 rpm

48–72 h: 250 mL
at 95 rpm.

24

Samples were
washed with

PBS and
incubated with
TrypLE Express

at 37 ◦C for
7 min at

650 rpm using
Thermomixer.

Then, after
quenching
enzymatic

activity, the
cell/MC

suspension was
filtered using a

100 mm
cell strainer for
counting cells

by Trypan Blue
exclusion
method.

22 - 7.3
N2
O2
Air

85 rpm -
95 rpm

after
Day 2 -

105 rpm
after

Day 5

-

25%
medium
change

daily after
Day 4

9 (peak
on Day 7) - [45]

hAD-
MSC

Directly
transfer

from
spinner

flask
MC

culture

3D
FloTrix

vi-
vaSPIN

1 1 3D
TableTrix

3.3 (in
spinner)

2 (in
spinner)

33,333 (in
spinner) α

1111 (in
spinner) α

58 cycles at
60 rpm for 5 min

and 0 rpm for
20 min. Then, the

culture was
maintained at

60 rpm (in
spinner).

24 (in
spinner)

MCs attached
with cells were
dissolved for

counting.

98 (in
spinner) - -

5%
CO2

95% Air
60 rpm -

50%
medium
change

every other
day

7 - [46]

hUC-
MSC

Planar
culture

Xuri™
2/10

Cellbag
2 0.6

CultiSpher-

S®
8.3 to 0.7
after 24 h

16
30

204,000 to
17,000 after
24 h (high
seeding)

108,000 to
9000 after
24 h (low
seeding)

-

50 mL at Static
for 24 h. Then,

medium addition
to reach 600 mL

at 24 rpm 4◦ .

24
Cells on MCs

were measured
by MTT assay.

>73% - 7–7.4

5–10%
CO2
Air
0.02

to0.04
lpm
after
24 h

24 rpm
4◦ -

no
medium
change

7 (high
seeding)
11 (low
seeding)

- [47]

hMSC Planar
culture

BioBLU
3 L 3 1

redox-
sensitive

beads
(RS

beads)
regular
gelatin-
based
beads
(Reg

beads)

4 - - -

The first 6.8 h: 0
RPM for 60 min,
then 50 RPM for

10 min.

6.8

MCs with
attached cells
were washed
with PBS and

incubated with
dissolution

reagent in a 1:1
volume. Once
dissolved, the
sample was
measured by

NC-200.

- - 7.2

Air
CO2
N2
O2

55 to
100 rpm -

Perfusion
at 100%
working

volume per
day

7 - [48]

hUC-
MSC

Directly
transfer

from
spinner

flask
MC

culture

Middle
Scale

Bioreac-
tor

BCP

0.5 0.5
Corning®

CellBIND® -

2.7 to 4
(in

spinner)
α

- 3000 to
4500

15 to 30 rpm after
inoculation and

50 rpm on Day 2.
72 - - - -

190
cc/h
Air

10 cc/h
CO2

10 to
15 rpm

after
transfer-
ring and
25 rpm

on Day 3

-

50%
medium

change on
Day 7 and

Day 11

11 - [49]
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Table 1. Cont.

Cell
Type

Seed
Train

Vessel
Type

Vessel
Volume

(L)

Working
Volume

(L)
MC Type

MC
Concentra-

tion
(g/L)

Cell-to-
Bead
Ratio

Cell
Inocula-

tion
Concentra-

tion
(Cells/mL)

Cell
Seeding
Density

(Cells/cm2;
Cells/mL)

Strategy for Cell
Attachment

Action
Time for
Attach-
ment

(h)

Counting
Method

Attachment
Effi-

ciency

Colonization
Efficiency pH Gas

Input Mixing
Power
Ratio

(W/m3)

Feeding
Method

and
Regime

Period
(day)

Recovery
Mesh
Size

(µm)

Ref.

hUC-
MSC

Planar
culture MiniBio 0.5 0.2 SphereCol® 5 17 40,000 22,222 α

For the first 4 h,
80 rpm for 30 s,

followed by
0 rpm for 30 min.

4

Cell number
and viability

were
determined by

Trypan Blue
(0.4%)exclusion

method after
sample cell
harvesting.

63%

7.2–
7.4(NaHCO3

and
H2SO4)

CO2
N2O2

80 to
120 rpm - - 5 100 [50]

Abbreviations: Microcarrier (MC), mesenchymal stem cells (MSC), human adipose tissue-derived MSC (hAD-MSC), human bone marrow-derived MSC (hBM-MSC), human placenta-derived MSC (hPL-MSC),
human umbilical cord-derived MSC (hUC-MSC), human umbilical cord matrix-derived MSC (hUCM-MSC), human fetal bone marrow-derived MSC (hF-MSC), human Wharton’s jelly-derived MSC (hWJ-MSC).
α: The numbers were calculated based on authors’ information.
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The advantages of microcarrier suspension in bioreactors, such as the easily scalable
vessel design, homogeneous nutrition and oxygen access, the real-time on-line/off-line
monitoring of cells and medium, versatile operations for feeding strategies (i.e., batch,
fed-batch and perfusion) etc., are evident, processes (dynamic cell attachment, distinctive
expansion and in-situ harvest) must be adapted from the original methodologies of planar
cultures to the needs of microcarrier suspension cultures. The implementation of process
analytical technology (PAT) is recommended by the United States Food and Drug Adminis-
tration (FDA) to clarify processes that aim to facilitate innovation and risk-based regulatory
decisions in development, manufacturing and quality assurance [51]. Screening critical
process parameters and understanding the influence of the deviated processes on the final
product quality are crucial. Our previous studies have delineated the alteration of hMSC
properties and therapeutic potencies stemming from micro-environmental differences
between planar culture to microcarriers, including the discontinuous surface, convex curva-
ture, microcarrier rigidity, shear stress, collision and aggregation [52,53]. Here, we provide
a comprehensive review of bioprocessing changes needed when manufacturing hMSCs in
microcarrier-based bioreactors. The process for large scale preparations is also discussed.

2. Bioprocessing for Microcarrier-Based hMSC Manufacturing

Scalability is the greatest advantage of microcarrier-based suspension culture over
conventional planar culture. The first challenge in developing microcarrier-based hMSC
manufacturing is microcarrier selection. Many types of microcarriers have been used
in hMSC production in bioreactor systems, including polystyrene, gelatin, dextran and
others [23,54]. Evaluations of microcarrier screening for hMSC production have been
reported in several studies, primarily regarding three key culture steps: (1) adhesion
efficiency, (2) growth rate and cell expansion and (3) ease of detachment [55–57]. Rafiq
et al. systematically evaluated 13 commercial microcarriers for bone marrow-derived
hMSC production in bioreactors and determined that Plastic microcarriers were the most
optimal [56]. Loubière et al. compared 5 commercial microcarriers for umbilical cord-
derived hMSC expansion and demonstrated that although Cytodex-1 demonstrated higher
cell attachment efficiency and better cell expansion performance, Star-Plus and Plastic-
Plus were found to be better compromises, for the orbital and the mechanical agitation
modes, respectively [55]. Leber et al. screened 6 commercial microcarriers for propagation
of bone marrow-derived hMSCs and the immortalized cell line hMSC-TERT in serum
containing or chemical defined medium (Stem Cell 1). Their results suggested that Glass-
Coated microcarriers supported hMSC-TERT growth and bead-to-bead transfer in serum
containing medium whereas Enhanced Attachment microcarriers enhanced cell growth
in chemical defined medium [57]. Taken together, microcarrier selection may vary with
different systems and specific cell types.

Even though there is a diverse array of microcarrier options, they share a similar
geometric round shape with a range of 100–300 µm in diameter. Within this range, micro-
carriers contribute sufficient volumetric surface without sacrificing cell attachment and
proliferation support. Microcarriers designed to maximize space coupled with bioreactor
systems that precisely control the culture environment are particularly promising. For
example, one liter culture of Synthemax II microcarriers with a loading density of 16 g/L
provides 5760 cm2 which approaches the 6360 cm2 that a CellSTACK®-10 provides [33,34].
Further improvements in bioprocesses related to seeding, feeding and harvesting cultures
will be discussed to overcome the challenges associated with the use of microcarrier-based
bioreactor systems.

2.1. Seed Train

In large-scale hMSC manufacturing (>50 L), direct inoculation of cells from cell bank
vials into the production-scale bioreactors is unrealistic and uneconomical. Thus, thawing
cells from frozen vials, serial passaging through seed trains to sequentially larger and
higher-volume vessels is a necessary stage of the manufacturing process [9]. In order to
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obtain adequate cells for bioreactor inoculum, seed trains processes have been developed
for the efficient generation of viable cells from one scale to a subsequently larger one
to ultimately inoculate a production-scale bioreactor [58]. Each seed train must reliably
generate a predetermined cell number required for the inoculation while consistently
maintaining cell quality. Accordingly, beyond assurance of the fold expansion, the quality of
seed trains ultimately determines the downstream success of hMSC production. The most
important factor that impacts seed-train quality optimization is the time frame as hMSC
overgrowth can result in cell-cell contact inhibition and extended passaging processes
impose undue cell stress that negatively impacts downstream stages of the pipeline.

Most previous studies used planar culture for hMSC manufacturing due to its relative
simplicity with shorter processing times, less variation in cell expansion and consistent
cell number yields. However, if the targeting inoculum is above the scale that planar
cultures can achieve, microcarrier cultures can also be incorporated into seed trains [32,59].
An intriguing alternative that simplifies the process, is the direct transfer of seeded mi-
crocarriers from the seed train stage into the scaled-up bioreactor with fresh medium
and empty microcarriers [37,46]. This approach requires satisfactory cell migration from
seeded beads to unseeded beads but skips the passaging processes, such as enzymatic
treatment, mechanical force detachment, centrifugation and resuspension of cell pellets.
Several studies also demonstrated the practicality of inoculum preparation with freshly
thawed cells [26,28,30], thus demonstrating that complete replacement of planar cultures
with microcarriers is feasible. Due to the increased complexity of the passaging processes
for microcarrier cultures, planar culture is preferred for seed trains.

2.2. Inoculation

For bulk systems, more effort is required to establish culture conditions at the setpoint.
Prior to cell inoculation, microcarriers should be thoroughly hydrated and balanced with
the medium, and the entire culture environment should be stabilized at an optimized tem-
perature, pH and DO, to enable immediate resumption of culture conditions following the
necessary disruptions caused by inoculation. Upon cell inoculation, hMSCs tend to adhere
to a surface as they do in planar culture. However, cell attachment on microcarriers is more
difficult than the adhesion in planar culture, not only due to the dynamic environment but
also because of the curved microcarrier surfaces. Therefore, most process development
studies initially focus on achieving high cell attachment efficiencies [56,60]. Attachment
efficiency can be determined by the ratio of adherent cells on microcarriers and/or those
cells that remain suspended in the supernatant as compared to the initial inoculation
number, assuming no cell growth or death during the analysis timeframe [27,36]. 18 to
24 h are the accepted timeframe within which cell attachment is easily measurable and cell
proliferation can be ignored.

Beyond cell attachment, colonization efficiency is also important. Due to the disconti-
nuity of the accessible expansion surface provided by individual microcarriers’ surfaces,
cell propagation is restricted within the colonized microcarrier, regardless of bead-to-bead
transfer. Colonization efficiency determines the microcarrier surface utilization rate which
may affect the final cell yield. Generally speaking, cell colonization efficiency of microcarri-
ers is estimated by Poisson Distribution based upon cell-to-bead ratios and assumes that
events of cell-microcarrier collision and successful attachment are random, independent
and constant [61,62]. For example, the theoretical prediction of occupied microcarriers at a
cell-to-bead ratio of 3 is 95% while a cell-to-bead ratio of 6 is 99.8%. Therefore, cell-to-bead
ratios from 3 to 6 are commonly used (Table 1). Practically, the microcarrier amount is
chosen by the required surface area necessary to reach the target cell number and the
cell seeding density is calculated according to the previous planar culture experience and
normally is within 3000 to 5000 cells/cm2 (Table 1). To increase the cell-to-bead ratio for
higher colonization efficiency, increasing the inoculation cell number is usually more ad-
vantageous than the reduction of loaded microcarriers. Even though colonization efficiency
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and cell attachment are equally important, few studies have fully evaluated the impacts of
both [33,38].

Intermittent agitation has been implemented to enhance cell attachment in microcarrier
suspension cultures. Yuan et al.’s experimental results in spinner flasks showed that 24 h
after cell inoculation the use of intermittent agitation (3 min agitation at 60 rpm followed
by no agitation for 27 min) enhanced cell attachment efficiency 1.5 to 2-fold more than
continuous agitation at 60 rpm [59]. For intermittent agitation, the static period enhances
cell attachment while the agitation period increases cell colonization. If the static period
is too long, increased cell attachment leads to higher growth in the beginning but likely
not the highest final cell yield due to the limited utilization of microcarriers. Furthermore,
because the viability of anchorage-dependent hMSCs decreases the longer they remain
unattached to a surface the balance of the intermittent agitation mode must be carefully
optimized to be scale-appropriate.

Several methods have been developed to boost cell attachment without compromising
colonization efficiency. Successful hMSC adhesion requires both cell-microcarrier collision
and sufficient binding of the cell to the microcarrier during the collision. One approach
targeting this is to increase the probability of collision. A simple way to increase the colli-
sion probability is to reduce the working volume during the cell attachment phase [27,38].
Increased agitation speed can also improve collision frequency; however, reduced con-
tact time during the collision and intensified fluid shear stress due to the higher kinetic
energy may ultimately reduce the successful adhesion [63,64]. Advances in biomaterial
biotechnology also improved binding, such as microcarriers coated by proteins or positive
charge enhancing cell attachment [35,42,65]. For example, Shekaran et al. examined the
impact of fibronectin and/or poly-l-lysine-coated polycaprolactone microcarriers on hMSC
attachment efficiency and found that sequential coatings of fibronectin and poly-l-lysine
improved total cell attachment around 69.4% to 78.3% [65]. In addition, the influence of
media has also been studied. Reduced cell attachment and increased lag phases have
been observed in serum- and xeno-free medium as compared to serum-supplemented
medium, demonstrating the essential role of serum in cell attachment [66]. In another study,
Gadelorge et al. successfully used 0.5% platelet lysate (PL) to enhance cell attachment for
the first 24 h instead of 5% PL which was used in expansion phase [41]. Despite some
advances, strategies to increase the efficiency of cell attachment in microcarrier suspension
cultures remains a challenge.

2.3. Cell Expansion

After hMSCs securely adhere to microcarriers, cells begin to expand. To maximize
cell yields, an optimized environment must be maintained. In planar culture, temperature
is controlled by the incubator, pH remains balanced by the CO2 concentration with the
sodium bicarbonate in the medium, oxygen is supplied by ambient air and nearly complete
medium changes provide nutrient replacement and waste removal. In microcarrier culture,
these parameters are all controlled by bioreactor systems that maintain the optimized
temperature, pH, dissolved oxygen (DO), perform controlled agitation, nutrient feeding
(e.g., glucose and glutamine) and waste removal (e.g., lactate and ammonia) [67]. In contrast
to planar cultures that require feeding only once or twice per batch, microcarrier-based
bioreactor cultures need more sophisticated bioprocesses to enable real-time monitoring
and control with the appropriate feeding strategies to dynamically maintain the optimal
cell growth. To increase the ultimate yield, cell culture systems aim to expand working
volumes and cell concentrations and therefore require the development of feeding regimes
that support a maximum fold increase in cell number.

2.3.1. Mixing (Agitation and Rocking)

Culturing cells on microcarriers in suspension cultures requires some form of mix-
ing. A previous report summarized the influences of mixing-induced fluid shear stress
and dynamic environmentally-caused collisions and consequent aggregation on hMSCs
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therapeutic potencies. The study’s conclusion was to retain the mixing as low as required
speeds that merely satisfy the mass transfer and avoid microcarrier accumulation in the
dead zone [53]. Stirred-tank bioreactors have been widely used in microcarrier suspen-
sion culture. The minimum required agitation speed for maintaining microcarriers in
suspension can be easily estimated by visualization [17,42] or measured by particle image
velocimetry [28,68]. NS1 and NS1u are commonly used criterion that represent the impeller
speed [28]. NS1 is defined as the threshold agitation to fully suspend all microcarriers but
does not ensure a homogenous microcarrier dispersion [69]. NS1u is defined as the minimal
agitation necessary to ensure there are no microcarriers at rest even they are in contact
with the bottom of the vessel [70]. When considering scale-up manufacturing of hMSCs
using microcarrier-based bioreactor systems, an important mixing factor is volumetric
energy dissipation. This indicates the power input per unit volume needed to maintain
microcarriers in suspension and is proportional to agitation speed [28,68]. Therefore, the
agitation speed typically increases along with the culture time to offset the heavier mi-
crocarriers loaded with propagating cells, larger working volume or multi-microcarrier
aggregation [28,31,36,45,48]. Another factor related to mixing is the impeller tip speed, at
the point of which is the highest shear stress in the entire bioreactor, and thus the most
severe potential damage to cells. Thus, the dimension and geometry of the impeller are
likely critical for viability [28]. It may be the case that a small percentage of cells become
exposed to the localized high shear stress but the average shear stress exposure remains
low [26].

To bypass the potential for shear stress, other bioreactor types, including fixed-bed
bioreactors, hollow fiber bioreactors and wave motion bioreactors, have also been used to
expand hMSCs [26,44,71,72]. Microcarrier suspensions in wave bioreactors have demon-
strated significantly lower shear stress [64,73]. However, challenges may occur during
in-situ cell harvest from these systems due to the required higher shear stress to detach
cells from microcarriers. Specific types of microcarriers, such as dissolvable microcarriers,
represent an option to overcome this issue.

2.3.2. Control System (Temperature and pH and DO)

The optimal temperature set-point is 37 ◦C for hMSC culture regardless of the type of
culture. Bioreactors are typically equipped with a temperature control unit which receives
the signals from the temperature sensors and controls the ability to heat or cool the system
as needed. There are two ways to regulate the temperature in bioreactor culture. One is
to maintain the temperature of the water jacket of the bioreactor [40,71] or the metal plate
attached to the bioreactor bag [44,74] while the other is directly to control the temperature
of the bulk culture by measuring the temperature with a thermocouple or a temperature
sensor and then to warm the bioreactor with a heating blanket or pad [36,75]. The former
may have some deviations due to the indirect measurement while the latter requires more
attention to understand the relative locations of the temperature sensor and the heating
source. While heat transfer and the temperature distribution should be homogeneous
throughout a culture in agitation mode, this may not be the case when the culture is
not under agitation (e.g., when settling microcarriers down for a medium change). Any
temperature gradient caused by inefficient heat transfer throughout a culture could result
in overheating a particular area. Therefore, when the agitation is off, the heating function
should be off as well.

The pH value in planar culture is balanced by the 5% CO2 concentration in the
incubator and the NaHCO3 in the medium. Even though there is no direct control, the
high surface-to-volume ratio for efficient gas mass transfer easily maintains pH values
within a certain range in planar culture. On the contrary, dynamic microcarrier-based
cultures containing high cell densities at harvest require more specific controls on pH
values. As shown in Table 1, the pH setpoint falls between 7 to 7.5 and the pH can be
controlled by diluted base (e.g., NaOH, NaHCO3) and diluted acid (e.g., H2SO4) or CO2
gas [27,35,36,40,43]. Two studies have successfully maintained pH merely through the
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use of 5% CO2 gas [15,46]. Even though in-line pH probes must be calibrated before each
use, off-line calibration (i.e., samples from culture immediately measured by off-line pH
meters) enhances the measurement accuracy during cell expansion, especially for long-term
cultures.

Dissolved oxygen (DO) is an essential factor for maintaining metabolic activities and
cell growth. There are two ways to supply oxygen to bioreactor culture, overlay and
sparging. For overlay aeration, gas is continuously pumped into the headspace to adjust
the partial pressure that affects dissolved gas in the medium. The concept is that pumping
pure oxygen into the overlay can expedite oxygen dissolvability. Sparging supplies oxygen
into the medium from the bottom through generating small bubbles that increase the
gas-liquid (oxygen-medium) interfacial surface and gas residency time [76]. Due to the
low oxygen demands of hMSCs (1.2–3.8 × 10−17 mol oxygen s−1 cell−1) compared to
bacteria and yeasts, the DO can often be maintained by overlay aeration [77,78]. Thus far,
few studies have implemented sparging in microcarrier-based hMSC production [29,31].
However, if the cell density reaches a certain point and the gas-liquid surface-to-volume
ratio is too low, sparging can be applied. One consideration is that because sparging has the
potential to increase the shear on cells and may cause foaming at the gas-liquid interface,
addition of an anti-foaming agent may be required.

Oxygen transfer rate, to indicate the proficiency of the oxygen mass transfer in a
bioreactor, is determined by the interfacial area, mass transfer coefficient and oxygen
concentration gradient [79]. The interfacial area is dictated by the geometrical parameters,
including the shape and dimensions of the bioreactor and sparging bubble size. Hence, the
smaller the bubble size is, the higher the interfacial area would be, thus enhancing oxygen
transfer. The oxygen mass transfer coefficient is impacted by medium formulations, mixing,
energy dissipation, exposure time, etc. For example, Shah et al.’s experimental results
showed that the volumetric oxygen mass transfer coefficient (kLa) increased from 2 to
3.4 h−1 when the agitation speed was increased from 6 to 20 rpm in a 2-L gyratory motion
bioreactor with an airflow rate of 0.05 vvm, which illustrates that the higher agitation speed
improves the oxygen transfer efficiency [80]. The oxygen concentration gradient depends
upon the difference between dissolved oxygen concentration and saturated concentration
in the medium. Thus, pure oxygen in the headspace leads to the increase of this gradient
and acceleration of oxygen delivery.

2.3.3. Medium and Feeding Strategies

Similar to planar culture, the most common medium used for hMSC expansion in
microcarrier-based bioreactors is DMEM or αMEM supplemented with FBS. Recent inter-
est in pursuing xeno-free culture to diminish the influence of undefined animal-derived
components, human serum [45] or platelet lysate [41] have been tested and demonstrated
successful replacement of FBS for xeno-free microcarrier suspension cultures in bioreac-
tors. Moreover, the potential of these cultures for therapeutic purposes has led to the
development of several commercially available media specific for hMSC expansion in
microcarrier-based culture systems, including MesenCultTM-XF [33], PRIME-XV MSC
Expansion SFM [42], StemPro® MSC SFM XenoFree [29], MSCGMTM BulletKitTM [48].
Some factors are added to the growth medium for a specific purpose. For example, the
addition of polymers such as 0.1% Pluronic F68 helps to protect cells through reduction of
cell hydrophobicity and thus reduces shear-induced damage and facilitates hMSC attach-
ment to microcarriers. This is especially beneficial when sparging the culture with gas and
bursting bubbles [31,41,42]. Practically, the choice of medium should be optimized and
dictated by the feeding strategies appropriate for individual culture systems.

As medium is the primary source of expense for hMSC production, a wise feeding
plan will use the minimal volume of medium necessary to obtain a maximum cell yield
without negatively impacting cell quality. The medium usage efficiency can be expressed
as medium consumption per million cells (mL/106 cells). Using this descriptor, the cost
of medium can be compared between different studies. Batch culture is a convenient and
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economical reference for the beginning of process development. The advantages include
ease of operation, low risk of contamination and reduced medium usage. Due to the
limits of nutrition, high cell culture density cannot be achieved, thus, batch culture is not
ideal for hMSC manufacturing assessments. However, batch culture is ideal for process
developments which are not related to final yields, such as cell line screening, microcarrier
screening, cell attachment improvement, nutrient limitation determination, bioreactor
parameter optimization, batch-to-batch variation clarification and others [81,82].

Common operations for hMSC microcarrier-based culture usually implement fed-
batch as the feeding strategy to avoid nutrient-related growth inhibition, including medium
addition and medium change. Medium addition simultaneously replenishes nutrients and
dilutes metabolic wastes. As this method lacks a draining procedure, it is not necessary to
stop agitation. An added benefit of this approach is the preservation of hMSC-secreted cy-
tokines and no cell loss during the expansion. Unfortunately, the increased working volume
required by this strategy results in decreased cell production per unit volume. A partial
medium change removes metabolic wastes from the bioreactor culture prior to replenishing
the medium, and maintains maximum volumetric productivity. This medium removal
step requires no agitation for 10 to 20 min to enable the microcarriers to settle [30,46]. The
exact time required may vary due to the microcarrier density, bioreactor scale, degree of
cell aggregation or other factors that impact the ability of microcarriers to settle from the
medium supernatant. The frequency and portion of exchanged medium are optimized
through off-line medium analyses to prevent nutrient depletion and waste accumulation.
Most studies choose medium exchange volumes that are equal to or less than 50% of
the working volume (Table 1). This both reduces microcarrier loss during draining and
also preserves hMSC-secreted cytokines which are known to enhance expansion. In some
cases, if the off-line medium analysis infers that the depletion of a specific known nutrient
component will soon occur (according to the cell growth curve), a higher concentration
of this component may be provided as an additive to compensate for the shortage and
maintain the cell proliferation rates [32,83].

Perfusion mode (continuous medium exchange) stably provides fresh medium into the
bioreactor and simultaneously pumps the spent medium out of the culture. This strategy
makes it possible to obtain higher cell densities than the maximum achieved through
unmodified cultures. Cunha et al. exploited the same medium usage in microcarrier-
based stirred-tank bioreactors to compare the performance of the perfusion culture at an
exchange volume of 20% working volume per day with a fed-batch medium change of
50% working volume per 2.5 day. Their results showed that perfusion cultures can reach
higher cell concentrations at 3.7 × 105 cell/mL with 14.6-fold expansion in comparison
with cell concentrations of 2.9 × 105 cell/mL with 11.5-fold expansion in fed-batch medium
change [34]. The perfusion flow rate can be manipulated depending on the growth and
off-line medium analyses to supplement nutrients as necessary with minimal medium
fluctuation [29,48].

2.3.4. Microcarrier Addition

In addition to medium replenishment, some studies also tested the addition of fresh,
naked microcarriers as an approach to provide existing cells with more surface to expand
upon and dilute cell confluency. This method depends upon efficient bead to bead cell
migration. The feasibility of bead-to-bead transfer has been well demonstrated in spinners
even in cultures maintained under constant agitation using various culture systems and
several culture mediums [57,84]. A previous study established an approach to add fresh
microcarriers into a stirred-tank bioreactor on Day 6, followed by an intermittent agitation
(i.e., 15 rpm for 5 min and static for 55 min) from Day 6 to Day 9 to achieve better cell
migration from beads to bead and thus maximize microcarrier colonization [34]. This
could be an innovative technique to provide high cell density cultures to with increased
volumetric surfaces and reduce the degree of aggregation. Even though promising, the
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process requires optimization to determine the ideal time frame for microcarrier addition,
the amount of fresh microcarriers and overall improvement of cell bead-to-bead transfer.

2.4. Harvest

Once the bioreactor control system and optimized medium feeding strategies demon-
strate the ability to expand hMSCs well, the next step is to determine the optimal time to
harvest these cells as the final products. In contrast to planar cultures, microcarrier-based
cultures present hMSC harvesting challenges. At the time of harvest, hMSCs typically oc-
cupy most of the microcarriers and the degree of microcarrier clumping is very high, likely
further increasing the difficulties associated with harvesting the cells. Using amended
procedures from planar culture as guides, the entire harvest process in microcarrier culture
begins with cell detachment from the microcarriers. This involves steps to drain the culture
medium, add and wash with PBS, drain the PBS, add dissociation buffer for incubation
with agitation and quench with medium. Then, the following steps are included to ef-
ficiently remove microcarriers and to concentrate a large volume of cell suspension for
the subsequent downstream bioprocesses. Each step involved in the removal of liquid
from the culture system inevitably causes some loss of cells. For example, draining spent
medium or wash buffer may also remove some microcarriers with adherent hMSCs and
microcarrier removal and cell suspension/concentration steps both involve the loss of some
cells. Detachment efficiency is likely to be another factor that reduces the total cell yield.
Therefore, many approaches have been developed to improve hMSC harvest efficiencies.

The most critical part of the harvest efficiency is the cell detachment procedure.
Nienow et al. reported 21 combinations of detachment in-situ in 15-mL ambrTM and 100-
mL DASGIP bioreactors and 100-mL spinners with the dissociation reagents Trypsin-EDTA,
TrypLE Express and Accutase to optimize the detachment efficiency in hMSC microcarrier
culture [85]. In essence, their protocol takes advantage of a short-period of intense agitation
with dissociation reagents to combine the chemical reaction and physical force necessary
to reach the maximum detachment efficiency. The detachment efficiency can be checked
at any time point by visual examination of samples under a microscope to see if the
microcarriers are still attached to cells. In addition, once the cells are detached as single
cells or small clusters with sizes smaller than the Kolmogorov scale of turbulence, cells
will no longer suffer from the fluid shear stress [85]. After cell detachment, microcarrier
removal is required to obtain a pure cell suspension. A sterile sieve can be used to filter
out microcarriers. To accommodate the high volumes of large-scale preparations, single-
use strainer bags are commercially available. For example, Harvestainer™ BioProcess
Containers from Thermo Fisher Scientific are designed for separating microcarrier beads
from the harvest broth in a closed system at different sizes, including 3 L, 12 L, 25 L and 50 L,
which should be able to cover most of the scales developed thus far [86]. This involves the
simple assembly of a micro-sieve bag inside a sterile containing bag to allow microcarriers
to be captured in the sieve bag while detached cells will pass through it [9]. OptiCap®

XL 1 Capsules from EMD Millipore also provide efficient filtration to separate cells from
microcarriers [34]. The sieve mesh sizes must be between microcarrier diameter and cell
diameter, ranging from 60 to 100 µm (Table 1).

Regardless of the approach taken, the harvest process requires several complicated
steps that must be performed in a timely manner. To reduce complexity, creative types of
microcarriers have been developed to simplify the procedure and increase manufacturing
speed and efficiency. Dissolvable microcarriers are an innovative approach to easily retrieve
all cells easily without further filtration and have been used in liter-size bioreactor cul-
tures [35,46,48]. Thermo-responsive microcarriers have also been tested for thermal lifting
harvest [87,88]. Despite these advances, there remains room for further improvements to
accelerate the harvesting process.

After microcarrier removal, the clarified hMSC suspension typically consists of a larger
volume (>20 L) than that resulting from comparable planar cultures. Laboratory liter-size
centrifuges lack the capacity to handle these large volumes. State-of-the-art continuous
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flow technologies have been developed for highly efficient cell concentration. Tangential
flow filtration, also called cross flow filtration, is a design that improves permeated flow
rates by setting the flow direction perpendicular to the filtration direction (as implied by the
name) [34]. Many commercial products are available, including Cadence™ Single-Pass and
PallSep™ Systems from Pall Corporation, Cogent M1 TFF System from Millipore, UniFlux
and ÄKTA flux from Cytiva and others [89]. Another design is counterflow continuous
centrifugation. These systems can retain cells at the fluidized bed thanks to the balance
of the fluid flow opposite to the centrifugal force, such as kSep® Systems from Sartorius
Stedim or Elutra® cell separation system from Terumo BCT [90]. These methods accelerate
the handling time for concentrating cells from large scale volumes and reduce the time
cells are exposed to the forces of centrifugation. Further optimizations to obtain maximum
hMSC yields are still needed.

3. Sampling and Cell Counting

The efficacy of these cells as therapeutic drugs depends upon the ability to achieve
high quantities of healthy viable hMSCs. Thus, methods to count cells in suspension accu-
rately and consistently are very important. Moreover, cell counting in microcarrier-based
bioreactor culture becomes more of a challenge due to the interference of microcarriers
and their inherent aggregation in culture. In contrast with the consumption of nutrients
and accumulation of wastes, the determination of cell number is viewed as the most direct
evidence to support and confirm a successful cell expansion and thus also guides the
decision and direction of future process development. In essence, cell counts are the key
reference for the entire bioprocess. Before counting cells, representative samples must be
collected. The sampling port location, the agitation speed at sampling, the processes to
handle the sample, all may alter the counted cell number. Optimization of the sampling
method is the first step and can present a challenge especially for the late stages of the cell
culture, when hMSCs are growing in multi-microcarrier aggregations.

Cell counting is a relatively straight-forward process and many methods have been
established for homogenous cell suspensions from planar cultures. The method is to count
the cell number in a fixed volume and then to convert the number to the sample size and
further to the entire culture system. When working with microcarriers in aggregation, the
methods need to be modified.

In general, there are several ways to count cells in microcarrier culture: (1) Cell
counting after cells have detached from microcarriers [26,29,37,50]; (2) Cell counting after
microcarriers have dissolved [35,46,48]; (3) Nuclei counting after cells lysis with microcarri-
ers [27,28,36]; (4) DNA quantification [18,29]; (5) Metabolic assays [34,44,47,91]. Counting
methods with simple steps and high throughput are ideal and more favorable than assay-
based approaches. In addition, as dissolvable microcarriers are not always feasible, cell
detachment from microcarriers and cell lysis with microcarriers are often the more appro-
priate options (Figure 1).

Beyond manual cell counting with a hemocytometer, automated cell counters have
become widely utilized in hMSC manufacturing for rapid cell number measurement in
replicate samples. Even though the theory is simply to count all the cells and viability is
determined by the integrity of cell membrane, different automated cell counters may yield
diverse results [92]. Trypan blue enhances cell counts with viability information [27,41,50]
while fluorescence dyes, such as acridine orange, calcein, DAPI, propidium iodine and
others can show higher color contrast for counting live and dead cells with or without lysis
buffers by automated cell and nuclear counters [17,31,36,48]. These automated counters
principally analyze the images of the stained cells/nuclei and count the number of parti-
cles. Importantly, the gate should be set up according to the cell/nuclei size to eliminate
irrelevant cell debris or fractured nuclei that may be present in the sample. The typical
certificated range for automated counters is from 104 to 107 as this provides sufficient
particles to count but is not so congested that the equipment may not discern individual
particles. It is important to note that an automatic cell counter that works well for planar
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culture may be less efficient when counting cells derived from microcarrier culture due to
the risk of jamming the loading tools with microcarriers [31].
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4. Conclusions

Our previous study examined and summarized alterations in hMSC therapeutic
potency attributed to the microenvironment changes that occur when switching from
planar culture to microcarriers. Differentiation potentials were found to significantly
increase in osteogenic and chondrogenic lineages and decrease in adipogenic lineages.
Improvements in migration ability, anti-inflammatory and immunomodulatory capabilities
were also noted [53]. We also acknowledged shortcomings that stem from microcarrier
cultures—primarily the heterogeneity that induces from discontinuous growth surfaces
and nonhomogeneous shear stress distribution within the bioreactors [53]. However, de-
spite their limitations, microcarrier-based bioreactor systems remain the most promising
and profitable approach to manufacture hMSC-based products for commercialization. This
review is focused on developments in microcarrier-based bioreactors which have the most
potential for use in scaled up processes. We also discuss the required bioprocessing alter-
ations, including seed train, inoculation, expansion, harvest, and cell counting necessary
for microcarrier cultures. Bioreactor parameters, such as temperature, pH, DO, mixing and
feeding, are also reviewed. Finally, we detail various cell counting methods which have
been applied in hMSC microcarrier cultures.



Bioengineering 2021, 8, 96 19 of 22

Author Contributions: A.-C.T. wrote the draft. A.-C.T. and C.A.P. conceived the whole study,
revised and finalized the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Squillaro, T.; Peluso, G.; Galderisi, U. Clinical trials with mesenchymal stem cells: An update. Cell Transplant. 2016, 25, 829–848.

[CrossRef]
2. Jiang, W.; Xu, J. Immune modulation by mesenchymal stem cells. Cell Prolif. 2019, 53, e12712. [CrossRef]
3. Andrzejewska, A.; Lukomska, B.; Janowski, M. Concise review: Mesenchymal stem cells: From roots to boost. Stem. Cells 2019,

37, 855–864. [CrossRef]
4. Rodríguez-Fuentes, D.E.; Fernández-Garza, L.E.; Samia-Meza, J.A.; Barrera-Barrera, S.A.; Caplan, A.I.; Barrera-Saldaña, H.A.

Mesenchymal stem cells current clinical applications: A systematic review. Arch. Med. Res. 2021, 52, 93–101. [CrossRef]
5. Kabat, M.; Bobkov, I.; Kumar, S.; Grumet, M. Trends in mesenchymal stem cell clinical trials 2004–2018: Is efficacy optimal in a

narrow dose range? Stem Cells Transl. Med. 2020, 9, 17–27. [CrossRef]
6. Gao, F.; Chiu, S.; Motan, D.; Zhang, Z.; Chen, L.; Ji, H.; Tse, H.; Fu, Q.-L.; Lian, Q. Mesenchymal stem cells and immuno-

modulation: Current status and future prospects. Cell Death Dis. 2017, 7, e2062. [CrossRef]
7. Malik, N. Allogeneic versus autologous stem-cell therapy. BioPharm Int. 2012, 25, 36–40.
8. Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 2005, 105,

1815–1822. [CrossRef]
9. Jossen, V.; Bos, C.V.D.; Eibl, R.; Eibl, D. Manufacturing human mesenchymal stem cells at clinical scale: Process and regulatory

challenges. Appl. Microbiol. Biotechnol. 2018, 102, 3981–3994. [CrossRef]
10. Olsen, T.R.; Ng, K.S.; Lock, L.T.; Ahsan, T.; Rowley, J.A. Peak MSC—Are we there yet? Front. Med. 2018, 5, 178. [CrossRef]
11. Simaria, A.S.; Hassan, S.; Varadaraju, H.; Rowley, J.; Warren, K.; Vanek, P.; Farid, S.S. Allogeneic cell therapy bioprocess economics

and optimization: Single-use cell expansion technologies. Biotechnol. Bioeng. 2014, 111, 69–83. [CrossRef]
12. Pigeau, G.M.; Csaszar, E.; Dulgar-Tulloch, A. Commercial scale manufacturing of allogeneic cell therapy. Front. Med. 2018, 5, 233.

[CrossRef]
13. Rowley, J.; Campbell, A.; Brandwein, H.; Oh, S. Meeting lot-size challenges of manufacturing adherent cells for therapy. BioProcess.

Int. 2012, 10, 7.
14. Van Wezel, A.L. Growth of cell-strains and primary cells on micro-carriers in homogeneous culture. Nat. Cell Biol. 1967, 216,

64–65. [CrossRef] [PubMed]
15. Jing, D.; Punreddy, S.; Aysola, M.; Kehoe, D.; Murrel, J.; Rook, M.; Niss, K. Growth kinetics of human mesenchymal stem cells in a

3-L single-use, stirred-tank bioreactor. BioPharm Int. 2013, 26, 28–38.
16. Kehoe, D.; Schnitzler, A.; Simler, J.; DiLeo, A.; Ball, A. Scale-up of human mesenchymal stem cells on microcarriers in suspension

in a single-use bioreactor. BioPharm Int. 2012, 25, 28–38.
17. Rafiq, Q.A.; Coopman, K.; Nienow, A.W.; Hewitt, C.J. Culture of human mesenchymal stem cells on mi-crocarriers in a 5 l

stirred-tank bioreactor. Biotechnol. Lett. 2013, 35, 1233–1245. [CrossRef]
18. Timmins, N.; Kiel, M.; Günther, M.; Heazlewood, C.; Doran, M.; Brooke, G.; Atkinson, K. Closed system isolation and scalable

expansion of human placental mesenchymal stem cells. Biotechnol. Bioeng. 2012, 109, 1817–1826. [CrossRef]
19. Rowley, J.; Anne, M.S. The need for adherent cell manufacturing. BioProcess Int. 2018, 16, 34–40.
20. Simon, M. Bioreactor design for adherent cell culture: The bolt-on bioreactor project, Part 4—Process economics. BioProcess Int.

2015, 13, 22–29.
21. McAfee, E.; Abraham, E. Platform solutions for cell therapy manufacturing. BioProcess Int. 2017, 15. Available online:

https://bioprocessintl.com/manufacturing/cell-therapies/platform-solutions-cell-therapy-manufacturing/ (accessed on 30
January 2021).

22. António, M.; Fernandes-Platzgummer, A.; da Silva, C.L.; Cabral, J.M. Scalable microcarrier-based manufacturing of mesenchymal
stem/stromal cells. J. Biotechnol. 2016, 236, 88–109.

23. Chen, A.K.-L.; Reuveny, S.; Oh, S.K.W. Application of human mesenchymal and pluripotent stem cell microcarrier cultures in
cellular therapy: Achievements and future direction. Biotechnol. Adv. 2013, 31, 1032–1046. [CrossRef]

24. Liu, L.; Yuan, W.; Wang, J. Mechanisms for osteogenic differentiation of human mesenchymal stem cells induced by fluid shear
stress. Biomech. Model. Mechanobiol. 2010, 9, 659–670. [CrossRef]

25. Lin, Y.M.; Lim, J.F.Y.; Lee, J.; Choolani, M.; Chan, J.K.Y.; Reuveny, S.; Oh, K.W. Expansion in micro-carrier-spinner cultures
improves the chondrogenic potential of human early mesenchymal stromal cells. Cytotherapy 2016, 18, 740–753. [CrossRef]

26. Jossen, V.; Schirmer, C.; Sindi, D.M.; Eibl, R.; Kraume, M.; Pörtner, R.; Eibl, D. Theoretical and practical issues that are relevant
when scaling up hmsc microcarrier production processes. Stem Cells Int. 2016, 2016, 4760414. [CrossRef]

http://doi.org/10.3727/096368915X689622
http://doi.org/10.1111/cpr.12712
http://doi.org/10.1002/stem.3016
http://doi.org/10.1016/j.arcmed.2020.08.006
http://doi.org/10.1002/sctm.19-0202
http://doi.org/10.1038/cddis.2015.327
http://doi.org/10.1182/blood-2004-04-1559
http://doi.org/10.1007/s00253-018-8912-x
http://doi.org/10.3389/fmed.2018.00178
http://doi.org/10.1002/bit.25008
http://doi.org/10.3389/fmed.2018.00233
http://doi.org/10.1038/216064a0
http://www.ncbi.nlm.nih.gov/pubmed/4292963
http://doi.org/10.1007/s10529-013-1211-9
http://doi.org/10.1002/bit.24425
https://bioprocessintl.com/manufacturing/cell-therapies/platform-solutions-cell-therapy-manufacturing/
http://doi.org/10.1016/j.biotechadv.2013.03.006
http://doi.org/10.1007/s10237-010-0206-x
http://doi.org/10.1016/j.jcyt.2016.03.293
http://doi.org/10.1155/2016/4760414


Bioengineering 2021, 8, 96 20 of 22

27. Goh, T.K.-P.; Zhang, Z.-Y.; Chen, A.K.-L.; Reuveny, S.; Choolani, M.; Chan, J.K.Y.; Oh, S.K.-W. Microcarrier culture for efficient
expansion and osteogenic differentiation of human fetal mesenchymal stem cells. BioResearch Open Access 2013, 2, 84–97.
[CrossRef]

28. Schirmaier, C.; Jossen, V.; Kaiser, S.C.; Jüngerkes, F.; Brill, S.; Safavi-Nab, A.; Siehoff, A.; Bos, C.V.D.; Eibl, D.; Eibl, R. Scale-up of
adipose tissue-derived mesenchymal stem cell production in stirred single-use bioreactors under low-serum conditions. Eng. Life
Sci. 2014, 14, 292–303. [CrossRef]

29. Dos Santos, F.; Campbell, A.; Fernandes-Platzgummer, A.; Andrade, P.Z.; Gimble, J.M.; Wen, Y.; Boucher, S.; Vemuri, M.C.; da
Silva, C.L.; Cabral, J.M. A xenogeneic-free bioreactor system for the clinical-scale expansion of human mesenchymal stem/stromal
cells. Biotechnol. Bioeng. 2014, 111, 1116–1127. [CrossRef]

30. Hupfeld, J.; Gorr, I.H.; Schwald, C.; Beaucamp, N.; Wiechmann, K.; Kuentzer, K.; Huss, R.; Rieger, B.; Neubauer, M.; Wegmeyer,
H. Modulation of mesenchymal stromal cell characteristics by microcarrier culture in bioreactors. Biotechnol. Bioeng. 2014, 111,
2290–2302. [CrossRef]

31. Siddiquee, K.; Sha, M. Billion-cell hypoxic expansion of human mesenchymal stem cells in BioBLU® 5c single-use vessels.
Bioprocess. J. 2015, 14, 22–31. [CrossRef]

32. Chen, A.K.-L.; Chew, K.Y.; Tan, H.Y.; Reuveny, S.; Oh, S.K.W. Increasing efficiency of human mesenchymal stromal cell culture by
optimization of microcarrier concentration and design of medium feed. Cytotherapy 2015, 17, 163–173. [CrossRef]

33. Sousa, M.F.; Silva, M.M.; Giroux, D.; Hashimura, Y.; Wesselschmidt, R.; Lee, B.; Roldão, A.; Carrondo, M.J.; Alves, P.M.; Serra, M.
Production of oncolytic adenovirus and human mesenchymal stem cells in a single-use, vertical-wheel bioreactor system: Impact
of bioreactor design on performance of microcarrier-based cell culture processes. Biotechnol. Prog. 2015, 31, 1600–1612. [CrossRef]

34. Cunha, B.; Aguiar, T.; Silva, M.M.; Silva, R.J.; Sousa, M.F.; Pineda, E.; Peixoto, C.; Carrondo, M.J.; Serra, M.; Alves, P.M. Exploring
continuous and integrated strategies for the up-and downstream processing of human mesenchymal stem cells. J. Biotechnol.
2015, 213, 97–108. [CrossRef]

35. Mizukami, A.; Fernandes-Platzgummer, A.; Carmelo, J.G.; Swiech, K.; Covas, D.T.; Cabral, J.M.; da Silva, C.L. Stirred tank
bioreactor culture combined with serum-/xenogeneic-free culture medium enables an efficient expansion of umbilical cord-
derived mesenchymal stem/stromal cells. Biotechnol. J. 2016, 11, 1048–1059. [CrossRef] [PubMed]

36. Lawson, T.; Kehoe, D.E.; Schnitzler, A.C.; Rapiejko, P.J.; Der, K.A.; Philbrick, K.; Punreddy, S.; Rigby, S.; Smith, R.; Feng, Q. Process
development for expansion of human mesenchymal stromal cells in a 50 L single-use stirred tank bioreactor. Biochem. Eng. J.
2017, 120, 49–62. [CrossRef]

37. Tozetti, P.A.; Caruso, S.R.; Mizukami, A.; Fernandes, T.R.; da Silva, F.B.; Traina, F.; Covas, D.T.; Orellana, M.D.; Swiech, K.
Expansion strategies for human mesenchymal stromal cells culture under xeno-free conditions. Biotechnol. Prog. 2017, 33,
1358–1367. [CrossRef]

38. Cunha, B.; Aguiar, T.; Carvalho, S.B.; Silva, M.M.; Gomes, R.A.; Carrondo, M.J.; Gomes-Alves, P.; Peixoto, C.; Serra, M.; Alves,
P.M. Bioprocess integration for human mesenchymal stem cells: From up to downstream processing scale-up to cell pro-teome
characterization. J. Biotechnol. 2017, 248, 87–98. [CrossRef] [PubMed]

39. Lam, A.T.-L.; Li, J.; Toh, J.P.-W.; Sim, E.J.-H.; Chen, A.K.-L.; Chan, J.K.-Y.; Choolani, M.; Reuveny, S.; Birch, W.; Oh, S.K.-W.
Biodegradable poly-ε-caprolactone microcarriers for efficient production of human mesenchymal stromal cells and secreted
cytokines in batch and fed-batch bioreactors. Cytotherapy 2017, 19, 419–432. [CrossRef]

40. Mizukami, A.; Chilima, T.D.P.; Orellana, M.D.; Neto, M.A.; Covas, D.T.; Farid, S.S.; Swiech, K. Technologies for large-scale
umbilical cord-derived MSC expansion: Experimental performance and cost of goods analysis. Biochem. Eng. J. 2018, 135, 36–48.
[CrossRef]

41. Gadelorge, M.; Bourdens, M.; Espagnolle, N.; Bardiaux, C.; Murrell, J.; Savary, L.; Ribaud, S.; Chaput, B.; Sensebé, L. Clinical-scale
expansion of adipose-derived stromal cells starting from stromal vascular fraction in a single-use bioreactor: Proof of concept for
autologous applications. J. Tissue Eng. Regen. Med. 2018, 12, 129–141. [CrossRef]

42. Heathman, T.R.; Nienow, A.W.; Rafiq, Q.A.; Coopman, K.; Kara, B.; Hewitt, C.J. Agitation and aeration of stirred-bioreactors for
the microcarrier culture of human mesenchymal stem cells and potential implications for large-scale bioprocess development.
Biochem. Eng. J. 2018, 136, 9–17. [CrossRef]

43. Mizukami, A.; Thomé, C.H.; Ferreira, G.A.; Lanfredi, G.P.; Covas, D.T.; Pitteri, S.J.; Swiech, K.; Faça, V.M. Proteomic iden-
tification and time-course monitoring of secreted proteins during expansion of human mesenchymal stem/stromal in stirred-tank
bioreactor. Front. Bioeng. Biotechnol. 2019, 7, 154. [CrossRef] [PubMed]

44. Da Silva, J.d.S.; Mizukami, A.; Gil, L.V.G.; de Campos, J.V.; Assis, O.B.; Covas, D.T.; Swiech, K.; Suazo, C.A.T. Improving
wave-induced motion bioreactor performance for human mesenchymal stromal cell expansion. Process. Biochem. 2019, 84,
143–152. [CrossRef]

45. Moreira, F.; Mizukami, A.; de Souza, L.E.B.; Cabral, J.; da Silva, C.L.; Covas, D.T.; Swiech, K. Successful use of human AB serum
to support the expansion of adipose tissue-derived mesenchymal stem/stromal cell in a microcarrier-based platform. Front.
Bioeng. Biotechnol. 2020, 8, 307. [CrossRef] [PubMed]

46. Yan, X.; Zhang, K.; Yang, Y.; Deng, D.; Lyu, C.; Xu, H.; Liu, W.; Du, Y. Dispersible and dissolvable porous microcarrier tablets
enable efficient large-scale human mesenchymal stem cell expansion. Tissue Eng. Part. C Methods 2020, 26, 263–275. [CrossRef]

47. Da Silva, J.D.S.; Severino, P.; Wodewotzky, T.I.; Covas, D.T.; Swiech, K.; Marti, L.C.; Suazo, C.A.T. Mesenchymal stromal cells
maintain the major quality attributes when expanded in different bioreactor systems. Biochem. Eng. J. 2020, 161, 107693. [CrossRef]

http://doi.org/10.1089/biores.2013.0001
http://doi.org/10.1002/elsc.201300134
http://doi.org/10.1002/bit.25187
http://doi.org/10.1002/bit.25281
http://doi.org/10.12665/j142.sha
http://doi.org/10.1016/j.jcyt.2014.08.011
http://doi.org/10.1002/btpr.2158
http://doi.org/10.1016/j.jbiotec.2015.02.023
http://doi.org/10.1002/biot.201500532
http://www.ncbi.nlm.nih.gov/pubmed/27168373
http://doi.org/10.1016/j.bej.2016.11.020
http://doi.org/10.1002/btpr.2494
http://doi.org/10.1016/j.jbiotec.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/28174039
http://doi.org/10.1016/j.jcyt.2016.11.009
http://doi.org/10.1016/j.bej.2018.02.018
http://doi.org/10.1002/term.2377
http://doi.org/10.1016/j.bej.2018.04.011
http://doi.org/10.3389/fbioe.2019.00154
http://www.ncbi.nlm.nih.gov/pubmed/31297369
http://doi.org/10.1016/j.procbio.2019.06.004
http://doi.org/10.3389/fbioe.2020.00307
http://www.ncbi.nlm.nih.gov/pubmed/32373600
http://doi.org/10.1089/ten.tec.2020.0039
http://doi.org/10.1016/j.bej.2020.107693


Bioengineering 2021, 8, 96 21 of 22

48. Dosta, P.; Ferber, S.; Zhang, Y.; Wang, K.; Ros, A.; Uth, N.; Levinson, Y.; Abraham, E.; Artzi, N. Scale-up manufacturing of
gelatin-based microcarriers for cell therapy. J. Biomed. Mater. Res. Part. B Appl. Biomater. 2020, 108, 2937–2949. [CrossRef]

49. Kurogi, H.; Takahashi, A.; Isogai, M.; Sakumoto, M.; Takijiri, T.; Hori, A.; Furuno, T.; Koike, T.; Yamada, T.; Nagamura-Inoue, T.;
et al. Umbilical cord derived mesenchymal stromal cells in microcarrier based industrial scale sustain the immune regulatory
functions. Biotechnol. J. 2021, 2000558. [CrossRef]

50. Noronha, N.C.; Mizukami, A.; Orellana, M.D.; Oliveira, M.C.; Covas, D.T.; Swiech, K.; Malmegrim, K.C. Hypoxia priming
improves in vitro angiogenic properties of umbilical cord derived-mesenchymal stromal cells expanded in stirred-tank bi-oreactor.
Biochem. Eng. J. 2021, 168, 107949. [CrossRef]

51. FDA. PAT—A Framework for Innovative Pharmaceutical Development, Manufacturing, and Quality Assurance. 2004.
Available online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/pat-framework-innovative-
pharmaceutical-development-manufacturing-and-quality-assurance (accessed on 30 January 2021).

52. Ma, T.; Tsai, A.-C.; Liu, Y. Biomanufacturing of human mesenchymal stem cells in cell therapy: Influence of microenvi-ronment
on scalable expansion in bioreactors. Biochem. Eng. J. 2016, 108, 44–50. [CrossRef]

53. Tsai, A.-C.; Jeske, R.; Chen, X.; Yuan, X.; Li, Y. Influence of microenvironment on mesenchymal stem cell therapeutic potency:
From planar culture to microcarriers. Front. Bioeng. Biotechnol. 2020, 8, 640. [CrossRef] [PubMed]

54. Tavassoli, H.; Alhosseini, S.N.; Tay, A.; Chan, P.P.; Oh, S.K.W.; Warkiani, M.E. Large-scale production of stem cells utilizing
microcarriers: A biomaterials engineering perspective from academic research to com-mercialized products. Biomaterials 2018,
181, 333–346. [CrossRef]

55. Loubière, C.; Sion, C.; de Isla, N.; Reppel, L.; Guedon, E.; Chevalot, I.; Olmos, E. Impact of the type of microcarrier and agitation
modes on the expansion performances of mesenchymal stem cells derived from um-bilical cord. Biotechnol. Prog. 2019, 35, e2887.
[CrossRef]

56. Rafiq, Q.; Coopman, K.; Nienow, A.W.; Hewitt, C.J. Systematic microcarrier screening and agitated culture conditions improves
human mesenchymal stem cell yield in bioreactors. Biotechnol. J. 2016, 11, 473–486. [CrossRef] [PubMed]

57. Leber, J.; Barekzai, J.; Blumenstock, M.; Pospisil, B.; Salzig, D.; Czermak, P. Microcarrier choice and bead-to-bead transfer
for human mesenchymal stem cells in serum-containing and chemically defined media. Process. Biochem. 2017, 59, 255–265.
[CrossRef]

58. Swartz, E. Meeting the needs of the cell-based meat industry. Chem. Eng. Prog. 2019, 115, 41–45.
59. Yuan, Y.; Kallos, M.S.; Hunter, C.; Sen, A. Improved expansion of human bone marrow-derived mesenchymal stem cells in

microcarrier-based suspension culture. J. Tissue Eng. Regen. Med. 2014, 8, 210–225. [CrossRef]
60. Derakhti, S.; Safiabadi-Tali, S.H.; Amoabediny, G.; Sheikhpour, M. Attachment and detachment strategies in microcarrier-based

cell culture technology: A comprehensive review. Mater. Sci. Eng. C 2019, 103, 109782. [CrossRef]
61. Hu, W.S.; Meier, J.; Wang, D.I.C. A mechanistic analysis of the inoculum requirement for the cultivation of mammalian cells on

microcarriers. Biotechnol. Bioeng. 1985, 27, 585–595. [CrossRef]
62. Frauenschuh, S.; Reichmann, E.; Ibold, Y.; Goetz, P.M.; Sittinger, M.; Ringe, J. A microcarrier-based cultivation system for

expansion of primary mesenchymal stem cells. Biotechnol. Prog. 2007, 23, 187–193. [CrossRef]
63. Nienow, A.W.; Rafiq, Q.; Coopman, K.; Hewitt, C. A potentially scalable method for the harvesting of hMSCs from microcarriers.

Biochem. Eng. J. 2014, 85, 79–88. [CrossRef]
64. Tsai, A.-C.; Liu, Y.; Yuan, X.; Chella, R.; Ma, T. Aggregation kinetics of human mesenchymal stem cells under wave motion.

Biotechnol. J. 2017, 12, 1600448. [CrossRef]
65. Shekaran, A.; Lam, T.L.; Sim, E.; Jialing, L.; Jian, L.; Wen, J.T.P.; Chan, J.K.Y.; Choolani, M.; Reuveny, S.; Birch, W.; et al.

Biodegradable ECM-coated PCL microcarriers support scalable human early MSC expansion and in vivo bone formation.
Cytotherapy 2016, 18, 1332–1344. [CrossRef]

66. Dos Santos, F.; Andrade, P.Z.; Abecasis, M.M.; Gimble, J.M.; Chase, L.G.; Campbell, A.M.; Boucher, S.; Vemuri, M.C.; da Silva,
C.L.; Cabral, J.M. Toward a Clinical-Grade Expansion of Mesenchymal Stem Cells from Human Sources: A Microcarrier-Based
Culture system under xeno-free conditions. Tissue Eng. Part. C Methods 2011, 17, 1201–1210. [CrossRef] [PubMed]

67. Li, F.; Hashimura, Y.; Pendleton, R.; Harms, J.; Collins, E.; Lee, B. A systematic approach for scale-down model development and
characterization of commercial cell culture processes. Biotechnol. Prog. 2006, 22, 696–703. [CrossRef]

68. Kaiser, S.; Jossen, V.; Schirmaier, C.; Eibl, D.; Brill, S.; van den Bos, C.; Eibl, R. Fluid flow and cell proliferation of mesenchymal
adipose-derived stem cells in small-scale, stirred, single-use bioreactors. Chem. Ing. Tech. 2013, 85, 95–102. [CrossRef]

69. Ibrahim, S.; Nienow, A. Suspension of microcarriers for cell culture with axial flow impellers. Chem. Eng. Res. Des. 2004, 82,
1082–1088. [CrossRef]

70. Liepe, F.; Sperling, R.; Jembere, S. Rührwerke: Theoretische Grundlagen, Auslegung und Bewertung; Fachhochsch: Köthen, Germany,
1998.

71. Tsai, A.-C.; Liu, Y.; Ma, T. Expansion of human mesenchymal stem cells in fibrous bed bioreactor. Biochem. Eng. J. 2016, 108, 51–57.
[CrossRef]

72. Nold, P.; Brendel, C.; Neubauer, A.; Bein, G.; Hackstein, H. Good manufacturing practice-compliant animal-free expansion of
human bone marrow derived mesenchymal stroma cells in a closed hollow-fiber-based bioreactor. Biochem. Biophys. Res. Commun.
2013, 430, 325–330. [CrossRef]

http://doi.org/10.1002/jbm.b.34624
http://doi.org/10.1002/biot.202000558
http://doi.org/10.1016/j.bej.2021.107949
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/pat-framework-innovative-pharmaceutical-development-manufacturing-and-quality-assurance
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/pat-framework-innovative-pharmaceutical-development-manufacturing-and-quality-assurance
http://doi.org/10.1016/j.bej.2015.07.014
http://doi.org/10.3389/fbioe.2020.00640
http://www.ncbi.nlm.nih.gov/pubmed/32671039
http://doi.org/10.1016/j.biomaterials.2018.07.016
http://doi.org/10.1002/btpr.2887
http://doi.org/10.1002/biot.201400862
http://www.ncbi.nlm.nih.gov/pubmed/26632496
http://doi.org/10.1016/j.procbio.2017.03.017
http://doi.org/10.1002/term.1515
http://doi.org/10.1016/j.msec.2019.109782
http://doi.org/10.1002/bit.260270507
http://doi.org/10.1021/bp060155w
http://doi.org/10.1016/j.bej.2014.02.005
http://doi.org/10.1002/biot.201600448
http://doi.org/10.1016/j.jcyt.2016.06.016
http://doi.org/10.1089/ten.tec.2011.0255
http://www.ncbi.nlm.nih.gov/pubmed/21895491
http://doi.org/10.1021/bp0504041
http://doi.org/10.1002/cite.201200180
http://doi.org/10.1205/cerd.82.9.1082.44161
http://doi.org/10.1016/j.bej.2015.09.002
http://doi.org/10.1016/j.bbrc.2012.11.001


Bioengineering 2021, 8, 96 22 of 22

73. Kalmbach, A.; Bordás, R.; Öncül, A.A.; Thévenin, D.; Genzel, Y.; Reichl, U. Experimental characterization of flow conditions in
2-and 20-l bioreactors with wave-induced motion. Biotechnol. Prog. 2011, 27, 402–409. [CrossRef]

74. Åkerström, H. Expansion of Adherent Cells for Cell Therapy. Master’s Thesis, Uppsala University, Uppsala, Sweden, 2009.
75. Heathman, T.R.; Nienow, A.W.; Rafiq, Q.A.; Coopman, K.; Kara, B.; Hewitt, C.J. Development of a pro-cess control strategy

for the serum-free microcarrier expansion of human mesenchymal stem cells towards cost-effective and commercially viable
manufacturing. Biochem. Eng. J. 2019, 141, 200–209. [CrossRef]

76. Garcia-Ochoa, F.; Gomez, E. Bioreactor scale-up and oxygen transfer rate in microbial processes: An overview. Biotechnol. Adv.
2009, 27, 153–176. [CrossRef]

77. Jossen, V.; Pörtner, R.; Kaiser, S.C.; Kraume, M.; Eibl, D.; Eibl, R. Mass production of mesenchymal stem cells—Impact of
bioreactor design and flow conditions on proliferation and differentiation. Cells Biomater. Regen. Med. 2014. [CrossRef]

78. Zhao, F.; Pathi, P.; Grayson, W.; Xing, Q.; Locke, B.R.; Ma, T. Effects of oxygen transport on 3-d human mesenchymal stem cell
metabolic activity in perfusion and static cultures: Experiments and mathematical model. Biotechnol. Prog. 2005, 21, 1269–1280.
[CrossRef]

79. Kane, J. Measuring kLa for better bioreactor performance. BioProcess Int. 2012, 10, 46–49.
80. Shah, R.; Park, H.-S. Proposed design model of single use bioreactor for mesenchymal stem cells proliferation. Procedia CIRP 2016,

41, 382–386. [CrossRef]
81. Higuera, G.; Schop, D.; Janssen, F.; van Dijkhuizen-Radersma, R.; van Boxtel, T.; van Blitterswijk, C.A. Quantifying in vitro

growth and metabolism kinetics of human mesenchymal stem cells using a mathematical model. Tissue Eng. Part A 2009, 15,
2653–2663. [CrossRef]

82. Jung, S.; Panchalingam, K.M.; Wuerth, R.D.; Rosenberg, L.; Behie, L.A. Large-scale production of hu-man mesenchymal stem cells
for clinical applications. Biotechnol. Appl. Biochem. 2012, 59, 106–120. [CrossRef] [PubMed]

83. Lembong, J.; Kirian, R.; Takacs, J.D.; Olsen, T.R.; Lock, L.T.; Rowley, J.A.; Ahsan, T. Bioreactor parameters for microcarrier-based
human MSC expansion under xeno-free conditions in a vertical-wheel system. Bioengineering 2020, 7, 73. [CrossRef]

84. Rafiq, Q.A.; Ruck, S.; Hanga, M.P.; Heathman, T.R.; Coopman, K.; Nienow, A.W.; Williams, D.J.; Hewitt, C.J. Qualitative and
quantitative demonstration of bead-to-bead transfer with bone marrow-derived human mesenchymal stem cells on microcarriers:
Utilising the phenomenon to improve culture performance. Biochem. Eng. J. 2018, 135, 11–21. [CrossRef]

85. Nienow, A.W.; Hewitt, C.; Heathman, T.R.; Glyn, V.A.; Fonte, G.N.; Hanga, M.P.; Coopman, K.; Rafiq, Q. Agitation conditions
for the culture and detachment of hMSCs from microcarriers in multiple bioreactor platforms. Biochem. Eng. J. 2016, 108, 24–29.
[CrossRef]

86. Scientific, T.F. Scalability of Microcarrier Bead Separation Using the Harvestainer Systems. 2018. Available online: https://assets.
thermofisher.com/TFS-Assets/BPD/Application-Notes/scalability-harvestainer-app-note.pdf (accessed on 30 January 2021).

87. Yuan, X.; Tsai, A.-C.; Farrance, I.; Rowley, J.A.; Ma, T. Aggregation of culture expanded human mesenchymal stem cells in
microcarrier-based bioreactor. Biochem. Eng. J. 2018, 131, 39–46. [CrossRef]

88. Song, K.; Yang, Y.; Wu, S.; Zhang, Y.; Feng, S.; Wang, H.; Wang, Y.; Wang, L.; Liu, T. In vitro culture and harvest of BMMSCs on
the surface of a novel thermosensitive glass microcarrier. Mater. Sci. Eng. C 2016, 58, 324–330. [CrossRef] [PubMed]

89. Nicholson, P.; Storm, E. Single-use tangential flow filtration in bioprocessing. BioProcess Int. 2011, 9, 38–47.
90. Pattasseril, J.; Varadaraju, H.; Lock, L.; Rowley, J.A. Downstream technology landscape for large-scale therapeutic cell processing.

Bioprocess. Int. 2013, 11, 38–47.
91. Tsai, A.-C.; Ma, T. Expansion of human mesenchymal stem cells in a microcarrier bioreactor. In Methods in Molecular Biology;

Springer Science and Business Media LLC & Humana Press: New York, NY, USA, 2016; pp. 77–86.
92. Radel, D.; Madde, P.; Dietz, A. Comparison of two automated cell counters for enumeration and viability of mesenchymal stem

cells for clinical cellular therapy trials. Cytotherapy 2018, 20, S69–S70. [CrossRef]

http://doi.org/10.1002/btpr.516
http://doi.org/10.1016/j.bej.2018.10.018
http://doi.org/10.1016/j.biotechadv.2008.10.006
http://doi.org/10.5772/59385
http://doi.org/10.1021/bp0500664
http://doi.org/10.1016/j.procir.2015.12.127
http://doi.org/10.1089/ten.tea.2008.0328
http://doi.org/10.1002/bab.1006
http://www.ncbi.nlm.nih.gov/pubmed/23586791
http://doi.org/10.3390/bioengineering7030073
http://doi.org/10.1016/j.bej.2017.11.005
http://doi.org/10.1016/j.bej.2015.08.003
https://assets.thermofisher.com/TFS-Assets/BPD/Application-Notes/scalability-harvestainer-app-note.pdf
https://assets.thermofisher.com/TFS-Assets/BPD/Application-Notes/scalability-harvestainer-app-note.pdf
http://doi.org/10.1016/j.bej.2017.12.011
http://doi.org/10.1016/j.msec.2015.08.033
http://www.ncbi.nlm.nih.gov/pubmed/26478317
http://doi.org/10.1016/j.jcyt.2018.02.196

	Introduction 
	Bioprocessing for Microcarrier-Based hMSC Manufacturing 
	Seed Train 
	Inoculation 
	Cell Expansion 
	Mixing (Agitation and Rocking) 
	Control System (Temperature and pH and DO) 
	Medium and Feeding Strategies 
	Microcarrier Addition 

	Harvest 

	Sampling and Cell Counting 
	Conclusions 
	References

