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SERUM-FREE MEDIA
Serum-free media formulations are cell lineespecific and require
optimization for microcarrier culture
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Abstract
Background aims. Mesenchymal stromal cells (MSCs) are being investigated as potential cell therapies for many different
indications. Current methods of production rely on traditional monolayer culture on tissue-culture plastic, usually with the
use of serum-supplemented growth media. However, the monolayer culturing system has scale-up limitations and may not
meet the projected hundreds of billions to trillions batches of cells needed for therapy. Furthermore, serum-free medium
offers several advantages over serum-supplemented medium, which may have supply and contaminant issues, leading to
many serum-free medium formulations being developed. Methods. We cultured seven MSC lines in six different serum-free
media and compared their growth between monolayer and microcarrier culture. Results. We show that (i) expansion levels of
MSCs in serum-free monolayer cultures may not correlate with expansion in serum-containing media; (ii) optimal culture
conditions (serum-free media for monolayer or microcarrier culture) differ for each cell line; (iii) growth in static micro-
carrier culture does not correlate with growth in stirred spinner culture; (iv) and that early cell attachment and spreading
onto microcarriers does not necessarily predict efficiency of cell expansion in agitated microcarrier culture. Conclusions.
Current serum-free media developed for monolayer cultures of MSCs may not support MSC proliferation in microcarrier
cultures. Further optimization in medium composition will be required for microcarrier suspension culture for each cell line.
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Introduction

Mesenchymal stromal cells (MSCs; alternatively
mesenchymal stem cells) are currently being inves-
tigated for many different therapies; there are 460
trials listed on Clinicaltrials.gov as of February 1,
2015 [1]. Cells expressing characteristics defined by
the International Society for Cellular Therapy as
MSC markers (surface markers CD73, CD90,
CD105 and osteogenic, chondrogenic and adipo-
genic differentiation ability) [2] have been extracted
from various sources of tissue, with varying growth
properties [3e6]. Investigations into their clinical use
include their potential to differentiate for tissue
replacement (bone, cartilage) as well as their
immunomodulatory properties in vivo and their
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expression of paracrine factors supporting tissue
regeneration [7e15].

MSCs are predominantly grown in serum-
supplemented media for use in clinical trials
[16e19]; the first serum-free media (SFM)
approved for use with MSC culture for clinical trials
was only cleared by the US Food and Drug
Administration in 2011 [20,21]. However, there is a
growing recognition that SFM may be more desir-
able for several reasons, such as batch-to-batch
variability of FBS, limited global supply of serum
and potential xeno-contaminants [22e24]. These
issues will only be magnified if MSC therapies
become widespread, when production at industrial
scales is necessary.
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Table I. Human MSC lines from various cell banks and their tissue sources used in this study.

MSC line Tissue source Cell bank Catalog No. Media used for initial expansion
Working cell
bank passage

UC-MSC-one Umbilical cord matrix Promocell C-12971 a10 9
UC-MSC-2 Umbilical cord matrix ATCC PCS-500e010 ATCC MSC basal media þ

supplement (PCS-500e040)
6

UCB-MSC Umbilical cord blood Medipost G-12e363e2 a10 7
BM-MSC-1 Adult bone marrow CTI Biotech e a10 8
BM-MSC-2 Adult bone marrow RoosterBio e RoosterBio MSC growth medium 3
BM-MSC-3 Fetal bone marrow [47] National University

Hospital, Singapore
e a10 8

Adipose MSC Adipose tissue ATCC PCS-500e011 ATCC MSC basal media þ
supplement (PCS-500e040)

6

MSCs were obtained from a variety of tissues and cell banks. Cells were expanded according to the manufacturer’s instructions, all which
involved serum-containing media. Working cell banks were established and used for subsequent testing in SFM, with passage number of
cells kept below 10 passages.
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Hence, many different SFM formulations have
been developed, published by academic labs [25e28]
and reported as proprietary compositions by com-
mercial companies [29e37]. Most serum-free for-
mulations claim equivalent cell population doubling
time compared with serum-containing media in
monolayer culture and/or preservation or improve-
ment in MSC characteristics such as expression of
cell surface markers and differentiation capability
[29,38e41]. Previous studies have compared
different SFM formulations for MSC culture in
monolayers, each study testing different MSC lines,
showing that the media of choice can influence cell
proliferation, differentiation and time of cellular
senescence [33,42,43], albeit to different rates.
Given the many different MSC lines and SFM for-
mulations available, the question arises if there is one
ideal formulation for all cell lines and the different
methods of propagation or if each cell line and pro-
duction method will require a different optimal me-
dia for expansion and maintenance.

In parallel, there is an anticipated need for large-
scale production of MSCs that traditional monolayer
culture might not meet [44]. Estimated amounts of
MSCs required for one treatment dose vary between
billions to hundreds of billions of cells, and a patient
may require multiple doses [16,44,45]. This could
result in a demand for production of trillions of cells
per production batch. Whereas monolayer culture can
only feasibly reach tens of billions even with auto-
mated multi-layer cell stacks, microcarrier cultures
can potentially reach trillions of cells per batch [44].

Given the reported differences in cell phenotype
through the use of different SFM formulations
[38,46] as well as differences between monolayer vs
microcarrier culture [33,47], we decided to carry out
a comparative study of several MSC cell lines
expanded in SFM in monolayer versus microcarrier
culture. SFM developed in-house as well as several
commercially available serum-free formulations were
investigated. We found that.

(i) In monolayer culture, MSC cell density (cells
per cm2) achieved in SFM may not correlate
with the density achieved in medium con-
taining serum.

(ii) There is no single optimal SFM formulation
that works for all cell lines. Each cell line
achieved different levels of cell density (cells
per cm2) in the different SFM formulations.
Hence, the optimal SFM conditions differ for
each cell line.

(iii) With the use of several SFM, we found vari-
able levels of correlation between efficiency of
growth in monolayer cultures versus growth
in microcarrier cultures. The optimal me-
dium can differ between monolayer culture
and microcarrier culture, even in the absence
of shear stress induced by culture agitation.

(iv) Growth of MSCs in static microcarrier cul-
tures does not correlate with MSC growth on
microcarriers in stirred spinner culture.

(v) Levels of early cell attachment and
spreading (1e2 h after seeding) on the
microcarrier surface do not necessarily pre-
dict efficiency of cell expansion in agitated
microcarrier culture.

Our results indicate that the use of SFM in MSC
culture can give greater cell expansion than serum-
containing medium, helping to meet the large
numbers of cells projected for cell therapy. However,
SFM optimized for monolayer culture of MSCs may
not support the growth of MSCs in microcarrier cul-
ture. A number of SFM exist, and it is critical to select
the right one in microcarrier culture during early
investigative and preclinical trials for projected large-
scale cell production in bioreactors. Furthermore,
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MSC lines have different medium requirements,
hence necessitating optimization of the SFM formu-
lation for each individual line on microcarriers.
Methods

Human MSC lines

Human MSCs obtained from several different sour-
ces were expanded to establish working cell banks
with the use of the serum-containing media accord-
ing to the recommendations by their corresponding
cell bank or in a10 medium, composed of minimum
essential medium-a (a-MEM; Life Technologies,
Cat. No. 12571) supplemented with 10% FBS (Life
Technologies, Cat. No. 10270) (Table I). Cells were
inoculated at a cell concentration of 5 � 103 cells/
cm2 in tissue culture flasks and sub-cultured when
cell concentration reached 70% confluence (w3 �
104 cells/cm2). The 0.2% trypsineethylene diamine
tetra-acetic acid solution was used for cell dissocia-
tion during the passaging of all MSC lines except for
UC-MSC-two and adipose-MSC, in which TryPLE
Express (Life Technologies No. 12604) was used
instead. All cultures were maintained in a 37�C/5%
CO2 humidified incubator. Passage numbers of all
cells used were 9 or below.
Culturing of MSCs in SFM

Six SFM were tested in this study, which comprised
four commercially available SFM and two in-
houseedeveloped SFM. The commercial SFM were.

(i) StemPro MSC SFM Xenofree (Life Tech-
nologies, Cat. No. A1067501)

(ii) MSC Nutristem XF (Biological Industries,
Cat. No. 05e200e1)

(iii) MesenCult-XF (Stemcell Technologies, Cat.
No. 05420)

(iv) StemXVivo SFM Human MSC Expansion
Media (R&D Systems, Cat. No. CCM014)

These commercial SFM were randomly labeled
as commercial medium A, B, C and D. Our in-house
SFM, Biotechnology Processing Institute (BTI)-
SFM-1, consists of a-MEM supplemented with
0.25% recombinant human albumin (Sigma A7736),
1% chemically defined lipid concentrate (Life
Technologies, Cat. No. 11905), 1 � insulin-
transferrin-selenium (Life Technologies, Cat. No.
41400), 10 ng/mL of platelet-derived growth factor-
AB (Peprotech 100e00AB), 10 ng/mL of basic
fibroblast growth factor (Life Technologies, Cat. No.
AA10e155) and 5 ng/mL of transforming growth
factor-b1 (Peprotech 100e21C, 10 ng/mL epidermal
growth factor (Peprotech AF-100e15e500). The
other in-house media was composed of BTI-SFM-1
supplemented with 2% plasma-purified bovine al-
bumin from different sources, termed as albumin A
and albumin B (Life Technologies and Sigma-
Aldrich). BTI-SFM-1 supplemented with albumin
A was termed as BTI-SFM-2.

All MSCs were adapted in SFM on fibronectin-
coated (Sigma-Aldrich, Cat. No. F1141) tissue culture
plates at1 mg/cm2 for two passages before experiments
were performed.
MSC cultivation in monolayer culture

Six-well tissue culture plates were pre-coated with
fibronectin (Sigma F1141), with 10 mL of fibronectin
solution in 1 mL of Dulbecco’s phosphate-buffered
saline (D-PBS; Life Technologies Cat. No. 14190)
and incubated in a 37�C incubator for 1 h. The
fibronectin solution was then removed, and 2.5 mL
of SFM was added to the well and the plate incu-
bated in the 37�C incubator for another h. MSCs
expanded as above were seeded into the plate, with
50,000 cells per well, and allowed to grow for 4 days.
At the end of growth, the cells were harvested and
cell number was determined through nuclei count.
Microcarrier preparation

Cytodex 1 microcarriers (GE Healthcare Life Sci-
ences 17e0448e01) were hydrated with D-PBS,
washed thrice with D-PBS and autoclaved. Coating
of Cytodex 1 with fibronectin was carried out by
adding 10 mL of fibronectin solution to 2.5 mg of
sterile Cytodex 1 per milliliter of D-PBS solution.
The mixture was gently agitated at room temperature
for >3 h and washed with a-MEM before use.
MSC cultivation in static microcarrier culture

MSC expanded in SFM on fibronectin-coated tissue
culture flasks were harvested by means of enzymatic
cell dissociation with TryPLE Express. TryPLE Ex-
press was removed from cells by centrifugation (400g
for 5 min). The cells were washed, pelleted by
centrifugation and re-suspended in the correspond-
ing SFM. Viable cell concentration was determined
by use of a Nucleocounter (ChemoMetec, NC-3000)
before seeding into 24-well, ultraelow-adherence
plates (Corning, Cat. No. CLS3473). Each well
contained 1.25 mg of Cytodex 1 coated with fibro-
nectin and seeded with 2.5 � 104 cells. A 50% media
exchange with the respective SFM was performed at
day 4. Three wells were destroyed per condition to
determine the cell concentration at 4 or 7 days of
culture.



Figure 1. Serum-containing medium supports MSC growth in monolayer and microcarrier cultures, whereas SFM have different
requirements for monolayer versus microcarrier growth. Bone marrow MSCs (BM-MSC-3) were propagated in monolayer (A) and static
Cytodex 1 microcarrier (B) cultures with the use of FBS-supplemented (a10) media versus BTI-SFM-1 and BTI-SFM-2 SFM. Cells were
seeded at 5.0 � 103 cells/cm2 and cultured for 4 days. Serum-free culture dishes were pre-coated with fibronectin (**P < 0.001).
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MSC cultivation in agitated microcarrier culture

Cytodex 1 (50 mg) was coated with fibronectin and
re-suspended in 15 mL of SFM and then was
transferred to a 125 mL Erlenmeyer flasks (Corn-
ing). MSCs harvested from fibronectin-coated tissue
culture plates in the respective SFM as described
above were seeded into the Erlenmeyer flasks con-
taining microcarriers to achieve a viable cell con-
centration of 5 � 104 cells/mL in a 20-mL final
working volume. The flask was then placed on an
orbital shaker (IKA, No. KS260 control) operated at
100 rpm in a 37�C/5% CO2 incubator. A 50% media
exchange was performed every 2 days until the
maximal cell concentration was reached.

In a scale-up study, fibronectin-coated Cytodex 1
(250 mg) suspended in the respective SFM was
added to a 125-mL disposable spinner flask (Corn-
ing, Cat. No. 3152). MSCs harvested from
fibronectin-coated tissue culture flasks were seeded
to the spinner flask at 5 � 104 cells/mL in a 100-mL
final working volume. The spinner flask was placed
on a magnetic stirrer platform (Sigma, CLS440814)
operated at 30 rpm in a 37�C/5% CO2 incubator.
The stirring speed was then increased to 38 rpm 3
days after seeding. A 50% media exchange was per-
formed every 2 days until the maximal cell concen-
tration was reached. Daily total and non-viable cell
concentrations in the cultures were determined with
the use of a Nucleocounter (ChemoMetec, NC-
3000).
Analysis of cell attachment to and spreading on
microcarriers

MSCs were seeded onto Cytodex 1 in Erlenmeyer
flasks on an orbital shaker as described above. One-
milliliter samples were taken at 1 and 2 h after
seeding. Unattached cell concentrations in the su-
pernatant (without microcarriers) were determined
with the use of a Nucleocounter. To determine the
amount of cells attached to the microcarriers, the
supernatant was decanted and remaining micro-
carriers were washed with D-PBS. Lysis buffer
(Chemometec, Cat. No. 910e0003) was added to
the microcarriers to release the nuclei of the attached
cells and quantified with the use of the Nucleo-
counter [48].
Immunophenotypic analysis

Viable cells harvested from MSC cultures were
analyzed for CD105, CD90, CD73 and CD34 by
means of flow cytometer as described by Chen et al.
[49] in 2014.



Figure 2. MSC growth in SFM demonstrates varying degrees of correlations to growth in serum-containing medium. Seven different MSC
lines (three bone marrowederived, two Wharton’s jellyederived, one umbilical cord bloodederived one adipose-derived) were seeded in
serum and serum-free monolayer cultures at 5.0 � 103 cells/cm2. Cells were cultured for 4 days in the following SFM: (A) BTI-SFM-1, (B)
BTI-SFM-2, (C) commercial SFM-A, (D) commercial SFM-B, (E) commercial SFM-C and (F) commercial SFM-D. SFM culture flasks
were pre-coated with fibronectin. Growth of cells with SFM was plotted against growth with a10 serum-containing medium in 4 days of
monolayer culture. Different symbols represent different cell lines.
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Statistical analysis

Experiments with monolayer and static microcarrier
cultures were performed in triplicate, and data are
presented as mean and standard deviation. Statis-
tical analysis was performed by means of one-way
analysis of variance with post hoc Tukey test by use
of Graphpad Prism software and deemed to be
significant at a value of P < 0.01. Shaker and
spinner flask microcarrier cultures were performed
in duplicate.



Figure 3. Growth kinetics of MSCs in serum-free, static monolayer and microcarrier cultures. BM-MSC-3 cells were seeded at 5.0 � 103

cells/cm2 in monolayers or on Cytodex 1 microcarriers in static conditions, cultured in BTI-SFM-2 SFM. (A) Cell growth was monitored
daily by means of harvesting of wells and nuclei-counting. A 50%medium change was carried out on day 4 in MSC cultures, indicated by the
black arrow. (B) Cells imaged at day 1 versus day 4 of monolayer growth. (C) Cells imaged at day 1 versus day 7 of static microcarrier
growth.
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Results

Development of an in-house SFM for MSC culture

We developed an SFM through the use of a fetal
bone-marrow derived cell line (BM-MSC-3). This
SFM (BTI-SFM-1) supported cell growth on
monolayer surfaces coated with fibronectin, with
final cell densities similar to with the use of serum-
containing media (Figure 1A; cell densities at day
4: a10, 4.1 � 104 cells/cm2; BTI-SFM-1, 4.3 � 104

cells/cm2; P > 0.05). However, in contrast to serum-
containing medium (a10), which supported cell
proliferation on microcarriers in static as well as in
agitated conditions (up to 12-fold expansion on
microcarriers in 8 days) [47,49,50], this medium
(BTI-SFM-1) failed to support BM-MSC-3 cell
growth when cells were seeded on microcarriers,
even in static culture (Figure 1B; cell densities at day
4: a10, 3.9 � 104 cells/cm2; BTI-SFM-1, 1.4 � 104

cells/cm2). Supplementing BTI-SFM-1 with serum-
purified albumin gave varying results (4.7 � 104

cells/cm2 with the use of BTI-SFM-1 with albumin A
versus 1.9 � 104 cells/cm2 with the use of BTI-SFM-
1 with albumin B; Figure 1B), indicating differences
in albumin-associated factor composition from
different sources. Henceforth, we refer to BTI-SFM-
1 supplemented with albumin A as BTI-SFM-2.
Cells harvested from BTI-SFM-2 cultures
expressed the International Society for Cell Therapy
(ISCT) surface markers and exhibited tri-lineage
differentiation capability (Supplementary Figure 1).

These results indicate that certain SFM formu-
lations may support MSC growth on monolayers but
require additional factor(s) to support MSC growth
on microcarriers (even in static culture). Hence, we
screened several MSC lines versus several SFM for
both monolayer and microcarrier growth.
Monolayer MSC growth in serum-containing media may
not correlate with growth in SFM

To investigate the degree to which SFM formula-
tions supported MSC cell growth, we monitored
cell proliferation in monolayer culture through the
use of seven MSC lines and six SFM formulations
and compared each versus MSC growth in serum-
supplemented medium (Figure 2). Correlation be-
tween cell densities achieved in serum-free and
serum-supplemented growth varied, with an R2

value of 0.2 to 0.9. The cell densities achieved for
different cell lines growing in serum-containing
medium ranged between 1 to 6.6 � 104 cells/cm2.



Figure 4. Growth of MSCs in monolayer cultures may not predict efficiency of growth in microcarrier cultures. Seven different MSC lines
were seeded at 5.0 � 103 cells/cm2 and cultured for 4 days on monolayers or 7 days on Cytodex 1 microcarriers in static culture. Six different
SFM were tested for each of these cell lines: (A) BM-MSC-2, (B) BM-MSC-1, (C) BM-MSC-3, (D) UC-MSC-1, (E) UC-MSC-2, (F)
UCB-MSC and (G) adipose-MSCs. Growth of cells in 7 days of static microcarrier culture was plotted against growth of cells in 4 days of
monolayer culture.
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Cell densities achieved in the different SFM ranged
between 0.7 to 27 � 104 cells/cm2. MSC cell
densities achieved in four of the tested SFM were
higher overall compared with those achieved with
serum-supplemented medium (as indicated by
slopes >1).
In terms of cell expansion, commercial SFM-A
gave the highest cell growth (Figure 2C), whereas
BTI-SFM-2 and commercial SFM-B and SFM-C
were approximately equivalent in performance
(Figure 2B,D,E). However, BTI-SFM-1 and com-
mercial SFM-D did not support MSC growth



Table II. Cells expanded on microcarriers in SFM express ISCT-
defined MSC markers.

Cell line
Serum-free
medium

CD105þ
(%)

CD90þ
(%)

CD73þ
(%)

CD34þ
(%)

BM-MSC-2 Commercial
medium A

90 97 94 8

Commercial
medium B

93 99 99 2

BM-MSC-3 BTI-SFM-2 99 99 98 2
Commercial
medium A

90 98 97 0

Commercial
medium B

89 99 98 0

Commercial
medium C

74 96 93 0

UC-MSC-1 Commercial
medium A

79 99 99 2

Adipose MSC Commercial
medium B

86 98 96 0

Cell cultures showing at least 10-fold expansion on microcarriers
in SFM were harvested for analysis through flow cytometry for
CD105, CD90, CD73 and CD34.
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(Figure 2A,F). In the four SFM that supported
higher monolayer MSC growth (Figure 2BeE), BM-
MSC-2 and BM-MSC-3 achieved the highest cell
densities of the seven cell lines tested. Growth was
lower for the other five cell lines, with an average of 5
to 10 � 104 cells/cm2 with commercial SFM-A
(Figure 2C) and <5 � 104 cells/cm2 with the other
SFM tested.

These results demonstrate that there is no one
SFM that can support growth of all MSC cell lines
and emphasize the complexity of translating results
obtained in serum-containing media to those ob-
tained in SFM even in monolayer culture.
MSC growth on monolayer cultures may not correlate
with growth on microcarriers in SFM

As shown earlier (Figure 1), SFM that supports
MSC growth in monolayer culture might not support
growth in microcarrier culture. Hence, we did pre-
liminary tests of MSC growth to compare the growth
kinetics in both monolayer and microcarrier condi-
tions. Importantly, the cultures were kept static,
avoiding the confounding variables of agitation and
shear stress for this experiment.

As can be seen in Figure 3, MSC proliferation
reached 7 � 104 cells/cm2 at day 4 of monolayer
culture (Figure 3A,B), whereas 6.3 � 104 cells/cm2

was achieved on day 7 of static microcarrier cul-
ture, with some multilayered cell growth observed
on microcarriers (Figure 3A,C). The MSCs grow
faster in monolayer culture (doubling time of 21.2
h in monolayer compared with 40.3 h in static
microcarrier cultures). Similar results were
achieved with the UC-MSC-one cell line (results
not shown). Cell concentrations at day 4 of
monolayer culture and day 7 of static microcarrier
culture were thus chosen to determine the ability
of a SFM culture condition to support MSC pro-
liferation in monolayer or static microcarrier
cultures.

Cells from the seven different MSC lines were
then seeded at a density of 5 � 103 cells per cm2 on
monolayers or onto Cytodex 1 microcarriers in
ultraelow-adherence plates through the use of
different formulations of SFM. Cell concentration
was determined at day 4 for monolayer and day 7
for static microcarrier cultures. In general, MSCs
grew faster and achieved higher cell densities in
monolayer cultures compared with microcarrier
cultures, as shown by slopes of plotted graphs being
lower than 0.5 (Figure 4). The MSC cell lines can
be divided into fast-growing cells (BM-MSC-2,
BM-MSC-3 and UC-MSC-1 cell lines with cell
densities up to 4.9 � 104, 6.3 � 104 and 5.0 � 104

cells per cm2 achieved for static microcarrier
cultures, respectively; Figure 4A,C,D) and slow-
growing cells (BM-MSC-1, UC-MSC-2, UCB-
MSC and adipose-MSC cell lines with cell densities
up to 2.0 � 104, 1.6 � 104, 1.6 � 104 and 3.0 � 104

cells per cm2 achieved on static microcarriers,
respectively; Figure 4B,E,F,G).

In the fast-growing lines (BM-MSC-two, BM-
MSC-three and UC-MSC-1), commercial SFM-A
(þ) gave the best growth on both monolayer and
microcarrier cultures, supporting growth of up to 5 �
104 cells/cm2 on microcarriers (Figure 4A,C,D). In
the poor-growing lines (BM-MSC-one, UC-MSC-
two, UCB MSC and adipose MSC) none of the
tested SFM supported good growth on microcarriers
(Figure 4B,EeG). However, adipose MSCs showed
moderate growth of 3 � 104 cells/cm2 in commercial
SFM-B on microcarriers (Figure 4G). Cells from
each culture condition demonstrating at least 10-fold
expansion on microcarrier cultures were harvested
for flow cytometry analysis and were found to express
the ISCT-defined MSC surface markers (Table II).

Importantly, efficiency of cell growth in static
microcarrier cultures cannot always be predicted
from growth in monolayer cultures (R2 values range
from 0.0e0.8). Similarly, there was poor correlation
(R2 ¼ 0.6, slope ¼ 0.3) between growth of MSCs in
monolayer and microcarrier cultures with serum-
containing medium (Supplementary Figure 2),
indicating that this effect is not solely caused by a
deficiency in SFM formulations, compared with
serum-containing medium. Hence, substantial work
must be done to develop SFM for microcarrier cul-
tures for each MSC line.



Figure 5. MSC growth on microcarriers in agitated microcarrier
cultures show poor correlation with growth in static microcarrier
cultures. Several combinations of MSC cell line and SFM were
tested for cell expansion on Cytodex 1 microcarriers in static
conditions and compared with continuously agitated shaker flask
cultures or stirred spinner flask cultures. Growth was measured as
fold-increase over seeded cell density (5.0 � 103 cells/cm2).

Table III. Initial cell attachment and spreading onto microcarriers
may not correlate with cell proliferation in culture.

Cell
attachment

(%)

Cell
spreading

(%)

Final cell
density

(104 cells/cm2)

Commercial SFM-A 94 � 8 56 � 13 2.7 � 0.05
Commercial SFM-B 98 � 0.8 50 � 2 0.9 � 0.03

UC-MSC-1 cells were seeded onto Cytodex 1 microcarriers, in
either commercial media A or commercial media B and cultured
in agitated shaker flasks. Cell attachment and spreading to the
microcarriers was assayed during the first 2 h after cell seeding.
The cultures were then allowed to grow for 5 days, and cell pro-
liferation was assayed. Cell attachment was assessed at 1 h after
seeding; cell spreading was assessed 2 h after seeding; final cell
densities were assessed after 5 days of culture. Final cell densities
were significantly different (P < 0.001).
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Agitation of microcarriers in culture affects cell
proliferation in SFM

Microcarrier cultures are generally grown in agitation
culture to achieve even suspension and to promote
nutrient and gas exchange. However, this introduces
hydrodynamic shear forces that can lead to increased
cell stress and potentially disrupt cell growth. To
explore the differences between cell growth in static
and agitated MC cultures, we cultured MSCs on
microcarriers in several conditions and assayed cell
growth in static versus agitated cultures. Poor cor-
relation was obtained between cell growth in static
versus agitated conditions (R2 ¼ 0.1), with a graph
slope of 0.2 indicating better growth in static con-
ditions in general (Figure 5). The correlation be-
tween static and agitated cultures appeared better
with the use of shaker flasks, and we hypothesize that
cells and microcarriers in agitated spinner flasks have
higher levels of hydrodynamic shear stress that may
lead to a decrease in growth yields.
Cell attachment and spreading levels onto microcarriers
may not predict subsequent proliferation in SFM culture

One possible reason for the failure of cells to prolif-
erate in microcarrier culture could be the lack of
initial cell attachment and spreading during the first
few h after cell seeding. To test this, we selected the
UC-MSC-1 cell line and tested its growth in two
commercial media in microcarrier culture. These
cells were seeded onto fibronectin-coated Cytodex 1
MCs with the use of two commercial SFM in
agitated conditions. Cell attachment (at 1 h) and
spreading (at 2 h) were assayed and were then
compared with subsequent growth over 5 days of
culture (Table III).

As seen in Table III, both cultures achieved
similar cell attachment and spreading efficiency
during the first hours after cell seeding into agitated
shaker flasks in both commercial SFM-A and SFM-
B. However, after 5 days of growth, medium A
achieved a cell density of 2.7 � 104 cells per cm2

versus medium B, with 0.9 � 104 cells per cm2, a 3-
fold difference in performance. Thus, although effi-
cient initial attachment and spreading is critical for
cell growth, it does not necessarily predict efficient
cell growth. We assume that critical nutrients or
signaling factors are needed to promote cell division
in agitated MSC cultures.
Discussion

SFM supports higher MSC growth in monolayers than
serum-containing medium

Several SFM have been developed for MSC culture
in a bid to avoid the use of fetal bovine serum in cell
culture, indicating potentially higher cell growth
versus the use of serum-containing medium in
monolayer cultures [25e37]. For example, Crapnell
et al. [42] found that cells reached six population
doublings with SFM in 6 to 10 days versus 15 days in
serum-containing media, with cells grown in SFM
maintaining functional characteristics (tri-lineage
differentiation capacity and T-cell suppression abil-
ity). For ease of comparison, we have provided a
summary table to compare the performance of the
seven MSC lines in the different conditions that we
tested (Table IV). Grouping cultures into conditions
displaying low (<5-fold), mid (5- to 10-fold) and



Table IV. Summary of MSC growth in monolayers versus on microcarriers with use of serum-containing versus serum-free media.

Cell line

MSC growth

Monolayer culture (4 days of
growth)

Static microcarrier (6e7 days of
growth)

Agitated microcarrier, serum-
free medium

(6e7 days of growth)

Serum-containing
medium

Serum-free
medium

Serum-containing
medium

Serum-free
medium Shaker flask Spinner flask

BM-MSC-1 a c a a

BM-MSC-2 c c a b

BM-MSC-3 b c b c b a

UC-MSC-1 b c a c b b

UC-MSC-2 a c a a

UCB-MSC a b a a

Adipose-MSC a c a b

Growth is expressed as fold-expansion after 4 days of monolayer culture or 7 days of microcarrier culture. Results from the best performing
of the six serum-free medium formulations tested for each cell line are shown in monolayer or microcarrier culture as indicated in the column
heading. These results were compared with results with serum-containing a10 medium during culture. Two cell lines in their best serum-
free media were then tested with microcarriers in agitation culture, in shaker and spinner flasks.
a<5-fold growth.
b5-fold to 10-fold growth.
c>10-fold growth.
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high (>10-fold) growth, it is apparent that SFM
tends to outperform serum-containing medium in
terms of cell growth in monolayer cultures (Table IV,
column 2 versus column 3). This agrees with previ-
ous reports that cell growth was generally higher in
SFM and monolayer cultures with the use of the
seven MSC lines tested, although the performance
with medium varied greatly (Figure 2), reflecting
differences in the composition of the medium used
[30,42,51e53].
MSC lines exhibit variable growth with different SFM

MSCs from different tissue sources exhibit growth
and phenotypic differences [42,54]. For example,
Guillot et al. [55] found that fetal MSCs achieved
28.4 population doublings in 50 days of culture,
whereas adult bone marrow MSCs achieved only
7.1 population doublings in the same period.
Wegmeyer et al. [56] reported that doubling time of
MSCs from five different donors over three passages
varied between MSCs derived from umbilical cord
(20e52 h) and amniotic membrane (17e210 h).
However, cross-study comparisons are complicated
by the use of different media with different MSC
donors and tissue sources [25e37]. As seen in
Figure 2, MSCs exhibit different final cell densities
with the six SFM tested. BM-MSC-2 and BM-
MSC-3 generally show the highest growth in cul-
ture (Figure 2), although cell densities of >5 � 104

cells/cm2 can be achieved with most cell lines in
monolayer culture (>10-fold expansion, Figure 2
and Table IV, column 3).
SFM optimized for monolayer culture may not support
static microcarrier culture

In recognition of the need to scale up production of
MSCs for future clinical needs [44,57], there have
been efforts to culture MSCs on microcarriers. Some
studies report differences in cell growth and nutrient
metabolism between monolayer and microcarrier
cultures in both serum-containing medium and SFM
culture systems [47,50,58,59]. Fetal human bone
marrowederived MSCs have been reported to
expand from 0.5 to 4.8 cells in 6 to 7 days, with a
doubling time of 31.6 h on microcarriers, compared
with 25 h on monolayer cultures [50]. Similarly,
umbilical cordederived and amniotic mem-
braneederived MSCs have exhibited 4.2 and 4.3
population doublings on microcarriers, compared
with 5.2 and 4.9 in monolayer cultures, respectively
[60]. Despite this, the final cell densities in micro-
carrier culture achieved in some serum-containing
microcarrier cultures [5.1 � 105 fetal MSCs/mL in
6e7 days [50]; 2.4e3.2 � 105 umbilical cord MSCs/
mL in 7e10 days [60]] show the feasibility of
reaching the goals of billions of cells in production
with the use of multi-liter bioreactors.

SFM may still contain a range of growth factors,
hormones and proteins derived from animal sour-
ces. Human platelet lysate has been used as a serum
substitute [61e64], but, like serum, contains a
poorly defined mix of growth factors and various
nutrients [65]. A number of SFM have been further
refined through the use of serum-purified albumin
[38,41,66,67]. However, albumin has been reported
to co-purify with lipids and other factors that exert
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effects in cell culture [68e71], and thus these media
may still contain unidentified factors that influence
cell growth. This effect is apparent when we tested
serum-purified albumin from different sources in
MSC culture, showing that different sources of
serum-purified albumin are variable in their ability
to support MSC growth on microcarriers
(Figure 1B). We speculate that differences in prep-
aration of albumin from serum result in differences
in factors that co-purify with the albumin that ac-
count for the observed differences, and identifica-
tion of such albumin-associated factors will be
necessary in reducing serum-derived components in
SFM.

Earlier efforts with SFM reported that cells
grown in microcarrier cultures exhibit lower cell
expansion compared with monolayer culture.
Paired 12-day cultures of MSCs derived from
endometrial lining generated 6.4 population dou-
blings in monolayer culture, versus 2.2 population
doublings with the use of microcarriers [33]. The
lower cell yield in microcarrier cultures could be
due to suboptimal medium used for the particular
MSC line or suboptimal cell attachment to micro-
carriers in SFM. We found that media suitable for
MSC growth in monolayer culture may not neces-
sarily translate to media suitable for static micro-
carrier culture (Figure 1 and Figure 4) and may be
one limiting factor in MSC expansion separate from
issues of cell attachment to microcarrier surfaces.
Refinements to the medium composition may be
necessary to improve cell expansion in SFM in
microcarrier cultures.

The majority of tested SFM that give high cell
growth (>10-fold expansion) for MSCs in mono-
layer cultures do not give equivalent growth in static
microcarrier cultures (Table IV, column 3 versus
column 5). Of the seven MSC lines tested, only two
showed high growth (>10-fold expansion) in the
available SFM in static microcarrier cultures
(Table IV, column 5). Therefore, SFM must be
specially developed for microcarrier cultures because
the available SFM mainly support cell expansion in
monolayer cultures.

This also agrees with previous studies that show
slower growth of MSCs in static microcarrier cul-
tures compared with monolayer cultures [47,58,59].
We used Cytodex 1 in this study because it showed
good growth performance with the fetal bone marrow
MSCs in previous studies [47], though others using
MSCs from various sources have alternately used
Cytodex [72,73], Cultispher S [74,75], gelatin [76],
glass [77] or polystyrene [58], with varying results.
Varying SFM and microcarrier type combinations
could reveal additional preferences for high cell
growth for the different MSC lines.
Agitation culture affects MSC growth on microcarriers

When we transition from static to agitated serum-free
microcarrier cultures, even in the few SFM that
supported high MSC growth (>10-fold expansion),
growth performance dropped, perhaps because of
shear effects (Table IV, column 5 versus columns 6
and 7). Thus, further nutrient supplementation or
additives may be needed for MSCs to survive the
agitated environment, even in the SFM that worked
in static microcarrier cultures.

One important consideration in stirred microcarrier
culture is the choice of attachment factor affecting
initial cell attachment and later cell growth. Rajaraman
et al. [33] tested five different attachment factors in
microcarrier culture (fibronectin, collagen, gelatin,
laminin and CellStart) and found that fibronectin
performed the best of these, with 18-fold cell increase
after 14 days. A study that used CellStart found 22% to
23% cell attachment in spinner flask microcarrier cul-
tures 24 h after seeding but with an 18-fold increase in
cells attached to microcarriers after 12 days, leading to
an overall culture expansion of only 4-fold [58].
Recently, the same group reported variable expansion
using different MSC lines, achieving cell densities of
1.3� 105 and 5.7� 104 cells per mL (for bone mar-
rowederived and adipose tissueederived MSCs,
respectively) from an initial level of 2.0� 104 cells per
mL after 7 days of cultivation in bioreactors (6.5-fold
and 2.9-fold expansion). However, with the use of
cells previously adhered to microcarriers in a spinner
flask, a perfusion bioreactor culture achieved cell
expansion from 2.7� 104 to 5.0� 105 cells/mL in 11
days, reflecting an 18.5-fold expansion [66]. The re-
sults indicate that cell loss 0 to 24 h after seeding
caused by poor cell attachment can translate to lower
overall cell yields in agitated microcarrier cultures.

In the present study, we used fibronectin as a
coating with SFM, but a recent report demonstrated
that the use of a synthetic attachment surface (Syn-
themax II) with bone marrowederived MSCs in
xeno-free medium gave 80% to 90% cell attachment
to microcarriers 24 h after seeding, with 5- to 7-fold
growth after 5 days [46]. This study used intermittent
stirring of the microcarrier culture (cultures were
stirred at 30 rpm every 2 h for 15 min), in contrast to
continuous agitation methods, indicating a potential
for future improvements in the coating surface. We
observed that agitation affects cell expansion in stirred
microcarrier cultures (Figure 5), with shear forces
potentially negatively affecting cell growth, depending
on the MSC line. Furthermore, initial cell attachment
may not predict future cell expansion (Table III),
possibly reflecting the aforementioned differences in
medium composition requirements for microcarrier
growth (Figure 1 and Figure 4).
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Implications for SFM and bioprocess development

Transitioning from traditional MSC cell culture in
the lab to industrial scaling up of MSC expansion
will involve two technological developments: (i) the
use of SFM instead of serum-supplemented media
and (ii) the use of 3D cell culture technology to
overcome scale up and space and cost constraints of
monolayer cell culture techniques. We show that
researchers studying MSCs for future potential cell
therapies should test cell expansion with SFM in
combination with 3D growth technologies such as
microcarriers if they anticipate scaling up cell pro-
duction to meet therapeutic doses in the billions to
trillions.

Our recommendations are as follows during
process development: For any given MSC line, it is
advisable to screen available SFM in static micro-
carrier culture first to find a candidate that enables
the best growth. This growth is likely to be subop-
timal, and the medium would need to be enhanced
to enable high cell growth on static microcarriers. A
second stage of media optimization is further
needed when transitioning from a static to an
agitated microcarrier culture environment, in
particular addressing the higher stress conditions,
and possibly involving adjustments in the micro-
carrier attachment surface. Furthermore, this final
optimized media will not be generic for different
MSC lines and probably will have to be tailored for
each MSC source.

It may be prudent to start these investigations in
the pre-clinical phase to avoid basing preclinical and
early phase clinical trials on monolayer-expanded
cells but later relying on microcarrier-expanded
cells for late-stage clinical trials and subsequent
industrial-scale production because cell proliferation,
senescence and differentiation capability are influ-
enced by the expansion medium used [43] and
monolayer versus microcarrier culture [33,43,47],
potentially affecting established bioprocesses and/or
the final cell potency.
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