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Abstract Vero cells have been widely used in the
viral vaccine production due to the recommendation of
the World Health Organization regarding its safety
and non-tumorigenicity. The aim of this study was to
describe the development a modified serum-free
medium for Vero cell cultures. Two protein hydro-
lysates (Bacto™ soytone and Bacto™ yeast extract),
vitamin C, vitamin B12, SITE liquid media supple-
ment, and recombinant human epidermal growth
factor (fEGF) were investigated as serum substitutes.
A sequential experiment of fractional factorial and
central composite design was applied. A modified
serum-free medium obtained (named as SFMO01-M)
was verified. Contrary to PO, the cell yields obtained at
P1, P2, and P3 decreased continuously during the
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verification experiments indicating that Vero cells
could not adapt to SFMO1-M as expected according to
the empirical mathematical model. To improve cell
growth after PO, protein hydrolysates, L-glutamine,
and SITE liquid media supplement were further
investigated. The results showed that cell yields
gradually decreased from P1 to P3 when a fixed
concentration of Bacto™ yeast extract (7.0 g/L)
combined with various concentrations of Bacto™
soytone (0.1-7.0 g/L) in SFMO1-M were used. Sim-
ilarly, cell yields also gradually decreased from P1 to
P3 when a fixed concentration of Bacto™ soytone
(7.0 g/L) combined with various concentrations of
Bacto™ yeast extract (0.1-7.0 g/L) in SEMO1-M
were used. However, the combination of Bacto™
soytone at 0.1 g/L and Bacto™ yeast extract at 7.0 g/
L or Bacto™ soytone at 7.0 g/L and Bacto™ yeast
extract at 0.1 g/L in SFMO1-M could give the
maximum cell yield at P3 when compared with other
combinations. In addition, the addition of SITE liquid
media supplement (0.1-2.0% v/v) in SFMO1-M in
which the concentrations of Bacto™ soytone, Bac-
to™ yeast extract, and L-glutamine were fixed at
0.1 g/L, 0.1 g/L, and 4.0 mM, respectively, the results
showed that the cell yields obtained at P3 were not
significantly different. From this study, the optimum
concentrations of SFMOI-M components were as
follows: Bacto™ soytone (0.1 g/L), Bacto™ yeast
extract (0.1 g/L), vitamin C (9.719 mg/L), vitamin
B12 (0.1725 mg/L), SITE liquid media supplement
(0.1-2.0% v/v), rfEGF (0.05756 mg/L), L-glutamine
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(4.0 mM), MEM non-essential amino acids (1.0%
v/v), sodium pyruvate (1.0 mM), MEM (9.4 g/L), and
sodium hydrogen carbonate (2.2 g/L). However, to
evaluate SFMOI1-M in the long-term subculture of
Vero cells, the efficiency of SFM01-M will be further
investigated.

Keywords A modified serum-free medium -
Fractional factorial design - Central composite design -
Protein hydrolysates - Vero cells

Introduction

Vero is a continuous cell line derived from African
green monkey kidney. Vero cells have been widely
accepted for viral vaccine productions (WHO 1998).
To establish cell cultures in vitro, serum is still
necessary for promoting cell growth since it has
growth factors, albumin, transferrin, anti-proteases,
attachment factors, minerals, hormones, and inhibitors
(Hewlett 1991; Jayme 1991; Castle and Robertson
1998; Brunner et al. 2010; Freshney 2010). However,
several disadvantages of using serum have been
proposed, particularly the risks involved in the con-
tamination with adventitious agents such as myco-
plasma, viruses, and prions, agents of transmissible
spongiform encephalopathies (TSEs), especially
bovine spongiform encephalopathy (BSE). Moreover,
serum also has the high concentration of protein which
can make downstream processing of recombinant
proteins more difficult and costly (Castle and Robert-
son 1998; Van der Valk et al. 2004; Freshney 2010).
Consequently, with the disadvantages of using serum
in cell cultures, the attempts to develop serum-free
media (SFM) have been widely performed. However,
there is no a universal SFM available to fit all the
different cellular requirements (Van der Valk et al.
2004; Keenan et al. 2006) since different cell types
have different receptors involved in cell survival,
growth and differentiation, and also in releasing
different factors to their environment (Van der Valk
et al. 2010).

Currently, low-cost hydrolysates containing ill-
defined mixtures of low-molecular weight constituents
such as amino acids, peptides, vitamins, and trace
elements, are frequently utilized as SFM additives to
provide nutrients in cell cultures, particularly non-
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animal derived hydrolysates such as plant (soy, wheat
gluten, rice) hydrolysates and yeast hydrolysates (Jan
et al. 1994; Keen and Rapson 1995; Heidemann et al.
2000; Franék et al. 2000; Sung et al. 2004; Chun et al.
2007; Kim and Lee 2009; Rourou et al. 2009; Babcock
et al. 2010; Lobo-Alfonso et al. 2010; Michiels et al.
2011a, b; Petiot et al. 2010). Additionally, other
components that have been found to be essential for
serum-free cultures namely insulin, transferrin,
sodium selenite, and ethanolamine are also utilized.
Insulin serves as growth and maintenance factors. It
stimulates the uptake of uridine and glucose. Addi-
tionally, it also stimulates the synthesis of ribonucleic
acids (RNA), proteins, and lipids as well as enhancing
the synthesis of fatty acids and glycogen. Transferrin
is an iron binding glycoprotein that interacts with
surface receptors and implicates in iron transport
through cell membrane. It also has additional in vitro
functions, e.g. the chelation of deleterious trace
materials, which are unlikely replaced by other
components. Selenium is an essential trace element
for normal cell growth and development. It is incor-
porated into enzymes that protect cells by reducing
peroxides, organic hydroperoxides, and peroxynitrites
to non-toxic species. Ethanolamine is reported as an
essential growth factor for hybridoma in serum-free
cultures. Its function is implicated in the synthesis of
phosphatidylethanolamine, a major constituent of
membrane phospholipid. (Taub et al. 1979; Murakami
et al. 1982; Chuman et al. 1982; Jiger et al. 1988S;
Kovar and Franék 1989; Eto et al. 1991; Chen et al.
1993; Okamoto et al. 1996; Lee et al. 1999; Kim et al.
1998; Morris and Schmid 2000; Liu et al. 2001; Liu
and Chang 2006; Parampalli et al. 2007; Cervera et al.
2011). Vitamin C or L-ascorbic acid is a micronutrient
required for innumerable biological functions. It is an
essential cofactor of a-ketoglutarate-dependent dioxy-
genases, for example, prolyl hydroxylases which play
an important role in the collagen and glycosamino-
glycan biosynthesis, and in down-regulation of hypox-
ia-inducible factor (HIF)-1, a transcription factor that
regulates many genes responsible for tumor growth,
energy metabolism, neutrophil function, and apopto-
sis. Additionally, it exhibits as antioxidant molecules
that provide protection against oxidative stress-in-
duced cell damage by scavenging reactive oxygen
species (ROS) whereas other its function is involved in
the iron metabolism in mammalian cells (Kao et al.
1990; Arrigoni and Tullio 2000; Traber and Stevens
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2011; Arigony et al. 2013; Lane and Richardson
2014). Vitamin B12 or cyanocobalamin is required for
methionine synthase which is an important enzyme for
sulphur amino acid, folate and polyamine metabolism,
S-adenosylmethionine metabolism and also is
involved in the methylation pathway of deoxyribonu-
cleic acid (DNA), RNA, proteins, and lipids (Kenyon
et al. 1996; Thomas and Thomas 2001; Bjelakovic
et al. 2006; Arigony et al. 2013). Epidermal growth
factor (EGF) is a small mitogenic polypeptide. It plays
an important role in the regulation of cell growth,
proliferation, and differentiation (Gospodarowicz and
Moran 1976; Bettger et al. 1981; Zhaolie et al. 1996).

The development of a serum-free medium is always
time and labor consuming when the traditional one-
factor-at-a-time (OFAT) approach is applied. Conse-
quently, the use of systematic design of experiments
which is a structured and efficient methodology for
planning and analyzing the experimental results, is
more effective than the previous OFAT approach with
respect to time and labor consuming (Montgomery
2001; Box et al. 2005). The procedure commonly
applied for the optimization of culture media can be
subdivided into four steps: identification of the most
prominent medium components (screening), identifi-
cation of optimal variable ranges (narrowing), iden-
tification of the optimum (optimum search), and
experimental verification of the identified optimum
(Rourou et al. 2009).

In the present study, the effect of protein hydro-
lysates (Bacto ™ soytone and Bacto™ yeast extract)
on Vero cell growth was further investigated. Addi-
tionally, some modifications of a modified serum-free
medium (SFMO01-M) with L-glutamine and SITE
liquid media supplement were also investigated. The
results shown here indicated that Vero cells could
adapt and grow in SFMO1-M after some modifica-
tions. However, to evaluate SFM01-M in the long-
term subculture of Vero cells, the efficiency of
SFMO1-M will be further investigated.

Materials and methods
Cell line
Vero cells (ATCC® CCL-8 ITM) were purchased from

the American Type Culture Collection (ATCC, Rock-
ville, MD, USA). Vero cells were grown in Eagle’s

minimal essential medium (MEM) supplemented with
10% (v/v) fetal bovine serum (FBS), 1.0% (v/v) MEM
non-essential amino acids (100 x), 1.0 mM sodium
pyruvate, and 2.0 mM L-glutamine at 37 °C, 5% CO,
in a CO, incubator (Thermo Electron Corporation,
USA) until confluence. Monolayer cells were washed
once with phosphate buffered saline (Ca**, Mg -free
PBS, pH 7.4), and then detached with the trypsin—
EDTA solution (0.25% w/v trypsin plus 0.02% w/v
EDTA) for 2-5 min at 37 °C. Prior to use in the
experiments, Vero cells were subcultured for at least 3
passages in this medium (serum-containing medium,
SCM).

Culture media and chemicals

Eagle’s minimal essential medium (MEM, “Nissui”
No. 1) was purchased from Nissui Pharmaceutical Co.,
Ltd, Japan. L-glutamine, sodium pyruvate, vitamin C,
vitamin B12 and SITE liquid media supplement were
purchased from Sigma-Aldrich®, St. Louis, MO,
USA. Fetal bovine serum (FBS) (EU Approved: South
America, Thermo Fisher Scientific, Auckland, New
Zealand), MEM non-essential amino acids (100 x)
(Thermo Fisher Scientific, MA, USA), recombinant
human epidermal growth factor (rfEGF) (Thermo
Fisher Scientific, MD, USA), Trypsin (1:250)
(Thermo Fisher Scientific, ONT, Canada), and Try-
pLETM Select (1 x) (Thermo Fisher Scientific, MA,
USA) were also purchased and used in the experi-
ments. All chemicals were suitable for cell culture.

Protein hydrolysates

Bacto™ soytone and Bacto™ yeast extract were
purchased from Becton, Dickinson and Company,
New Jersey, USA. Each hydrolysate was prepared in
Milli Q water as a stock solution of 100 g/L and sterile
filtered using Sartopore2 (Sartorius AG, Goettingen,
Germany) with pore size of 0.45 pm + 0.2 pm.

Cell cultures

Screening experiments

In the screening experiment, a 26~ fractional factorial
design was applied and a concentration range of each

serum substitute and mean cell yields were shown in
Table 1. In Vero cell cultures, a seeding density of
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Table 1 Lay out of the screening experiments using a 25~ fractional factorial design

Experiment no A B C D E F Cell yield (x 10° cells/well)
1 0.1 0.1 0.05 0.01 0.1 0.005 10.24 £ 0.25
2 7.0 0.1 0.05 0.01 2.0 0.005 9.30 £+ 0.61
3 0.1 7.0 0.05 0.01 2.0 0.030 13.80 4 1.48
4 7.0 7.0 0.05 0.01 0.1 0.030 12.04 £ 0.66
5 0.1 0.1 50.00 0.01 2.0 0.030 8.30 £+ 0.66
6 7.0 0.1 50.00 0.01 0.1 0.030 10.38 4+ 0.43
7 0.1 7.0 50.00 0.01 0.1 0.005 8.10 £ 0.78
8 7.0 7.0 50.00 0.01 2.0 0.005 8.82 £ 0.69
9 0.1 0.1 0.05 0.41 0.1 0.030 10.72 £ 0.43
10 7.0 0.1 0.05 0.41 2.0 0.030 9.98 £+ 1.02
11 0.1 7.0 0.05 0.41 2.0 0.005 9.32 £ 0.77
12 7.0 7.0 0.05 0.41 0.1 0.005 8.18 £+ 0.45
13 0.1 0.1 50.00 0.41 2.0 0.005 8.65 £ 0.34
14 7.0 0.1 50.00 0.41 0.1 0.005 7.76 + 0.66
15 0.1 7.0 50.00 0.41 0.1 0.030 9.04 £+ 0.84
16 7.0 7.0 50.00 0.41 2.0 0.030 9.54 £ 0.68
17 3.55 3.55 25.025 0.21 1.05 0.0175 9.17 £ 0.30
18 3.55 3.55 25.025 0.21 1.05 0.0175 8.39 £+ 0.18
19 3.55 3.55 25.025 0.21 1.05 0.0175 9.04 + 0.25
Positive control 13.03 &+ 0.70
Negative control 1.80 £ 0.06

In this study, Vero cells were incubated in SCM in 6-well plates at 37 °C, 5% CO, for 3 h and then replaced with tested media.
Cultures were cultured at 37 °C, 5% CO, for 4 days. Cell cultures were carried out in triplicate and expressed as mean £+ SD. A
(BactoTM soytone, g/L), B (BactoTM yeast extract, g/L), C (vitamin C, mg/L), D (vitamin B12, mg/L), E (SITE liquid media
supplement, % v/v), and F (recombinant human epidermal growth factor (rEGF), mg/L) were the factors (serum substitutes) used in
this study. A positive control was MEM + 10% (v/v) FBS 4 1.0% (v/v) MEM non-essential amino acids + 1.0 mM sodium
pyruvate. A negative control was MEM without any supplements

2 x 10* cells/cm® was used. Starter cells were
prepared in SCM before seeding to 6-well plates
(Thermo Fisher Scientific, Jiangsu, China) at a final
volume of 3 mL. Vero cells in plates were incubated at
37 °C, 5% CO, for 3 h. After 3 h incubation, spent
media were removed and replaced with tested media.
Vero cell cultures were carried out in triplicate and
cultured at 37 °C, and 5% CO, for 7 days.

Optimization experiments

In the optimization experiments, a circumscribed
central composite design was applied. Three types of
serum substitutes (vitamin C, vitamin B12, and rEGF)
which were obtained from the screening experiments
were further optimized. The concentration levels of
each were designed as shown in Table 2 and carried
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out according to the instruction of the circumscribed
central composite design. Since the experiment no. 3
obtained from the previous screening experiments
could give the maximum cell yield at day 4 of culture;
therefore, the concentration level of each component
in the experiment no. 3 except vitamin C, vitamin B12,
and rEGF were fixed as follows: Bacto™ soytone
(0.1 g/L), Bacto™ yeast extract (7.0 g/L), SITE
liquid media supplement (2.0% v/v), MEM (9.4 g/
L), sodium hydrogen carbonate (2.2 g/L), MEM non-
essential amino acid (1.0% v/v), and sodium pyruvate
(1.0 mM). Starter cells were prepared in SCM before
seeding to 6-well plates (Thermo Fisher Scientific,
Jiangsu, China) at a final volume of 3 mL. Vero cells
in plates were incubated at 37 °C, 5% CO, for 3 h, and
then spent media were removed and replaced with
tested media. Vero cell cultures were carried out in
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Table 2 Lay out of the optimization experiments using a central composite design

Experiment no X1 X2 X3 Cell yield (x 10° cells/well)
1 4.097 (- 1) 0.0692 (- 1) 0.02864 (— 1) 8.20 £ 0.10

2 16.097 (+ 1) 0.0692 (- 1) 0.02864 (— 1) 11.20 £+ 0.28

3 4.097 (- 1) 0.2692 (+ 1) 0.02864 (— 1) 10.38 &+ 0.13

4 16.097 (+ 1) 02692 (+ 1) 0.02864 (— 1) 11.80 & 0.30

5 4.097 (- 1) 0.0692(— 1) 0.06864 (+ 1) 11.80 & 0.40

6 16.097 (+ 1) 0.0692(— 1) 0.06864 (+ 1) 11.00 &+ 0.25

7 4.097 (- 1) 02692 (+ 1) 0.06864 (+ 1) 11.60 &+ 0.30

8 16.097 (+ 1) 0.2692 (+ 1) 0.06864 (+ 1) 10.03 £ 0.03

9 0.005 (— 1.68) 0.1692 (0) 0.04864 (0) 10.00 £ 0.10

10 20.189 (+ 1.68) 0.1692 (0) 0.04864 (0) 12.00 & 0.25

11 10.097 (0) 0.0010 (— 1.68) 0.04864 (0) 10.50 & 1.00

12 10.097 (0) 0.3374 (+ 1.68) 0.04864 (0) 11.00 &+ 1.15

13 10.097 (0) 0.1692 (0) 0.01500 (— 1.68) 11.20 + 1.20

14 10.097 (0) 0.1692 (0) 0.08228 (+ 1.68) 11.60 & 0.85

15 10.097 (0) 0.1692 (0) 0.04864 (0) 12.10 £ 0.40

16 10.097 (0) 0.1692 (0) 0.04864 (0) 12.07 £ 0.28

17 10.097 (0) 0.1692 (0) 0.04864 (0) 12.05 + 0.70

In this study, Vero cells were incubated in SCM in 6-well plates at 37 °C, 5% CO, for 3 h and then replaced with tested media. Cells
were cultured at 37 °C, 5% CO, for 4 days. Cell cultures were carried out in triplicate and expressed as mean + SD. X1, X2, and X3
were respectively vitamin C; vitamin B12 and recombinant human epidermal growth factor (rfEGF) and were expressed as mg/L.
Code unit that was designed according to a central composite design was shown in parentheses at-1.68, — 1,0, + 1, and + 1.68 after

its actual concentration

triplicate and cultured at 37 °C, and 5% CO, for
4 days.

Verification experiments

In the verification experiments, a modified serum-free
medium (named as SFMO1-M) was formulated as
follows: MEM (9.4 g/L), MEM non-essential amino
acids (1.0% v/v), sodium pyruvate (1.0 mM), L-
glutamine (2.0 mM), Bacto™ soytone (0.1 g/L),
Bacto™ yeast extract (7.0 g/L), vitamin C
(9.719 mg/L), vitamin B12 (0.1725 mg/L), SITE
liquid media supplement (2.0% v/v), rEGF
(0.05756 mg/L), and sodium hydrogen carbonate
(2.2 g/L)). Vero cell cultures were carried out in
triplicate and cultured at 37 °C, and 5% CO, for
4 days.

Cell counting

The growth and proliferation of cultured Vero cells
was determined daily. Spent media in plates were

removed and washed once with PBS (Ca®", Mg "-free
PBS, pH 7.4). Cultured Vero cells were detached with
the trypsin-EDTA solution for 2-5 min at 37 °C.
Digested cells were re-suspended in SCM to inactivate
the activity of trypsin enzyme. Aliquot of cell
suspension was sampled to a 1.5 mL centrifuged tube,
and then viable Vero cells were counted after staining
with the 0.4% (w/v) trypan blue solution using an
improved Neubauer hemocytometer (Boeco, Ham-
burg, Germany). In the modified serum-free medium
condition, the trypsin—-EDTA solution was replaced by
TrypLE™ Select. Briefly, spent medium was
removed and washed once with PBS, and then
0.1 mL of TrypLE™ Select was added to each well
(6-well plates). Vero cells were detached at 37 °C for
2-5 min until cells were dislodged. Dislodged cells in
each well were added with 0.9 mL of washed medium
(SFMO1-M + 0.5 g/LL soybean trypsin inhibitor
(Thermo Fisher Scientific, MA, USA)). Dislodged
cells and washed medium were mixed well, and then
were placed in a 1.5 mL centrifuge tube. Cells were
separated by centrifugation at 1000 rpm for 5-10 min.

@ Springer



688

Cytotechnology (2021) 73:683-695

Washed medium was removed and replaced with
SFMO1-M. Cell pellets were mixed several times
before cell counting.

Experimental design and statistical analysis

In this study, the Minitab® Release 14 Statistical
Software was applied for design of experiments and
the statistical analysis of data. The serum substitutes
which had the effect on the response (cell yield) were
screened using a 2°2 fractional factorial design.
Estimated effects and coefficients of factors or factor
interactions were analyzed by the software. For the
optimization experiments, a circumscribed central
composite design was applied. The optimum condi-
tions were analyzed using the response optimizer
program, and contour plots were generated by the
software. Additionally, two-tailed Student’s t test was
used to compare mean and p-value < 0.05 was
regarded as statistically significant.

Results and discussion
Screening experiments
To develop a modified serum-free medium for Vero

cell cultures, two protein hydrolysates (Bacto™™
soytone and Bacto™ yeast extract) and other four

Fig. 1 Main effects plots
derived from a 2572

components were used as serum substitutes and were
screened using a 2% fractional factorial design. Most
of cell growth could be observed (Table 1) in the range
of 7.76 + 0.66-13.80 + 1.48 x 10° cells/well. Cell
yield of the positive control was 13.03 + 0.70 x 10°
cells/well, whereas the negative one was
1.80 & 0.06 x 10° cells/well. The maximum cell
yield was the experiment no. 3 that serum substitutes
consisted of Bacto™ soytone (0.1 g/L), Bacto™
yeast extract (7.0 g/L), vitamin C (0.05 mg/L), vita-
min B12 (0.01 mg/L), SITE liquid media supplement
(2.0% v/v) and rEGF (0.030 mg/L). Main effects plots
of serum substitutes (Fig. 1) demonstrated that
Bacto™ soytone, Bacto™ yeast extract, vitamin C,
and vitamin B12 had effect negatively, whereas SITE
liquid media supplement and rEGF had effect posi-
tively on the cell yields. However, only vitamin C,
vitamin B12, and rEGF were statistically significant
(p-value < 0.05) as shown in Table 3. As indicated in
Table 3, only four factor-interactions (AB, AE, BF,
ABF) were statistically significant (p-value < 0.05).
However, since the effect hierarchical principle stating
that both main effects and lower order effects are more
important than the higher order effects and those
effects of the same order are equally important;
therefore, only two factor-interactions (AB, AE, and
BF) were more important than other higher order
factor-interactions (ABF).

Main Effects Plots

fractional factorial BactoTM soytone BactoTM yeast extract Vitamin C
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Table 3 Estimated effects and coefficients of the response
(cell yields)

Term Effect Coefficient T p-value
Constant 762,938 146.00 0.000

A — 23,625 — 11,812 — 227 0.151
B — 12,375 — 6187 - 1.19 0.356
C — 75375 — 37,687 — 724 0.019
D — 78,625 — 39,313 — 755 0.017
E 6375 3188 0.61 0.603
F 72,375 36,187 6.95 0.020
AB — 53875 — 26938 —5.18 0.035
AC 32,125 16,062 3.09 0.091
AD 8875 4437 0.85 0.484
AE — 95,125 — 47,563 —9.14 0.012
AF 10,875 5437 1.04 0.406
BD 25,125 12,563 241 0.137
BF 48,125 24,063 4.62 0.044
ABD — 15375 — 7688 — 1.48 0.278
ABF — 59,375 — 29,687 —5.70 0.029
Center point — 57,604 — 440 0.048

S =20816.7, R*>=99.46%, R> (adjusted) = 95.13%,
Significant at p-value < 0.05. A (Bacto™ soytone), B
(BactoTM yeast extract), C (vitamin C); D (vitamin B12), E
(SITE liquid media supplement), and F (recombinant human
epidermal growth factor, rEGF) were the factors (serum
substitutes) used in a 257 fractional factorial design

Optimization experiments

Vitamin C, vitamin B12, and rEGF were designed as
shown in Table 2, whereas other components were
fixed as follows: MEM (9.4 g/L), sodium hydrogen
carbonate (2.2 g/L), MEM non-essential amino acids
(1% v/v), sodium pyruvate (1.0 mM), L-glutamine
(2.0 mM), Bacto™ soytone (0.1 g/L), Bacto™ yeast
extract (7.0 g/L), and SITE liquid media supplement
(2.0% v/v). The central composite design which is a 23
factorial design containing six star points
(o0 = =% 1.68) and three center points is applied. In
the regression equation, the actual concentration of
each factor (vitamin C, vitamin B12, and rEGF) was
calculated directly from Eq. (1).

(Xi—X;)
AX;

Xj = (1)
where X; is the code value expressed as — 1.68, — 1,
0, + 1, + 1.68; X is the actual concentration of the
ith tested factor (vitamin C, vitamin B12, and rEGF);

X7 is the actual concentration of X; at the center point
of the investigated area: AX; is the step size.

Based on the experimental results derived from the
central composite design, all main effects, quadratic
and interaction terms were statistically significant (p-
value < 0.05) as shown in Table 3. In the statistical
analysis, the coefficient of  determination
(R* = 95.19%) revealed that 95.19% of the experi-
mental data could be described by the empirical
mathematical model except only 4.91% of those
experimental data could not be described by this
empirical mathematical model. The empirical math-
ematical model for estimating the cell yield corre-
sponding to the optimized serum substitutes was as
shown in Eq. (2).

Cell yield = 1209278 4 41690X1 + 21754X2
+ 23744X3 + 44645X1X1
+ 53484X2X2 — 30503X3X3
— 32875X1X2
— 78375X1X3— 45875 X2X3 (2)

By using the response optimizer together with
contour plots (data not shown), the optimum points of
X1, X2 and X3 expressed as code units (actual units)
were — 0.063 (9.719 mg/L), 0.033 (0.1725 mg/L),
and 0.446 (0.05756 mg/L), respectively. The cell
yield estimated according to the empirical mathemat-
ical model was 12.1 x 10° cells/well. However, the
cell yield in the range of 10.3 x 10°-13.9 x 10’ cells
/well was acceptable.

Verification experiments

Cell yields decreased continuously (Fig. 2) at P1, P2
and P3, whereas PO was relatively high
(114 £ 0.8 x 10° cells/well, data not shown in
Fig. 2). The better attachment and spreading of cells
at PO (Fig. 3) may resulted from the possible binding
of serum components to the cell surface during a brief
period of contact with serum (Hewlett 1991). Vitamin
C is a micronutrient required for various biological
functions. It serves as a cofactor for certain important
enzymes and also as an antioxidant. It acts as a
promoter for collagen synthesis and secretion includ-
ing the involvement in the production of glycosamino-
glycan by fibroblast cells (Arrigoni and Tullio 2000;
Arigony et al. 2013; Traber and Stevens 2011; Kao
et al. 1990). Also, it could stimulate the production of
laminin and fibronectin by trabecular meshwork cells
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Fig. 2 Subcultures of cells in SFM01-M compared with SCM.
In SFMO1-M cell cultures, a cell density of 2 x 10* cells/em?
was inoculated in 6-well plates and then cultured at 37 °C, 5%
CO, for 4 days. In SCM cell cultures a cell density of 2 x 10*
cells/cm? was inoculated in 6-well plates and then cultured at
37 °C, 5% CO, for 4 days. Both cell cultures were carried out in
triplicate and viable cell density was expressed as mean £ SD.
Comparison of cell yields at P1, P2, and P3 between SFM01-M
and SCM was significantly different (p-value < 0.05)

(4) ®)

|
4

Fig.3 Comparison of inoculated cells, a cells were incubated in
SCM at 37 °C, 5% CO, for 3 h before replaced with tested
medium and b cells were washed 3 times with PBS before
seeded and incubated at 37 °C, 5% CO, for 3 h in tested
medium

(Yue et al. 1990). In this study, the optimum concen-
tration of vitamin C was 9.719 mg/L. which was
relatively low compared to the concentration used as
reported by Rourou et al. (2009) at 100 pM
(17.612 mg/L) in IPT-AFM medium to avoid medium
precipitation. Generally, the concentration of vitamin
C in culture medium containing 10% (v/v) FBS is
trace, while about 50 pM (8.806 mg/L) is in human
serum. Thus, the appropriate concentration of vitamin
C in culture medium should be as low as found in
human serum. Therefore, the optimal concentration of
vitamin C at 9.719 mg/L was close to that found in
human serum and also to that suggested for using in
cell culture medium (Arigony et al. 2013). Vitamin

@ Springer

B12 is required for growth, genetic stability, and the
survival of cell in vitro. It acts as unique coenzymes of
methionine synthase and methylmalonyl-Co A
mutase. The deficiency of vitamin B12 may contribute
to acidosis, genome instability, and mitochondria-
mediated apoptosis (Arigony et al. 2013). In this study,
the optimum concentration of vitamin B12 was
0.1725 mg/L. In serum-free media condition, the
requirement of vitamin B12 for a low cell density is
necessary as used in this study (2 x 10* cells/cm?). In
addition, it might have the synergistic effect associ-
ated with hypoxanthine and thymidine, which were
found in Bacto™ soytone and Bacto™ yeast extract,
which could stimulate cell growth (Bjare 1992).
Vitamin B12 in culture medium containing 10% (v/
v) FBS is trace and is also relatively low in human
serum at 3 x 107 UM. However, its concentration in
culture medium should be higher than that found in
human serum (0.407 pg/L) (Arigony et al. 2013).
Although the optimum concentration of vitamin B12
in this study was relatively high compared to that
suggested for using in cell culture medium, the
excessive concentration of it has still not been
identified.

Effect of protein hydrolysates on cell growth

As shown in Fig. 4a and b, cell yields decreased
continuously after PO. However, the use of either
Bacto™ soytone or Bacto™ yeast extract at a low
concentration of 0.1 g/l showed the maximum cell
yields at P3 when compared with other combinations
although some higher combinations of them showed
no significant difference (p-value > 0.05). However,
the use of them at a low concentration was probably
more suitable than other concentrations during sub-
cultures under the serum-free condition and could also
reduce a cost of medium preparation. Bacto ™ soytone
is rich in high-quality proteins, carbohydrates, cal-
cium, and B vitamins. It is produced using animal-free
sources or enzymes of microorganisms that have been
grown in animal-free media (BD Bionutrients™
technical manual 2006). The protein hydrolysates
provided not only a source of amino acids but also
specific peptides that could mimic growth factors or
survival factors (Franék et al. 2000). For Vero cell
cultures under serum-free or animal component-free
condition, the optimum concentration of soy peptone
was relatively much different as reported by other
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Fig.4 Effect of Bacto ™ soytone (a) and Bacto™ yeast extract
(b) on cell growth during subcultures. In a, the concentration of
Bacto™ soytone was varied from 0.1 to 7.0 g/L in SEM01-M,
whereas the concentration of Bacto™ yeast extract was kept
constant at 7.0 g/L. In b, the concentration of Bacto™ yeast
extract was varied from 0.1 to 7.0 g/L in SFMO1-M, whereas the

authors, for example, 0.2 g/l (Lobo-Alfonso et al.
2010) and 5 g/L (Rourou et al. 2009). Generally, soy
protein hydrolysates have been used extensively as a
medium additive in serum-free or protein-free media
to improve cell density and productivity. However, the
specific characteristic of quality (impurity) and con-
centration of each soy protein hydrolysate may lead to
the distinct difference of cell responses (Jan et al.
1994; Heidemann et al. 2000; Chun et al. 2005, 2007;
Rourou et al. 2009; Michiels et al. 2011a, b; Babcock
et al. 2010; Lobo-Alfonso et al. 2010; Davami et al.
2014; Saifuddin et al. 2014; Spearman et al. 2014).
Bacto™ yeast extract is the concentrate of the water-
soluble portion of Saccharomyces cerevisiae cells that
have been autolyzed. Yeast extract provides essential
water soluble vitamins, amino acids, peptides and
carbohydrates (BD Bionutrients™ technical manual
2006). Yeast extract has been widely used as an
additive or serum substitute for mammalian and insect
cell lines (Drews et al. 1995; Batista et al. 2008;
Vaughn and Fan 1997; Wu and Lee 1998; Ikonomou
et al. 2001; Mendonga et al. 2007; Shen et al. 2007,
Chou 2013; Sung et al. 2004; Kim and Lee 2009). For
Vero cell cultures under serum-free condition, the
growth of Vero cells could be maintained when only
0.2 g/L of yeast extract was added to culture medium
(MEM) (Lobo-Alfonso et al. 2010). However, the
selection of yeast extracts or yeast hydrolysates
including their concentrations for each cell type

0.1 g/LL

(B)

i

Cell Yield (x10° cells/well)

PO P1 P2 P3

Passage Number

concentration of Bacto™ soytone was kept constant at 7.0 g/L.
Comparison of cell yields at P3 between SFM01-M containing
either Bacto™ soytone (0.1 g/L) or Bacto™ yeast extract
(0.1 g/L) and other combinations of them in SFMO01-M was not
significantly different when p-value was higher than 0.05 (*)

should be much considered because they might cause
the undesirable cell production (Chun et al. 2007,
Babcock et al. 2010).

Effect of L-glutamine on cell growth

When L-glutamine was increased to 4.0 mM, cell
growth was improved (Fig. 5). Glutamine is a major
source of energy, carbon, and nitrogen for in vitro
culture of mammalian cells. The amount of glutamine
present in culture media is 2.0-6.0 mM which is more
than other amino acids. It is metabolized via glutamate
and o-ketoglutarate, and enters the TCA cycle to
provide energy (Huang et al. 2006). The rapid
depletion of glutamine and serine during Vero cell
cultures in a serum-free medium might relate to cell
apoptosis (Quesney et al. 2003). In microcarrier
cultures of BHK 21/C13 cells, the optimal glutamine
concentration was 4.0 mM (Butler and Spier, 1984).
Although the metabolic by-product of L-glutamine is
ammonium that can inhibit the growth of animal cells;
however, Vero cells were not sensitive to NH, Cl at
2.0 mM (Hassell et al. 1991), and ICsy at 5.0 mM
(Huang et al. 2006). It is possible that the addition of L-
glutamine at 4.0 mM in SFM01-M was suitable for
Vero cells under serum-free condition.

@ Springer



692

Cytotechnology (2021) 73:683-695

—
N

N 2.0 mM
2] 1 40mM
E 10
2
2 g
=
z
= 6
=
-
2
0
PO P1 P2 P3

Passage Number

Fig. 5 Effect of L-glutamine on cell growth. The concentrations
of both Bacto™ soytone and Bacto™ yeast extract in SFMO1-
M were fixed at 0.1 g/L, whereas other components were fixed
as follows: MEM (9.4 g/L), sodium hydrogen carbonate (2.2 g/
L), MEM non-essential amino acids (1.0% v/v), sodium
pyruvate (1.0 mM), vitamin C (9.719 mg/L), vitamin B12
(0.1725 mg/L), SITE liquid media supplement (2.0% v/v),
rEGF (0.5756 mg/L). Comparison of cell yields at P3 between
SFMO01-M supplemented with 2 mM L-glutamine and SFMO1-
M supplemented with 4 mM L-glutamine was significantly
different (p-value < 0.05)

Effect of SITE liquid media supplement on cell growth

Since no significant difference of cell yields was
observed (Fig. 1 and Table 3) when two levels of SITE
liquid media supplement (low and high) were studied
by using the 2672 fractional factorial design; therefore,
four concentrations of SITE liquid media supplement
were further investigated separately. The results
showed that the cell yields obtained at PO for all
concentrations of SITE liquid media supplement were
relatively high and also higher than those obtained at
subsequent passages (P1, P2, and P3). However, the
cell yields obtained at PI1, P2, and P3 were still
relatively constant for all concentrations of SITE
liquid media supplement used in this study (Fig. 6). In
general, SITE is a mixture of recombinant human
insulin, human transferrin (partially iron-saturated),
sodium selenite, and ethanolamine which is com-
monly used to promote cell growth and proliferation in
serum-free culture. In this study, the results showed
that the concentration of SITE liquid media supple-
ment used (0.1-2.0% v/v) in SFMO1-M might be
suitable for supporting Vero cell growth and prolifer-
ation. However, since no significant difference of cell
yields obtained at P1, P2, and P3, hence the
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Fig. 6 Effect of SITE liquid media supplement on cell growth.
The concentrations of both Bacto™ soytone and Bacto™ yeast
extract in SFMO1-M were fixed at 0.1 g/L and L-glutamine was
4.0 mM, whereas othercomponents were fixed as follows: MEM
(9.4 g/L), sodium hydrogen carbonate (2.2 g/L), MEM non-
essential amino acids (1.0% v/v), sodium pyruvate (1.0 mM),
vitamin C (9.719 mg/L), vitamin B12 (0.1725 mg/L), rEGF
(0.5756 mg/L). Comparison of cell yields at P3 among SFMO1-
M supplemented with different concentration of SITE liquid
media supplement was not significantly different (p-
value > 0.05)

preparation of SFMO1-M is probably cost-effective
when a low concentration of SITE liquid media
supplement (0.1-0.5% v/v) is used.

Conclusion

The aim of this study was to describe the development
of a modified serum-free medium by using the
systematic design of experiments to screen and
optimize the serum substitutes. Two protein hydro-
lysates (Bacto™™ soytone and Bacto'™ yeast extract)
and other four namely vitamin C, vitamin B12, SITE
liquid media supplement and rEGF were used as
serum substitutes. To screen the serum substitutes,
2% fractional factorial design with resolution III was
applied. In the analysis of main effects on cell yields,
the results showed that Bacto™ soytone, Bacto™
yeast extract, vitamin C, and vitamin B12 had effect
negatively whereas SITE liquid media supplement and
rEGF had effect positively. However, the analysis of
estimated effects and coefficients of the response (cell
yields) acted directly by each factor and factor-
interactions showed obviously that vitamin C, vitamin
B12, and rEGF had effect significantly (p-value <
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0.05). After that, the concentration of three compo-
nents was further optimized using the central com-
posite design. The optimum concentrations of vitamin
C, vitamin B12, and rEGF were respectively
9.719 mg/L, 0.1725 mg/L, and 0.05756 mg/L. A
modified serum-free medium (named as SFM01-M)
was subsequently verified by the direct adaptation
method which Vero cells were cultured in SCM at
37 °C for 3 h before replacing with SFMO1-M.
However, cell yields decreased continuously during
subculture at P1, P2, and P3 whereas only at PO could
give the maximum cell yield. The effect of protein
hydrolysates, L-glutamine, and SITE liquid media
supplement on cell yields were further investigated.
Cell yields gradually decreased from P1 to P3 when a
fixed concentration of Bacto™ yeast extract (7.0 g/L)
combined with each concentration of Bacto'™ soytone
(0.1-7.0 g/L) in SFMO1-M were used. Similarly, cell
yields also gradually decreased from P1 to P3 when a
fixed concentration of Bacto™ soytone (7.0 g/L)
combined with each concentration of Bacto™ yeast
extract (0.1-7.0 g/L)) in SFM0O1-M were used. How-
ever, the combination of Bacto™ soytone at 0.1 g/L
and Bacto™ yeast extract at 7.0 g/L or Bacto™
soytone at 7.0 g/L and Bacto™™ yeast extract at 0.1 g/
L in SFMO1-M could give the maximum cell yield at
P3 when compared with other combinations. In
addition, it was found that the addition of SITE liquid
media supplement (0.1-2.0% v/v) in SFMO1-M in
which the concentrations of Bacto™ soytone, Bac-
to™ yeast extract, and L-glutamine were fixed at
0.1 g/L, 0.1 g/L, and 4.0 mM, respectively, the cell
yields obtained at P3 were not significantly different.
From this study, the optimum concentrations of
SFMO1-M components were as follows: Bacto'™
soytone (0.1 g/L), Bacto™ vyeast extract (0.1 g/L),
vitamin C (9.719 mg/L), vitamin B12 (0.1725 mg/L),
SITE liquid media supplement (0.1-2.0% v/v), rEGF
(0.05756 mg/L), L-glutamine (4.0 mM), MEM non-
essential amino acids (1.0% v/v), sodium pyruvate
(1.0 mM), MEM (9.4 g/L), and sodium hydrogen
carbonate (2.2 g/L). However, to evaluate SFM01-M
in the long-term subculture of Vero cells, the effi-
ciency of SFM01-M will be further investigated.
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