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Abstract

In this study, we developed a rapid strategy to screen a serum-free medium for culturing the

anchorage-dependent PC-3 prostate cancer cells, which was going to be prepared in large

scale to generate GM-CSF/TNFα-surface-modified whole cell prostate cancer vaccine.

Automated real-time cellular analysis as a rapid and non-invasive technology was used to

monitor the growth of PC-3 cells in 16-well plates. At the same time, Plackett-Burman design

was employed to identify the most influential formulation by integrating relevant information

statistically. The effects of the 16 selected factors were evaluated during exponential cell

growth and three medium constituents (EGF, FGF and linoleic acid) were identified to have

significant effects on the cell growth. Subsequently, the response surface methodology with

central composite design was applied to determine the interactions among the three factors

so that these factors were optimized to improve cell growth. Finally, the prediction of the

best combination was made under the maximal response to optimize cell growth by Design-

Expert software 7.0. A total of 20 experiments were conducted to construct a quadratic

model and a second-order polynomial equation. With the optimized combination validated

by the stability test of serial passaging PC-3 cells, the serum-free medium had similar cell

density and cell viability to the original serum medium. In summary, this high-throughput

scheme minimized the screening time and may thus provide a new platform to efficiently

develop the serum-free media for adherent cells.

Introduction

Mammalian cell cultures are often used to make biological products such as monoclonal anti-

bodies, recombinant proteins and vaccines. At the same time, mammalian cells are widely

used to treat the patients with various types of cancers and viral infections, and their effective-

ness have been well demonstrated [1]. Therapeutic cancer vaccines are usually aimed at

tumor-specific or tumor-associated antigens to induce active immune response against tumor
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[2]. The first therapeutic cancer vaccine of prostate cancer approved by FDA is Sipuleucel-T,

which is essentially an autologous ex-vivo dendritic cell-based vaccine, pulsed with a single

antigen of prostatic acid phosphatase (PAP) fused to GM-CSF [3, 4]. Our novel therapeutic

prostate cancer vaccine has been developed by use of GM-CSF/TNFα surface-modified PC-3

cells to treat the patients with advanced prostate cancer [5], and thus large-scale production of

anchorage-dependent PC-3 prostate cancer cells will be required for vaccine manufacturing.

Mammalian cells are typically cultured in growth medium supplemented with 1% to 20%

fetal bovine serum rich in the nutrients necessary for cell growth such as growth factors,

amino acids and hormones. However, the use of serum raises a series of potential risks of con-

tamination by animal-derived materials such as viruses. To address the issue, many kinds of

materials have been used to replace the role of serum in cell culture. Early serum-free media

are complex, because they contain undefined raw materials derived from plant or other non-

animal sources such as hydrolysates (peptones of soy, wheat, yeast, etc.) and proteins (bovine

serum albumin, transferrin, etc.) [6–9]. Therefore, current medium development has been

focusing on the chemically defined media.

The medium optimization is an important step in the process development of cell culture,

it determines cell growth or productivity. In addition, the medium components have some sig-

nificant effects on the expression of secreted proteins. The traditional strategy used for the

medium optimization is laborious and time-consuming [10–14]. Therefore, new technologies

for medium development are increasingly dependent on the accelerated screening and optimi-

zation of many conditions. Automated real-time cellular analysis (RTCA) in combination with

factorial experimental design provides the opportunity to explore a large design space and is

thus cost-effective by saving raw materials, culture media, labor and time. In this study, we

described a novel experiment design for the medium development of a fed-batch cell culture

of PC-3 prostate cancer cells. As a rapid, real-time and non-invasive technique, RTCA was

applied to monitor the culture of adherent cells in 16-well plates [11, 12]. Plackett-Burman

design (PBD) was employed to screen influential factors from many kinds of constituents of

the cell culture supplements [13, 14]. Subsequently, response surface methodology (RSM) in

combination with central composite design (CCD) was used to optimize the most influential

factors and subsequently investigate the interactions among the factors [15, 16].

Materials and methods

Cell line and culture conditions

The prostate cancer cell line PC-3 used was purchased from Shanghai cell bank of Chinese

academy of sciences. The PC-3 cells were cultured at DMDM/F12 with 5% FBS and 37˚C, 5%

CO2 according to the ATCC instruction. Experiments for screening assays were performed in

16-well E-plates seeded with cell densities ranging from 2 to 4�105 cells ml-1 in a volume of

200μl per well. Cells were all seeded at the exponential growth phase of the amplification cul-

ture. PC-3 cells were washed by PBS and followed by 1000 RPM centrifugation for 5 min

before screening assay, and then suspended in PBS as stock solution. Each tested condition

was performed in duplicate and each experiment was done twice.

The following 16 independent variables were selected for analysis [1, 8, 9, 17–29]: insulin

(5mg/l), transferrin, sodium selenite, sodium L-ascorbate, ferric citrate, L-glutathione, bovine

serum albumin (BSA), EGF, FGF, ethanolamine, linoleic acid, arachidonate, thioglycerol,

hydrocortisone, yeast hydrolysate, penicillin-streptomycin solution and succinic acid (Sigma,

Shanghai). The 16 additives in the serum-free medium were selected through the biological

function of each additive and the characteristics of the cells [1, 8, 9, 17–29]. For example, Pro-

tein or yeast hydrolysate is rich in peptides, nucleic acids, vitamins and trace elements, but not
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essential ingredients in the serum-free culture [1, 8, 9]. Insulin, sodium selenite and transferrin

are required for almost all kinds of cells to grow in serum-free medium [17–21]. Insulin pro-

motes the synthesis of RNA, protein and fatty acids, and inhibits apoptosis [19]. There are spe-

cific transferrin receptors on most mammalian cells, and the transferrin Fe3+ complex is the

main source of essential iron for the cells. In addition, transferrin has growth-factor-like

nature and can be used in combination with other trace elements such as vanadium. However,

the role of transferrin in serum-free medium may be replaced by a ferric salt, such as iron cit-

rate, ferrocuanic acid or iron gluconate. Selenium is necessary for the activity of glutathione

peroxidase [22]. Albumin is a commonly added factor in serum-free medium by stabilizing

and regulating the activities of vitamins, lipids, hormones, metal ions and growth factors, as

well as by binding to toxins and reducing the effect of proteases on cells in serum-free culture

[23]. Some cells in serum-free culture also need some low molecular weight nutrients such as

trace elements, vitamins, lipids, etc [24]. Vitamins C and E are antioxidants. Succinic acid pro-

vides the required lipid for cell membrane synthesis and the water-soluble lipids for cell

growth [25, 26]. Growth factors are supplemental factors which are necessary to maintain the

survival, proliferation and differentiation of cells in vitro. The most common growth factors in

serum-free medium are epidermal growth factor (EGF) and fibroblast growth factor (FGF)

[17, 27]. PC-3 cells over-express EGF receptor (EGFR), which is involved in promoting tumor

hyperplasia and androgen stimulation [28, 29].

The concentrations of chosen variables are given in Table 1. The concentration of each

additive was determined by referring to many previous reports [1, 9, 30–32]. For example, the

KDMEM was supplemented with 5% (v/v) KSR, 12 ng/ml bFGF, 5 ng/ml EGFand 1 lg/ml

hydrocortisone supported sufficient proliferation of aHDFs for 1 week [1]. Rrice straw(5.0,

30.0 g/L), K2HPO4 (0.5 5.0 g/L), KH2PO4 (0.1, 1.0g/L), MgSO4.7H2O (0.1, 1.0g/L),

CaCl2.2H2O (0.1, 1.0 g/L), Tween 80 (0.05, 1.0g/L), NaCl (0.1, 1.0g/L), Yeast extract (1.0, 10.0

g/L), (NH4)2SO4 (0.5, 5.0g/L) to was added to optimize cellulose-free xylanase production

Thermophilic Streptomyces thermovulgaris TISTR1984 [30]. RPMI1640 was supplemented

with bovine serum albumin 2.5 g/l, insulin 5 mg/l, ferric citrate 2 mg/l, ethanolamine 1.22 mg/

Table 1. Factors and their corresponding concentrations by Plakett-Burman design.

Factors Variables Concentration

Low(-1) High(1)

A Transferrin 3.8(mg/L) 7.5(mg/L)

B Sodium selenite 0.005(mg/L) 0.01(mg/L)

C Sodium L-ascorbate 37.5(mg/L) 75(mg/L)

D Ferric citrate 2.5(mg/L) 5(mg/L)

E L-glutathione 0.5(mg/L) 1(mg/L)

F BSA 1(g/L) 2(g/L)

G EGF 10(ng/ml) 20(ng/ml)

H FGF 10(ng/ml) 20(ng/ml)

I Ethanolamine 2(mg/L) 4(mg/L)

J Linoleic acid 1(mg/L) 2(mg/L)

K Arachidonate 1(mg/L) 2(mg/L)

L Thioglycerol 3(mg/L) 6(mg/L)

M Hydrocortisone 1(ng/ml) 2(ng/ml)

N Yeast hydrolyzate 1(ml/L) 2(ml/L)

O Penicillin-Streptomycin Solution 50(μg/ml) 100(μg/ml)

P Succinic Acid 0.5(μg/ml) 1(μg/ml)

https://doi.org/10.1371/journal.pone.0185470.t001
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l, linoleic acid 1 mg/l, oleic acid 1 mg/l, palmitic acid 1 mg/l, L-glutamine 584 mg/l, sodium

pyruvate 110 mg, 2-mercaptoethanol 0.78 mg/l, 1-thioglycerol 5.41 mg/l, nonessential amino

acids 20 ml/l, vitamins solution 10 ml/l to develop a serum-free medium for in vitro expansion

of human cytotoxic T lymphocytes [31]. The growth factors such as EGF and FGF added in

the serum-free medium and their concentrations were adopted from the references [9, 15, 16,

32].

Cell counting

The PC-3 cells was dissociated by trypsinization and suspended in PBS. The cells suspension

was dyed by 0.4% trypan blue, and then 20μl was used for cell counting. The viable cell density

was measured through automatic cell counter (Countstar BioMed, Shanghai) and trypan blue

dye exclusion with 10% accuracy.

RTCA detection of cell proliferation

The impedence-based biosensor system was used to measure cell viability, growth and prolifer-

ation by xCELLigence RTCA (Roche, Shanghai). The changes of cell morphology and behavior

were continuously monitored in real time, non-invasive and dynamic through microelectron-

ics located in the wells of RTCA E-plates. The impedance signal was converted in the arbitrary

cell index (CI) unit and recorded on the external computer, and the RTCA software was used

to analyze the data [11,12].

Accordingly, the media were added into 16-well E-plates with 150μl per well and monitored

to ensure the right base-line. Then, the stock solution of PC-3 cells was seeded with 4�105 cells

ml-1(in 150ul), and kept on the E-plate for 30min at room temperature. The monitoring con-

tinued (every 1h) for another 72h under normal incubation conditions (37˚C, 5% CO2 atmo-

sphere). Each sampling was done in duplicate.

Screening for essential medium components by use of PBD

PBD was employed to screen the most significant medium components for cell growth.

Design-Expert software 7.0 (Stat-Ease, Minneapolis) was used for the experimental designs

and subsequent data analysis. PBD could be applied to investigate up to N-1variables with N

experiments, which was a two-level fractional design with high(+1) and low(-1) levels and

widely used to screen the most significant factors from lots of varies [13, 33]. All the experi-

ments were carried out according to the design matrix, which was based on the DMEM/F12

medium. The matrix was shown in Table 2. Each row represented different nutrient concen-

trations, each independent variable was tested at two levels, a high(+) and a low(-) level. The

slope values (Y) were obtained as responses from RTCA by the method of the least squares to

fit the first-order mode.

Optimization of screened factors by RSM

RSM in combination with CCD was used to optimize the selected medium constituents. RSM

combined mathematical and numerical techniques so as to make it easy for modeling and

analysis. RSM, which was useful for numerous variables influencing the response and the

objective, was applied to optimize the response [15, 16, 34]. CCD was the most widely-used

design for RSM. According to the corresponding experimental table, the data were analyzed

through quadratic regression fitting with the quadratic equation, and the factors of the main

effects and interaction effects were studied according to the response value maximization

under the condition of optimal concentration of each factor. After regression fitting, the
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factors as a function of response values could be expressed in the following quadratic equation:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b12X1X2 þ b13X1X3 þ b23X2X3 þ b11X12 þ b22X22 þ b33X32

Y represents the response value type, beta represents the regression coefficient, x1, x2, x3

represents the main influencing factors. The nature of the polynomial fitting model equation

is expressed by determination coefficient R2, and the statistical significance is determined by F

test. The three medium factors (independent variables) were studied at five different levels

(Table 3). CCD was designed in the 2k factorial design or department analysis for design on

the basis of up to 2k axis point (plus or minus a, 0,. . ., 0), (0, +a,. . .,0), (0, 0,. . ., plus or minus

a) center and N(0, 0,. . .) composition. For three factors (k = 3), each factor took five levels. A

value made CCD rotating, and thus the experimental design under the condition of the opti-

mal value was given in priority to provide the precision of estimation, such as in all directions

and by adjusting the center of Times. N could make CCD with orthogonality and generality.

CCD design was good for 2 to 5 factors with 5-level optimization [13, 14, 35, 36].

Determination of specific growth rate

The computational formula:

m ¼
lnXn � lnXn� 1

tn � tn� 1

μ: cell-specific growth rate;

Table 2. Plackett-Burman matrix of the experimental design.

A B C D E F G H I J K L M N O P Q R S T Y

1 -1 1 -1 -1 -1 -1 1 1 -1 1 1 -1 -1 1 1 1 1 -1 1 -1 35

2 1 -1 -1 -1 -1 1 1 -1 1 1 -1 -1 1 1 1 1 -1 1 -1 1 28.4

3 -1 -1 -1 1 1 -1 -1 1 -1 -1 1 1 1 1 -1 1 -1 1 -1 -1 29.7

4 -1 -1 -1 -1 -1 1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 33.8

5 -1 -1 1 1 1 -1 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 1 1 -1 32.1

6 1 1 1 1 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 1 1 -1 -1 1 33

7 -1 -1 -1 -1 1 -1 1 1 1 -1 -1 1 1 1 1 -1 1 -1 1 -1 28.9

8 1 1 -1 -1 -1 1 -1 1 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 1 33.4

9 1 -1 1 -1 1 -1 1 -1 -1 1 1 -1 1 1 -1 -1 1 1 1 1 36.1

10 1 1 1 -1 1 1 -1 -1 -1 -1 -1 1 1 -1 1 1 -1 -1 -1 1 31.9

11 1 1 -1 1 1 -1 1 1 1 1 1 -1 1 -1 1 -1 -1 -1 1 1 32.3

12 -1 1 1 1 1 1 -1 -1 1 -1 -1 -1 1 1 1 -1 1 1 1 -1 32.5

13 -1 -1 1 1 1 -1 1 -1 -1 1 1 1 1 1 1 -1 1 -1 -1 -1 41.4

14 1 -1 -1 1 1 1 -1 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 -1 1 34.6

15 -1 1 1 -1 -1 -1 1 -1 1 1 1 1 -1 -1 -1 1 -1 -1 -1 -1 32.7

16 1 1 -1 1 1 1 1 -1 -1 -1 1 1 -1 1 1 -1 -1 1 1 1 36.1

17 -1 1 1 -1 1 -1 1 1 1 1 1 -1 1 -1 -1 -1 -1 1 -1 -1 31.4

18 -1 1 1 -1 -1 -1 -1 -1 1 -1 -1 1 1 -1 -1 1 1 1 -1 -1 31.3

19 1 -1 1 1 -1 -1 -1 -1 1 1 1 1 -1 1 -1 -1 -1 -1 1 1 32

20 1 -1 1 -1 -1 -1 -1 1 1 -1 1 1 -1 -1 1 1 1 1 -1 1 28

Letters from A to T are dummy variable. +, high level of a particular variable; -, low level of the same variable.

https://doi.org/10.1371/journal.pone.0185470.t002
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Xn,Xn—1: two consecutive sampling of density of living cells (cell/mL);

tn and tn—1: two consecutive sampling time-points (d).

Measurement of glucose and lactic acid concentrations

PC-3 cells with indicated inoculation density of 2–3�105 cell/ml and indicated volume of culti-

vation were seeded in six orifice under normal culture situation. The supernatant was used for

the determination of glucose and lactic acid concentrations by use of the kits (Sangon Biotech,

Shanghai) after 24h and 48h.

Statistical methodology

Design-Expert software 7.0 was used to analyze each output of response values, generating

reduced quadratic mixture models for each one and at each time point. The analysis of vari-

ance (ANOVA) of each model indicated the main factors with a significant influence. Models

were the used to predict best mixtures from the 20 formulations to maximize both growth and

production.

Results

Analysis of the characteristics of the cell metabolism and proliferation

The proliferation rate of PC-3 cells was studied in four different media (DMEM, DMEM/F12,

RPMI1640, F12 with 5% FBS) from 0h to 72h. The cell indices represented cell density. The

Table 3. Experimental design and results by central composite design.

X1 X2 X3 Y

1 1.682 0.000 0.000 44.4

2 0.000 0.000 0.000 48.7

3 0.000 0.000 0.000 46.9

4 -1.000 -1.000 1.000 31.7

5 0.000 -1.682 0.000 21.5

6 -1.682 1.000 1.000 35.6

7 -1.000 0.000 0.000 55.4

8 1.000 1.000 1.000 36.6

9 0.000 0.000 0.000 46.6

10 0.000 0.000 1.682 24.7

11 0.000 0.000 0.000 48

12 -1.000 -1.000 -1.000 35.6

13 1.000 -1.000 -1.000 25.9

14 1.000 -1.000 1.000 26.2

15 0.000 0.000 0.000 45.6

16 0.000 0.000 -1.682 26.4

17 0.000 0.000 0.000 47.5

18 0.000 1.682 0.000 31.7

19 1.000 1.000 -1.000 33.8

20 -1.000 1.000 -1.000 35.6

X1, X2 and X3 represent concentration levels of EGF, FGF and linoleic acid, respectively. Y represents the

response value.

https://doi.org/10.1371/journal.pone.0185470.t003
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proliferation rates of PC-3 cells in the four media exhibited the upward trends during the cultur-

ing period. As shown in Fig 1A, there were similar proliferation trends in all curves in the first

20h, but the trend of proliferation rates appeared different after 20h. The curve of DMEM main-

tained a rapid growth, and the curves of other three media reached the plateaus. However, the cell

index of MEM/F12 was higher than that of RPMI1640 or F12, indicating that PC-3 cells grew bet-

ter in DMEM or DMEM/F12 with 5% FBS than in RPMI1640 or F12 with 5% FBS. In addition,

as shown in Fig 1B, the glucose and lactate metabolic analysis of PC-3 cells showed that the glu-

cose concentration in the media was decreased from 12.19 mmol/l to 6.62 mmol/l after 48 h,

while the lactic acid concentration increased from 0.76 mmol/l to 2.06 mmol/l, indicating that

PC-3 cells consumed much glucose when they proliferated rapidly. Therefore, we selected

DMEM/F12 medium containing high glucose as the basis for the medium optimization.

In order to determine the characteristics of PC-3 cells, we adopted five cell seeding densities

such as 6�105, 4�105, 2�105, 1�105 and 0.5�105 cell/ml. Every cell seeding density was tested in

triplicate. As showed in Fig 2, under different seeding densities the cell indices displayed a S

type of cellular proliferation characteristics during the culturing period. Under the condition

of 6�105 seeding density, the cell index exhibited a rapid growth, but declined quickly after a

short plateau. Under the condition of 4�105cell/ml or 2�105 cell/ml seeding density, the cell

indices displayed similar trends, indicating slower growth than that at 6�105 cell/ml seeding

density. Under the condition of 0.5�105 cell/ml, the cell index had a slowest growth. Consider-

ing that PC-3 cells from serum culture into serum-free culture had a process of adaptation and

pressure selection so that excessive seeding density could lead to a short cell proliferation

cycle, we selected 2–5�105 cell/ml seeding density for subsequent experiments.

Screening essential medium components by use of PBD

PBD was widely used to screen the most significantly independent variables with a few runs.

Here, the total of 16 factors were selected as independent variables that could affect the depen-

dent variables (slope) to identify the medium components. Independent factors and their lev-

els were shown in Table 1. The design and the response of the observed dependent variables of

PBD formulation were shown in Table 2 and Table 3. The relationships between response and

variables were analyzed by ANOVA and the results were summarized in Table 4. The medium

components were screened at the confidence level of 90% on the basis of their effects. EGF,

FGF and linoleic acid were identified to have significant effects in response or cells growth.

Fig 1. Basal medium screening. Four basic media were screened: DMDM (5%FBS), DMEM/F12 (5%FBS), F12 (5%FBS), RPMI1640 (5%FBS).

https://doi.org/10.1371/journal.pone.0185470.g001
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Therefore, we chose EGF, FGF and linoleic acid for further optimization. Confidence levels of

the variables were higher than 90%, indicating that they had significant contributions than

other medium components. The ANOVA showed the determination coefficient R2 of 96.71,

implying that the model equation could explain 96.71% of the total variation.

Fig 2. PC-3 cell proliferation curves at different seeding densities. In order to determine the optimal innoculation density of PC-3 cells, we adopted five

cell seeding densities such as 6*105, 4*105, 2*105, 1*105, and 0.5*105 cell/ml.

https://doi.org/10.1371/journal.pone.0185470.g002

Table 4. ANOVA for Plackett-Burman design.

Source Sum of Squares df Mean Square F Value P-value Prob>F

Model 158.46 16 9.90 5.77 0.0871

Transferrin 0.20 1 0.20 0.12 0.7553

Sodium selenite 5.20 1 5.20 3.03 0.1800

Sodium L-ascorbate 3.70 1 3.70 2.16 0.2384

Ferric citrate 3.87 1 3.87 2.26 0.2301

L-glutathione 2.31 1 2.31 1.35 0.3297

BSA 0.032 1 0.032 0.019 0.9000

EGF 20.81 1 20.81 12.13 0.0400

FGF 38.64 1 38.64 22.52 0.0175

Ethanolamine 3.20 1 3.20 1.86 0.2654

Linoleic acid 35.91 1 35.91 20.93 0.0196

Arachidonate 0.072 1 0.072 0.042 0.8508

Thioglycerol 3.53 1 3.53 2.06 0.2471

Hydrocortisone 7.94 1 7.94 4.63 0.1206

Yeast hydrolyzate 1.46 1 1.46 0.85 0.4246

Penicillin-Streptomycin 10.37 1 10.37 6.04 0.0910

Solution Succinic Acid 21.22 1 21.22 12.36 0.0390

Residual 5.15 3 1.72

Cor Total 163.61 19

Determination coefficient R2 = 96.71; Adjusted determination R2 = 87.50; Coefficient of variation CV = 3.16%

https://doi.org/10.1371/journal.pone.0185470.t004
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Optimization of selected medium components with CCD

In line with the results from Plackett-Burman design, EGF, FGF and linoleic acid were selected

as most significant medium components and further optimized by use of response surface

methodology with CCD. In this approach, the 20 runs were conducted in CCD experiments to

determine the effect of independent variables on the response (cells density) along with the

predicted values in Table 5. Using Design-Expert 7.0 to analyze the ANOVA of the model,

which was performed to investigate the second-order response surface model, and the results

were given in Table 5. The ANOVA demonstrated that the model was highly significant, as

was evident from the P value (<0.0001) of the F-test. This high significance was also confirmed

by the result of insignificant lack of fit (F = 1.25 and P>0.05, indicating that the ratio of the

obtained equation to the actual fitting was small). The determination coefficient (R2) of 99.27

of the model suggested that model equation could explain 99.27% of the total variation, indi-

cating a good agreement between predicated values and experimental data.

The regression analysis was performed in the 20 groups, and the polynomial regression

model was obtained by regression fitting. The regression equation coefficients were calculated

and the data were fitted to a second-order polynomial equation:

Y ¼ 47:24 � 2:53Aþ 2:88B � 0:27C þ 1:80ABþ 0:88AC þ 0:80BCþ 0:82A2 � 7:41B2

� 7:79C2

Where Y represented the response or cells density, and A, B and C were the coded values of

EGF, FGF and linoleic acid, respectively.

Diagnostic plots were used to analyze the model adequacy and clarify the sign of any prob-

lem in the experimental data. The plots of observed responses versus predicted responses

were shown in Fig 3. The predicted values were in agreement with observed ones in the range

of the operating variables, since they were located on both sides of s straight line. The normal

probability plot of the studentized residuals was used to test the normality of residuals. A line

pattern observed in this plot would clarify whether there was the sign of any problem in the

experimental data. According to the plot of studentized residuals versus predicted values for

Table 5. ANOVA for central composite design of response surface methodology.

Source Sum of Squares df Mean Square F Value P-value Prob>F

Model 1824.81 9 202.76 150.63 0.0001

A-EGF 87.15 1 87.15 64.75 0.0001

B-FGF 113.41 1 113.41 84.25 0.0001

C-linoleic acid 0.98 1 0.98 0.73 0.4134

AB 25.92 1 25.92 19.26 0.0014

AC 6.13 1 6.13 4.55 0.0587

BC 5.12 1 5.12 3.80 0.0797

A2 9.78 1 9.78 7.27 0.0225

B2 792.11 1 792.11 588.47 0.0001

C2 873.42 1 873.42 648.88 0.0001

Residual 13.46 10 13.46

Lack of Fit 7.47 5 7.47 1.25 0.4070

Pure Error 5.99 5 5.99

Cor Total 1838.27 19

Determination coefficient R2 = 99.27; Adjusted determination Adj. R2 = 98.61; Coefficient of variation CV = 3.10%

https://doi.org/10.1371/journal.pone.0185470.t005
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evaluating the constant error, residual points were showed to be randomly scattered separately,

indicating that the variance of the original observation was constant.

The three-dimensional (3D) response surface plots and contour charts were used to illus-

trate the individual and interactive effects of EGF, FGF and linoleic acid. Each 3D chart repre-

sented the effects of two variables while the rest one was maintained at the middle level. As

shown in Fig 4, with the increasing concentration of FGF from 5ng/ml to 11.59ng/ml (coded

value, -1 to 0.318) (XB from -1 to 0.318), the response (Y, or cells density) significantly

increased at the moderate concentration (10ng/ml) of EGF(coded value, 0); However, the

response significantly decreased with the increasing concentration of FGF from 5ng/ml to

15ng/ml (XB from 0.318 to 1) at the moderate concentration of EGF.

As shown in the Fig 5, with the increasing concentration of linoleic acid from 1mg/l to

2.06mg/l (coded value,-1 to 0.055) (XC from -1 to 0.055) at the moderate concentration of EGF

(coded value, 0) (XA = 0), the response (Y) significantly increased at the beginning and then

decreased. With the increasing concentration of EGF from 1.59ng/ml to 18.41ng/ml (coded

value,-1 to 1) (XA from -1 to 1), the response gradually decreased at the moderate concentra-

tion of linoleic acid (coded value, 0) (XC = 0). Subsequently, the interaction between FGF and

linoleic acid was investigated with EGF at the middle level. As shown in Fig 6, with the

Fig 3. Residual diagnostic plots of the quadratic model. (A) The normal distribution of residuals. (B) Residuals analysis of the experiment. (C)

Comparison between the experimental values and the predicted.

https://doi.org/10.1371/journal.pone.0185470.g003

Fig 4. Response surface plot of the regression equation (EGF, FGF). The three-dimensional response surface plots (A) and contour charts (B) were used

to illustrate the individual and interactive effects of EGF and FGF.

https://doi.org/10.1371/journal.pone.0185470.g004
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increasing concentration of linoleic acid from 1mg/l to 2mg/l (coded value, -1 to 0.055) (XC

from -1 to 0.055) at the moderate concentration of FGF (XB = 0), the response significantly

increased at the beginning and then decreased. The effect of the concentration of FGF on the

response formed a parabola at the moderate concentration of linoleic acid, and the response

value reached maximum when the FGF concentration was 11.59ng/ml (XB = 0.318).

Optimization and experimental validation

According to the quadratic polynomial equation fitted with the experiment, when the response

value reached to maximum (55.4), the concentrations of the three factors were optimized. The

optimized concentrations were EGF (15ng/ml), FGF (11.59ng/ml) and linoleic acid (2.06mg/

l), which were validated by long-term passage stability test of PC-3 cells. At the same time, PC-

3 cells were cultured in growth medium (DMEM/F12) supplemented with 10% fetal bovine

Fig 5. Response surface plot of the regression equation (EGF, linoleic acid). The three-dimensional response surface plots (A) and contour charts (B)

were used to illustrate the individual and interactive effects of EGF and linoleic acid.

https://doi.org/10.1371/journal.pone.0185470.g005

Fig 6. Response surface plot of the regression equation (linoleic acid, FGF). The three-dimensional response surface plots (A) and contour charts (B)

were used to illustrate the individual and interactive effects of FGF and linoleic acid.

https://doi.org/10.1371/journal.pone.0185470.g006
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serum as the control in triplicate. As shown in Fig 7, the growth rates of PC-3 cells were 0.58,

0.65 and 0.55, respectively, in the control groups, while the growth rates of PC-3 cells were

0.31, 0.63 and 0.42, respectively, in the optimized groups. In addition, the viability of PC-3

cells in the control groups were 96.58%, 91.23% and 94.34%, while the viability of PC-3 cells in

the optimized groups were 98.53%, 95.73% and 98.31%. Data were presented as mean ± SD.
���� meant p<0.0001.

Discussion

The biopharmaceutical industry is strongly motivated to develop high performing processes to

meet increasing market demands and reduce manufacturing costs. Mammalian cell culture is

one of the important areas in cell engineering. Many efforts have been made in the medium

optimization. A well-balanced medium composition is essential for maximal viable cell density

and productivity, two major elements of a fed-batch process. Usually, the medium optimiza-

tion is performed sequentially due to the large number of experiments required for a simulta-

neous optimization. Here, we introduced the high-throughput RTCA in combination with

statistical methodologies for the medium development of a fed-batch culture process of adher-

ent cells. The xCELLigence RTCA is a non-invasive, small-scale, real-time monitoring and

impedence-based biosensor system, which can measure cell viability, migration, growth,

spreading and proliferation. Changes of cell morphology and behavior are continuously moni-

tored in real time through the microelectronics located in the wells of RTCA E-plates [11,12].

By use of the technical advantages of RTCA, the proliferation characteristics of PC-3 cells

were quantitatively analyzed to determine the best cell seeding density for screening serum-

free media. Evaluation was to ensure that the cell proliferation curve had typical characteristics

such as adaptation period, logarithmic growth phase and plateau stage, at the same time, taking

into account that the cells from the serum culture into serum-free culture would lead to the

selective pressure, which might cause some cell deaths and prolong the cell adaptation period.

Finally, the cell seeding density of PC-3 cells was identified to be 2–4�105 cell/L as shown

in Fig 2. In addition, the four basic media DMEM, F12, DMEM/F12 and RPMI1640 were

screened and then PC-3 cells were found to grow better in DMEM or DMEM/F12 with 5%

FBS than in F12 or RPMI1640 with 5% FBS (Fig 1).

Fig 7. Verification of culture effect of serum-free medium. (A) The growth rates of PC-3 cells in the control groups and in the

optimized groups. (B) The viability of PC-3 cells in the control groups and in the optimized groups.

https://doi.org/10.1371/journal.pone.0185470.g007
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Glucose is an important source of energy and carbonaceous material for cell life activities.

Normal cells are given priority to with aerobic metabolism of glucose, but not for the anaerobic

fermentation. However, the cancer cells are just the opposite, given priority to with glucose-

based anaerobic glycolysis, supplemented by aerobic glycolysis, and thus this phenomenon is

called the “Warburg effect” [37, 38]. In the screening of PC-3 cell basal medium, PC-3 cells cul-

tured in DMEM medium with high glucose were found to have a good proliferation perfor-

mance. In line with the analysis of glucose metabolism in PC-3 cells, they were found to be

metabolically dependent on glucose. Although the other three media had more comprehensive

nutritional components, their glucose and amino acid concentrations were lower than the

DMEM medium. In the serum-free culture nutritional deficiency in DMEM medium were

noticed so that DMEM/F12 medium was chosen as the basal medium to optimize serum-free

medium.

By use of Plackett-Burman design, a commonly used statistical screening method, we are

able to do the minimum number of experiments to examine a large number of factors for the

response of the significant value simultaneously. EGF, FGF, linoleic acid, penicillin-streptomy-

cin solution and succinic acid were found to have significant effects on the response value, and

the effects of EGF, FGF and linoleic acid were the most significant as shown in Tables 4 and 5

and from Fig 3 to Fig 7. EGFR is highly expressed on the surface of PC-3 cells, and EGF as

growth factor can stimulate the rapid proliferation of PC-3 cells through its binding to EGFR

[35, 39, 40]. Consistent with the optimization results from CCD, the rapid growth of PC-3 cells

depended on high concentrations of EGF. FGF is a commonly used serum-free medium addi-

tive, which can stimulate DNA synthesis and cell proliferation in a variety of cells [26]. The

unsaturated fatty acid linoleic acid as one of the commonly used in serum-free medium can

promote cell proliferation and also promote cell expression of antibodies [24]. As demon-

strated in this study, FGF and linoleic acid played a key role in cell proliferation of PC-3 cells.

In addition, there were significant differences of gene expression between the cells in the

serum-free culture and those in the serum culture. The changes in gene expression in the cells

were mainly related to cell metabolism, but the cell morphology and the original immunoge-

nicity of its own didn’t change significantly [41]. Indeed, we didn’t notice any significant

changes in terms of PC-3 immunogenicity, since we attempted to prepare large-scale culture

of PC3 by use of our optimized media for the generation of hGM-CSF/hTNFα-surface-modi-

fied PC3 therapeutic vaccine for the prostate cancer [5].

Conclusions

Our high-throughput optimization approach was a robust and rapid platform for the medium

optimization of a fed-batch cell culture. Data analysis by simple ranking based on critical pro-

cess outputs such as cell growth and viability, provided an easy and quick tool to identify the

best medium formulations of good performance. On the other hand, statistical methodologies

enabled a more in-depth analysis, allowing prediction of best medium formulations of good

performance and identification of critical medium components for further optimization.

Therefore, compared with traditional medium optimization strategies, the platform was effi-

cient and cost-effective.

Acknowledgments

This work was partially supported by the Natural Science Foundation of China

(NSFC81573110), Chinese National 863 plan (2012AA02A407), the Natural Science Founda-

tion of Zhejiang Province (LY14H190004, LY13H100003, LY15H160066), Key Science and

Quick deveplopment of serum-free media for PC3 prostate cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0185470 September 25, 2017 13 / 16

https://doi.org/10.1371/journal.pone.0185470


Technology Innovation Team of Zhejiang Province, Zhejiang Provincial Program for the Cul-

tivation of High level Innovative Health Talents.

Author Contributions

Conceptualization: Ai Zhao, Fahai Chen, Xiaoling Xu, Yinxiang Lu, Jimin Gao.

Data curation: Fahai Chen, Yanqing Wu.

Formal analysis: Fahai Chen.

Funding acquisition: Xiaoling Xu, Yinxiang Lu, Jimin Gao.

Investigation: Ai Zhao, Fahai Chen.

Methodology: Ai Zhao, Fahai Chen, Haiming Wu.

Resources: Chunhong Ning, Haiming Wu, Huanfang Song, Kaihua Zhou.

Software: Chunhong Ning, Huanfang Song, Kaihua Zhou.

Supervision: Jimin Gao.

Validation: Rong Chen.

Visualization: Rong Chen.

Writing – original draft: Ai Zhao, Fahai Chen.

Writing – review & editing: Ai Zhao, Jimin Gao.

References
1. Kim MS, Yun JI, Gong SP, Ahn JY, Lim JM, Song YH, et al. Development of a chemically defined in

vitro culture system to effectively stimulate the proliferation of adult human dermal fibroblasts. Experi-

mental dermatology. 2015; 24(7):543–5. https://doi.org/10.1111/exd.12695 PMID: 25808127.

2. Schlom J. Therapeutic cancer vaccines: current status and moving forward. J Natl Cancer Inst.2012;

104(8):599–613. https://doi.org/10.1093/jnci/djs033 PMID: 22395641; PubMed Central PMCID:

PMCPMC3328421.

3. van Dodewaard-de Jong JM, Santegoets SJ, van de Ven PM, Versluis J, Verheul HM, de Gruijl TD,

et al. Improved efficacy of mitoxantrone in patients with castration-resistant prostate cancer after vacci-

nation with GM-CSF-transduced allogeneic prostate cancer cells. Oncoimmunology. 2016; 5(4):

e1105431. https://doi.org/10.1080/2162402X.2015.1105431 PMID: 27141390; PubMed Central

PMCID: PMCPMC4839338.

4. Wei XX, Chan S, Kwek S, Lewis J, Dao V, Zhang L, et al. Systemic GM-CSF Recruits Effector T Cells

into the Tumor Microenvironment in Localized Prostate Cancer. Cancer Immunol Res. 2016; 4

(11):948–58. https://doi.org/10.1158/2326-6066.CIR-16-0042 PMID: 27688020; PubMed Central

PMCID: PMCPMC5115633.

5. Lai S, Huang Z, Guo Y, Cui Y, Wang L, Ren W, et al. Evaluation of hGM-CSF/hTNFα surface-modified

prostate cancer therapeutic vaccine in the huPBL-SCID chimeric mouse model. J Hematol Oncol.

2015; 8:76. https://doi.org/10.1186/s13045-015-0175-8 PMID: 26108270.

6. Gupta AJ, Wierenga PA, Gruppen H, Boots JW. Influence of protein and carbohydrate contents of soy

protein hydrolysates on cell density and IgG production in animal cell cultures. Biotechnol Prog. 2015;

31(5):1396–405. https://doi.org/10.1002/btpr.2121 PMID: 26080927.

7. Han MJ, Lee SY. Proteome profiling and its use in metabolic and cellular engineering. Proteomics.

2003; 3(12):2317–24. https://doi.org/10.1002/pmic.200300508 PMID: 14673782.

8. Sung YH, Lim SW, Chung JY, Lee GM. Yeast hydrolysate as a low-cost additive to serum-free medium

for the production of human thrombopoietin in suspension cultures of Chinese hamster ovary cells.

Applied microbiology and biotechnology. 2004; 63(5):527–36. https://doi.org/10.1007/s00253-003-

1389-1 PMID: 12856163.

9. Richardson J, Shah B, Bondarenko PV, Bhebe P, Zhang Z, Nicklaus M, et al. Metabolomics analysis of

soy hydrolysates for the identification of productivity markers of mammalian cells for manufacturing

Quick deveplopment of serum-free media for PC3 prostate cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0185470 September 25, 2017 14 / 16

https://doi.org/10.1111/exd.12695
http://www.ncbi.nlm.nih.gov/pubmed/25808127
https://doi.org/10.1093/jnci/djs033
http://www.ncbi.nlm.nih.gov/pubmed/22395641
https://doi.org/10.1080/2162402X.2015.1105431
http://www.ncbi.nlm.nih.gov/pubmed/27141390
https://doi.org/10.1158/2326-6066.CIR-16-0042
http://www.ncbi.nlm.nih.gov/pubmed/27688020
https://doi.org/10.1186/s13045-015-0175-8
http://www.ncbi.nlm.nih.gov/pubmed/26108270
https://doi.org/10.1002/btpr.2121
http://www.ncbi.nlm.nih.gov/pubmed/26080927
https://doi.org/10.1002/pmic.200300508
http://www.ncbi.nlm.nih.gov/pubmed/14673782
https://doi.org/10.1007/s00253-003-1389-1
https://doi.org/10.1007/s00253-003-1389-1
http://www.ncbi.nlm.nih.gov/pubmed/12856163
https://doi.org/10.1371/journal.pone.0185470


therapeutic proteins. Biotechnology progress. 2015; 31(2):522–31. https://doi.org/10.1002/btpr.2050

PMID: 25583076.

10. Singh SK, Singh SK, Tripathi VR, Khare SK, Garg SK. Comparative one-factor-at-a-time, response sur-

face (statistical) and bench-scale bioreactor level optimization of thermoalkaline protease production

from a psychrotrophic Pseudomonas putida SKG-1 isolate. Microb Cell Fact. 2011; 10:114. https://doi.

org/10.1186/1475-2859-10-114 PMID: 22204659; PubMed Central PMCID: PMCPMC3337321.

11. Abassi YA, Xi B, Zhang W, Ye P, Kirstein SL, Gaylord MR, et al. Kinetic cell-based morphological

screening: prediction of mechanism of compound action and off-target effects. Chem Biol. 2009; 16

(7):712–23. https://doi.org/10.1016/j.chembiol.2009.05.011 PMID: 19635408; PubMed Central PMCID:

PMCPMC2836189.

12. Stefanowicz-Hajduk J, Adamska A, Bartoszewski R, Ochocka JR. Reuse of E-plate cell sensor arrays

in the xCELLigence Real-Time Cell Analyzer. Biotechniques. 2016; 61(3):117–22. https://doi.org/10.

2144/000114450 PMID: 27625205.

13. Vasiee A, Behbahani BA, Yazdi FT, Moradi S. Optimization of the production conditions of the lipase

produced by Bacillus cereus from rice flour through Plackett-Burman Design (PBD) and response sur-

face methodology (RSM). Microb Pathog. 2016; 101:36–43. https://doi.org/10.1016/j.micpath.2016.10.

020 PMID: 27816679.

14. Gonzalez-Leal IJ, Carrillo-Cocom LM, Ramirez-Medrano A, Lopez-Pacheco F, Bulnes-Abundis D,

Webb-Vargas Y, et al. Use of a Plackett-Burman statistical design to determine the effect of selected

amino acids on monoclonal antibody production in CHO cells. Biotechnology progress. 2011; 27

(6):1709–17. https://doi.org/10.1002/btpr.674 PMID: 21901863.

15. Sharma P, Singh L. Application of response surface analysis for biodegradation of azo reactive textile

dye using Aspergillus foetidus. J Basic Microbiol. 2012; 52(3):314–23. https://doi.org/10.1002/jobm.

201100060 PMID: 21780149.

16. Xiao ZJ, Liu PH, Qin JY, Xu P. Statistical optimization of medium components for enhanced acetoin pro-

duction from molasses and soybean meal hydrolysate. Appl Microbiol Biotechnol.2007; 74(1):61–8.

https://doi.org/10.1007/s00253-006-0646-5 PMID: 17043817.

17. Taub M. The use of defined media in cell and tissue culture. Toxicology in vitro: an international journal

published in association with BIBRA. 1990; 4:213–25.

18. van der Valk J, Brunner D, De Smet K, Fex Svenningsen A, Honegger P, Knudsen LE, et al. Optimiza-

tion of chemically defined cell culture media—replacing fetal bovine serum in mammalian in vitro meth-

ods. Toxicology in vitro: an international journal published in association with BIBRA. 2010; 24(4):1053–

63. https://doi.org/10.1016/j.tiv.2010.03.016 PMID: 20362047.

19. Rojas Martinez C, Rodriguez-Vivas RI, Figueroa Millan JV, Acosta Viana KY, Gutierrez Ruiz EJ, Alva-

rez Martinez JA. In vitro culture of Babesia bovis in a bovine serum-free culture medium supplemented

with insulin, transferrin, and selenite. Exp Parasitol. 2016, 170:214–9. https://doi.org/10.1016/j.exppara.

2016.10.002 PMID: 27717771

20. Rojas-Martinez C, Rodriguez-Vivas RI, Figueroa Millan JV, Acosta Viana KY, Gutierrez Ruiz EJ, Alva-

rez Martinez JA. Putrescine: Essential factor for in vitro proliferation of Babesia bovis. Exp Parasitol.

2017, 175:79–84. https://doi.org/10.1016/j.exppara.2017.01.010 PMID: 28153804

21. Jan Ljunggren, HBggstrijm L. Specific grow th rate as a parameter for tracing. J Biotechnol. 1995,

42:163–75. PMID: 7576535

22. H. M, Helmy a, S. S, A. IbE, El-Bassiouni b, a HF. Effect of selenium supplementation on the activities

of glutathione metabolizing enzymes in human hepatoma Hep G2 cell line. Toxicology 2000; 144:57–

61. PMID: 10781871

23. Kovai J, Frank F. Serum-free medium for hybridoma and parental myeloma cell cultivation a novel com-

position of growth supporting substances. Immunol Lett. 1984; 7(6):339–45. PMID: 6724641

24. Sheng R, Yan SM, Qi LZ, Zhao YL. Effect of the ratios of unsaturated fatty acids on the expressions of

genes related to fat and protein in the bovine mammary epithelial cells. In vitro cellular & developmental

biology Animal. 2015; 51(4):381–9. https://doi.org/10.1007/s11626-014-9847-x PMID: 25592082.

25. Chen PC, Zheng P, Ye XY, Ji F. Preparation of A. succinogenes immobilized microfiber membrane for

repeated production of succinic acid. Enzyme Microb Technol. 2017, 98:34–42. https://doi.org/10.1016/

j.enzmictec.2016.12.004 PMID: 28110662

26. Hwang HJ, Choi SP, Lee SY, Choi JI, Han SJ, Lee PC. Dynamics of membrane fatty acid composition

of succinic acid-producing Anaerobiospirillum succiniciproducens. J Biotechnol. 2015; 193:130–3.

https://doi.org/10.1016/j.jbiotec.2014.11.028 PMID: 25483318

27. Papeleu P, Loyer P, Vanhaecke T, Henkens T, Elaut G, Guguen-Guillouzo C, et al. Proliferation of epi-

dermal growth factor-stimulated hepatocytes in a hormonally defined serum-free medium. Altern Lab

Anim. 2004; 32 Suppl 1A:57–64.

Quick deveplopment of serum-free media for PC3 prostate cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0185470 September 25, 2017 15 / 16

https://doi.org/10.1002/btpr.2050
http://www.ncbi.nlm.nih.gov/pubmed/25583076
https://doi.org/10.1186/1475-2859-10-114
https://doi.org/10.1186/1475-2859-10-114
http://www.ncbi.nlm.nih.gov/pubmed/22204659
https://doi.org/10.1016/j.chembiol.2009.05.011
http://www.ncbi.nlm.nih.gov/pubmed/19635408
https://doi.org/10.2144/000114450
https://doi.org/10.2144/000114450
http://www.ncbi.nlm.nih.gov/pubmed/27625205
https://doi.org/10.1016/j.micpath.2016.10.020
https://doi.org/10.1016/j.micpath.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/27816679
https://doi.org/10.1002/btpr.674
http://www.ncbi.nlm.nih.gov/pubmed/21901863
https://doi.org/10.1002/jobm.201100060
https://doi.org/10.1002/jobm.201100060
http://www.ncbi.nlm.nih.gov/pubmed/21780149
https://doi.org/10.1007/s00253-006-0646-5
http://www.ncbi.nlm.nih.gov/pubmed/17043817
https://doi.org/10.1016/j.tiv.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20362047
https://doi.org/10.1016/j.exppara.2016.10.002
https://doi.org/10.1016/j.exppara.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27717771
https://doi.org/10.1016/j.exppara.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28153804
http://www.ncbi.nlm.nih.gov/pubmed/7576535
http://www.ncbi.nlm.nih.gov/pubmed/10781871
http://www.ncbi.nlm.nih.gov/pubmed/6724641
https://doi.org/10.1007/s11626-014-9847-x
http://www.ncbi.nlm.nih.gov/pubmed/25592082
https://doi.org/10.1016/j.enzmictec.2016.12.004
https://doi.org/10.1016/j.enzmictec.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28110662
https://doi.org/10.1016/j.jbiotec.2014.11.028
http://www.ncbi.nlm.nih.gov/pubmed/25483318
https://doi.org/10.1371/journal.pone.0185470


28. Yuanjie Niu, Saleh Altuwaijri, Kuo-Pao Lai, Chun-Te Wu, William A. Ricke. Androgen receptor is a

tumor suppressor and proliferator in prostate cancer. Proc Natl Acad Sci U S A. 2008; 105(34):12182–

7. https://doi.org/10.1073/pnas.0804700105 PMID: 18723679

29. George M Yousef, Georgia Sotiropoulou, Eleftherios P Diamandis, Liu-Ying Luo, Stephen W. Scherer.

Molecular characterization of zyme protease M neurosin (PRSS9), a hormonally regulated kallikrein-

like serine protease. Genomics. 1999; 62:251–9. https://doi.org/10.1006/geno.1999.6012 PMID:

10610719

30. Chaiyaso T, Kuntiya A, Techapun C, Leksawasdi N, Seesuriyachan P, Hanmoungjai P. Optimization of

cellulase-free xylanase production by thermophilic Streptomyces thermovulgaris TISTR1948 through

Plackett-Burman and response surface methodological approaches. Biosci Biotechnol Biochem. 2011,

75(3):531–7. https://doi.org/10.1271/bbb.100756 PMID: 21389598.

31. Jeon MK, Lim JB, Lee GM. Development of a serum-free medium for in vitro expansion of human cyto-

toxic T lymphocytes using a statistical design. BMC biotechnology. 2010, 10:70. https://doi.org/10.

1186/1472-6750-10-70 PMID: 20854694

32. Singh D, Kaur G. Optimization of different process variables for the production of an indolizidine alka-

loid, swainsonine from Metarhizium anisopliae. J Basic Microbiol. 2012; 52(5):590–7. https://doi.org/10.

1002/jobm.201100255 PMID: 22144370.

33. Sahu AK, Jain V. Screening of process variables using Plackett-Burman design in the fabrication of

gedunin-loaded liposomes. Artif Cells Nanomed Biotechnol. 2016:1–12. https://doi.org/10.1080/

21691401.2016.1200057 PMID: 27917681.

34. Dash RN, Mohammed H, Humaira T. An integrated Taguchi and response surface methodological

approach for the optimization of an HPLC method to determine glimepiride in a supersaturatable self-

nanoemulsifying formulation. Saudi Pharm J. 2016; 24(1):92–103. https://doi.org/10.1016/j.jsps.2015.

03.004 PMID: 26903773; PubMed Central PMCID: PMCPMC4720010.

35. Singh B, Carpenter G, Coffey RJ. EGF receptor ligands: recent advances. Gens cancer. 2016; 5

(2):900–9. https://doi.org/10.12688/f1000research.9025.1 PMID: 27635238; PubMed Central PMCID:

PMC5017282.

36. Mandl EW, Jahr H, Koevoet JL, van Leeuwen JP, Weinans H, Verhaar JA, et al. Fibroblast growth fac-

tor-2 in serum-free medium is a potent mitogen and reduces dedifferentiation of human ear chondro-

cytes in monolayer culture. Matrix biology: journal of the International Society for Matrix Biology. 2004;

23(4): 231–41. https://doi.org/10.1016/j.matbio.2004.06.004 PMID: 15296937.

37. Hanselmann RG, Welter C. Origin of Cancer: An Information, Energy, and Matter Disease. Front Cell

Dev Biol. 2016; 4:121. https://doi.org/10.3389/fcell.2016.00121 PMID: 27909692; PubMed Central

PMCID: PMCPMC5112236.

38. Wang YH, Scadden DT. Targeting the Warburg effect for leukemia therapy: Magnitude matters. Mol

Cell Oncol. 2015; 2(3):e981988. https://doi.org/10.4161/23723556.2014.981988 PMID: 27308458;

PubMed Central PMCID: PMCPMC4905293.

39. Riesco A, Santos-Buitrago B, De Las Rivas J, Knapp M, Santos-Garcia G, Talcott C. Epidermal Growth

Factor Signaling towards Proliferation: Modeling and Logic Inference Using Forward and Backward

Search. Biomed Res Int. 2017; 2017:1809513. https://doi.org/10.1155/2017/1809513 PMID:

28191459; PubMed Central PMCID: PMCPMC5278199.

40. Rodriguez-Berriguete G, Torrealba N, Fraile B, Paniagua R, Royuela M. Epidermal growth factor

induces p38 MAPK-dependent G0/G1-to-S transition in prostate cancer cells upon androgen depriva-

tion conditions. Growth Factors. 2016; 34(1–2):5–10. https://doi.org/10.3109/08977194.2015.1132712

PMID: 26880218.

41. Ferella M, Davids BJ, Cipriano MJ, Birkeland SR, Palm D, Gillin FD, et al. Gene expression changes

during Giardia–host cell interactions in serum-free medium. Mol Biochem Parasitol. 2014; 197(1–2):21–

3. https://doi.org/10.1016/j.molbiopara.2014.09.007 PMID: 25286381

Quick deveplopment of serum-free media for PC3 prostate cancer cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0185470 September 25, 2017 16 / 16

https://doi.org/10.1073/pnas.0804700105
http://www.ncbi.nlm.nih.gov/pubmed/18723679
https://doi.org/10.1006/geno.1999.6012
http://www.ncbi.nlm.nih.gov/pubmed/10610719
https://doi.org/10.1271/bbb.100756
http://www.ncbi.nlm.nih.gov/pubmed/21389598
https://doi.org/10.1186/1472-6750-10-70
https://doi.org/10.1186/1472-6750-10-70
http://www.ncbi.nlm.nih.gov/pubmed/20854694
https://doi.org/10.1002/jobm.201100255
https://doi.org/10.1002/jobm.201100255
http://www.ncbi.nlm.nih.gov/pubmed/22144370
https://doi.org/10.1080/21691401.2016.1200057
https://doi.org/10.1080/21691401.2016.1200057
http://www.ncbi.nlm.nih.gov/pubmed/27917681
https://doi.org/10.1016/j.jsps.2015.03.004
https://doi.org/10.1016/j.jsps.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26903773
https://doi.org/10.12688/f1000research.9025.1
http://www.ncbi.nlm.nih.gov/pubmed/27635238
https://doi.org/10.1016/j.matbio.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15296937
https://doi.org/10.3389/fcell.2016.00121
http://www.ncbi.nlm.nih.gov/pubmed/27909692
https://doi.org/10.4161/23723556.2014.981988
http://www.ncbi.nlm.nih.gov/pubmed/27308458
https://doi.org/10.1155/2017/1809513
http://www.ncbi.nlm.nih.gov/pubmed/28191459
https://doi.org/10.3109/08977194.2015.1132712
http://www.ncbi.nlm.nih.gov/pubmed/26880218
https://doi.org/10.1016/j.molbiopara.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25286381
https://doi.org/10.1371/journal.pone.0185470

