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Abstract Stem cells are undifferentiated and self-renewal

cells which could be obtained from the body or artificially

derived from an adult somatic cell by forced expression of

specific genes. In recent years stem cells are widely used in

laboratory for tissue engineering and therapeutic applica-

tions. There are different factors and conditions that affect

the stem cell culture such as feeder layers, atmosphere,

kind of medium, growth factors, passages number, and

conditional media with animal or human sources. Optimi-

zation of stem cell culture for medical approaches and

regenerative medicine is important. Therefore, in the

present study, the effect of these factors and agents on

optimization of stem cell culture has been discussed. This

review study showed that optimization of feeder layer,

atmosphere, and using supplemented media with essential

growth factors could help in maintaining the stem cells in

undifferentiated state in vitro. The present study indicated

that optimization of stem cell culture depends on the kind

of each cell type and using stem cells in low passage

number could decrease chromosomal abnormalities and

DNA damages. For inhibiting the stem cell contamination

by feeder cell lines, culture of these cells on feeder free

systems like Matrigel matrix in conditioned media sup-

plemented with essential growth factors is useful. Also, for

eradicating immune system responses and reducing the risk

of animal pathogen transfer, culture of stem cells on human

feeder in optimized media is suitable for therapeutic

approaches and regenerative medicine.
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Introduction

The optimization of stem cell culture is important in tissue

engineering, therapeutic applications, regenerative medicine,

and screening of drugs and toxins [1]. In laboratory, three

types of stem cells are found. They are embryonic stem cells

(ESCs), adult stem cells, and induced pluripotent stem cells

(iPSCs). Adult stem cells likemesenchymal stem cells (MSC)

and cancer stem cells are multipotent and have been isolated

from numerous tissues such as bone marrow, adipose tissue,

skin, placenta, thymus, and umbilical cord blood [2, 3]. Stem

cells are widely used in various therapeutic approaches and

can be obtained from somatic cells or artificially derived from

adult somatic cells by forced expression of specific genes [4,

5]. ESCs are pluripotent cells derived from the inner cell mass

of the blastocyst while iPSCs are the type of pluripotent stem

cells derived from an adult somatic cell (typically human

dermal fibroblasts (HDFs) isolated from newborn foreskin

samples) by forced expression of specific genes such as

OSKM (Sox2, Oct4, Klf4, and c-Myc) or SOLN (Sox2, Oct4,

Lin28, and Nanog) combinations [6–8].

In optimization of stem cell culture different agents and

factors such as kind of media, growth factors, passage
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number, feeder cell layers, atmosphere, and using condi-

tional media (CM) with animal or human sources are

effective [9, 10]. For proper maintenance in undifferenti-

ated state and best growth the stem cells need feeder cell

layers with animal or human origin such as mouse

embryonic fibroblasts (MEFs) and HDFs. Feeder layer

provides the important soluble factors for optimization of

the stem cell growth. MEFs feeder secrete many factors

that are essential for undifferentiated growth of iPSCs and

ESCs in long-term period [6, 7, 11]. MEF feeder and using

fetal bovine serum (FBS) in stem cell culture media could

increase the immune response and the risk of exposure of

these cells to zoonotic animal pathogens [11, 12]. Passage

numbers could influence on the pluripotency of stem cells

and long-term passages of stem cell culture could affect the

chromosomal and cytogenetic stability of these cells

in vitro [12, 13]. Furthermore, random insertion of lentiv-

iral vectors contains gene delivery factors for reprogram-

ming of host cell to iPSCs which could influence on

cytogenetic stability of these cells [14]. Using the basic

fibroblast growth factor (bFGF) and leukemia inhibitory

factor (LIF) supplementation as well as kind of media and

conditional media could affect on generation and pluripo-

tent stability of stem cell lines [15, 16]. Preparing the

optimal conditions and obtaining standardized stem cell

culture are not easily achievable. So, in the present study,

the effect of these factors and agents on optimization of

stem cell culture was discussed.

Growth Factors

Growth factors such as bFGF, LIF, transforming growth

factor beta 1 and 3 (TGF-b1 and TGF-b3), activin-A, bone
morphogenic protein 4 (BMP-4), epidermal growth factor

(EGF), hepatocyte growth factor (HGF), b nerve growth

factor (bNGF), platelet derived growth factor BB (PDGF-

BB), and retinoic acid (RA) have been used for supporting

and maintaining the pluripotency of the stem cells [17, 18].

Each growth factor has a unique effect on undifferentiating

state of stem cells and/or cell selection [19, 20] (Table 1).

For example LIF affects on pluripotent stability and

supports the expansion of animal stem cells like mouse

embryonic stem cells (mESCs) but not human ESCs

(hESCs) by activating the transcription factor STAT3 [15,

19]. The member of the bone morphogenetic protein

(BMP) family, well known as an anti-neural factor

increases MSC proliferation inducing osteogenesis. BMP

with LIF could support and sustain mouse ESCs self-

renewal by inducing Id1 through Smad activation in serum-

free medium. Self-renewal response to BMP depends on

continuous LIF signaling [15, 21]. The effect of Activin A

and TGF-b1 is to maintain ESCs in undifferentiated state

by inhibiting BMP signaling [9, 22–24].

The content of each growth factor used in stem cell

culture is variable. The supplemented media with 4–10

ng/ml and 100 ng/ml of bFGF in feeder-dependent and

feeder-free systems respectively are essential for main-

taining the pluripotency of human stem cells and their

long-term passages in the culture [25–27]. Furthermore,

using 10 ng/ml LIF plus 10 ng/ml BMP can sustain ESCs

in self-renewal state in serum-free media [15]. MEFs do

not express bFGF but culture of hESCs on MEF feeder

cells could affect on endogenous expression of bFGF at

least 0.1 ng/ml and bFGF intracrine knockdown could

induce differentiation of hESCs [28, 29]. Ludwig et al. [16]

showed that high concentrations of bFGF could support

feeder-independent growth of ESCs, but this condition

included poorly defined serum and matrix components. In

another study they described feeder-independent human

ESC culture which includes protein components solely

derived from recombinant sources or purified from human

material. So, supplemented media with appropriate amount

of growth factor could help to support and maintain the

pluripotency of the stem cells.

Culture Media

In recent years, synthetic media supplemented with

recombinant growth factors or cytokines are widely used

for optimization of human and animal stem cell culture [9,

15]. The kind of culture media, pH condition, and their

composition could affect the self-renewal or cell

Table 1 The effects of different growth factors on stem cells culture

Growth factors Roles

Activin-A, TGFb1, and
TGFb3

Inhibit endodermal and ectodermal cells, increase proliferation of MSCs, but allow differentiation into mesodermal

(muscle) cells.

RA, EGF, BMP-4, and

bFGF

Activate ectodermal and mesodermal markers

bNGF and HGF Differentiation into the three embryonic germ layers, including endoderm

LIF Support mouse ESC self-renewal
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differentiation and to maintain the pluripotency of mouse

and human stem cells like hESCs, mESCs, miPSC, and

hiPSCs in the culture. The stem cell requirements not only

depend on the kind of stem cell culture but also on the

species they originate from [17]. The culture media content

including glucose, pyruvate, lactate, ammonia, and amino

acids could affect each stem cell lines. Adding essential

factors in the media is important for optimization of stem

cell culture [30]. For example hiPSC need bFGF in their

culture media while hESC need LIF. Adding Rho kinase

inhibitor Y-27632 or the full length IL6RIL6 chimera to

hiPSCs medium is effective for maintaining proliferation in

an undifferentiated state [31, 32]. Use FBS in culture media

could transmit the pathogens to human stem cells. There-

fore, stem cell culture media supplemented with factors of

animal origin are not suitable for stem cells that are used

for therapeutic purposes [12, 13]. Nowadays, most stem

cell culture media are serum-free like knockout DMEM

and DMEM/F12 that contain growth factors and various

additives including knockout serum (KSR), sodium pyru-

vate (NaPy), Glutamax, 2-Mercaptoethanol (2ME), mem-

bers of the BMP family (which can either synergize with

LIF to support mouse ESC self-renewal), and non-essential

amino acids (NEAA) or growth factors such as bFGF and

LIF [9, 15].

Conditional Media (CM)

CM has been reported to maintain stem cells in undiffer-

entiated state [33]. MEF and HDF conditioned media are

widely used in stem cell culture to produce important

factors such as LIF and bFGF to support the ESCs and

iPSCs growth in vitro. Previous studies demonstrated that

the growth of human stem cells on MEF feeders and on

laminin- or Matrigel-coated matrix are supplemented with

MEF-conditioned medium (MEF-CM) [33]. MEF-CM

could increase the immune system interactions and transfer

the animal pathogens to human stem cells.

In recent years for clinical applications human fetal and

adult fibroblast feeders are used to support prolonged un-

differentiation of ESC and iPSC in cell culture. For main-

taining the human stem cells in undifferentiated state in long

term culture many studies used MEF-CM as well as matrix

components for the secretion of growth factors including

bFGF, stem cell factor (SCF), and fetal liver tyrosine kinase-

3 ligand (Flt3L) in stem cell media. Xu et al. [34] showed

that using these and other growth factors in stem cell media

could maintain undifferentiated hESCs in the absence of

CM. The hESCs culture maintained in bFGF alone or in

combination with other factors showed characteristics sim-

ilar to MEF-CM control cultures, including morphology,

surface marker, transcription factor expression, telomerase

activity, differentiation, and karyotypic stability. These data

demonstrated that hESCs can be maintained in non-condi-

tioned medium using growth factors [34].

Feeder Layer

Feeder layer provides the suitable attachment substrate and

important soluble factors for stem cells culture [35]. Dif-

ferent feeder layers such as MEF and HDF are commonly

used to support the growth of stem cell culture. An

important concern about using stem-cell therapy is the

transmission of zoonotic infection of retrovirus to the

recipients. MEF feeder could increase the immune

response to check the exposure of the stem cells to exog-

enous antigens. The advantage of MEF feeder are secretion

of factors that are essential for undifferentiated growth of

stem cells in long-term period. Furthermore, separation of

stem cells from MEFs in therapeutic aims is difficult. The

MEF feeder could be replaced by HDF feeder cells or

extracellular matrix like Matrigel. Human feeder cells

provide suitable base to support the stem cells and reduce

the risk of zoonosis and immune interactions [14, 36, 37].

Feeder-independent and xeno-free system of stem cells

culture is essential for clinical approaches. The advantages

of feeder-free culture conditions are easier to use and more

amendable reproducibility to larger scale. Feeder free

systems such as gelatin coated plastic dishes have been

recently used for the culture of stem cells [38–40]. Feeder-

free conditions could affect the morphology of stem cells

and decreased expression of pluripotency markers in these

cells. In feeder-free systems MEF-CM and Matrigel sub-

strate are used which could increase the zoonotic pathogen

transfer in therapeutic approaches. Matrigel contains lam-

inin, collagen and growth factors of animal origin but its

contents have not been defined clearly. It is very important

substitute for optimal growth of stem cells and could

maintain the stem cells in an undifferentiated state for a

long time [9, 41, 42]. For optimization of Matrigel matrix

coating in plates with non-gelled ones the Matrigel is used

in cold conditions and then warmed to polymerize the

Matrigel in the humidified incubator. Adult stem cells

including MSC and cancer stem cells do not need feeder

layer for attachment support [2, 3]. In Fig. 1 the cultures of

human ESCs on different types of feeder layers as MEF,

HDF and feeder free system (Matrigel) are shown.

Many studies are performed on using feeder layers for

optimization of stem cells culture. Xu and their co-workers

cultured hESC on Matrigel or laminin in MEF-CM and

demonstrated that in a successful feeder-free hESC culture

system the undifferentiated cells can be maintained for at

least 130 population doublings for first time [14]. The

T3HDF feeder and T3HDF-CM could be used to support

Effects of Feeder Layers, Culture Media, Conditional Media 713
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hESC for undifferentiated growth hence they would be

useful for drug development and toxicity testing [43–45].

Stover and Schwartz [46] presented a protocol for adap-

tation of hiPSC to feeder-free conditions in chemically

defined medium with enzymatic single-cell passaging and

maintained the cells without karyotypic abnormalities.

Quang et al. [25] suggested that each feeder cell type could

prepare a microenvironment depending on the culture

media composition which might support the culture of

hESCs and hiPSCs line. So, feeder layers are important for

optimal growth of stem cells and to maintain and support

these cells in an undifferentiated state for a long term

period in vitro [47, 48].

The Atmosphere

The atmosphere and temperature conditions are important for

optimization of stem cell culture but the effect of temperature

on stem cell cultures has not been thoroughly investigated.

The O2 range from 3 to 10 % and 5 to 10 % CO2 are suitable

for stem cell culture. Furthermore, increasing of atmospheric

CO2 leads to decrease the pH of the culture media. For the

stabilization of pH of stem cell culture 3.7 g sodium bicar-

bonate (NaHCO3) is added in 10 % CO2 atmosphere. The

culture media of stem cell contain 1.5–2.2 g/L NaHCO3 in

5 % CO2 atmosphere. If the concentration of NaHCO3 is too

high in standard CO2 atmosphere in the incubator, the media

become more alkaline and the pH increases which could

affect the viability of stem cells [49, 50]. The optimum tem-

perature for stem cell culture is commonly 37 �C but human

spermatogonia need low temperature from 37 to 31 �C for

increasing of DNA synthesis [17, 49]. Furthermore, the tem-

perature effects on stem cell behaviour and on cytogenetic

stability of these cells have not been clarified [17].

Passages Number

When the stem cell colonies are too dense and large or

feeder cells become old the stem cells need to passage.

Mechanical passaging or passaging combined with enzyme

digestion (such as animal-derived collagenase, dispase, and

trypsin) are used for dissociating the colonies into small

clumps. Many researchers combine both enzymatic and

mechanical passaging methods for long term maintenance

of stem cells in vitro [51]. Recent studies showed that

enzymatic passage and long term culture of ESCs could

lead to chromosomal abnormalities which are important in

therapeutic applications [12, 13, 52, 53]. However, another

study indicated that chromosomal instability in long term

culture is not frequent after prolonged passaging [12, 54].

Thomson et al. showed that human ESC passaged, using

enzymatic methods, retain a normal karyotype but they

observed cells passaged using EDTA, without trypsin,

acquire an isochromosome p7 in three replicates [55].

Furthermore, the exposing time of enzyme for separation

of stem cell colonies to single cells are important. They

could affect cell morphology, cytogenetic stability and

may lead to apoptosis [55, 56]. So, mechanical methods of

passaging allow selective transfer of exclusively undiffer-

entiated colonies and maintain better cytogenetic stability

of stem cells [55]. Many studies indicated that the number

of passages influence the pluripotency of stem cells like

ESC and iPSC [56, 57]. The comparison of enzymatic and

non-enzymatic patterns on dissociating adherent mono-

layers of MSC showed that exposure of trypsin-dissociated

MSC to enzyme-free dissociation buffer for 1 h had no

significant detrimental effect on cell viability [58].

Increasing of passage number could affect on cytogenetic

stability of stem cells through mutations and DNA dam-

ages which could create genetic heterogeneity within the

parental cell line [59, 60]. The study of Nagy et al. [61]

showed that early passage of these cells are fully potent

and very useful not only for ES cell-based genetic

manipulations but also in defining optimal in vitro culture

conditions for retaining the initial totipotency of ESC.

Crisostomo et al. [62] showed that high passage number

had an adverse effect on MSC activation and protection.

Shiue et al. [63] investigated the influence of passage

number and the duration of in vitro culture on the capacity

of porcine inner cell mass (ICM)-derived cells including

Fig. 1 The cultures of hESCs on different feeder layers A MEF feeder, B HDF feeder and C Matrigel matrix (feeder free system)
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ESC in the generation of chimeric embryos. When passage

number was less than 15, detrimental effects on integration

ability are not showed [63]. Li et al. [56] used the tech-

nique called tetraploid embryo complementation. They

demonstrated that increased ESC passage number nega-

tively affected stem cell proliferative potential and ability

of the cells to form an adult mouse. Kretlow et al. [43]

showed that the increasing age and the number of passages

had lineage dependent effects on bone marrow-derived

stem cell (BMSC) differentiation potential [43]. The study

of Allahbakhshian-Farsani et al. [60] conducted cytoge-

netic analysis of HDFs in early and late passages using

karyotyping and comet assay showed that only early pas-

sages of HDFs culture are cytogenetically stable and could

be used for genetic manipulation, nuclear transfer, and cell

reprogramming to produce iPSCs. Their results indicated

the occurrence of single strand breaks (SSBs) or DNA

damage after many passages in the cells.

Conclusion

The previous researches and present investigation show

that maintaining stem cells in undifferentiated state and

using the therapeutic applications need optimized feeder

layer and atmosphere, by adding supplemented media

containing essential growth factors in their culture. Fur-

thermore, the optimizations of stem cell culture conditions

based on each cell type are unique and variable (Table 2).

The present study indicated that optimization of critical

parameters such as pH, 3–10 % O2 and 5–10 % CO2 are

suitable for stem cell culture. Furthermore, for clinical

approaches using stem cells in low passage number could

decrease cytogenetic instability and DNA damages.

Although feeder cells are essential for supporting the stem

cell culture but for avoiding the stem cells contamination

with feeder cell line, culture of these cell on feeder free

systems like Matrigel matrix in conditioned media or

supplemented media with essential growth factors are

useful. Therefore, for decreasing the immune system

responses and controlling the risk of animal pathogen

transfer, culture of stem cells on human feeder in optimized

culture media is suitable for clinical approaches.
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