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 The derivation of human embryonic stem cells was described in “Embryonic stem cell lines 
derived from human blastocysts” by James A. Thomson et al. in 1998. Shortly after this dis-
covery, work on this cell type in the U.K. commenced in the laboratories of Professor Peter 
Andrews and Professor Harry Moore in the University of Sheffi eld. Indeed, by 2003, the 
groups in Sheffi eld had derived their own lines and were running training courses in the growth 
and characterization of human embryonic stem cell lines. 

 It was during the preparation for one of these courses that Ludmila and I fi rst met. We both 
had vast experience in cell culture, and Ludmila had the good fortune to have been involved in 
both the derivation and extended culture of these lines and their complex characterization. I 
had come into the area from a haemopoietic stem cell culture background with some experi-
ence in mouse embryonic stem cell culture, and I was eager to broaden my skill set to include 
human embryonic stem cells. I had eight weeks to be trained so that I could help with the 
practical training course. Ludmila was keen to train me, and among the fi rst things that she did 
was to introduce me to her extensive collection of printed images of human embryonic stem 
cells displaying various levels of the differentiated state. With the aid of these images, she 
carefully explained to me what I should look for in the colonies in order to make a morphologi-
cal judgment on their status. 

 I took this learning back with me to the U.K. Stem Cell Bank when we were starting our 
banking processes, and many of our staff have passed through the portals of the University of 
Sheffi eld Laboratories and have received training from Ludmila. When Ludmila moved to 
University College London in 2006, we were able to work more closely, and she suggested that 
we put together an atlas. We both believe that a picture really is “worth a thousand words.” It 
is still the case that human pluripotent stem cells, including the human ES-like induced plu-
ripotent stem cells, are generally assessed during their growth and expansion purely on mor-
phology. This atlas is intended as a laboratory reference manual for scientists new to the fi eld 
as well as for those with more experience, and we hope that it will be of value to those at the 
bench who rely on morphology as the basis for judging, subjectively and in isolation, the qual-
ity of pluripotent stem cells in culture. 

 We hope that this atlas will prove to be a valuable resource in the laboratory for researchers 
at all levels of experience.  

  Potters Bar, Hertfordshire, UK     Lyn     Healy    
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 Saying that I am not well known would be an overstatement. I am not known in the exquisite 
world of stem cell research. Nevertheless, in 2001, I was fortunate to join Peter Andrews’ and 
Harry Moore’s laboratory in Sheffi eld University, which later became the Centre for Stem Cell 
Biology. We were one of the fi rst in the U.K. and Europe to start working with the Wisconsin 
human embryonic stem cell lines. The Centre was awarded one of the fi rst two licenses granted 
by the U.K. Human Fertilisation and Embryology Authority (HFEA) for derivation of human 
embryonic stem cells. I was also actively involved in the training of national and international 
researchers within the Centre and coordinated, organized, and taught at the Centre for 
Academics’ annual practical training course, “Working with Human Embryonic Stem Cells.” 

 I met Lyn eleven years ago when she came to help us run the fi rst practical course. I remem-
ber it like it was yesterday: We were passaging mouse embryonic fi broblasts (MEFs) together 
the fi rst day we met, and after centrifuging the cells, we looked at the pellet and at the same 
time said “fi ve million.” I knew straight away we were talking the same language. We have 
been collaborating since then, working with stem cells, very often looking at the same problem 
from a different angle. We complement each other’s knowledge. After looking in the micro-
scope and watching stem cells “being” for more than thirteen years, we now feel we have a 
story to tell. It is what this book is about: the story of stem cells in culture. Step by step, day 
after day, month after month, thirteen years on a story that is really fascinating, intriguing, and 
sometimes frustrating. We were always passionate and very often emotional about it. I am 
absolutely sure anyone going into stem cell research should feel the same: passionate and 
determined. 

 In 2006, I joined the Department of Biochemical Engineering at University College London. 
Every day in the lab, I mentor undergraduate, master, and PhD/EngD students, helping them to 
understand the practical complexity of stem cell research, and I act as an adviser on numerous 
collaborative research and development programs. With the rest of my time, I manage the Cell 
Therapy Research Facilities. I run stem cell practicals and tissue culture courses for under-
graduate and postgraduate students who very often have only an engineering, mathematical, or 
physics background. The lack of a stem cell atlas was really clear from the beginning. From 
day one, I have had all my images printed in a folder, and before going to the tissue culture 
practical, I would introduce everyone to “stem cells in pictures” fi rst, discussing all the pros 
and cons. Only after that would we start the practicals, with a basic knowledge. Every partici-
pant would have copies of the pictures. We would compare cells in real culture to cells in the 
images. It was always very productive this way. 

 Sometimes, I found it easy to teach students without any experience in stem cells or even 
without any tissue culture experience. Most importantly, I found that I was learning along with 
them. Most of the participants are students with a biochemical engineering background, and 
their questions are unexpected for a biologist, coming from a totally different angle. Stem cells 
are very unpredictable. They are challenging but exciting to work with. My students are always 
surprised by my excitement and enthusiasm when I am talking about stem cells. I am very 
often surprised myself, and sometimes I wonder why. I guess it happened after I realized that 
human pluripotent stem cells are like humans: they resemble each other, and at the same time 
they differ, each in their own way, with their own special character. Lively or moody, easygo-
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ing or not, they want to be treated with great care, love, and respect like any human being. One 
of their very important characteristics is that they want to be together all the time like most of 
us. They are not happy to be single and lonely, especially for a long time. They usually grow 
as colonies very close to each other. I can defi nitely say this: They are very friendly and like 
company not just of themselves but of other species too. Their best friend in this case would be 
mouse fi broblasts/feeders, but good matrix is very often a suitable replacement. Again, this is 
not very far from human existence. 

 Some of them are very easygoing and adapt to new conditions; others are very slow and can 
make your life very diffi cult. They have a taste for expensive “food”—specially designed 
media with lots of different growth factors. These cells are very conservative, sometimes self-
ish and needy, and they demand attention 365 days a year! Yes, you understand correctly: you 
will not have any more weekends or relaxing holidays. At the same time, they are very loyal: 
They want only you and no one else to look after them. That is why when you come back from 
holidays, they never look the same as before you left. Like some of us, they defi nitely do not 
cope well with stress and absolutely hate change. They take time to get used to any new condi-
tions. If the conditions are very tough and they still manage to adapt, then you may be 
unlucky—these cells can become totally different characters: still pluripotent, still stem cells, 
but karyotypically abnormal. It’s what happens when you select a survivor, and an adaptation 
of this kind can unfortunately be the fi rst step in neoplastic transformation. 

 One very important suggestion to everyone who wants to become a stem cell biologist: You 
must fall in love with stem cells and everything around them. That is the only way to be 
successful.  

  London, UK     Ludmila     Ruban    

Preface by Ludmila Ruban 
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                   Cell culture is a very diverse discipline that covers many 
 biological systems. Although it is anticipated that most read-
ers of this atlas will be experienced cell culture technolo-
gists, it is still worthwhile to review and revise the assumed 
knowledge base so that all readers are in agreement with the 
defi nitions and the terminology used by the authors (see 
glossary). For the most part, the material covered in this atlas 
is mainly qualitative and therefore subjective. 

 The aim of this book is not to deliver a set of protocols for 
the culture of pluripotent stem cells (PSCs), but rather to pro-
vide a pictorial resource as a guide and an  aide-mémoire . 
Currently, morphology is the fundamental characteristic 
used to assess the quality of growing cells from day to day. It 
is non-invasive and relatively accurate on the whole, but as 
previously stated, morphology is a subjective measure of 
quality and is not a standardised procedure. There are a num-
ber of ways that other parameters can be added to provide 
more information on the state of the growing cells. These 
include such processes as ‘live’ staining and morphometric 
analysis of cell growth, but these require more sophisticated 
equipment than just a standalone bright fi eld microscope. 

 Readers who are new to cell culture are advised to famil-
iarise themselves with the basic techniques of cell culture 
and to adhere to the principles of good cell culture practice 
(GCCP). The maintenance and expansion of PSCs requires a 
skill set that is best acquired through training. If you are not 
deriving the cell lines yourself, it is of fundamental impor-
tance to obtain the lines or other biological materials from a 
reputable provider, to enable traceability and instil confi -
dence that the materials have been ethically sourced. Doing 
so also will allow for the replacement of the cells, if required, 
with equivalent material, for consistency in cell culture work 
and any associated assays. In general, cell lines will be pro-
vided with a certifi cate of analysis containing data such as 
safety testing and characterisation specifi c to the cell line 
obtained. The safety testing information will enable a risk 

assessment to be performed before the cells are brought into 
the laboratory and used, allowing appropriate safeguards to 
be put in place if required. Cell lines should be quarantined 
upon arrival and kept in isolation until it has been established 
that they are free from contamination. 

 Lines should be authenticated upon receipt, usually by 
short tandem repeat analysis, and this analysis should be 
repeated prior to the publication of datasets, to ensure that 
the cell lines have not been cross-contaminated or misidenti-
fi ed. It is advisable to produce a bank of each cell line 
received, to facilitate the replenishment of cells at defi ned 
intervals in the cell culture process and thereby reducing the 
risk of genomic changes in the cell culture, which are gener-
ally a result of extended passaging of the cells. With this in 
mind, cells should be assessed for their genetic stability by 
karyotyping. It is suggested that this be performed every ten 
passages. A panel of genotypic and phenotypic characterisa-
tion tests should be performed on the cell line at defi ned 
intervals as part of quality control. Routine phenotypic anal-
ysis of the cell line should include morphological assess-
ment, which should be part of the daily best practice cell 
culture regimen. 

 This atlas aims to provide a simple resource for general, 
day-to-day laboratory activity with respect to the visual 
assessment of the status of cell cultures. The authors have 
endeavoured to concentrate solely on the provision of a range 
of images that will be seen in the routine PSC workfl ow. 
Also included is a chapter on infections, which we believe to 
be unique and of great value to researchers, especially in an 
environment where antibiotics are seldom used in routine 
culture and it may be diffi cult to distinguish between, for 
example, the shedding of cells and the identifi cation of a 
low-grade yeast infection. 

 With regard to protocols and other cell culture-related 
issues, the lists of suggested readings should provide the 
reader with a good source of reference information.    

      Before We Begin: An Introduction 
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                   Fibroblasts are cells found in abundance in the connective 
tissue of an organ. They are active cells producing extra-
cellular matrix and collagen. These cells are isolated from 
tissues by dissociating the cells using enzymatic treat-
ment and culturing them in the appropriate cell culture 
medium. These are primary cultures and as such have a 
limited lifespan. This is the case with both mouse and 
human fi broblasts. 

 Antibiotics are not used in many pluripotent stem cell 
(PSC) laboratories, so it is imperative that you observe the 
cell cultures from these primary cells to ensure that there is 
no observable contamination (Chap.   11    ), as these cells will 
be used to produce batches of cells. Ultimately, the size of a 
batch of primary cells relates to the amount of cells isolated 
from the original source tissues, so it is important that these 
cells are free from contamination; an appropriate testing 
regimen should be put in place. 

 The production of primary fi broblasts in general is an 
infrequent activity in the laboratory setting because fi bro-
blasts will be expanded to make batches of cells, which may 
be frozen, inactivated and used, or inactivated and frozen. A 
number of laboratories routinely freeze cells at passage 0. 
This cell passage number can be defi ned as the cells har-
vested from the primary vessel in which the original cells 
dissociated from the source tissue were fi rst grown in cul-
ture. When thawed from this passage number, a large batch 
of cells can be generated. 

 Fibroblasts in their inactivated state are used as feeder cells 
(Chap.   3    ) both to derive and to maintain PSCs. The use of 
fi broblasts for these purposes is well documented and histori-
cally originates from mouse embryonic stem cell culture. 
Many sources of fi broblasts have been demonstrated to sup-
port the growth of undifferentiated cells, but the sources most 
frequently used in the laboratory are mouse embryonic fi bro-
blasts (MEFs) and human foreskin fi broblasts. To date, main-
tenance of PSCs on feeder cells (especially mouse) is still the 
standard practice in most laboratories around the world. 

 Fibroblasts display biological variability even when iso-
lated from the same source, and this attribute is refl ected in 
the batch-to-batch differences observed when it comes to the 
support of PSCs. Quality control of batches is important, as 
poor-quality fi broblasts produce poor-quality feeder cells. 
This variation is recorded in this chapter for three indepen-
dent batches of mouse fi broblasts. Batches 1 and 2 show a 
good morphology from passage 1, whereas batch 3 does not 
display an optimal morphology until passage 3 but goes on to 
produce a batch of robust feeders. As stated previously, pri-
mary fi broblasts have a limited lifespan, and their ability to 
produce feeders that support the growth of undifferentiated 
PSCs is also limited. In the case of mouse feeders produced 
from primary fi broblasts subject to a split ratio of 1–3 or 1–5, 
this limit is usually around passage 3 or 4, although with a 
robust batch, it can go out to passage 7 (Figs.  2.1 ,  2.2 ,  2.3 ,  2.4 , 
 2.5 ,  2.6 ,  2.7 ,  2.8 ,  2.9 ,  2.10 ,  2.11 ,  2.12 ,  2.13 ,  2.14  and  2.15 ).

      Mouse and Human Fibroblasts   2
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a b

  Fig. 2.1    Confl uent culture of mouse embryonic fi broblasts (MEFs) exhibiting the typical elongated morphology of healthy fi broblasts. 
 a , ×4 magnifi cation.  b , ×20 magnifi cation       

a b

  Fig. 2.2    Good quality Batch-1 of MEF-1 at passage 1. ( a ) At 24 h after 
passaging, the cells display a confl uency of 40–50 % (×10 magnifi cation). 
( b ) At 48 h after passaging, the cells display a confl uency of 90–95 % (×10 

magnifi cation). Different cell types, such as neural cells present in the 
culture, are visible ( black arrow ). After two passages, the culture appears 
more uniform, with only an occasional neural cell present       
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c
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d
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  Fig. 2.3    The    Batch-1 MEFs in these images show a slightly different 
confl uency, 24 h after passaging. The fi broblasts look very similar at 
fi rst, but the trained eye notes the difference (×10 magnifi cation). ( a ,  b ) 
Cells are struggling to touch each other. They are stressed as indicated 
by their thin spindle-like appearance with long processes ( black arrows ) 
(×10 magnifi cation). ( c ,  d ) These cells are at their best. They exhibit a 
good morphology and confl uency (×10 magnifi cation). ( e ) At fi rst 

glance, this looks like a good culture, but if this culture is carefully 
examined, there are too many cells with spread bodies ( black arrow ) 
(×10 magnifi cation). These cells are often senescent, and they become 
extra large (see also Fig.  2.12 ) and take up a large amount of space in 
the tissue culture dish, thereby reducing the number of cells that can 
proliferate in that dish       
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a

c d

b

  Fig. 2.4    Another example of Batch-1 MEFs at passage 1. ( a ,  b ) At 24 h after passaging (×10 magnifi cation). ( c ,  d ) Three days after passaging, 
these cells display 100 % confl uency. Note the presence of a number of neural cells in the culture ( black arrows ) (×10 magnifi cation)       

a b

  Fig. 2.5    Comparison between two different batches of confl uent 
MEFs, Batch-1 and Batch-2. These cultures exhibit a slightly different 
morphology, but both are of an equally good quality (×10 magnifi cation). 

( a ) Batch-1 MEFs. Cells are spread and round, at 100 % confl uency. 
( b ) Batch-2 MEFs. Cells are spindle shaped at 100 % confl uency       
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a

c

b

  Fig. 2.6    Batch-2 MEFs at different confl uences. ( a ) At 24 h after plating, the cells are 40–50 % confl uent (×4 magnifi cation). ( b ) At 48 h after 
plating, the cells are 60–70 % confl uent (×4 magnifi cation). ( c ) At 72 h after plating, the MEFs are 100 % confl uent (×4 magnifi cation)       
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a

c d

b

  Fig. 2.7    ( a – c ) Batch   -3 MEFs 2 h after thawing. The cells in this batch 
are not in the best condition; the morphology differs because the freez-
ing process for these cells was not optimal. In all pictures, the cells are 
displaying the signs of stress: they are not attaching and spreading. 

There are also too many fl oating, apoptotic cells (×10 magnifi cation). 
( d ) By comparison, these Batch-2 MEFs attached to the culture dish in 
less than an hour, and there are not many cells fl oating in the culture 
medium (×4 magnifi cation)       
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a

c

b

  Fig. 2.8    ( a – c ) Batch   -3 MEFs, passage 1, 3 days after plating. The cells are overconfl uent and are not displaying a homogeneous morphology, which 
indicates the presence of different cell types. A number of fl oating cells are seen above the adherent fi broblasts ( black arrows ) (×10 magnifi cation)       

a b

  Fig. 2.9    Batch-3 MEFs, passage 2 ( a ) show an apparent improvement in comparison to passage 1 cells ( b ). The culture at passage 2 is more 
homogeneous (both ×10 magnifi cation)       
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a b

  Fig. 2.10    ( a ,  b ) Batch-3 MEFs, passage 3 (×10 magnifi cation). The 
cell morphology is improved greatly from that seen in Fig.  2.9a . The 
culture is 100 % confl uent. With the improvement in morphology 
observed between passage 1 and passage 3 of the Batch-3 fi broblasts, 
these fi broblasts could be used to produce feeders from the passage-3 
cells. In addition, it should be noted that with Batch-3, the production 

of supportive feeders lasted longer than the feeders prepared from 
Batch-1 and Batch-2. At passage 7, the Batch-3 cells were still prolifer-
ating at a steady rate and the feeders produced at this passage supported 
undifferentiated stem cell growth. Batch-1 and Batch-2 MEFs were 
supportive only until passage 5       
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a b

  Fig. 2.11    Comparison between Batch-1 MEFs designated as having a 
good morphology ( a ) and Batch-3 MEFs with a suboptimal morphol-
ogy ( b ) at passage 1, showing a clear difference between the two cell 
cultures (×10 magnifi cation). ( a ) The morphology and nucleus of every 

single cell in the fi eld of view can be easily distinguished. ( b ) In con-
trast, the morphology of these cells is not well defi ned and vacuoles are 
present inside cells, indicating that the cell is under stress       

a b

c

  Fig. 2.12    ( a – c ) MEFs, Batch-2, passage 4, 24 h after passaging. The cells are attached, spread, actively proliferating and display a good morphol-
ogy. There are not too many fl oating cells in the medium.  a  ×4 magnifi cation;  b , ×10 magnifi cation;  c , ×20 magnifi cation       
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c

b

  Fig. 2.13    ( a – c ) MEFs, Batch-2, passage 4, 72 h after passaging. These cells display 100 % confl uency. There are not too many fl oating cells in the 
medium. From a T-75 fl ask in this condition, expect a yield of about 6–7 × 10 6  cells.  a , ×4 magnifi cation;  b , ×10 magnifi cation;  c , ×20 magnifi cation       
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a b

c

  Fig. 2.14    In primary cultures of MEFs, sometimes extra-large cells 
( black arrows ) can be observed growing within the homogeneous fi bro-
blast cultures. These extra-large cells display a different morphology to 
the fi broblasts; they appear to have a fl attened cytoplasm and are some-
times mistaken for spaces in the cell cultures. If these cells are observed, 

do not worry about their presence. If there are too many of them in the 
culture; however, the number of MEFs generated will be reduced greatly 
because these large cells take up more space in the culture vessel than a 
normal fi broblast.  a , ×4 magnifi cation;  b , ×10 magnifi cation;  c , ×20 
magnifi cation       

a b

  Fig. 2.15    Comparison of MEF cultures showing the difference in 
confl uent cultures between cultures in the presence of large cells and 
the absence of these cells. This demonstrates why an anomaly in the 
cell count can arise (×10 magnifi cation). ( a ) From a normal culture of 

confl uent MEFs, expect a yield of about 5–7 × 10 6  cells from a T-75 
fl ask. ( b ) From the same T-75 fl ask of MEFs with two or three extra-
large cells in the fi eld of view ( black arrows ), expect a yield of about 
2–3 × 10 6  cells       
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                 In the case of human fi broblasts, which generally have a 
longer lifespan in culture, the passage number and range of 
supportiveness of the undifferentiated cells varies. For both 
mouse and human fi broblast sources, the feeders generated 
require a robust testing procedure to establish over what range 
of passages and cell density the feeders will support the main-
tenance of undifferentiated PSCs. A number of fi broblast cell 
lines have also been shown to maintain undifferentiated 
PSCs, but although referred to as cell lines, these are usually 
not immortal and as such have a limited lifespan. 

 The quality of the cultures of fi broblasts is assessed mor-
phologically. When passaged, the cells should adhere and 
should start to spread out. In a good culture, the morphology 
should be more or less homogeneous. In the fi rst two pas-
sages, it is evident that other cell types (such as neural cells) 
are present, but these cells are outcompeted by the growth of 
the fi broblasts and are soon lost. Under the microscope, the 
cells of a good-quality culture should be attached to the cul-
ture vessel, and the individual fi broblasts in culture have an 
elongated spindle shape with a clear cytoplasm and a fl at, 
oval nucleus. The fi broblasts in culture also display processes 
extending from the cell body. The cultures should contain few 
unattached, fl oating cells. If many fl oating cells are observed 
or the cells start to detach, then the culture is not optimum. As 
cells grow, the culture becomes more  confl uent, but the 

 morphology remains the same. It is best to inactivate the cells 
whilst they are still actively growing—that is, before the cells 
become completely confl uent. Good- quality feeders are pro-
duced from these subconfl uent cultures. It is usually recom-
mended that the cells should cover 80 % of the area of the 
culture vessel. This guideline is of course subjective, unless 
you are in a laboratory with sophisticated imaging equip-
ment. It is best not to let the cells grow past this point, but 
feeders can be made from more- confl uent cells if a large 
number of cells are required for a batch. In this compromise, 
however, quality is effectively reduced for increased quantity 
(Figs.  2.16 ,  2.17 ,  2.18 ,  2.19 ,  2.20 ,  2.21  and  2.22 ).

         Some human fi broblasts, when confl uent, form swirl pat-
terns. Overconfl uent fi broblasts eventually become fragile 
and detach when left in cell culture. The cell morphology can 
change, and the cells can appear very long and thin. The 
cytoplasm can acquire a grainy appearance, and in some 
cases the cell membrane degrades. 

 Fibroblasts are critical biological substrates for the main-
tenance of good-quality, undifferentiated PSCs. They form 
the basis on which robust, reliable, reproducible research 
will be founded, and it is well worth the time and effort to 
ensure that they are well sourced, free from contamination 
and appropriately frozen and banked, to guarantee their fi t-
ness for purpose.    

2 Mouse and Human Fibroblasts
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a b

  Fig. 2.16    Comparison between 100 % confl uent culture of mouse 
embryonic fi broblasts ( a ) and human skin fi broblasts ( b ) (×10 magnifi -
cation). The difference between the shape and size of the cells is clear: 

Human fi broblasts are much longer, more spindle shaped and are more 
robust in culture       

a

b

c

d

  Fig. 2.17    Human    fi broblasts growing in culture (×10 magnifi cation). 
This image is an example of a cell culture containing areas of different 
cell densities within the identifi ed rectangles. ( a ) Approximately 50 % 
confl uent. ( b ) Overconfl uent, with cells growing on top of each other. 
( c ,  d ) 100 % confl uent culture, with no space between cells       
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a b

  Fig. 2.18    A 100 % confl uent culture of human fi broblasts. In this example of a very good-quality culture, every cell body is visible, as are the 
nucleoli in the cell nuclei. There are no fl oating cells in the culture ( a , ×10 magnifi cation;  b , ×40 magnifi cation)       

a b

  Fig. 2.19    These images of human fi broblasts at 24 h after passaging display different confl uences: 50–60 % ( a ) versus 70–80 % ( b ). The cells 
display the typical elongated morphology of healthy fi broblasts (×4 magnifi cation)       
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a b

  Fig. 2.20    In these images of growing human fi broblasts at differing magnifi cation, the cells display the typical elongated morphology of healthy 
fi broblasts ( a , ×4 magnifi cation;  b , ×4 magnifi cation)       

a b

  Fig. 2.21    ( a ) A culture of human fi broblasts 24 h after passaging. ( b ) The same culture of cells is confl uent by 96 h post-passaging. Note that a 
few apoptotic cells (small round cells) are starting to appear in the culture (Both ×4 magnifi cation)       
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a b

c

  Fig. 2.22    ( a – c ) Three different human fi broblast cultures, all confl uent 
(×4 magnifi cation). These cells will no longer be proliferating because 
there is no space for new cells to occupy after mitotic cell division. 

( a ,  b ) Overconfl uent cells; a large number of apoptotic cells can be 
identifi ed. ( c ) 100 % confl uent cells with very few apoptotic cells       
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                   To date, the use of inactivated fi broblasts in the derivation and 
culture of pluripotent stem cells (PSCs) remains the most 
widely used culture system despite the availability of other 
systems that are feeder-free. In general, the feeder- based sys-
tems tend to be less expensive than their feeder-free equiva-
lents, and feeders have a proven ability to maintain PSCs 

stably in an undifferentiated state, so in most cases the cost-
effective feeder system is the system of choice. This chapter 
looks at the morphology of mouse and human feeder cells in 
order make a subjective assessment of the quality of the feed-
ers and their suitability to support the growth and expansion of 
PSCs (Figs.  3.1 ,  3.2 ,  3.3 ,  3.4 ,  3.5 ,  3.6 ,  3.7 ,  3.8  and  3.9 ).

      Inactivated Mouse and Human 
Fibroblasts   3

a b

  Fig. 3.1    ( a ,  b ) Mouse embryonic fi broblast (MEF) feeder layers of very good quality. The cells are uniform and evenly spread, with few apoptotic 
or fl oating cell debris. This is an ideal feeder cell culture for co-culture with pluripotent stem cells (PSCs) ( a , ×4 magnifi cation;  b , ×10)       
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a b

  Fig. 3.2    Comparison of two MEF feeder cultures. ( a ) This culture contains occasional neural cells ( black arrow ) and a few apoptotic cells ( white 
arrow ), but the cells are still of a good quality. ( b ) The cells in this culture are more uniform than those in  a  (Both ×4 magnifi cation)       

a b

  Fig. 3.3    ( a ,  b ) Comparison of two different densities of mouse feeder 
cultures. The cells in  b  are sparse and too distant from each other to 
provide an optimal environment for co-culture; these cells would 

 promote differentiation and would not support the growth of undiffer-
entiated hPSCs (Both ×4 magnifi cation)       
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a b

  Fig. 3.4    ( a ,  b ) Dissociated MEFs in culture following inactivation for the preparation of feeders. The dissociated cells should be round, single and 
refractile (bright ring around the outside of the cell) (Both ×10 magnifi cation)       

a b

  Fig. 3.5    ( a ,  b ) Comparison between two different densities of human 
fi broblast feeders (derived from human dermal fi broblasts), 24 h after 
passaging. Both cultures are of good quality. As with their murine 

counterparts, the cells are uniform and evenly spread, with few apop-
totic cells and little fl oating debris (Both ×4 magnifi cation)       
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a b

  Fig. 3.7    Comparison between two different densities of human fi bro-
blast feeders (MRC-5) 24 h after passaging. Both cultures are of good 
quality. As with their murine counterparts, the cells are uniform and 
evenly spread, with few apoptotic cells. ( a ) This culture is at an optimal 
density (approximately 70 %) to support PSCs. ( b ) This culture is 

s uboptimal, at approximately 50 % density. However, the density of 
feeder cells required to maintain PSCs in an undifferentiated state can 
differ from cell line to cell line, so it is best practice to try a few differ-
ent feeder densities in order to determine which density is optimal for 
the maintenance of the PSC line (Both ×4 magnifi cation)       

a b

  Fig. 3.6    Human feeders at Day 2 after passaging ( a ) and Day 4 ( b ). 
Again, both cultures are of good quality. The cells are evenly spread, 
with few apoptotic cells and fl oating debris. In practice, we would use 

the cells on Day 1 or Day 2 after passaging to ensure that they provide 
the maximum support for the undifferentiated cells (Both ×4 
magnifi cation)       
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a b

  Fig. 3.8    Human feeders (MRC-5) at Day 2 after passaging ( a ) and Day 4 ( b ). The cells are uniform and evenly spread, with a few apoptotic cells 
and fl oating debris (Both ×4 magnifi cation)       

a b

  Fig. 3.9    Comparison of human feeders derived from human dermal 
fi broblasts ( a ) and human feeders from an MRC-5 cell line ( b ). The 
morphology of the two lines is indistinguishable (Both ×4 magnifi cation). 

In practice, we would use the cells on Day 1 or Day 2 after passaging to 
ensure that they provide the maximum support for the undifferentiated 
cells       
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           As stated in Chap.   2    , good-quality fi broblasts produce 
good-quality feeders, which in turn produce good-quality, 
undifferentiated PSCs. Feeders that support the growth of 
PSCs can be derived from a range of different fi broblasts. 
The feeders secrete growth factors and provide the PSCs 
with extracellular matrix to support their undifferentiated 
growth. Feeders are generated by the mitotic inactivation of 
the fi broblasts, traditionally using either mitomycin C or 
irradiation. This inactivation prevents the fi broblasts from 
overgrowing the PSCs in culture. The amount of radiation or 
mitomycin C required to inactivate the fi broblasts should be 
established as part of quality control before batches of cells 
are prepared. It should be noted that in general, human fi bro-
blasts are more diffi cult to inactivate than mouse fi broblasts. 

 Once inactivated, the cells should be counted and either 
used immediately to prepare feeder layers or frozen and 

thawed when needed. There is a loss in cell number when 
the cells are frozen after inactivation. On average, about 
70 % of the cells originally frozen are recovered, and this 
should be borne in mind when establishing feeders at a 
certain number of cells per square centimetre in a culture 
vessel. 

 The density of fi broblasts used for each cell line is cell- 
line specifi c and needs to be determined on a case-by-case 
basis. If the density is too high or too low for a specifi c cell 
line, spontaneous differentiation may occur. A range of 
densities should be tested for each line to determine the 
optimum density. In an appropriate tissue culture vessel, a 
typical density for mouse feeders is 150,000 cells per 
square centimetre, and for human feeders, 50,000 cells per 
square centimetre (Figs.  3.10 ,  3.11 ,  3.12 ,  3.13 ,  3.14 ,  3.15 , 
 3.16 ,  3.17 ,  3.18  and  3.19 ).

a b

  Fig. 3.10    Examples    of mouse feeders that have not spread evenly in 
the culture dish. ( a ) This image shows a typical spread of feeders when 
using an in vitro fertilisation (IVF) dish for culture. The cells tend to 
pool in the middle of the dish even when gently shaken to disperse the 
single cells following their addition to the IVF dish ( in rectangular 

area ). ( b ) Cells often are sparse around the edges of the IVF dish, com-
pared with the centre of the dish. Because of this distribution of feeders, 
the PSCs grown in these dishes can display a range of differentiation 
within the colony, depending on where the PSC adheres in the dish 
(Both ×10 magnifi cation)       
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a b

  Fig. 3.11    ( a ,  b ) Examples of human feeders that have not spread 
evenly in the culture dish (in a 6-well plate). In both images, there are 
areas where the cells have not spread evenly. In some areas, the cells are 

too dense ( oval ) or too sparse ( box ). As with the MEFs, this type of 
spreading could have an effect on the outcome of the culture of PSCs 
(Both ×4 magnifi cation)       

a b

  Fig. 3.12    Another example of a good culture of mouse feeders. In ( a ) 
the cells are less confl uent and more spread than in ( b ), simply because 
they have more space in the culture vessel. Feeder cells are normally fi t 
for the purpose when the cells are dense enough to touch each other, but 

some PSC lines have been adapted to a very low feeder density. This is 
often the case with karyotypically abnormal human embryonic stem 
cell (hESC) lines (Both ×10 magnifi cation)       
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a

c d

b

  Fig. 3.13    Images    of MEF feeders. ( a ,  d ) Optimal density, good-quality 
feeders with only a few apoptotic cells and little debris. ( c ) These feeder 
cells are too far away from each other; the cell bodies are too spread. 

This culture will not support PSCs in an undifferentiated state. ( b ) 
These feeders are not evenly spread, and the culture is not uniform ( a , 
×4 magnifi cation;  b ,  c , ×10.  d , ×20)       

 

3 Inactivated Mouse and Human Fibroblasts



27

a

c d

b

  Fig. 3.14    ( a – d ) Mouse feeder cultures at a low density. These images 
show cells at a density that is not optimal to support the growth and 
expansion of undifferentiated PSCs. The morphology of the cells is too 
spindly, indicating that the cells are stressed. Amongst the possible 

 reasons for this stress are that the feeders could have been produced 
from a high passage of MEFs, the freezing conditions may not have 
been optimal, or the wrong thawing procedure could have been used. 
( a – c , ×4 magnifi cation;  d , ×10)       
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a b

  Fig. 3.15    Images of Day 10 feeders. ( a ) Note the large cells in the low-
density culture. These cells display the morphology of senescent cells. 
( b ) This culture shows cells displaying a heterogeneous morphology, 

with many large cells present. These cells would not support the growth 
and expansion of undifferentiated PSCs (Both ×10 magnifi cation)       

a

c d

b

  Fig. 3.16    ( a – d ) Images of very low-density feeders, 24 h after plat-
ing. Note the large spaces between the cells and the emergence of large 
cells ( black arrows ), indicating that these cultures are not optimal. 

In general, these cells would not support the growth and expansion of 
undifferentiated PSCs (All ×10 magnifi cation)       
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a b

  Fig. 3.17    ( a ,  b ) Optimal density of good-quality mouse feeders. These cells would support the growth and expansion of undifferentiated PSCs 
( a , ×4 magnifi cation;  b , ×10)       

a

c

b

  Fig. 3.18    ( a – c ) Images of an optimal density mouse feeder culture with a few apoptotic cells present ( black arrow ) ( a , ×4 magnifi cation;  b , ×10;  c , ×20)       
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a

c d

b

  Fig. 3.19    A comparison between two different cell densities of mouse feeder cells, 3 h after plating. ( a ,  b ) Low density. ( c ,  d ) High density. Note 
that the cells have adhered to the culture vessel and are beginning to spread out ( a , ×4 magnifi cation;  b – d , ×10)       
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            Quality control of feeders should also include an assess-
ment of the ability of a batch of feeders to support the growth 
and proliferation of undifferentiated PSCs over at least three, 
preferably fi ve successive passages. Feeders should also be 

proven to be free of contamination with mycoplasma 
(Chap.   11    ). Evaluation of the cells should also be performed 
to demonstrate that the mitotic inactivation has indeed been 
successful (Figs.  3.20 ,  3.21  and  3.22 )

a b

  Fig. 3.20    ( a ,  b ) Mouse feeder cells 48 h after plating. Initially, these 
cells were cultured for 24 h in feeder media; then the medium was 
removed and replaced with hESC medium and incubated for a further 
24 h in culture. The feeder cells appear almost identical to those grown 

in feeder medium. The cells show a slight morphological change, 
becoming more elongated and spindle-shaped. Feeder cells do not 
maintain their morphology in hESC media ( a , ×10 magnifi cation;  b , 
×20)       

a b

  Fig. 3.21    ( a ,  b ) These two images depict inactivated human feeders 
plated at a density optimal for co-culture with a particular PSC. It is 
clear from the growth profi le of these cells; however, that the inactiva-
tion was not successful and the feeders have overgrown. This has an 
adverse effect on the PSCs in co-culture, as these fi broblasts grow 
quickly, outgrowing the stem cells and preventing their expansion and 

proliferation. If possible, the culture should be started again with a new 
batch of inactivated feeders and new PSCs. If starting again is not pos-
sible, manually dissect the colony and co-culture the PSCs on a new 
batch of inactivated feeders. Be aware that any inactivated feeders that 
are carried over from the initial co-culture will again grow and out-
compete the PSCs (Both ×4 magnifi cation)       
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  Fig. 3.22    Another image of incomplete inactivation of human fi bro-
blasts in co-culture with PSCs (×4 magnifi cation). This problem can 
also be observed with murine feeders, but it is less common, as mouse 
fi broblasts appear more sensitive to inactivation       

 

3 Inactivated Mouse and Human Fibroblasts



33

     It is best to use feeders between 1 and 2 days after 
plating in the culture vessel. If they are left for too many 
days after plating, they lose their ability to maintain cells 
undifferentiated. However, in co-culture with appropriate 
media and media changes, the PSCs can remain undiffer-
entiated for up to 2 weeks. As feeder layers age, the feeder 
cells start to deteriorate and lose their ability to prevent the 
differentiation of PSCs. Feeder cells maintained in media 
formulations optimised for use in co-culture with PSCs 
show a change in morphology over time, acquiring an 
elongated, spindle-shaped phenotype indicative of stress. 

Feeder cells are therefore maintained in the appropriate 
media until used in co-culture with PSCs (Fig.  3.23 ).

   Feeders also can be obtained from a number of commer-
cial sources, but these should be subject to the same quality 
control as feeders prepared in the PSC laboratory setting. 

 Feeder cells are fundamental to the growth of good- 
quality PSCs in feeder-dependent cell culture systems, and 
they should be prepared in a manner that recognises the 
quality attributes of feeder cells and the impact of these 
attributes on the production and maintenance of undifferen-
tiated PSCs.    

a

c d

b

  Fig. 3.23    Images of old human feeders ( a – c ) compared with an optimal 
human feeder ( d ).  a  (Day 7 post-plating),  b  (Day 10) and  c  (Day 14) 
show a change over time in the morphology of the cells to an elongated, 

stretched, fragile cell morphology with evidence of cellular degeneration, 
unlike the optimal, robust fi broblast morphology seen in ( d ). Apoptotic 
cells are also evident in the old feeders (All images ×10 magnifi cation)       
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                   In 1998, the derivation of the fi rst three human embryonic 
stem cell (hESC) lines from the inner cell mass of a blasto-
cyst was reported. The cells grew as colonies and were 
derived and maintained on mouse feeder cells. The cells dis-
played a normal karyotype over the reported 8 months in 
continuous cell culture and displayed cell surface markers 
characteristic of undifferentiated non-human primate embry-
onic stem cell lines (Chap.   8    ) and human embryonal carci-
noma cells. These cells were shown to be pluripotent in 
nature through their ability to form teratomas in immuno-
compromised mice, composed of tissues derived from all 
three germ layers. The potential utilisation of these cells for 
disease modelling, toxicology studies and regenerative med-
icine heralded a new era in the fi eld of biology. 

 The routine culture of established human cell lines in the 
laboratory under the basic principles of good cell culture 
practice (GCCP) is regarded as straightforward; in general, 
their culture conditions are robust, as are their morphological 
characteristics. However, the culture of undifferentiated 

hESC lines is not easy, as these cells are very sensitive to 
alterations in their culture conditions and respond by chang-
ing their growth characteristics and morphology. Each cell 
line responds differently to these alterations, and morpho-
logical change is the easiest way to monitor the status of the 
cell culture. Cell cultures should be monitored under the 
microscope every day; this monitoring should be part of 
the best-practice activity employed in the maintenance and 
expansion of these cell lines. This chapter includes an exten-
sive portfolio of images depicting the culture of different 
hESC lines on mouse and human feeders and describes the 
changes seen in these cultures when cells are grown in opti-
mal and suboptimal conditions (Figs.  4.1 ,  4.2 ,  4.3 ,  4.4 ,  4.5 , 
 4.6 ,  4.7 ,  4.8 ,  4.9 ,  4.10 ,  4.11 ,  4.12 ,  4.13 ,  4.14 ,  4.15 ,  4.16 , 
 4.17 ,  4.18 ,  4.19 ,  4.20 ,  4.21 ,  4.22 ,  4.23 ,  4.24 ,  4.25 ,  4.26 ,  4.27 , 
 4.28 ,  4.29 ,  4.30 ,  4.31 ,  4.32 ,  4.33 ,  4.34 ,  4.35 ,  4.36 ,  4.37 ,  4.38 , 
 4.39 ,  4.40 ,  4.41 ,  4.42 ,  4.43 ,  4.44 ,  4.45 ,  4.46 ,  4.47 ,  4.48 ,  4.49 , 
 4.50 ,  4.51 ,  4.52 ,  4.53 ,  4.54 ,  4.55 ,  4.56 ,  4.57 ,  4.58 ,  4.59 ,  4.60 , 
 4.61 ,  4.62 ,  4.63 ,  4.64  and  4.65 ).
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  Fig. 4.2    Typical hESC morphology seen under high 
magnifi cation: small, round cells with prominent 
nucleoli. High ratio of nucleus to cytoplasm ( white arrows ), 
with narrow spaces observed between the cells 
(×40 magnifi cation)       

a b

  Fig. 4.1    ( a ,  b ) Human embryonic stem cell (hESC) colony cultured on mouse embryonic fi broblast (MEF) feeder cells. These colonies display 
the typical morphology of a good-quality colony (both ×10 magnifi cation)       
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a b

  Fig. 4.3    Typical hESC colony. ( a ) A small “young” colony, 24 h after 
passage (×4 magnifi cation). Note the compacted centre, actively prolif-
erating cells around the edges, and defi ned borders. Spaces are typically 
observed between the cells. This morphology would be considered to 

represent a good undifferentiated colony and would be optimal when 
expanding undifferentiated cells in a culture system. ( b ) The same col-
ony at ×10 magnifi cation       

ba

  Fig. 4.4    Two images of good-quality colonies. ( a ) Small, undifferenti-
ated, compacted colony with clear borders. Under phase contrast, these 
colonies appear to be growing in three dimensions. ( b ) Two colonies 

merge and spread to form a perfect monolayer, ready for passaging. 
Both colonies are compacted and ready to passage ( a , ×4 magnifi ca-
tion;  b , ×10)       
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a b

  Fig. 4.5    ( a ,  b ) Relatively good-quality, high-density culture. The colo-
nies are close together and cells within the colonies are compacted. 
The feeders are still of a good quality, so this culture could be kept 
for another day, but it would be advisable to passage at this stage. 
This culture is described as “relatively good” because spontaneous 

 differentiation ( white ovals ) can be seen ( a ). Morphologically, the cells 
look like fi broblasts, but they are much smaller and rounder. The large 
colony in the top left of image  a  shows slight differentiation ( black 
arrow ), but in general it is a good culture. It is advisable to passage this 
culture at this stage (both ×4 magnifi cation)       

a b

  Fig. 4.6    ( a ) Two small colonies compacted in the middle, 24 h after passage. ( b ) The compacted centre of the same colony ( a , ×4 magnifi cation;  b , ×20)       
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  Fig. 4.7    Example of a good colony with fresh feeders surrounding it. 
This colony should be passaged immediately, because it could begin to 
spontaneously differentiate in the centre if it is left for another 24 h. The 
small colony ( white arrow ) is too small to maintain in an undifferenti-
ated state in this culture system and will probably spontaneously dif-
ferentiate within a few days (×10 magnifi cation)       

a b

1

2
3

4

  Fig. 4.8    ( a ) An example of a good-quality colony. If left for another 
24 h, the colony could spontaneously differentiate around the areas 
shown with  black arrows . ( b ) Four small colonies displaying different 
morphologies: Colony number  1  is perfectly round and compacted in the 
centre; it is a good example of an undifferentiated colony. Colony num-
ber  2  is small, not compacted, and displays a low degree of  spontaneous 

differentiation around the edges. Colony number  3  is mainly undifferen-
tiated in the centre, except along the top edge ( black arrows ). Colony 
number  4  is totally differentiated. It should be noted that small clumps 
of hESC very rarely form a good colony. In this image, all of these small 
clumps have differentiated ( white arrow ) into a cell type of unknown 
morphology, possibly epithelial ( a , ×10 magnifi cation;  b , ×4)       
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a b

  Fig. 4.9    ( a ) A good-quality, slightly three-dimensional colony, under 
phase contrast. ( b ) A small hESC colony, on relatively high-density feed-
ers, with spontaneous differentiation in the centre ( black arrow ). For this 
cell line, one of the reasons for this differentiation could be that the 

 feeders are of higher-than-usual density and it was diffi cult for the colony 
to push them away. Another reason could be that the original clump of 
stem cells was too thick and could not spread out into a good monolayer, 
and this condition promoted differentiation ( a , ×10 magnifi cation;  b , ×4)       

a b

c

  Fig. 4.10    ( a ) Two good colonies merging. The one on the  right side  is 
large and compacted in the middle. The small colony on the  left side  is 
not yet compacted; every cell within the colony can be seen. It is also 

actively proliferating. ( b ) A large, undifferentiated hESC colony com-
pacted in the middle and actively proliferating around the edges. ( c ) 
A small colony, not yet compacted ( a ,  b , ×10 magnifi cation;  c , ×20)       
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a b

  Fig. 4.11    Comparison of a colony with a good, undifferentiated hESC 
colony morphology ( a ) and a totally differentiated colony ( b ). It is 
important to be able to distinguish the differentiated cells in the centre 

of the image ( white arrow ) from the more elongated feeders surround-
ing the differentiated colony (both ×10 magnifi cation)       

a

c

b

  Fig. 4.12    ( a ) High-density small colonies 24 h after passaging, with 
good-quality, healthy feeders evident by their morphology (×4 magnifi -
cation). ( b ) A small colony, not compacted and without clear borders, 
having a low density of feeders surrounding the colony (too few feeders 

to promote maintenance of the undifferentiated state) (×10 magnifi ca-
tion). A colony like this is not likely to make a good colony. ( c ) A small, 
compacted colony surrounded by feeders that are less than optimum 
(too many apoptotic cells) (×10 magnifi cation)       
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  Fig. 4.13    ( a ) Typical pattern of differentiation observed when using 
old feeders (>3 days old). Some areas in the centre of the colonies are 
still undifferentiated ( black arrows ). Outside of the colony is a wide 
border of totally differentiated cells ( white arrows ). ( b ) Three colonies: 

Number  1  has a perfect morphology. Number  2  is partially differenti-
ated ( black arrows ). Number  3  is differentiated and is beginning to 
form a neuronal rosette (both ×4 magnifi cation)       

a

c

b

  Fig. 4.14    In these images, hESC colonies have grown into the empty 
spaces created by removing or scraping away colonies. This has proved to 
be a very useful method during the derivation of cell lines for regrowth of 
colonies; it can be observed in old culture dishes kept and maintained after 
mechanical removal of some colonies. Leftover small clumps of cells grow 

into spaces covered with matrix produced from feeders and stem cells. ( a ) 
Large, undifferentiated colony surrounded by a low number of feeders. ( b ) 
A large part of the colony has spontaneously differentiated ( white octagon ). 
( c ) Another good colony similar to the one in  a  (all ×10 magnifi cation)       
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  Fig. 4.15    There is spontaneous differentiation ( white arrows ) on the 
edges of this colony, but the rest of the colony is undifferentiated (×4 
magnifi cation)       

  Fig. 4.16    At fi rst glance, this colony appears to have a typical individ-
ual stem cell morphology (small cells with nucleoli). However, this col-
ony displays differentiation at the edges and inside the colony, and all the 
cells are lined up. It is beginning to differentiate (×4 magnifi cation)       

a b

  Fig. 4.17    ( a ) The large colony on the  right  side is of a relatively good 
morphology. The smaller colony on the  left  is not compacted, does not 
have smooth edges, and the cells are disorganised. Because of these 
features, the colony is probably going to differentiate within a day or 

two. ( b ) The large colony in the middle of the image is undifferentiated, 
but all of the smaller colonies in the image are too small to form any 
decent compacted colonies (both ×4 magnifi cation)       
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  Fig. 4.18    ( a ) Darkfi eld microscopy of a good colony under a dissect-
ing microscope. ( b ) The same colony with a little bit of illumination 
behind it. This is the preferable way of illuminating culture plates for 
mechanical passaging. Under these conditions, it is much easier to 

 recognise differentiation or areas of potential differentiation. In this 
image, multilayered cells appear whiter than the rest of the colony 
( white arrow ). In a few days, these multilayer areas are the areas where 
the cells will differentiate (both ×4 magnifi cation)       

a b

1

2 2

1

  Fig. 4.19    ( a ,  b ) Darkfi eld microscopy of two colonies that have merged. Colony number  1  is undifferentiated, and the smooth, perfect edge of the 
compacted colony can be seen. The smaller colony, number  2 , is fully differentiated, without smooth edges (both ×4 magnifi cation)       
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a

c

b

  Fig. 4.20    ( a ) An undifferentiated colony, with defi ned edges. The 
colony contains round, compacted cells with large nucleoli. ( b ) Higher 
magnifi cation of the edges of the colony. The cells are elongated, with 
spaces between them, as is typical for actively proliferating stem cells. 

It is very important to know difference between actively proliferating 
and differentiating cells. ( c ) Higher magnifi cation of the middle of the 
colony, showing the cells becoming more compact ( a , ×10 magnifi ca-
tion;  b ,  c , ×20)       
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  Fig. 4.21    Small stem cell colonies. At low magnifi cation ( a ), the colo-
nies look relatively normal and undifferentiated, but under higher mag-
nifi cation ( b ,  c ) it is clear that the colonies are differentiating. Almost 
all of the cells are elongated and lined up, and the colony is poised to 

differentiate. It is evident from the image that differentiation would be 
a result of the low density of feeders, which is insuffi cient to maintain 
the colony in the undifferentiated state ( a , ×4 magnifi cation;  b , ×10; 
 c , ×20)       
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  Fig. 4.22    ( a ,  b ) To the untrained eye, this colony may appear to be a 
good one, but it is not. The colony shows areas differentiation ( black 
arrows ). The areas appearing as white patches of cells are typical of the 
beginning of the formation of neural rosettes. If left for a further 48 h, 

the culture would look like the images depicted in Fig.  4.23 . ( c ) Two 
colonies with a good, undifferentiated morphology that have merged 
(all ×10 magnifi cation)       
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  Fig. 4.23    ( a – c ) Neural rosettes ( white arrows ) forming from differentiated areas in the hESC colonies. ( a , ×4 magnifi cation;  b ,  c , ×10)       

a b

  Fig. 4.24    ( a ) A good   , compact colony displaying small, round cells with prominent nucleoli. ( b ) A compacted relatively good colony, ready to be 
passaged (both ×10 magnifi cation)       
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  Fig. 4.25    ( a, b ) Two    colonies    without defi ned, smooth edges. ( a ) Some 
cells within the colony ( inside oval shape ) are undifferentiated, but 
cells around the edges and outside of the both ( a, b ) colonies are spon-
taneously differentiated ( black arrows ). ( b ) A small group of cells dif-
ferentiating into neural rosettes ( white arrows ). This culture should be 

passaged. If left for another 24 h, it would contain much differentiation. 
One reason for this differentiation could be that there are not enough 
feeders in the culture to support these colonies in the undifferentiated 
state. Another reason could be that the culture is just too old, and the 
feeders have lost their supportiveness (both ×10 magnifi cation)       

  Fig. 4.26    Challenge: what can you say about this fi gure? See page 199 
for answer       

  Fig. 4.27    Challenge: what can you say about this fi gure? See page 199 
for answer       
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  Fig. 4.28    To the untrained eye, this colony would look undifferenti-
ated, but it is “bumpy” (not fl at any more) and there are a number of 
areas of differentiation. In 2 or 3 days, these areas will have differenti-
ated further, and the colony would be full of neural rosettes ( black 
arrows ) (×10 magnifi cation)       
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  Fig. 4.29    ( a ) Example of two colonies that have merged. The cells 
within the larger colony ( on the right ) are compacted, and grow fl at as 
a monolayer. The cells within the smaller colony  (on the left ) are not 
compacted, and the typical spaces between cells in an undifferentiated 
colony that has not yet compacted can be seen. Within the  triangle , 

a multilayer of cells that have “piled up” can be observed, but they 
could still be undifferentiated. ( b ,  c ) Both of these images display a 
monolayer of undifferentiated stem cells within a large colony exhibit-
ing perfect, smooth borders. These colonies are ready to be passaged 
(all ×10 magnifi cation)       
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  Fig. 4.30    ( a ) A compacted    colony with some differentiating cells 
( within the octagon ). The rest of this colony is still a monolayer, with 
the typical uniform morphology of hPSCs. ( b ) The cells within this 
colony are not yet compacted. They are actively proliferating and there-
fore display a slightly elongated shape. The quality of this colony dur-
ing next 24 h will depend on the quality and quantity of feeders in its 
locality. With feeders of good quality and optimal density, the cells will 

remain undifferentiated. In the case of this particular colony, however, 
there are only a few feeder cells around it, and it is highly likely that the 
cells within the colony will line up and begin to differentiate during the 
next 24 h (similar to the cells in  c ). ( c ) A colony without defi ned edges 
but with some cells lining up. All the cells within the colony are of a 
different shape; some are stretched and poised to differentiate (all ×10 
magnifi cation)       
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  Fig. 4.31    Challenge: what can you say about this fi gure? See page 199 
for answer       

  Fig. 4.32    Challenge: what can you say about this fi gure? See page 199 
for answer       
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  Fig. 4.33    This    series of images is from two colonies merging. ( a ) The 
cells are still in a monolayer, but cells are lined up within the larger 
colony on the  left side ; the colony is no longer smooth and it is easy to 
see that the morphology of the cells is not perfect. The colony on the 
 right side  displays an area of overt differentiation ( black arrows ). ( b ,  c ) 
higher-magnifi cation images of the same colonies, show that the cells 
are lined up. In ( b ) the smaller colony on the  right side  is differentiated 
in the centre of the colony ( black arrow ), and the white patches of cells 

are morphologically typical of the beginning of the formation of neural 
rosettes ( white arrows ). In ( c ) the cells appear to be compacted and 
normal, but looking at the overall colony morphology of this same col-
ony in image ( a ), it is apparent that the monolayer is not smooth, and 
the colony is probably going to differentiate. It is important to examine 
cells under different magnifi cations in order to distinguish subtle differ-
ences between colonies ( a , ×4 magnifi cation;  b ,  c , ×10)       
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  Fig. 4.34    ( a ) This image shows two colonies. In the  bottom left-hand 
side , the large colony is perfectly compacted. All the cells within the 
small colony on the  right side  are multilayered and the cells are piled on 
top of each other. It is hard to determine whether they are differentiated 
or not. Sometimes, it is not easy to distinguish between differentiated 

and undifferentiated cells in this context. ( b ) These two colonies are 
merged. The large one on the  right  displays a good, undifferentiated 
morphology, but the small one on the  left  is multilayered and is forming 
structures that typically will develop into neural rosettes ( black arrows ) 
(both ×10 magnifi cation)       

a b

  Fig. 4.35    ( a ) Dark fi eld of hESC colonies under the dissecting micro-
scope (×2 magnifi cation). This image shows a good, high-density cul-
ture of undifferentiated stem cell colonies. ( b ) A high-density culture of 
differentiated colonies that have been in culture for more than 10 days. 
 White arrows  indicate the stem cell colonies. Some parts of the colonies 

are still undifferentiated ( red arrows ) (×2 magnifi cation). If only this 
dish was available for subculture, it would still be possible to rescue the 
undifferentiated cells by dissecting out the parts of the colony that were 
still morphologically undifferentiated       
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  Fig. 4.36    ( a ,  b ) A relatively good culture of hESCs, 24 h after passage (both ×4 magnifi cation)       

a

c

b

  Fig. 4.37    ( a – c ) Good-quality colonies, 48 h after passage. Note the defi ned borders (all ×4 magnifi cation)       
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  Fig. 4.38    ( a ,  b ) Good colonies growing in a single-well IVF dish. The morphology of the colony is perfect, with well-defi ned edges and compact 
cells. There is no evidence of differentiation (both ×10 magnifi cation)       

a bb

  Fig. 4.39    ( a ) This colony is not perfect. It does not display smooth 
borders, simply because there are not enough feeders around the 
 colony. ( b ) An image of the same colony at higher magnifi cation. 

Undifferentiated stem cells with prominent large nucleoli can be seen. 
Cells ( white arrows ) are going to differentiate ( a , ×10 magnifi cation; 
 b , ×20)       
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  Fig. 4.40    ( a ) A high-density hESC culture that is ready to be split with 
a ratio of 1:3 into a new culture vessel containing feeders. ( b ) A high- 
density hESC culture displaying a small amount of differentiation. 
Colony number  1  is undifferentiated and compacted. Colony number  2  

is “bumpy” (not a smooth monolayer) and exhibits differentiation 
around the edges ( black arrows ). ( c ) Colony  3  is not smooth and fl at. It 
appears to be undergoing differentiation (all ×4 magnifi cation)       
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  Fig. 4.41    ( a ) Good-quality colony, compacted and with defi ned bor-
ders. ( b ) Good-quality colony, over compacted in the centre ( white 
arrows ), with defi ned borders. ( c ) This colony is beginning to differen-
tiate around the edges ( black arrows ), and no defi ned borders are 

observed. Typical elongated cells are seen around the perimeter of the 
colony. It is easy to see the differences in the morphology of the borders 
in images  b ,  c  ( a , ×4  magnifi cation;  b ,  c , ×10)       
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  Fig. 4.42    ( a ) The colony on the  right side  is compacted, with the dis-
tinct borders around the edges of the colony. The cells within the 
smaller colony  (on the left ) are not compacted, they are lined up and 

probably going to differentiate during the next 24 h. ( b ), A large, com-
pacted colony displaying prominent nucleoli: a good morphology for 
an undifferentiated colony ( a , ×10 magnifi cation;  b , ×20)       
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  Fig. 4.43    ( a – c ) All three images display good, undifferentiated colony morphology with prominent nucleoli and characteristic spaces between 
the cells before compaction. ( a ) The edge of the colony. ( b ,  c ) The centre of the same colony (all ×10 magnifi cation)       
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  Fig. 4.44    ( a ) Example of two colonies that have merged. The colony 
on the right demonstrates spontaneous differentiation in its centre 
( black arrow ). ( b ) This colony as well demonstrates spontaneous dif-
ferentiation in its centre ( black arrows ). ( c ) This colony is 5–6 days old. 

It is  overcompacted and multilayered, with differentiation in the middle 
( white arrow ). When the density of feeders is higher than usual, some-
times the feeders do not allow the colony to spread and form a good, fl at 
monolayer (all ×10 magnifi cation)       
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  Fig. 4.45    ( a ) This colony has not yet compacted, and it lacks smooth, 
defi ned borders. The cells within the colony are of different shapes and 
sizes. There are not enough feeders around to support the colony in an 
undifferentiated state. ( b ) This overgrown, high-density hESC culture 

shows spontaneous differentiation ( black arrows ) and the formation of 
a rosette-like structure ( white arrow ). ( c ) A differentiated colony. Note 
the difference in morphology of the individual cells compared with 
those in  a  ( a , ×10 magnifi cation;  b ,  c , ×20)       
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  Fig. 4.46    ( a – c ) Images of a single colony at different magnifi cations. 
This colony is small, compacted, and stressed, and the cells within the 
colony are looking disorganised. It is hard to see the clear typical mor-
phology of cells and large nucleoli. The reason for the condition of this 

colony is that the feeders around it are of extremely poor quality. They 
are not spread out, and there are abundant apoptotic cells. Remember 
that only good-quality feeders produce good-quality stem cell cultures 
( a , ×4 magnifi cation;  b , ×10;  c , ×20)       
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a b

  Fig. 4.47    ( a ) The large colony on the top left-hand side is differenti-
ated in the middle ( black arrow ). ( b ) These two merged colonies are of 
relatively good quality. They are compacted, with a few elongated cells 
within the border. These cultures should be passaged immediately, as 

the feeders are too old and their density is too low to support undiffer-
entiated cells. The culture is not optimum (both ×4 magnifi cation.) ( See  
Chap.   2     for comparisons of feeders that are old and new, good and bad.)       

a b

c d

  Fig. 4.48    ( a – d ) Images    representing a 24-h culture of hESC. In all 
four pictures, small differentiated colonies ( white arrows ) are visible. 
The feeders are not at their best because there are too many apoptotic 
cells. ( a ) The colony in the centre ( black arrows ) is quite fragile. It is 
small and its cells are heterogeneous in size. The colony is not 

 compacted. ( b ) These colonies are stressed and small, but they could 
still make a good culture. Quite a few apoptotic cells are present. ( c ) 
This hESC colony spontaneously differentiated ( black arrows ). ( d ) 
This larger colony shows a relatively good monolayer of fl at cells but 
lacks defi ned borders (all ×4 magnifi cation)       
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a b

  Fig. 4.49    Challenge: what can you say about this fi gure? See page 199 for answer       

aaa bbb

  Fig. 4.50    Challenge: what can you say about this fi gure? See page 199 for answer       
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a b

2

1

  Fig. 4.51    ( a ) The hESC colony ( white arrows ) has spontaneously and 
completely differentiated. All of the cells are of different shapes and the 
colony has no defi ned borders. ( b ) Colony  1  is large and compacted. 

Colony  2  is small and compacted; it has not yet started to spread and 
fl atten out. The colonies shown within  white circles  are too small to be 
maintained undifferentiated (both ×20 magnifi cation)       

a b

  Fig. 4.52    ( a ) A large, compacted colony with good morphology, which is ready to be passaged. A small area of differentiation is visible within 
the  white circle . ( b ) This colony is totally differentiated ( white arrows ) (both ×10 magnifi cation)       
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a b

  Fig. 4.53    ( a ) This colony is overcompacted, exhibiting smooth, defi ned borders; it is starting to differentiate in the centre ( black arrows ). ( b ) This 
colony with a disorganised morphology will differentiate next 24 hours (both ×10 magnifi cation)       

a

c

b

  Fig. 4.54    ( a ,  b ) Examples of colonies containing elongated cells. ( b ) is forming a rosette ( black arrows ). ( c ) A colony with a disorganised mor-
phology, which is beginning to differentiate (all ×10 magnifi cation)       
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a b

  Fig. 4.55    ( a ) Colonies of hESCs growing on low-density human feeders. 
The colonies display an ideal undifferentiated morphology—that is, they 
are compact colonies with well-defi ned edges. ( b ) A 2-day-old human 

hESC colony ( white arrow ) developing on high-density human feeders. 
The high-density feeders restrict the expansion of the cells, which quickly 
display a compact colony morphology (both ×4 magnifi cation)       

a b

  Fig. 4.56    ( a ) Colonies of Day 3 hESCs (passaged enzymatically) grow-
ing on high-density human feeders. Again, note the compact colonies 
emerging. In general, it takes longer for colonies to emerge and be detected 
in cultures where the cells have been enzymatically dissociated and pas-
saged than when the cells are manually dissected and passaged, because in 
the latter case, fragments containing many cells are passaged, whereas 
with enzymatic dissociation the cells are treated to form small clumps (or 

even single cells) prior to passaging onto fresh feeders, so it takes longer 
for the cells to form identifi able colonies. ( b ) These colonies have been 
growing on human feeders for 5 days. There is a colony displaying good 
morphology, with compact undifferentiated cells ( white arrow ), and a 
colony with a number of areas of differentiation and undefi ned borders ( in 
the oval ). After removal of differentiated areas from the culture, these cells 
could be passaged onto fresh human feeders (both ×4 magnifi cation)       
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a b

  Fig. 4.57    ( a ,  b ) The colonies in these images have been enzymatically 
treated, passaged at a low split ratio, and have been growing on human 
feeders for 5 days. There are colonies in both images that have fused 
together. ( a ) Colonies that are compact can be seen, with some 

 differentiation around the edges of the colonies. ( b ) The majority of one 
colony ( white arrow ) is compact and undifferentiated, but the rest of the 
colonies show a disorganised morphology with heterogeneous cell 
types typical of differentiation (both ×4 magnifi cation)       

a b

  Fig. 4.58    ( a ) These    colonies, growing on human feeders, are 7 days 
old and are derived from enzymatically treated cells. The cells have 
begun to pile on top of each other and are mostly disorganised and dif-
ferentiated. ( b ) This image shows manually passaged hESC growing on 

human feeder cells. This culture is 10 days old. A number of differenti-
ated areas are seen in the colonies ( ovals ); in other areas, the cells are 
still compacted and undifferentiated. The human feeders look old and 
granular (both ×4 magnifi cation)       
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  Fig. 4.59    Challenge: what can you say about this fi gure? See page 199 
for answer       

  Fig. 4.60    Challenge: what can you say about this fi gure? See page 199 
for answer       
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a

c

b

  Fig. 4.61    Challenge: what can you say about this fi gure? See page 199 for answer       

2

1

  Fig. 4.62    Challenge: what can you say about this fi gure? See page 199 
for answer       
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a b

  Fig. 4.63    ( a ) The colonies in this image display well-defi ned borders. Individual stem cells with large nucleoli are evident. Both colonies are 
compacted and ready to passage. ( b ) This colony is slightly disorganised. It is poised to differentiate (both ×10 magnifi cation)       

  Fig. 4.64    The majority of this colony is undifferentiated, with defi ned 
borders. One-third of the colony ( bottom left ) is spontaneously differen-
tiated (×4 magnifi cation)       

 

 

4 Human Embryonic Stem Cells



73

                                                                           In general, cells grown on mouse and human feeders grow 
in colonies, but what morphological characteristics indicate 
that the cells are growing optimally? A good-quality cell cul-
ture just prior to passaging contains compact colonies with 
defi ned borders. The colonies are formed of cells with a high 
ratio of nucleus to cytoplasm and prominent nucleoli. These 
good-quality cultures look identical on both mouse and 
human feeders. 

 The colony morphology evolves over the days after pas-
sage, and the change is readily observed under the micro-
scope. At fi rst, the colonies can appear as loose structures 
where borders are not defi ned and the cells are large, with 
spaces that appear white under brightfi eld microscopy. With 
each day, as the cells within the colony proliferate, the mor-
phology changes and the cells in the centre of the colony 
become smaller and more compact. The border of the colony 
also becomes more defi ned. When a culture is ready to pas-
sage, the colonies look compact and are fi lled with small, 

uniform cells. The white spaces have been reduced and there 
is little evidence of apoptosis in the colony. If the colonies 
are allowed to grow beyond this stage, they begin to over-
compact, and areas of thickening appear in the centre of the 
colonies. This condition generally promotes differentiation, 
whereby the undifferentiated hESCs become committed to 
germ layer differentiation. The borders of the colonies also 
begin to lose their defi nition in this situation. 

 If cells are passaged when they are not in an optimal con-
dition, the result can be spontaneous differentiation within a 
short period of time, typically less than 48 h. All of these 
morphological changes can be observed in culture and are 
indicative of the physiological quality of the cells. With 
hESC culture, each cell line can respond differently to the 
same culture conditions, so the culture routine must be tai-
lored to the individual cell line. It is important to note that if 
you do not optimise the culture conditions for each line, you 
will be unable to maintain undifferentiated cultures of cells.    

a b

  Fig. 4.65    This is an example of what happened to a culture after accidentally adding media with 2.5 times more basic fi broblast growth factor (bFGF) 
than usual for this cell line. The colonies became overcompacted, and any trace of differentiation was totally absent ( a  ×4 magnifi cation;  b , ×10)       
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                   In 2006, it was reported that pluripotent stem cells (PSCs) 
could be generated by reprogramming mouse fi broblasts to a 
pluripotent state using four transcription factors delivered 
via a retroviral infection system. These cells were shown to 
be embryonic stem cell like with respect to their functional, 
genotypic and phenotypic properties and were named 
induced pluripotent stem cells (iPSCs). In 2007, human 
iPSCs (hiPSCs) were generated. Since then, many different 
delivery systems have been used to generate cell lines from a 
broad array of somatic cell types with widely varying 
effi ciency. 

 The morphology of hiPSCs is identical to that seen for 
hESCs. When grown in feeder-based systems that have been 
optimised for the line, undifferentiated cells form colonies 
that differ in size depending on the density of the feeders. 
The iPSC lines appear, in general, to remain undifferentiated 
on lower-density feeder cells than their hESC counterparts, 
but this difference is dependent on the cell line and feeder 
source. In some hiPSC lines, the colonies are not as compact 

as those seen with hESCs. The maintenance and passaging 
of these lines is also carried out using the same procedures as 
for hESCs and with the same considerations as described in 
Chap.   7    , although with some cell lines, smaller hiPSC clumps 
can be passaged to form undifferentiated colonies, compared 
with hESC clumps. 

 This chapter presents images of hiPSCs grown on mouse 
feeders (Figs.  5.1 ,  5.2 ,  5.3 ,  5.4 ,  5.5 ,  5.6 ,  5.7 ,  5.8 ,  5.9 ,  5.10 , 
 5.11 ,  5.12 ,  5.13 ,  5.14 ,  5.15 ,  5.16 ,  5.17 ,  5.18 ,  5.19 ,  5.20  and 
 5.21 ) and human feeders (Figs.  5.21 ,  5.22 ,  5.23 ,  5.24 ,  5.25 , 
 5.26 ,  5.27 ,  5.28 ,  5.29 ,  5.30 ,  5.31 ,  5.32 ,  5.33 ,  5.34 ,  5.35 ,  5.36 , 
 5.37 ,  5.38 ,  5.39  and  5.40 ) and describes their morphological 
features with time, at various stages in the growth of the col-
onies. The images also include observations on the growth of 
colonies following the use of different types of passaging 
techniques. As with hESCs, the feeder-based system must be 
optimised for each iPSC line, a statement that seems obvious 
considering the diversity of somatic cell backgrounds from 
which the cell lines are derived. 

      Human Induced Pluripotent Stem 
Cells on Feeders      5
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a b

  Fig. 5.1    Comparison of the morphology of undifferentiated induced 
pluripotent stem cells (iPSCs) ( a ) and human embryonic stem cells 
(hESCs) ( b ) cultured on mouse feeders. Note that the morphology of 

the colonies in the two pictures looks identical. The individual cells 
making up each colony are small and compacted (both ×4 
magnifi cation)       

a

c

b

  Fig. 5.2    ( a – c ) Small colony, 24 h after passaging onto feeders. Note the prominent spaces between cells prior to compaction of the colony ( a , ×4 
magnifi cation;  b , ×10;  c , ×20)       

5.1    Human Induced Pluripotent Stem Cells on Mouse Feeders 
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a

c

b

  Fig. 5.3    ( a – c ) Another example of a well-formed small colony, actively proliferating with defi ned borders, 24 h after passaging onto feeders 
( a , ×4 magnifi cation;  b , ×10;  c , ×20)       
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a

c

b

  Fig. 5.4    ( a – c ) Small colonies 24 h after passaging. Note the prominent spaces between cells prior to compaction of the colony ( a , ×4 magnifi ca-
tion;  b , ×10;  c , ×20)       
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a

c

b

  Fig. 5.5    ( a – c ) A relatively small, compacted colony 48 h after passag-
ing onto feeders. The borders are not well defi ned, owing to the pres-
ence of differentiated cells. The feeder density in this culture is not 

optimal for the cell line, so differentiated cells ( black arrows ) are pres-
ent. This colony is ready to be subcultured ( a , ×4 magnifi cation;  b , ×10; 
 c , ×20.)       
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a b

  Fig. 5.6    ( a ,  b ) High-density culture of iPSC colonies grown on fi bro-
blasts, showing the typical morphology of undifferentiated cells, with 
well- defi ned borders and compact colonies. Note the small group of 

cells forming a very small colony. A colony of this size will often spon-
taneously differentiate ( black arrows ) (both ×4 magnifi cation)       

a b

  Fig. 5.7    Example of a well-formed small colony showing good morphology 24 h after passaging onto feeders ( a ), and 48 h after passaging 
( b ) (both ×10 magnifi cation)       

 

 

5 Human Induced Pluripotent Stem Cells on Feeders   



81

a

c

b

  Fig. 5.8    ( a – c ) Colonies of iPSCs grown on fi broblasts in three indi-
vidual cell cultures showing typical morphology of undifferentiated 
cells, with well-defi ned borders and compact colonies. Note that the 
small colonies are also compact. In hESC cultures, these small colonies 

will often spontaneously differentiate, but this phenomenon is less fre-
quently observed in iPSC cultures, in which small clumps of cells can 
produce good-quality, undifferentiated colonies. The  arrow  in  c  indi-
cates a colony that has differentiated (all ×4 magnifi cation)       
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a

c

b

  Fig. 5.9    ( a – c ) Early colonies 24 h after passaging onto feeders. Note the prominent spaces between cells prior to compaction of the colony. 
Colonies can be seen merging, but this is not a problem, as it does not necessarily promote differentiation of the colony (all ×10 magnifi cation)       
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a b

  Fig. 5.10    ( a ,  b ) These colonies are compacted and are ready to be subcultured (both ×10 magnifi cation)       

a b

  Fig. 5.11    ( a ,  b ) Magnifi cation    ×20 of the iPSC colony in Fig. 5.10 ( b ) reveals spaces between cells that display large nucleoli. ( b ) Large, 
 proliferating cells ( white arrows ) can be seen at the edges of the colony       
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a b

  Fig. 5.12    Compacted colonies ( a ) and not-compacted colonies ( b ) observed in culture at the same time point. The colony in  a  is ready to be 
subcultured (both ×10 magnifi cation)       

a b

  Fig. 5.13    Two images of iPSC colonies undergoing differentiation. 
( a ) Areas showing the commencement of neuronal differentiation 
( black arrows ), including the formation of a neuronal rosette ( black 
oval ). ( b ) Bumpy regions on the otherwise fl at colony also indicate the 

initiation of neuronal differentiation. They will become rosettes 2–3 
days after this type of morphology has been observed ( a , ×10 magnifi -
cation;  b , ×4)       
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a b

  Fig. 5.14    ( a ,  b ) Small colonies 24 h after passaging, not compacted and without defi ned borders. At this stage they could remain undifferentiated, 
or they could differentiate. They need to be observed over the next 3 days (both ×10 magnifi cation)       

a b

  Fig. 5.15    Small colonies 24 h after passaging. ( a ) The top left colony 
has differentiated. ( b ) Small colonies that are not compacted and lack 
defi ned borders. As in Fig.  5.14 , at this stage they could remain 

 undifferentiated or could differentiate. They need to be observed over 
the next 3 days (both ×10 magnifi cation)       
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1

3

2

a b

  Fig. 5.16    ( a ) Two large colonies ( 1  and  2 ) and one small colony ( 3 ) 
merge. Colony  1 , on the  left , is beginning to differentiate. Colonies  2  
and  3  are not compacted, but are of relatively good quality. ( b ) These 

colonies lack defi ned borders, and all the cells within the colonies are 
elongated and irregular in shape. This is an indication of a transition in 
the cell towards a differentiated state (both ×10 magnifi cation)       

a b

  Fig. 5.17    ( a ) The morphology of these cells is disorganised and the 
cells are irregular in shape, with long cells aligning along the border. 
This arrangement may have arisen from the merging of two small colo-
nies. ( b ) The border of the colony is well defi ned and the cells have 

compacted, but there is an area where the cells have overgrown in the 
colony ( arrows ), indicating transition of the cells towards a differenti-
ated state (both ×10 magnifi cation)       
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a b

  Fig. 5.18    Examples of differentiation in iPSC colonies. ( a ) An overtly 
differentiated area in the centre of the colony ( white arrows ). The region 
next to this area displays the morphology of compacted, undifferentiated 
cells, but the border of the colony is disorganised and contains differenti-
ated elements ( red arrow ). Note that the differentiated cells could be 

removed, and the undifferentiated cells could then be passaged to rescue 
the culture. ( b ) This colony is more than 10 days old and it is completely 
differentiated, as evident from the changes in morphology seen in areas 
throughout the colony, coupled with the areas of overcrowding that are 
causing the cells to pile up (both ×10 magnifi cation)       

a

c

b

  Fig. 5.19    ( a – c ) All these images display colonies with elongated cells suggesting a transition from the undifferentiated to the differentiated state, 
probably because the cells were passaged onto feeders at a density too low to support the cells in an undifferentiated state (all ×10 magnifi cation)       
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a b

  Fig. 5.20    ( a ) Small colonies at a high density 24 h after passaging. ( b ) Colonies from a 48-h culture of the same cell line. A multilayered colony 
can be seen, which has arisen from the passaging of a large clump that is not of an optimal size for passaging (both ×4 magnifi cation)       

a b

  Fig. 5.21    High-density colonies 48 h after passaging. ( a ) Colonies 
with optimal morphology and density. ( b ) Multilayering ( white arrow ) 
of the colonies, which has probably resulted from the density of the 

cells being too high to be adequately supported in the culture system. 
This will lead to differentiation (both ×4 magnifi cation.)       
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5.2                            Human Induced Pluripotent Stem Cells on Human Feeders 

a

c

b

  Fig. 5.22    ( a – c ) Colonies of human iPSCs on human feeders 24 h after manual passaging. The colonies are small, but the cells are compact (all 
×4 magnifi cation)       
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a b

  Fig. 5.23    Colonies of human iPSC on human feeders, passaged manually, shown 2 days after passaging ( a ) and 3 days after passaging ( b ). Again, 
the cells are compact (both ×4 magnifi cation)       

a b

  Fig. 5.24    ( a ) A culture 3 days after passaging. Note that defi ned 
geometric (sculptured) edges are forming ( white arrow ). This type of 
colony morphology is often seen early with manually passaged cells. 
( b ) This 5-day-old large colony also shows the sculptured edges typical 
of manual passaging. Note the brown areas inside the colony 

( white arrows ). These areas are not due to overcrowding but rather are 
often seen when feeder cells are carried over from the manual dissec-
tion of the colony and remain adhered to the hESCs. This colony is 
ready to be passaged (both ×4 magnifi cation)       
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a b

  Fig. 5.25    ( a ) A colony in which feeder cells have been carried over 
( white arrow ), similar to Fig.  5.24b . The general quality of this colony 
is good. ( b ) Two manually passaged colonies on Day 5. These colonies 

have well-defi ned edges and have almost fully compacted. An area of 
differentiation is present ( white oval ). These colonies are ready to be 
manually passaged (both ×4 magnifi cation)       

a b

  Fig. 5.26    ( a ,  b ) Colonies 8 days after passage. On both images, note the 
quality of the feeders, which are degenerating. These colonies should 
have been passaged earlier, but they still can be passaged if more optimal 

cultures are not available. This would not be the case for cells grown 
feeder-free; such cells from older colonies tend to detach from the plates 
once they are past their prime condition (both ×4 magnifi cation)       
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a b

  Fig. 5.27    ( a ) Colonies at the edges of the cell culture dish. Very good 
colonies often can be seen growing towards the edges of a cell culture 
dish and should be sought if colonies are not found in the middle portion 

of the dish. ( b ) This image shows human feeders onto which enzymati-
cally treated iPSCs were passaged 24 h earlier. Small colonies ( white 
arrows ) can be seen growing on the feeders (both ×4 magnifi cation)       

a b

  Fig. 5.28    ( a ) Emergence of colonies ( white arrows ) on human feeders 
24 h after enzymatic passaging. ( b ) A colony of iPSCs in the same well 
as ( a ), 2 days after enzymatic treatment ( white arrow ). Note the density 

of the feeders. Human fi broblasts tend to be more resistant than mouse 
feeders to inactivation by mitomycin C, so human feeder density often 
increases with time (both ×4 magnifi cation)       
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1

2

a b

  Fig. 5.29    ( a ) A compacting colony of iPSCs, 3 days after enzymatic 
passage onto human feeders. Note the differentiated colony ( white 
arrow ), with cells that are large and morphologically different from 

those seen in the iPSC colony. ( b ) A culture after 4 days. Colony  1  has 
compacted, and colony  2  is starting to compact (both ×4 
magnifi cation)       

  Fig. 5.30    The 5-day-old iPSC colony in this image is towards the edge 
of the six-well plate. It is compacted and undifferentiated, and is ready 
to passage enzymatically onto fresh human feeders (×4 magnifi cation)       
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1

2

a b

  Fig. 5.31    ( a ) These    iPSC colonies are 5 days old. They have been pas-
saged enzymatically. The cells in colony  1  are undifferentiated and com-
pacted, whereas those in colony  2  are stretched in the centre and poised to 
differentiate, and there are signs of differentiation around the edges of the 
colony. Two colonies have fully differentiated; these can be distinguished 
by their changed morphology ( white arrows ). ( b ) A number of compacted, 
undifferentiated, 10-day-old iPSC colonies on human feeders have fused 

together, and the cells are beginning to pile up on one another. This piling 
will promote differentiation and should be removed before enzymatic pas-
saging. A differentiated colony ( red arrow ) on the edge of the fused colo-
nies also should be removed prior to passaging. The occurrence of fused 
colonies in the centre of the plate is often due to a failure to distribute the 
dissociated cells properly after passaging, resulting in the pooling of cells 
in the centre of the six-well plate ( white arrows ) (both ×4 magnifi cation)       

a b

  Fig. 5.32    ( a ) Two enzymatically passaged iPSC colonies that are 7 
days old. Where the cells have piled up, areas of differentiation are seen 
( white arrows ). It is also hard to distinguish human feeders from dif-
ferentiated elements in some areas of the culture ( black oval ). ( b ) These 
enzymatically treated iPSC have been growing on human feeders for 10 

days. The culture is very overgrown. Colonies have fused and cells have 
piled up along the borders of the colonies and within the colonies, pro-
moting differentiation. Areas of undifferentiated cells remain scattered 
throughout the culture, however (both ×4 magnifi cation)       
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a b

  Fig. 5.33    ( a ) The colonies of iPSCs in this image are 3 days old ( white 
arrows ). Although the colonies are small, areas of cells piling up can be 
observed, and the colonies will begin to differentiate within a couple of 

days. ( b ) These 4-day-old iPSCs ( white arrows ) have differentiated 
after being passaged onto a lower density of human feeders than nor-
mally used to maintain them (both ×4 magnifi cation)       

a b

  Fig. 5.34    ( a ) Two 3-day-old iPSC colonies growing on human feeders 
produced from a human embryonic fi broblast line. ( b ) This iPSC col-
ony is from a manually passaged culture and shows a piling up of cells 

due to the carryover of feeders. The colony is disorganised, has started 
to differentiate along the edges and displays stretched cells that are 
poised to differentiate (both ×4 magnifi cation)       
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a b

  Fig. 5.35    ( a ) Enzymatically treated iPSCs that have been growing on 
human feeders for 5 days and have differentiated ( white arrows ). Note 
the morphology of the cells in this differentiated colony: they are large 
cells and no longer display large nucleoli. ( b ) This 4-day-old, enzymati-

cally passaged colony is also differentiated ( white arrow ). Again, note 
how the morphology differs from the undifferentiated iPSCs (both ×4 
magnifi cation)       

a b

  Fig. 5.36    ( a ,  b ) These    two images show enzymatically treated iPSC colo-
nies grown for 18 days on human feeders. Unlike similar colonies grown 
feeder-free, which tend to lift off the cell culture dish when left in culture 
after they have reached confl uency, these cells grown on human feeders 

will stay attached to the feeders, maintaining the shape of the colony, with 
well-defi ned edges. However, these colonies can be seen to have differen-
tiated, and areas of cells have become apoptotic ( white arrows ). If pas-
saged onto fresh feeders, they will fail to adhere (both ×4 magnifi cation)       
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a b

  Fig. 5.37    Challenge: what can you say about this fi gures ( a ) and ( b )? See page 199 for answer       
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a

c

b

  Fig. 5.38    Challenge   : what can you say about fi gures ( a ), ( b ) and ( c )? See page 199 for answer       
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  Fig. 5.39    Challenge: what can you say about this fi gure? See page 199 
for answer       

a b

  Fig. 5.40    Challenge: what can you say about fi gures ( a ) and ( b )? See page 199 for answer       
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                   As stated in Chap.   2    , the use of inactivated fi broblasts as 
feeders for the derivation, expansion and maintenance of 
pluripotent stem cells (PSCs) is still the predominant method 
used in most laboratories. PSCs hold great promise for clini-
cal utility in the fi eld of regenerative medicine and are useful 
tools in areas such as toxicology and the development of dis-
ease models. However, these applications require defi ned 
and refi ned culture systems, which are essential to ensure 
that processes and assay systems are reliable, reproducible, 
robust, effi cacious and safe. A feeder-free system also facili-
tates activities such as the scale-up of processes and high-
throughput screening. In the clinical setting, the ultimate 
goal is to produce a culture system that is xeno-free (free of 
animal products), in which the culture medium is chemically 
defi ned and the cell culture substrate is a defi ned synthetic 
matrix. Amongst the advantages of defi ned xeno- free culture 
systems is the amelioration of intrinsic batch-to- batch varia-
tion introduced into the system via the use of biological 
products, as well as a reduction in the risk of contamination 
with viruses associated with animal products. 

 Cell culture systems have been evolving to satisfy the 
needs and requirements of the scientifi c and clinical com-
munities. Feeder-free systems are generally more expensive 
than the feeder-based systems, but this cost must be weighed 
against the purpose and utilisation of the culture system and 
should not compromise the quality or function of the cells 
grown in the culture system. A number of different culture 
systems are currently available. Some systems combine an 
undefi ned biological matrix, such as Matrigel™, with an 
undefi ned conditioned medium or defi ned culture medium. 
Other systems combine defi ned matrices such as fi bronectin, 
vitronectin or laminin (in either a native or recombinant 
form) with defi ned or undefi ned media. Recently, synthetic 
coatings comprising polymers or other engineered  substrates, 
usually presented on plastic surfaces, have been used with 
defi ned media. 

 As will be discussed in Chap.   10    , when moving from one 
type of culture system to another, the cells need to be adapted. 
Briefl y, this adaptation process will vary from cell line to cell 
line, and the change in colony morphology is a key indicator 
in the assessment of this adaptation process. This process 
may take a number of passages before the cells settle down 
to produce a morphology indicative of an optimised culture 
system, and as part of this adaptation process, a number of 
parameters must be addressed, including the method of pas-
saging and the time between passages. 

 In feeder-free systems, defi ned media may vary in their 
composition and concentration of components such as 
growth factors and chemicals, and these changes will have 
a profound effect on the maintenance of a cell line. In gen-
eral, commercial suppliers will have optimised media to be 
used in conjunction with defi ned substrates and enzymes, 
in order to maximise the performance of a system. 
Nevertheless, it should be stressed that changes in the 
parameters of a cell culture system must be assessed on a 
cell line-by-cell line basis. 

 The images in this chapter look at a number of PSC lines 
that have been adapted from feeder-based to feeder-free cul-
ture systems. It is easier to see the evolution and morphology 
of the colonies in feeder-free systems than in feeder-based 
systems, in which the feeders can interfere with the observa-
tion and assessment of the status of the colonies. In the 
feeder-free systems, colonies often appear larger and looser 
than in the presence of feeders, but as with the colonies in 
feeder-based systems, as the cells in the colonies divide, the 
individual cells compact and produce the typical PSC colony 
morphology (Figs.  6.1 ,  6.2 ,  6.3 ,  6.4 ,  6.5 ,  6.6 ,  6.7 ,  6.8 ,  6.9 , 
 6.10 ,  6.11 ,  6.12 ,  6.13 ,  6.14 ,  6.15 ,  6.16  and  6.17 ). These 
images showing two individual cell lines that have been 
adapted and grown for 20 passages on commercially avail-
able STEMPRO™ hESC SFM a fully-defi ned feeder free 
medium.

      Pluripotent Cell Lines Grown 
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  Fig. 6.1    Very good feeder-free culture of a human embryonic stem cell 
(hESC) line. Small and large colonies merge, and cells within the col-
ony are compacted and roundish in shape, with large nuclei, notable 
nucleoli and spaces between cells on the edges (×4 magnifi cation)       

a b

  Fig. 6.2    ( a ) Undifferentiated cells at the edge of a colony with spaces between the cells. ( b ) Typical morphology of good-quality, undifferentiated stem 
cells within the centre of the same colony. Cells are overcompacted ( inside black circle ). This culture is ready for passage (both ×10 magnifi cation)       
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aaa bbb

c

  Fig. 6.3    Good-quality, undifferentiated cells on the edge of a colony ( a ) and in the middle of the colony ( b ,  c ) ( a ,  b , ×10 magnifi cation;  c , ×20)       

a b

  Fig. 6.4    ( a ) Two large colonies composed of compact cells, which are merging. The colony is ready to be passaged. ( b ) A compacted, undiffer-
entiated colony ( a , ×10 magnifi cation;  b , ×20)       
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a b

c

  Fig. 6.5    ( a – c ) Another example of good-quality pluripotent stem cells 
(PSCs) in a feeder-free culture system. Comparing the brightfi eld and 
darkfi eld images ( a   vs   c ) makes it easy to see the overcompacted cells 
and multiple layers of cells in the centre of this colony, where 

 differentiation will start to appear, probably within 24 h. Than the rest 
of the colony. This culture is ready to passage ( a , ×10 magnifi cation; 
 b , ×20;  c , darkfi eld image, ×10)       

a b

  Fig. 6.6    ( a ) Anothe   r example of a good-quality, feeder-free culture. 
The centres of these colonies have overcompacted and look whiter than 
the rest of the colonies in this darkfi eld image because of the increased 

thickness as the cells start to multilayer. ( b ) In this image, the 
 overcompacted centre of the colony ( black arrows ) can be observed 
( a , ×4  magnifi cation;  b , ×10)       
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  Fig. 6.7    ( a ,  b ) Images showing the size of clumps produced for passaging following mechanical scraping. The clumps are never uniform or simi-
lar in size. Avoid passaging very large or very small clumps, as these are prone to differentiate following attachment ( a , ×4 magnifi cation;  b , ×10)       

a b

  Fig. 6.8    Colonies    of cells 24 h after passaging. The day after passaging, 
stem cells never look good, whether in feeder or feeder-free systems. 
( a ) A big clump of cells has attached, but a smaller one ( white arrow ) 

has not attached and is fl oating. ( b ) Sometimes part of an attached clump 
resembles a sphere or an embryoid body ( black arrow ), but with time, 
they may spread and form very good colonies (both ×10 magnifi cation)       
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a bbb

  Fig. 6.9    ( a ,  b ) Examples of very good feeder-free cultures, 24 h after passaging. The colonies are small, and after adhesion have spread out (both 
×10 magnifi cation)       

a b

  Fig. 6.10    ( a ) Two    small, compacted colonies are merging in the bot-
tom of this image. One group of cells has not compacted ( black arrows ) 
but in time will form a good, compacted colony. This non-compact 
colony would never survive on feeders because the cells are far away 

from each other and would differentiate almost immediately, but a 
good-quality matrix will keep these spread colonies in an undifferenti-
ated state. ( b ) Two colonies: one compacted ( on the left ) and one yet to 
compact ( on the right ) (both ×10 magnifi cation)       
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c

  Fig. 6.11    A sequence of images: clumps after mechanical scraping and passaging ( a ), 24 h after passaging ( b ), and 48 h after passaging ( c ) ( a ,  b , 
×4 magnifi cation;  c , ×10)       

a b

  Fig. 6.12    Cells 24 h after passaging. Cells are growing on top of each other in a small colony ( a ) and in the centre of the colony ( b ). After 24 or 
48 h, they will spread and form good colonies (both ×10 magnifi cation)       
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a b

  Fig. 6.13    ( a ,  b ) Images    of the same colony showing an overcompacted area in the centre of the colony ( black circle  and  black arrows ) (both ×10 
magnifi cation)       

a b

c

  Fig. 6.14    ( a ,  b ) Areas    in colonies demonstrating cells assembled into 
rosette-like structures ( black arrows ). ( c ) A slightly older colony exhib-
iting cells of different shapes: some are becoming apoptotic and 

 popping out from the colony ( white arrows ), and others have developed 
lipid structures inside of cytoplasm ( black arrows ). These differences in 
morphology indicate cell stress (all ×20 magnifi cation)       
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a

c

b

  Fig. 6.15    ( a ) A small colony in which the cells are beginning to compact in the centre. ( b ) A colony in which the cells are not yet compacted and 
are actively proliferating. ( c ) An old colony with differentiated cells in the centre and on the edges ( white arrows ) (all ×10 magnifi cation)       

a b

  Fig. 6.16    ( a ,  b ) These images show a relatively good feeder-free culture. However, the colony has areas where the cells are overgrown and over-
compacted. It would have been advisable to passage the cells 24 h before this image was captured (both ×10 magnifi cation)       
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  Fig. 6.17    ( a ) Part of a colony where cells are growing on top of each 
other ( black arrows ) but are still undifferentiated. This colony could be 
manually passaged by cutting the colony into small pieces and passag-
ing the pieces onto a fresh matrix. ( b ) An example of a good,  compacted 

colony, which should be passaged. If it is left for another 24 h, the part 
of the colony where cells are larger and more fl attened ( white arrows ) 
would be prone to differentiation (both ×10 magnifi cation)       
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                   The chapter also includes a number of images (Figs.  6.18 , 
 6.19 ,  6.20  and  6.21 ) from an adapted “diffi cult-to-grow” cell line. 
In all cases, if the colonies are overconfl uent or  overcompacted, 

they will differentiate spontaneously into rosette- like structures. 
Obviously, the particular cell line shown in these images is very 
easy to direct into different neural cell types.

a b

  Fig. 6.18    ( a ) A large, overcompacted colony with slight differentiation in 
the right-hand corner ( black arrow ). The centre of this colony shows cells 
of an unidentifi able morphology, which might be neuronal  progenitors 

( white arrows ). ( b ) The centre of this colony is differentiated ( white 
arrows ). The cells around the edges of the colony are stem cells, differenti-
ated into epithelial-like cells ( black arrows ) (both ×10 magnifi cation)       

a bbb

  Fig. 6.19    ( a ) An old, overcompacted colony with cells beginning to differentiate on the right-hand side of the image ( black oval ). ( b ) Another old, 
overcompacted colony with differentiation beginning in the centre ( black circles ) (both ×10 magnifi cation)       
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a bbb

  Fig. 6.20    ( a ) Typical morphology of spontaneous differentiation of a 
“diffi cult” cell line, with a “bumpy” mixture of monolayer and multi-
layer cells. ( b ) An overgrown colony with many neuronal rosettes 

( black arrows ) and a monolayer area of neuronal progenitors ( white 
arrows ) (both ×10 magnifi cation)       

aaa

c

bbb

  Fig. 6.21    ( a – c ) During the fi rst few passages of adaptation from one cell 
culture system to another, cells usually do not form round colonies (as shown 
on  b ). Many fl oating, apoptotic cells ( white arrows  on  a ,  b ) can be seen. With 
an “easy” cell line, it can take no more than three to fi ve passages to adapt to 
the new culture system. A cell line that is not easy to culture requires more 

care, and adaptation can be cell line specifi c, involving very careful observa-
tion of the morphology and rate of growth of the cells, adapting the passaging 
regimen accordingly.  c  shows good-quality morphology around the edge of 
the colony, with a typical stem cell morphology having large nuclei and 
spaces between the cells ( a , ×10 magnifi cation;  b , ×4;  c , ×20)       
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      Another set of images (Figs.  6.22 ,  6.23 ,  6.24 ,  6.25 ,  6.26 , 
 6.27 ,  6.28 ,  6.29 ,  6.30 ,  6.31 ,  6.32 ,  6.33  and  6.34 ), comprising a 
collection of six individual cell lines, demonstrates the  different 
morphologies of hESCs and iPSCs that have been adapted 
from a feeder-based system to a feeder-free system and grown 
for three passages feeder free on different matrices in three dif-
ferent types of commercially available feeder-free culture 

media. As the growth characteristics are specifi c to each cell 
line, only general comments can be made about the status of 
the cells when using morphology alone. Two of the cell lines 
tested failed to survive in one feeder-free combination of matrix 
and medium. The hESC and iPSC lines grown on Matrigel™ 
in mTeSR™1 have been used as the control system to compare 
with the morphologies of the cells grown in the test media.

a b

  Fig. 6.22    These hESC lines were grown on Matrigel™ for 5 days in 
mTeSR™1. The cells have undergone three passages after transition 
from human feeder–dependent growth. ( a ) Cell line 1: The colony in 
this image exhibits a good morphology, with compact cells. The centre 
is beginning to overcompact. It would be advisable to passage the cells 

at this stage, as areas of differentiation will start to arise within the 
colony within 24 h. ( b ) Cell line 2: This colony also displays very good 
morphology, but from the shape of the colony, it appears that a large 
colony and a small colony have fused together ( black arrow ) (both ×4 
magnifi cation)       

a b

  Fig. 6.23    These hESC lines were grown on Matrigel™ for 5 days in 
mTeSR™1. The cells have undergone three passages after transition 
from human feeder-dependent growth. ( a ) Cell line 3: The colony in 
this image exhibits a good morphology, with compact cells. As in 

Fig.  6.22a , the centre of the colony is beginning to overcompact, and as 
in Fig.  6.22b , it appears that two colonies have merged ( black arrow ). 
( b ) Cell line 4: The colony in this image exhibits a good morphology, 
with compact cells (both ×4 magnifi cation)       
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a b

  Fig. 6.24    These hESC lines were grown on Matrigel™ for 5 days in 
mTeSR™1. The cells have undergone three passages after transition 
from human feeder–dependent growth. ( a ) Cell line 5: The colony in 
this image exhibits a good morphology, with compact cells. The edges 

of the colony are slightly spiky, and the colonies appear to be smaller 
than those of the cell lines in the two previous fi gures, possibly indicat-
ing a slower proliferation rate for this line. ( b ) Cell line 6: good colony 
morphology, with compact cells (both ×4 magnifi cation)       

a b

  Fig. 6.25    These hESC lines were grown on a specially coated, com-
mercially available matrix for 5 days in mTeSR™1. The cells have 
undergone three passages after transition from human feeder–depen-
dent growth. ( a ) Cell line 1: colonies are of good morphological quality, 
although some areas of differentiation are seen ( white arrow ). The 

 colonies for this cell line appear smaller than their equivalent on 
Matrigel™. ( b ) Cell line 2: the colonies show a good morphology, but 
areas of differentiation can be seen both within the colony and around 
the edges ( white arrows ) (both ×4 magnifi cation)       
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a b

  Fig. 6.26    These hESC lines were grown on a specially coated, com-
mercially available matrix for 5 days in mTeSR™1. The cells have 
undergone three passages after transition from human feeder–depen-
dent growth. ( a ) Cell line 3: the colony in this image exhibits a good 

morphology, with compact cells. ( b ) Cell line 4: the colony in this 
image exhibits a good morphology, but differentiated colonies are also 
observed in the culture dish ( white arrows ) (both ×4 magnifi cation)       

a b

  Fig. 6.27    These hESC lines were grown on a specially coated, com-
mercially available matrix for 5 days in mTeSR™1. The cells have 
undergone three passages after transition from human feeder–depen-
dent growth. ( a ) Cell line 5: although there is a discrete colony 

 exhibiting a good morphology with compact uniform cells, numerous 
areas of differentiation are evident. ( b ) Cell line 6: the colonies, though 
small, display a compact, well-defi ned morphology. Very little differen-
tiation is observed (both ×4 magnifi cation)       
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a b

  Fig. 6.28    These hESC lines were grown on a specially coated com-
mercially available matrix for 5 days in a commercial medium 1. The 
cells have undergone three passages after transition from human feeder-
dependent growth. ( a ) Cell line 1: the morphology is far from ideal. The 

colonies display large areas of differentiation, although undifferentiated 
colonies are also evident. ( b ) Cell line 2: the cells in the culture system 
are sparse and dispersed. The colonies show a loose aggregation of 
cells, which could compact or differentiate (both ×4 magnifi cation)       

a b

  Fig. 6.29    These hESC lines were grown on a specially coated com-
mercially available matrix for 5 days in a commercial medium 1. The 
cells have undergone three passages after transition from human 
feeder–dependent growth. ( a ) Cell line 3: colonies in this culture  system 

are large and compact, but loose, differentiated colonies are also 
present. ( b ) Cell line 4: this cell line produces sparse, small, compact 
colonies with no areas of differentiation demonstrated (both ×4 
magnifi cation)       
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a b

  Fig. 6.30    These hESC lines were grown on a specially coated com-
mercially available matrix for 5 days in a commercial medium 2. The 
cells have undergone three passages after transition from human 
feeder–dependent growth. ( a ) Cell line 1: colonies are large and com-
pacted, with larger, less-compacted cells around the edges of the 

 colonies ( black arrow ). The colonies also appear thin and fragile; they 
must be handled with care when changing media, as these colonies dis-
integrate easily. There is evidence of differentiation ( white arrow ). ( b ) 
Cell line 2: compacted colony with no differentiation but many fl oating 
apoptotic cells in the culture (both ×4 magnifi cation)       

a b

  Fig. 6.31    These hESC lines were grown on a specially coated com-
mercially available matrix for 5 days in a commercial medium 2. The 
cells have undergone three passages after transition from human feeder-
dependent growth. ( a ) Cell line 3: the colonies comprise compacted 

cells with areas of differentiation outside their perimeters ( white arrow ). 
The colonies are thin and fragile. ( b ) Cell line 4: in this culture system, 
the colonies are small, sparse and loose; they do not compact (both ×4 
magnifi cation)       
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a b

  Fig. 6.32    These hESC lines were grown on a specially coated com-
mercially available matrix for 5 days in a commercial medium 2. The 
cells have undergone three passages after transition from human 
feeder–dependent growth. ( a ) Cell line 5: colonies of compacted cells 
with differentiation around the edges of the colony. The colonies appear 

thin and fragile, and areas within them contain apoptotic cells. ( b ) Cell 
line 6: this colony of compacted cells shows differentiation around its 
perimeter. Again, the colonies in this culture system appear thin and 
fragile (both ×4 magnifi cation)       

a b

  Fig. 6.33    Images of hiPSC lines grown on Matrigel™ in mTeSR™1. 
( a ) On Day 3 post-passaging, the colonies are loose. ( b ) On Day 5 post- 
passaging, the colonies have compacted and display a good  morphology. 

They are ready to passage and will overcompact if left for a further 24 h 
(both ×4 magnifi cation)       
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a b

  Fig. 6.34    Images of hiPSC lines grown on Matrigel™ in another com-
mercial medium. ( a ) On Day 3 post-passaging, the colonies are loose 
and have not started to compact. ( b ) On Day 5 post-passaging, the colo-

nies have compacted and display a good morphology with well-defi ned 
borders. These colonies are ready to passage and will overcompact if 
left for a further 24 h (both ×4 magnifi cation)       
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               The growth of PSCs in feeder-free systems brings with it 
many advantages, not least the removal of the lengthy pro-
cess of fi broblast and feeder preparation and all the steps 
required in their quality control. Movement to feeder-free 
systems is becoming more common. From the point of view 
of clinical translation and other PSC modelling and testing 
applications, well-defi ned systems are a necessity, but these 
systems should be fi t for purpose and require optimisation 
cell line by cell line.    
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                   The maintenance and expansion of undifferentiated pluripotent 
stem cells (PSCs) in cell culture systems requires the dissocia-
tion of cells and their transfer from culture vessel to culture 
vessel, in a process known as passaging. This chapter includes 
images acquired from different techniques used to passage 
PSCs. It is important to minimise the stress to the cells caused 
by the passaging activity, as this process can promote apopto-
sis, spontaneous differentiation and culture adaptation. Culture 
adaptation through selective pressure of cells in culture results 
in genetically abnormal karyotypes (Chap.   10    ). 

 In feeder-based culture systems, the method of choice is 
mechanical passaging, in which colonies displaying an opti-
mal undifferentiated morphology are dissected under the 
microscope and the pieces are then transferred onto fresh 
feeder layers. This method is reported to maintain the genetic 
integrity of the cells over an extensive number of serial 
passages. However, this method is very time-consuming, 

 especially when culturing large numbers of cells. Mechanical 
passaging can be combined with a mild enzymatic treat-
ment, utilising enzymes such as collagenase IV, dispase and 
dilute trypsin, which aid in the detachment of the cells and 
result in the production of clumps of cells, which can then be 
transferred to cultures of fresh feeders. Again, this method is 
able to maintain the genetic stability of the cells over time. 
A number of laboratories have reported the use of enzymatic 
treatment alone to generate single cells that maintain a nor-
mal karyotype over a large number of passages in feeder- 
based systems, facilitating the expansion and bulking up of 
cells for processing purposes. It has been suggested that for 
feeder-based systems, a combination of manual passaging 
with a limited period of enzymatic passaging might be the 
optimum method to use to maintain the genetic stability of 
the PSCs over time (Figs.  7.1 ,  7.2 ,  7.3 ,  7.4 ,  7.5 ,  7.6 ,  7.7 ,  7.8 , 
 7.9 ,  7.10 ,  7.11 ,  7.12  and  7.13 ).
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a b

  Fig. 7.1    ( a ,  b ) Traditional method of passaging human embryonic 
stem cell (hESC) colonies using collagenase type IV. In many proto-
cols, hESCs are incubated for up to 30 min with collagenase. The 
authors normally incubate for about 5 min, to ease detachment of hESC 

colonies from feeder cells. In the case shown, the edges of the colonies 
curl up ( white arrows ). Not all thin monolayer colonies curl up ( black 
arrow  on  b ) (both ×10 magnifi cation)       

a b

  Fig. 7.2    ( a ,  b ) Following collagenase treatment, both colonies are starting to curl up ( white arrows ) (both ×10 magnifi cation)       
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a b

  Fig. 7.3    ( a ,  b ) In both pictures, only the undifferentiated colonies are 
curled up along their edges, indicating detachment from the feeder 
layer of the cells ( white arrows ). The differentiated part of the colony is 

not curled up in  a , and neither is the small differentiated colony in 
 b  ( black arrows ) (both ×4 magnifi cation)       

a b

  Fig. 7.4    ( a ,  b ) Mechanical cutting of colonies by hand. The images show the clumps or groups of cells produced following the combination of 
collagenase and mechanical scraping. These clumps vary in size ( a , ×4 magnifi cation;  b , ×10)       
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a b

  Fig. 7.5     ( a, b ) Mechanical    cutting of colonies by hand. Some clumps are too large to settle down, attach to the feeders, spread out and form a 
colony with a good morphology. Judging clump size is subjective and comes with experience (×10 magnifi cation)       

a b

  Fig. 7.6    ( a ) Single stem cells after enzymatic treatment. In this image, 
many single cells can be observed, but some of the clumps are still in 
small groups or clumps of three to four attached cells ( black arrows ). 
These small clumps normally give rise to good colonies. ( b ) The hESCs 

in this image are not optimal. Many of the cells are apoptotic ( black 
arrows ). Only a few are good; these can be observed as round, refractile 
cells with a visible nucleus ( purple arrows ) ( a , ×4 magnifi cation;  b , ×20)       
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a b

  Fig. 7.7    ( a ) Cells treated enzymatically for 3 min to form small clus-
ters of cells for passaging. With this particular enzyme, these clusters of 
10–30 cells produce undifferentiated colonies of hPSCs when trans-
ferred to Matrigel™ or human or mouse feeders. If the cells are left in 
the presence of the enzyme for more than 5 min, mostly a high 

 percentage of single cells are produced, and the colonies tend to dif-
ferentiate spontaneously when passaged onto Matrigel™, although in 
co-culture with feeders, undifferentiated colonies can be produced from 
these single cells ( a , ×10 magnifi cation;  b , ×4)       

a b

  Fig. 7.8    ( a ) A brightfi eld phase contrast image showing a good-quality 
culture with exemplary morphology. Only one colony ( white arrow ) is 
potentially of less than optimal quality; this colony is multilayered, 
with cells lined up along the edges, and it displays an irregular shape, 
indicating that it is probably starting to differentiate ( see  Fig.  7.9 ). ( b ) 
A dark-phase contrast version of the image in ( a ). In general, the dark-
phase contrast option is always used for mechanical passaging, as it 

gives an indication of the quality of the cells in the culture. Analysis 
confi rms that the single multilayered colony with cells lined up along 
the edge and an irregular shape looks white under the microscope  
( white arrows ), whereas all the other colonies look opaque. It is much 
easier to recognise the beginning of differentiation or extensive differ-
entiation under dark-phase microscopy (both ×4 magnifi cation)       
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a b

2

3

1

  Fig. 7.9    ( a ) Image analysis of colony morphology using brightfi eld 
phase contrast reveals the following colony types ( 1 ) a good, undifferenti-
ated colony; ( 2 ) a colony that is slightly uneven and bumpy in the centre, 
suggesting that it will have differentiated in 2 or 3 days and ( 3 ) a multi-
layered colony, of which the bottom half may still be undifferentiated. 

The  other half of the colony ( white arrow ) has spontaneously differenti-
ated. ( b ) Dark-phase contrast images of the same colonies reveal that the 
third colony is multilayered and dense in the middle, with no smooth 
edges on the right-hand side. This appearance usually indicates spontane-
ous differentiation (both ×4 magnifi cation)       

  Fig. 7.10    An image analysis of a group of colonies reveals 
the following: The top colony displays areas of differentia-
tion ( white arrow ) and edges that are not smooth; there is a 
skirt around the colony ( black arrows ). The middle colony is 
multi-layered in the centre ( white arrow ) and is probably dif-
ferentiated around the edges ( black arrow ); it is not easy to 
distinguish this characteristic under the dissecting micro-
scope. The bottom colony displays an area of differentiation 
in its centre ( white arrows ) and spontaneous differentiation 
around its perimeter ( black arrows ); the rest of this colony is 
undifferentiated (×4 magnifi cation)       
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  Fig. 7.11    Challenge: What can you say about this fi gure? See page 199 
for answer       

  Fig. 7.12    Challenge: What can you say about this fi gure? See page 199 
for answer       
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a b

  Fig. 7.13    Challenge: What can you say about this fi gures ( a ) and ( b )? See page 199 for answer       
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               In feeder-free culture systems, in which biological or syn-
thetic matrices are combined with PSCs, the use of enzymes 
to produce clumps or single cells is much more common. 
These systems allow for ease of expansion of the PSCs, but 
the production of single cells for passaging in these culture 
systems has been reported to result in decreased cell survival 
and increased genetic instability in cultures. 

 As we move to the development of PSCs for cellular thera-
pies, it is imperative that we establish robust, reliable, repro-
ducible methods to expand cells undifferentiated in defi ned 
culture systems, whilst maintaining their optimal phenotypic, 
genotypic and functional characteristics. New, non-manual 
enzyme-free chemical cell dissociation technologies are 
being described that could have an impact on the high-
throughput production of PSCs. These technologies may 
solve the problems posed by earlier passaging techniques and 
ameliorate a number of issues and concerns relating to the 
cell-therapy regulatory and manufacturing landscape.    
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                   This chapter illustrates the patterns observed  in situ  in popula-
tions of pluripotent stem cells (PSCs) when they are stained 
with fl uorescently tagged antibodies to detect antigens 
expressed on the cell surface or within the cells, thereby identi-
fying a specifi c molecular marker. These patterns make it pos-
sible to judge the homogeneity of a population of cells. A core 
set of antibodies are used to determine the undifferentiated sta-
tus of a PSC line. These include: The stage-specifi c embryonic 
antigens SSEA-1, SSEA-3, SSEA-4, the Trafalgar antigens 
TRA-1-60, and TRA-1-81 and Oct-4 (octamer-binding tran-
scription factor 4). It is prudent to align the  morphology of the 
colony with the staining pattern to demonstrate concordance. 

 The antibodies can be conjugated to a variety of different 
fl uorochromes, enabling a number of molecular markers to 
be analysed simultaneously if required. Fluorescent dyes, 
such as DAPI (4′,6-diamidino-2-phenylindole), can also be 
used in this type of analysis. DAPI binds strongly to double- 
stranded DNA, producing a blue stain when viewed under a 
fl uorescent microscope with the appropriate fi lter set. As a 
nuclear stain, DAPI can identify individual cells and is used 
in conjunction with the molecular marker-specifi c stains 
(Figs.  8.1 ,  8.2 ,  8.3 ,  8.4 ,  8.5 ,  8.6 ,  8.7 ,  8.8 ,  8.9 ,  8.10 ,  8.11 , 
 8.12 ,  8.13  and  8.14 ).
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a b

  Fig. 8.1    A well-formed, compacted colony with defi ned borders. This 
colony shows the typical morphology of undifferentiated cells. ( a ) 
Image taken under phase contrast. ( b ) Staining with TRA-1-60, an 

 antibody that recognises an epitope that is present on undifferentiated 
cells (both ×10 magnifi cation)       
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c d

b

  Fig. 8.2    An undifferentiated colony. ( a ) Under phase contrast micros-
copy. ( b ) TRA-1-81 staining alone. ( c ) TRA-1-81 merged with the 
nuclear stain, DAPI (4′,6-diamidino-2-phenylindole). ( d ) TRA-1-81 

merged with Oct-4. Antibodies TRA-1-81 and Oct-4 recognise epit-
opes present on undifferentiated cells (all ×10 magnifi cation)       
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b

  Fig. 8.3    Another example of a small, undifferentiated colony. ( a ) Under 
phase contrast microscopy. ( b ) TRA-1-60 alone. ( c ) TRA-1-60 merged 
with DAPI. This fi gure exhibits a good staining pattern: The feeders are 

negative ( white arrow ), and the nuclei of both the pluripotent stem cells 
(PSCs) and fi broblasts are stained with DAPI, whilst the TRA-1-60 stain-
ing pattern is evident on the cell surface (all ×10 magnifi cation)       
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c d

b

  Fig. 8.4    This Day 10 culture is considered old, past the prime time for 
passaging. ( a ) The colony has become multilayered, but it is still very 
much positive for TRA-1-60. ( b ) Note that the feeders are negative for 
TRA-1-60. Apoptotic cells present in the culture display non-specifi c 
fl uorescence ( white arrows in a and b ). A few cells are differentiating 
( red arrow in a and b ) and display a fainter TRA-1-60 staining pattern 
than their undifferentiated counterparts. ( c ) An overconfl uent, multi-

layered  colony with differentiation outside the colony. From the mor-
phology, this differentiation ( black arrows ) appears to be down the 
neural lineage. ( d ) SSEA-1 (stage-specifi c embryonic antigen 1) 
merged with DAPI stain. Only a few cells are stained with this marker. 
A positive SSEA-1 antibody stain is indicative of early differentiation, 
as this antibody recognises an epitope present on differentiating cells 
(all ×10 magnifi cation)       
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c

  Fig. 8.5    An undifferentiated colony. ( a ) Phase contrast. ( b ) Nuclei stained with DAPI. ( c ) TRA-1-81 staining alone (both ×20 magnifi cation)       
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  Fig. 8.6    ( a ) A small, undifferentiated colony growing on high-density 
feeders. These cells are stained with two markers that indicate that the 
cells are undifferentiated: Positive staining patterns can be seen for 

these antibodies in TRA-1-60 ( b ) and SSEA-3 ( c ). Apoptotic cells are 
present and display non-specifi c fl uorescence ( white arrows ) (all ×10 
magnifi cation)       
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  Fig. 8.7    ( a  and  c ) Undifferentiated colony of cells on mouse 
embryonic fi broblasts (MEFs). ( b  and  d ) The nuclei in these 
images are stained with DAPI. It is easy to recognise a good-
quality colony morphology just from the DAPI staining pat-
tern. In an undifferentiated colony, the nuclei are evenly 

spread, are close together, and are similar in size. The cells 
are also compacted. In the case of feeders, the nuclei are far 
away from each other and less round. They also appear in a 
less regular pattern (×20 magnifi cation)       
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  Fig. 8.8    ( a – c ) These images show live cells stained positive with the TRA-1-60 marker. The live stain intensity may vary depending on the light 
source (all ×10 magnifi cation)       
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  Fig. 8.9    ( a – d ) Day 10 colonies ( a ), This colony shows an 
area of differentiation in the middle, ( b ) stained negative 
with the marker TRA-1-60, indicating the undifferentiated 

state. This Day 10 colony ( c ) is still undifferentiated in the 
multi-layered centre and ( d ) stained negative with the early 
differentiation marker SSEA-1 (both ×20 magnifi cation)       
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  Fig. 8.10    A small, undifferentiated colony viewed under brightfi eld 
microscopy ( a ) and stained positive with another marker of the undif-
ferentiated state, SSEA-4 ( b ). Another compacted, undifferentiated 

colony is seen under phase contrast ( c ) and stained positive with TRA-
1-60 ( d ) (all ×10 magnifi cation)       
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  Fig. 8.11    A 14-day-old differentiated colony is seen under brightfi eld 
microscopy ( a ) and stained with DAPI ( b ) and SSEA-1 ( c ). Only the 
centre of the colony stains positive with SSEA-1, but it is also easy to 
recognise the differentiation in the middle of the colony from the DAPI 

staining pattern, which demonstrates that the nuclei are not evenly 
spread throughout the area, are not close together, are not of a similar 
size, and are not compacted. The SSEA-1 staining pattern supports this 
conclusion (all ×20 magnifi cation)       
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  Fig. 8.12    ( a ) This example of an overconfl uent, feeder-free, 
multilayered colony shows an area of differentiation ( white 
oval ) ( b ) stained positive with the SSEA-1 marker and ( c ) 
DAPI. Note that the nuclei stained with DAPI are very close 
together, owing to the multilayering of the cells. Interpreting 

the staining pattern with the SSEA-1 marker requires cau-
tion, as sometimes it appears in an unexpected part of the 
colony where the morphology of the cells is hard to distin-
guish (×10 magnifi cation)       
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  Fig. 8.13    ( a ) A good morphological example of a colony demonstrat-
ing undifferentiated and differentiated areas. There are Oct-4-positive 
cells within the partially differentiated colony. ( b ) In the centre of the 
colony, the cells are neural progenitors ( white arrow ); these stain nega-
tive for Oct-4. Outside the colony, there are cells that are differentiated 

into an unknown cell type ( yellow arrow ); these stain negative for Oct-
4. ( c ) Oct-4 is merged with DAPI, clearly revealing the pattern of 
Oct-4 staining. Note the faint Oct-4 staining pattern in an area of the 
colony undergoing early differentiation ( white arrow ) (all ×10 
magnifi cation)       
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  Fig. 8.14    Another example of cells with positive and negative Oct-4 staining within a 14-day-old colony that displays areas of differentiation. A 
( white arrows ) ( a ) Brightfi eld. ( b ) DAPI. ( c ) Oct-4. ( d ) DAPI and Oct-4 merged (all ×10 magnifi cation)       

 

8 Characteristic Staining Patterns of Undifferentiated and Differentiated Pluripotent Stem Cells



146

                Fluorescently tagged antibodies can also be used in fl ow 
cytometry to monitor subsets of cells, but this technique, 
although quantitative, gives no indication of the spatial 
expression of the antigens on the cells within a colony or in 

a monolayer of cells. Each germ layer and cell lineage can 
also be characterised by a number of specifi c molecular 
markers, so that differentiation status can be assigned when 
required (Figs.  8.15 ,  8.16  and  8.17 ).

  Fig. 8.15    Cells differentiating down the neural lineage, which show a 
positive antibody staining pattern for the early neural marker nestin 
(×10 magnifi cation)       
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  Fig. 8.16    Cells differentiating down the neural lineage. 
( a ) Nestin-positive cells within a rosette in the middle of the 
image ( c ) A brightfi eld image showing a typical neural 

rosette. ( b ) A merged brightfi eld and fl uorescent-stained 
image shows how the staining pattern coincides with the spe-
cifi c rosette morphology ( a ,  b ,  c ) ×10 magnifi cation)       

  Fig. 8.17    Neural cells stained positive with β3 tubulin, a neural cell 
marker specifi c for mature cells of the neural lineage (×20 
magnifi cation)       
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     The staining of cells in situ provides a rapid means to 
determine the quality of cells in culture, but unless live stain-
ing is coupled with aseptic technique, this technology is used 
as a surrogate assay to determine the status of the cell culture 
at a particular point in the in vitro processing.    
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                   Chapters   5     and   6     llooked at human induced pluripotent stem 
cell (hiPSC) lines growing in feeder-based and feeder-free 
systems. This chapter will review the derivation of hiPSCs 
using a non-viral delivery system. The various systems used 
to deliver the reprogramming factors, have pros and cons that 
must be taken into account when generating new iPSCs for 
specifi c purposes. Not all delivery systems work on all cell 
types. Some delivery systems have a residual effect on the 
host genome caused by the delivery system itself, as is the 
case for retroviral vectors. To date, the methods of choice are 
those that use agents that do not integrate into the host 
genome. These include Sendai viral vectors, episomal vec-
tors, protein transduction, and RNA-based transfection. 

 It is the RNA-based systems that are described and 
illustrated in this chapter via daily inspection of the mor-
phology of the cultures. Two systems are demonstrated; 
both produced reprogrammed cells. The fi rst system used 
messenger RNA alone and was feeder based (Figs.  9.1 , 
 9.2 ,  9.3 ,  9.4 ,  9.5 ,  9.6 ,  9.7 ,  9.8 ,  9.9 ,  9.10 ,  9.11 ,  9.12 ,  9.13 , 
 9.14 ,  9.15  and  9.16 ). This system requires the transfection 
of reprogramming factors daily for 17 days, with iPSCs 
being identifi ed from day 18. Figures  9.2 ,  9.3 ,  9.4 ,  9.5 ,  9.6 , 
 9.7 ,  9.8 ,  9.9 ,  9.10 ,  9.11 ,  9.12 ,  9.13 ,  9.14 ,  9.15  and  9.16  
show the daily morphology of the cells that are being 
reprogrammed.

      Derivation of Induced Pluripotent 
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a b

  Fig. 9.1    ( a ) Cells at the stage Day -1 in the transfection process. The 
cells shown are inactivated newbornforeskin fi broblasts (NuFF), onto 
which the actively growing target fi broblasts will be plated. Because the 
feeder cells are inactivated, they are refractory to the transfection pro-
cess, so only the actively dividing fi broblasts will take up the mRNA. 

( b ) These cells are the actively growing fi broblasts MRC- 7,the target 
cells to be reprogrammed—at Day -1 prior to passaging. The target 
cells need to be actively proliferating in order to optimise the transfec-
tion with mRNA and increase the reprogramming effi ciency ( a , ×4 
magnifi cation;  b , ×10)       

a

c

b

  Fig. 9.2    MRC-7 Fibroblasts seeded at a concentration of 5000 cells per well of a six-well plate undergoing reprogramming. ( a ) Day 0. ( b ) Day 1.
( c ) Day 2 (all ×10 magnifi cation)       
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  Fig. 9.3    The same fi broblasts. ( a ) Day 3. ( b ) Day 4. ( c ) Day 5 (all ×20 magnifi cation)       
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a b

  Fig. 9.4    The same fi broblasts. ( a ) Day 6. ( b ) Day 7. ( c ) Day 8 (all ×20 magnifi cation)       
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a b

  Fig. 9.5    MRC-7 fi broblasts being reprogrammed. ( a ) Day 9. ( b ) Day 10. ( c ) Day 11. On Day 11, note the area of overgrowth of cells in the culture 
( white oval ), indicating a potential reprogramming of cells in the culture (all ×4 magnifi cation)       

a b

  Fig. 9.6    MRC-7 fi broblasts seeded at a concentration of 5000 cells per 
well of a six-well plate and reprogrammed daily. ( a ) Day 12. ( b ) Day 13. 
As the days progress, the area of overgrowth is more evident and there is 
an indication of a change in morphology, from a fi broblast morphology 

to a disorganised patch of cells ( red arrows ). By day 13, it is obvious that 
the cells in the culture are too confl uent and would prevent the outgrowth 
of reprogrammed cells. The reprogrammed cells would be outgrown by 
the fi broblasts that had not been reprogrammed (all ×4 magnifi cation)       
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a b

  Fig. 9.7    On Day 14, the reprogrammed cells from two of the wells of 
the six-well plate were treated in two different ways and passaged onto 
fresh NuFF feeders. ( a ) The regions on the plate with morphological 
transformation of the fi broblasts were identifi ed under a dissecting 
microscope, and the cells were passaged manually by cutting. The frag-

ments were placed into a fresh NuFF feeder culture, to allow the repro-
grammed cells to expand. ( b ) The cells from the well were treated with 
TrypLE™ Express (Life Technologies) and passaged onto fresh NuFF 
feeders (all ×4 magnifi cation)       

a b

  Fig. 9.8    ( a ) Day 15 MRC-7 areas of reprogrammed cells showing morphological transformation cut onto fresh NuFF feeders 1 day after transfer. 
( b ) A higher magnifi cation shows an iPSC colony containing cells with nucleoli characteristic of undifferentiated stem cells. ( a , ×4 magnifi cation;  b , ×10)       
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  Fig. 9.9    Day 15 MRC-7 areas of reprogrammed cells showing morpho-
logical transformation following treatment with TrypLE™ Express and 
replated onto fresh NuFF feeders 1 day after transfer (×4 magnifi cation)       

a b

  Fig. 9.10    ( a ) Day 16 MRC-7 reprogrammed cells cut onto fresh NuFF feeders 2 days after transfer. ( b ) Day 16 MRC-7 reprogrammed cells 
treated with TrypLE™ Express and transferred onto fresh NuFF feeders 2 days after transfer ( a , ×4 magnifi cation;  b , ×10)       
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a b

  Fig. 9.11    ( a ) Day 17 MRC-7 reprogrammed cells cut onto fresh NuFF 
feeders 3 days after transfer. ( b ) Day 17 MRC-7 reprogrammed cells 
treated with TrypLE™ Express and transferred onto fresh NuFF feeders 

3 days after transfer. A small area of reprogrammed cells can be seen 
emerging from the fi broblasts ( black arrows ) (both ×4 magnifi cation)       

  Fig. 9.12    Day 18 MRC-7 reprogrammed cells cut onto fresh NuFF 
feeders 4 days after transfer (×4 magnifi cation)       
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a b

  Fig. 9.13    ( a ) Day 18 MRC-7 reprogrammed cells treated with 
TrypLE™ Express and transferred onto fresh NuFF feeders 4 days 
after transfer. A colony of reprogrammed cells can be seen growing 

( red arrow ). ( b ) The same image at a higher magnifi cation, with the 
colony of growing iPSCs ( red arrow ) ( a , ×4 magnifi cation;  b , ×10)       

a b

  Fig. 9.14    ( a ) Day 19 MRC-7 iPSC colonies cut onto fresh NuFF feed-
ers 5 days after transfer. ( b ) Day 19 MRC-7 iPSC colonies treated with 
TrypLE™ Express and transferred onto fresh NuFF feeders 5 days after 

transfer. A small colony of cells is growing among the fi broblasts ( black 
arrow ) ( a , ×10 magnifi cation;  b , ×4)       
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a b

  Fig. 9.15    ( a ) Day 20 MRC-7 iPSC colonies treated with TrypLE™ Express and transferred onto fresh NuFF feeders 6 days after transfer. ( b ) Day 
23 MRC-7 iPSC colonies cut onto fresh NuFF feeders 5 days after transfer (both ×4 magnifi cation)       

a b

  Fig. 9.16    ( a ) Day 27 MRC-7 iPSC colonies treated with TrypLE™ 
Express and transferred onto fresh NuFF feeders 6 days after transfer. 
A very large colony can be seen, but the morphology has changed from 
that of a fi broblast in several other areas, indicating the development of 

further iPSC colonies ( red arrows ). ( b ) A colony with good morphology, 
compact and undifferentiated, 12 weeks after the reprogramming 
 process was initiated and transferred to feeder-free conditions (both 
×4 magnifi cation)       
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                  The second system which does not require feeders, used a 
combination of messenger RNA and microRNA; it was 
feeder-free (Figs.  9.17 – 9.28 ). In this system which requires 
12 days of transfection, messenger RNA is used in combina-

tion with microRNA. Colonies of reprogrammed cells start 
to appear around day 8. Both reprogramming systems 
described, used the foetal fi broblast cell line MRC-7 as the 
somatic cell type to be reprogrammed.

a b

  Fig. 9.17    ( a ) Day 0 MRC-7 fi broblasts at the start of the reprogramming process, plated on MatrigelTM at a density of 25,000 cells per well of a 
six-well plate. ( b ) the same fi broblasts being reprogrammed at Day 1, (both ×4 magnifi cation)       

a b

  Fig. 9.18    ( a ) Day 2 fi broblasts and ( b ) Day 3 fi broblasts undergoing reprogramming ( b ) (both ×4 magnifi cation)       
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a b

  Fig. 9.19    ( a ) Day 4 fi broblasts and ( b ) Day 5 fi broblasts undergoing reprogramming (both ×4 magnifi cation)       

a b

  Fig. 9.20    ( a ) Day 6 fi broblasts and ( b ) Day 7 fi broblasts undergoing reprogramming note the change in morphology of the fi broblasts ( b ) ( white 
arrow ) (both ×4 magnifi cation)       
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a b

  Fig. 9.21    ( a ) Day 7 fi broblasts undergoing reprogramming originally 
plated at a density of 25,000 cells per well of a six-well plate; dissoci-
ated using TrypLE™ Express and replated into a fresh plate coated with 

MatrigelTM ( b ) Day 8 fi broblasts undergoing reprogramming (originally 
plated at a density of 25,000 cells per well) and split on Day 7: 1 day 
post-splitting. (both ×4 magnifi cation)       

a bb

  Fig. 9.22    ( a ) Day 9 fi broblasts undergoing reprogramming and split on Day 7: 2 days post-splitting. ( b ) Day 10 fi broblasts undergoing repro-
gramming split on Day 7: 3 days post-splitting (both ×4 magnifi cation)       
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  Fig. 9.23     Day 11 undergoing reprogramming and split on Day 7. Note 
the change in morphology of the fi broblasts 4 days after splitting ( black 
arrow ) (×4 magnifi cation)       

a b

  Fig. 9.24    ( a ) Day 12 undergoing reprogramming and split on Day 7. 
Five days after splitting, the formation of colonies from the repro-
grammed fi broblasts is becoming evident ( white oval ). ( b ) At a higher 

magnifi cation, the morphological change in the culture is clearly seen, 
revealing the presence of two colonies of cells ( white arrow ) ( a , ×4 
magnifi cation;  b , ×10)       
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a b

  Fig. 9.25    ( a ) Day 14 fi broblasts reprogrammed split on Day 7. Seven days after splitting, a number of colonies of different sizes can be seen 
developing in the culture. ( b ) Day 18 fi broblasts reprogrammed and split on Day 7: 11 days post-splitting (both ×4 magnifi cation)       

a b

  Fig. 9.26    ( a ) Day 19 fi broblasts reprogrammed and split on Day 7, with colonies cut and replated on Day 18 onto a Matrigel TM  coated plate. This 
image is 1 day post-split. ( b ) The same colony at Day 20 (both ×4 magnifi cation)       

 

 

9 Derivation of Induced Pluripotent Stem Cells



164

  Fig. 9.27    Day 30 culture derived from a single colony maintained 
through manual passaging shown at passage 3       

a b

  Fig. 9.28    Mechanical cutting of the colonies resulted in a fi broblast-free culture. The cells were maintained in two different media formulations: 
mTeSR™1 (StemCell Technologies) ( a ) and NutriStem™ XF/FF Culture Medium (Stemgent) ( b ) (both ×4 magnifi cation)       
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                   When pluripotent stem cell (PSC) lines are moved from one 
cell culture condition to another, they need to adapt to the new 
system in order to regain homeostasis. This adaptation pro-
cess has a direct effect on the biochemistry and physiology of 
the cell line and can produce changes in cellular metabolism, 
protein expression, gene expression, cell cycle and morphol-
ogy. In addition, the stress of the adaptation process can cause 
the selection of cells with a growth advantage, often caused 
by changes in the epigenetics or genetic integrity of the cells. 

 The adaptation of a PSC line is cell line specifi c, so not all 
cell lines behave in the same way in identical situations. The 
cells require careful observation to monitor responses to a 
change in their environment; as stated throughout this atlas, 
morphological changes provide a good refl ection of the sta-
tus of the cells in a culture. 

 Cells can be changed directly from one culture system to 
another, or they can be changed in a stepwise manner by 
weaning the cells off one condition whilst introducing them 
gradually into the second condition. A number of situations 
arise when working with PSCs that are regarded as adaptation 
of cells; these include (but are not exclusive to) techniques 
that require adaptation to different types of passaging tech-
niques, such as the change in a feeder-based system from 
mechanical clump passaging to enzymatic single-cell passag-
ing and the change from mechanical passaging on feeders to 
enzymatic passaging on different feeder-free matrices. These 
changes will alter the morphology of the colonies of cells and 
the degree of differentiation seen within the colonies. 

 Depending on the cell line, it can take a number of pas-
sages before the cells return to their typical undifferentiated, 

pre-adaptation morphology—as few as three passages for 
some lines or as many as 10 for other lines. Morphology 
should always be assessed alongside other characterisation 
tests such as immunofl uorescence, gene expression and dif-
ferentiation. Adaptation may affect the functionality of cells, 
rendering them unable to differentiate. Indeed, if you see 
perfect, undifferentiated colonies passage after passage, with 
an increased proliferation rate and no sign of spontaneous 
differentiation, you should beware; this condition could sug-
gest that the adaptation has affected the genetic integrity of 
the cells. Conversely, a slowing in the rate of proliferation 
and an increased rate of spontaneous differentiation in high- 
passage cell lines also can be indicative of the presence of 
chromosomal aberrations. These changes in the genetic 
integrity of cell lines are a well-reported phenomenon, and 
the same chromosomal changes in culture are seen consis-
tently. It is wise to include regular karyotyping of cell lines 
in the testing regimen, with a suggested testing interval of 
every 10 passages. 

 Adaptation of PSC lines to different culture conditions 
is well practised. It facilitates the evolution of technolo-
gies using PSCs and is a necessity, but the cell cultures 
should be closely monitored. The images in this chapter 
show and describe changes in cell and colony morphology 
during the adaptation of a cell line from mechanical pas-
saging to enzymatic passaging on feeders, over ten pas-
sages (Figs.  10.1 ,  10.2 ,  10.3 ,  10.4  and  10.5 ). The cryptic 
changes associated with changes in the genetic integrity 
of the cells in culture are also demonstrated (Figs.  10.6 , 
 10.7  and  10.8 ).       

      Culture Adaptation and Abnormal 
Cultures   10
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a b

  Fig. 10.1    ( a ,  b ) These images show a stage in the adaptation of a cell line 
from one culture system with mechanical passaging (where large clumps 
of cells are transferred between culture vessels onto fresh mouse feeders), 
to a single-cell dissociation method (where colonies are disaggregated 
enzymatically, producing either single cells or very small clumps of three 
to fi ve cells). As with the mechanical passaging, these enzymatically 
treated cells are passaged onto feeders. This type of culture system adapta-
tion can require a number of passages to achieve stability of the cells in the 
new system, and (as with many processes involving PSCs) this culture 
system adaptation is cell line specifi c. In ( a ,  b ), the morphology of the 
cells is very different from the morphology seen when cells are manually 
dissected. The morphology characteristic of the mechanical dissection 

method takes the form of discrete colonies exhibiting well-defi ned borders 
with compact cells within the colony. Enzymatic treatment of the cells 
initially produces a random morphology; with increasing numbers of pas-
sages, the morphology settles down to a monolayer in which the typical 
compact cell type with prominent nucleoli appears. The PSCs in this 
image are normal and have been adapting to the new culture system for a 
month. They have not yet acquired the robust morphological characteris-
tics of the PSC ( a , ×4 magnifi cation;  b , ×10.) It is worth remembering that 
if the cells take too long to adapt, the chances of their becoming geneti-
cally unstable could increase, conferring a growth advantage to the geneti-
cally abnormal cells present in the culture. This is exactly what happened 
to this cell line after about 10 passages, as captured in Figs.  10.3  and  10.4        

a b

  Fig. 10.2    ( a ,  b ) These images show the same cells as in Fig.  10.1  but use a higher magnifi cation to see the fi ne detail of the typical nucleoli 
( a , ×10 magnifi cation;  b , ×20)       
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a

c d

b

  Fig. 10.3    ( a – d ) These images show the same culture as in Figs.  10.1  
and  10.2 , seven passages later. The cells exhibit a more organised mor-
phology. However, these cells show an enhanced proliferative rate and 
could be split very hard (approximately 1:10). An apparent change in 

the proliferative rate of the cells in a culture or a trend towards no signs 
of spontaneous differentiation could indicate genetic instability of the 
cell line ( a  ×4 magnifi cation;  b , ×10;  c ,  d , ×20)       
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a

c d

b

  Fig. 10.4    ( a – d ) The same cells as in Fig.  10.1 , ten passages later. 
Although individual small colonies can be identifi ed, these merge into 
a monolayer of cells very rapidly. The morphology is more epithelial 
like before the culture becomes confl uent. Upon confl uency, the 

 morphological phenotype becomes that of a monolayer. Following are 
two examples of abnormal karyotypes produced by the continual pas-
saging of cells using enzymatic treatment (all ×10 magnifi cation)       

  Karyotype : 48,XY,+i(17)(q10),+i(21)(q10) 
  Comment : A modal karyotype (in 6 cells) showed an abnormal male karyotype with a complement of 48 chromosomes including two 
additional structurally abnormal chromosomes, a long arm isochromosome 17 and a long arm isochromosome 21. Four copies of 
chromosome 17 long arm and chromosome 21 long arm were therefore present in these cells 

  Karyotype : 47,XX,+17[11]/46,X,der(X)t(X;17)(p11.1;q11.2)[8]/46,X,der(X)t(X;17)(p11.2;q11.2),del(9)(q12)[1] 
  Comment : Two abnormal female cell lines were detected in this culture. In 11 cells, a complement of 47 chromosomes, including three 
copies of chromosome 17 (TRISOMY 17) was seen. In 8 cells, a complement of 46 chromosomes was noted, including a structurally 
abnormal derivative X chromosome formed from an unbalanced translocation between the short arm of one X chromosome at 
breakpoint p11.2 and the long arm of one chromosome 17 at breakpoint q11.2. This rearrangement results in a loss of chromosome X 
material from p11.2 to pter and the gain of chromosome 17 material from q11.2 to qter 
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a

c

b

  Fig. 10.5    These images show the cell line in Fig.  10.4  when it reaches 
confl uency. ( a ) The compact morphology reminiscent of the good PSC 
colony is revealed. ( b ) At higher magnifi cation, prominent nucleoli can 

be seen. ( c ) The non-confl uent culture morphology is seen at higher 
magnifi cation, demonstrating the presence of the prominent nucleoli 
typical of the undifferentiated PSC ( a , ×10 magnifi cation;  b ,  c , ×20)       
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a

c

b

d

  Fig. 10.6    ( a – d ) All four images depict the same cell line undergoing 
potential cryptic changes to the genome. Generally, over a period of up 
to fi ve passages, the cells can exhibit gross changes in morphology, 
changing shape and developing a refractile appearance. Their growth 

rate slows, and they can increase their rate of spontaneous differentiation 
in a way that is atypical of that specifi c cell line. As with all of these 
changes in the characteristics of the cells, they are cell line specifi c and 
tend to arise in cells after more than 80 passages (all ×4 magnifi cation)       
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c d

b

  Fig. 10.7    ( a – d ) The cell line in this series of images slightly differs from the one in Fig.  10.6 , but many of the phenotypic changes seen refl ect 
those observed in that cell line (all ×4 magnifi cation)       
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c d

b

  Fig. 10.8    ( a – d ) The cell line in these four images is going through the 
same cryptic genetic adaptation as the cells shown in Figs.  10.6  and 
 10.7 . Their morphology is varied and disorganised. The morphology of 

all three of these cell lines returned to normal once they had gone 
through this period of genetic adaptation, and their rate of proliferation 
increased ( a ,  c ,  d , ×4 magnifi cation;  b , ×10)       
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                   Cell culture contamination caused by microbial infection 
can occur at any time and can take many forms. Prevention 
is better than cure. Actively endorsing a policy of best prac-
tice in aseptic technique should help to lower the risk of 
microbial infection. When receiving a new stock of cell 
lines into the laboratory, it is advisable to quarantine the 
cells until they have been demonstrated to be free from con-
tamination. Verifying freedom from contamination may 
involve observation under the microscope over a number of 
days to see if contamination is evident. Contaminated cells 
and cultures should be discarded unless you cannot replace 
the stocks of cells. 

 The culture of pluripotent stem cells (PSCs), as with other 
cell lines, is subject to contamination, and this chapter provides 
a number of images to demonstrate the types of contamination 
that may be encountered in the day-to-day culture of these lines 
(Figs.  11.1 ,  11.2 ,  11.3 ,  11.4 ,  11.5 ,  11.6 ,  11.7 ,  11.8 ,  11.9 ,  11.10 , 
 11.11 ,  11.12 ,  11.13 ,  11.14 ,  11.15 ,  11.16  and  11.17 ). To date,   
we have not found a collection of such images in other PSC 
publications, so we believe they will be of interest.

                   Contamination can manifest itself as a change in the tur-
bidity of the cell culture medium, a change in the colour of 
the medium, or as visible, macroscopic growth of an 
unwanted organism. This type of contamination is usually 
easy to detect and is typically due to bacteria or fungi. Other 
contamination that is harder to detect includes mycoplasma, 
viruses and cell line cross-contamination. 

 In keeping with best practice, PSC culture laboratories 
generally do not use antibiotics with established cell lines. 

This prevents the masking of an occult contamination with 
agents such as bacteria or fungi, thereby enabling their rapid 
detection in the cell culture system. Infection with viruses 
often manifests itself in a cell culture when the cells begin to 
lyse for no reason; this is known as a cytopathic effect, and 
this process helps to limit the survival of the virus in the cul-
ture. It should be remembered that viruses have very specifi c 
host-cell requirements, and this attribute is generally cap-
tured in the cell line risk assessment performed prior to the 
receipt of a cell line. 

 Mycoplasma, a Mollicute, is a very diffi cult contaminant 
to detect, as it can often have no visible effect on the growth 
of the cells in culture. It can have pleiotropic effects on the 
cells in culture, however, such as causing chromosomal 
instability, changes in metabolism and alteration in cell func-
tion. Mycoplasma is a common contaminant in cell cultures 
exchanged between laboratories and can easily be trans-
ferred between cell lines. Because it is not visible under the 
light microscope and has such wide-reaching effects on the 
host cell, it is important to test for this contamination in a 
manner that will detect a low-level infection robustly, repro-
ducibly and reliably, using recommended quality-testing 
regimens. Cells should not be released from the quarantine 
process until the mycoplasma status has been established. 
Figures  11.1 ,  11.2 ,  11.3 ,  11.4 ,  11.5 ,  11.6 ,  11.7 ,  11.8 ,  11.9 , 
 11.10 ,  11.11 ,  11.12 ,  11.13 ,  11.14 ,  11.15 ,  11.16  and  11.7  may 
be the fi rst published and described images of PSC cultures 
infected with mycoplasma, which should aid in the identifi -
cation of this type of infection in the laboratory setting. 

      Infection   11
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  Fig. 11.1    Morphology of an uninfected cell line (×4 magnifi cation)         Fig. 11.2    A mycoplasma-infected cell line in comparison to the unin-
fected cell line in 11.1. The most important thing to note is the condition 
of the feeders, especially their morphology. The feeders in an infected 
culture are elongated and show signs of stress. (They are very spindly and 
stretched.) The feeder density is lower than expected, and many of the 
feeder cells are apoptotic, fl oating in suspension. However, the stem cell 
colony has a typical morphology and appears normal. The colony is com-
pacted and undifferentiated and does not appear to be affected by the 
contamination (×4 magnifi cation)       

  Fig. 11.3    The same colony as  11.2  at a high magnifi cation (×10)       

  Fig. 11.4    Another mycoplasma-infected PSC colony, which has a less 
than perfect morphology but is still undifferentiated (×10 magnifi cation). 
Colonies from mycoplasma-infected cultures will not stay undifferenti-
ated, however. Within a couple of days after this image was captured, there 
would be no feeders left in the culture system to support the PSCs       

  Fig. 11.5    The same as Fig.  11.4 , at higher magnifi cation (×20)       
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  Fig. 11.6    Another example of mycoplasma-infected feeders. Many 
apoptotic cells are present in the culture. These cells often clump 
together, and a portion of the cells can remain attached to the bottom of 
the tissue culture fl ask (×4 magnifi cation)       

a b

  Fig. 11.7    ( a ,  b ) Further examples of cell cultures infected with myco-
plasma. If these cultures are left undisturbed overnight, round cells will 
be visible around the edges of the stem cell colony ( white arrows ). If 

the tissue culture dish is shaken or lightly tapped, these cells detach and 
go into suspension (both ×4 magnifi cation)       
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  Fig. 11.11    Fungal contamination can look like cotton wool. The threads 
known as hyphae can be seen branching and knitting together to form the 
mycelium, characteristic of a fungal infection (×20 magnifi cation)       

a b

200 µm

  Fig. 11.12    ( a ,  b ) Typical bacterial infection, identifi ed as  Staphy-
lococcus epidermidis  (a skin commensal). With this type of infection, 
the medium changes colour overnight with respect to the phenol red 

indicator, from the normal pH (pink) to yellow (acidic). This change is 
accompanied by a change in the turbidity of the medium; it becomes 
cloudy ( a , ×4 magnifi cation;  b , ×10)       

  Fig. 11.8    A bacterial infection in culture (in this case,  Citrobacter freundii ) 
(×10 magnifi cation). With this type of infection, the medium does not change 
colour and shows no turbidity; it remains clear, as in an uninfected culture. It 
is important to examine cultures very closely at different magnifi cations, and 
to be able to distinguish between Brownian motion and infection. With an 
infection, the number of bacteria present will increase with time       

  Fig. 11.10    The same culture as Fig.  11.8 , 2 days later. The culture is 
now teeming with the bacteria. Note that the feeders have lifted off the 
tissue culture plastic (×20 magnifi cation)       

  Fig. 11.9    The same culture as Fig.  11.8  at a higher magnifi cation 
(×20). At high magnifi cation, the bacteria can be seen moving across 
the culture with great speed       
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a

c

b

  Fig. 11.13    ( a – c ) These images show an infection of a cell culture with 
yeast. Note the single cells and aggregates of yeast present in the cul-
ture. As with certain bacterial infections, the culture medium becomes 
yellow and turbid with time as the yeast multiply and overrun the 

 culture. The feeders and PSC lift off the tissue culture plastic. If the 
culture has been left in the incubator for some time, it is possible to 
smell the yeast infection (all ×10 magnifi cation)       
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a b

c

  Fig. 11.14    ( a – c ) The    microorganism shown in these three images is 
yeast, present as a low-level contamination. There are many types of 
yeast, exhibiting slightly different morphologies. The type of yeast 

causing the infection needs to be identifi ed, because if yeast is becom-
ing a recurrent problem in the cell culture, advice on how to eradicate it 
effectively should be sought ( a – b , ×10 magnifi cation;  c , ×20)       
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a

c d

b

  Fig. 11.15    ( a – d ) These four images display the same unidentifi ed contamination. The cell culture medium does not change colour, since the 
microorganism does not grow quickly, and the culture medium does not display any turbidity ( a ,  b ,  d , ×10 magnifi cation;  b , ×20)       
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  Fig. 11.16    Image of an unidentifi ed contamination in cell culture 
(×10 magnifi cation)       

a b

c d

  Fig. 11.17    ( a – d ) All four images show an unidentifi ed contamination with the same microorganism in the cell culture ( a ,  c ,  d , ×20 magnifi cation;  b , ×10)       
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 Contamination is not restricted to microbial contamina-
tion. Cross-contamination of one cell line with another cell 
line will also have a devastating effect on the work of a labo-
ratory, wasting both time and money. It is advisable to work 
with an authenticated cell line that has a known short tandem 
repeat profi le and to demonstrate that this profi le has been 
maintained before beginning a large work programme or the 
production of a peer-reviewed publication. 

 It is best practice to obtain cell lines from a reputable pro-
vider who can make available information on the provenance, 
history and testing of that cell line to demonstrate that it is 
free from specifi ed contamination at the point of dispatch, 
and also can provide the same cell line again if required.    
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                   This fi nal chapter serves to illustrate other companion cell 
types and cell lines that may be used in conjunction with 
pluripotent stem cells (PSCs), both in the setting of quality 
control and in the assessment of differentiated counterparts. 
They include mouse embryonic stem cell (mESC) lines, 
which are routinely grown without feeders (Figs.  12.1 ,  12.2 , 
 12.3  and  12.4 ). These cells are easier to maintain than their 
human counterparts, but they are prone to spontaneous 

 differentiation when grown as a monolayer of cells. In gen-
eral, they require passaging every 2–3 days, depending on 
their original plating density. Human embryonal carcinoma 
cells (hECCs), in contrast, can be grown as a monolayer, but 
when overconfl uent, they spontaneously differentiate 
(Figs.  12.5 ,  12.6  and  12.7 ). Both mESC lines and hECC lines 
are often used as control cell lines for the assessment of stem 
cell- specifi c antibodies and gene expression.

      Miscellaneous Cell Types and Cell 
Lines of Interest   12
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a b

  Fig. 12.1    Feeder-independent culture of a mouse embryonic stem cell (mESC) line at different magnifi cations ( a , ×4 magnifi cation;  b , ×10)       

c

a b

  Fig. 12.2    ( a ,  b ) A good-quality, high-density culture of mouse embry-
onic stem cells (mESCs). In image ( a ), most of the cells grow within the 
colonies. It is very important not to let the culture of mESCs overgrow 
and form a monolayer, as shown in image ( c ). If the cells overgrow into 

a monolayer, they will differentiate. It is best to passage the cells every 
2–3 days, when they look similar to the cells in culture shown in  a  and 
 b  ( a ,  b , ×4 magnifi cation;  c , ×10)       
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a

c

b

  Fig. 12.3       ( a  and  b ,  c ) The mESCs within these colonies appear to dis-
play the morphology of stressed,  cells in that although the cells have 
attached to the cell culture plate they have not started to spread out. 
There is also a  number of apoptotic cells and cell debris present in the 

culture. This type of  morphology in culture as is often seen during the 
fi rst passage of the cells, after thawing, or after another biological insult.  
( a , ×4 magnifi cation;  b , ×10,  c  ×20)       

a b

  Fig. 12.4    These images illustrate more examples of mESCs under stress. ( a ) These cells appear bright and refractile ( bright ring  around the 
outside of the colonies). ( b ) This image shows an abundance of apoptotic cells ( a , ×4 magnifi cation;  b , ×10)       
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  Fig. 12.5    Feeder-independent culture of a human embryonal carci-
noma cell line (hECCs), showing typical embryonic stem cell morphol-
ogy: compacted, small, round cells with prominent nucleoli and a large 
ratio of nucleus to cytoplasm (×40 magnifi cation)       

  Fig. 12.6    A compacted colony of an hECC line with defi ned borders, 
spread out to produce a perfect monolayer. This appearance is charac-
teristic of a good-quality colony. These cells grow on gelatin-coated 
plates, but when they become overconfl uent, they tend to detach from 
the plate. Apoptotic cells are often seen in these cultures, but this is not 
an indication of stress (×10 magnifi cation)       

c

a b

  Fig. 12.7    ( a – c ) Feeder-independent culture of hECCs at different magnifi cations. This culture is of good quality, as every cell is easily distin-
guishable at each magnifi cation ( a , ×4 magnifi cation;  b , ×10;  c , ×20)       
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         The images in this chapter also include human and rat 
mesenchymal cells, used as companion cells in lineage- 
specifi c quality control (Figs.  12.8  and  12.9 ). Figures  12.10  
and  12.11  show examples of human embryoid bodies, which 
are aggregates of cells grown in suspension, forming three- 

dimensional structures; these are used as tools for differentia-
tion studies. Human neural cultures at different stages of 
differentiation serve to illustrate the changes in morphology 
as the cells mature and differentiate down a number of neural- 
related pathways (Figs.  12.12 ,  12.13 ,  12.14  and  12.15 ).

a b

  Fig. 12.8    Different confl uency of human mesenchymal cells derived from adult human bone marrow ( a ,  b , ×10 magnifi cation)       
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a

c

b

  Fig. 12.9    ( a – c ) A confl uent culture of rat mesenchymal cells derived from the bone marrow of an adult animal, shown at three different magnifi -
cations ( a , ×4,  b , ×10,  c  ×20)       
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a

c

b

d

  Fig. 12.10    ( a – c )  Images of different preparations of spontaneously 
formed embryoid bodies (EBs). Under normal circumstances, these 
are produced when cells are dissociated into single cells and allowed 
to aggregate on non–tissue culture treated plasticware. ( d ), These 
aggregates  of cells spontaneously differentiate and can display ele-
ments of all three germ layers. Theses cells have been added to cell 
culture medium containing  a cocktail of growth factors, which will 

play a pivotal role in the directed differentiation of these cells down 
a particular lineage. Note the heterogeneity in the size of these struc-
tures. It has been suggested that the size of the EB infl uences the 
choice commitment of the cells to a particular of germ layer during 
the differentiation process. In the presence of a cocktail of growth 
factors, EBs aggregate and appear to be very dark structures ( a  and  c , 
×20 magnifi cation;  b  and  d , ×10)       
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c

a b

  Fig. 12.11     ( a – c ) Another set of EBs produced using the AggreWell™ system. This system generates structures that are more uniform in size ( a , 
 b ,  c  ×10 magnifi cation)       

a b

  Fig. 12.12    ( a ,  b ) Neural progenitors growing as a monolayer displaying characteristic morphology (both ×10 magnifi cation)       

 

 

12 Miscellaneous Cell Types and Cell Lines of Interest



195

c d

a b

  Fig. 12.13    ( a – d ) Later-stage neural progenitors, displaying an array of morphologies ( a , ×4 magnifi cation;  b – d , ×10)       

  Fig. 12.14    Network of neural cells in culture (×10 magnifi cation)       
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c

a b

d

  Fig. 12.15    ( a ,  b ) Neural cells with their characteristic cell bodies and axons. ( c ,  d ) These images display dendritic cells ( a ,  c ,  d , ×20 magnifi cation; 
 b , ×10)       
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          The chapter concludes with images of endovascular 
cells derived from a cytotrophoblast line originating from 
a human embryonic stem cell (hESC) line (Figs.  12.16  
and  12.17 ).

    Cells and tissues should be acquired from reputable 
repositories to ensure provenance, traceability, identity, 
safety and reproducibility. A list of several repositories fol-
lows the reading list.    

  Fig. 12.16    Trophoblast-derived endothelial cells forming typical 
endothelial structures (×10 magnifi cation)       

a b

  Fig. 12.17    ( a ,  b ) Trophoblast-derived endothelial cells forming typical endothelial structures, shown at a higher magnifi cation (both ×20 
magnifi cation)       
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                           Answer to the Challenges 

     Fig. 4.26  Three-day-old hESC colonies with high density 
and very good quality (×4 magnifi cation)  

   Fig. 4.27  The colonies are a little older (4–5 days) and have 
spontaneous differentiation on the edges of the colony 
( black arrow ). The cells are starting to grow on top of 
each other ( white arrow ) because of a lack of space for the 
colonies to expand. Overall, this is still a good-quality 
culture (×4 magnifi cation)  

   Fig. 4.31  The colony consists of small, round, compacted 
cells with large nucleoli. There are only a few apoptotic 
cells ( black arrow ) (×20 magnifi cation)  

   Fig. 4.32  This colony is in total contrast to the previous col-
ony. The cells are elongated and stretched, not round and 
compacted. This culture shows signs of stress, as many 
apoptotic cells are visible (×20 magnifi cation)  

   Fig. 4.49  ( a ,  b ) Both images show good hESC cultures 
(both ×10 magnifi cation)  

   Fig. 4.50  ( a ) Good, compacted colony. ( b ) A colony that has 
not compacted (both ×10 magnifi cation)  

   Fig. 4.59  All cells within the colonies are elongated and 
irregular in shape, indicating a transition in the cell 
towards a differentiated state (×10 magnifi cation)  

   Fig. 4.60  Typical hESC morphology seen under high mag-
nifi cation: small, roundish cells with prominent nucleoli 
(×10 magnifi cation)  

   Fig. 4.61  ( a ) A relatively good, undifferentiated colony, 
with defi ned borders. The colony contains round, com-
pacted cells with large nucleoli. ( b ) This colony shows 
slight differentiation. These areas of differentiation can 
be seen as white patches of cells and are typical of the 
beginning of the formation of neural rosettes. These 
will become evident if the cultures are left for a further 
48 h. ( c ) Typical structures of neural rosette formation 
( a ,  b , ×10 magnifi cation;  c , ×20 magnifi cation)  

   Fig. 4.62  Two small colonies on good-quality mouse feed-
ers. All the cells within colony number  1  are elongated, 
lined up, and poised to differentiate. In comparison, col-
ony number  2  displays a perfect, undifferentiated mor-
phology (×4 magnifi cation)  

   Fig. 5.37  ( a ,  b ) Images of a good-quality culture at two dif-
ferent magnifi cations. Note the typical morphology of the 
undifferentiated stem cells, with prominent nucleoli and 
spaces between the cells ( a , ×10 magnifi cation;  b , ×20 
magnifi cation)  

   Fig. 5.38  Three images of colonies. ( a ) Disorganised cells 
that could initiate differentiation. ( b ,  c ) Good, compacted 
colonies ready to be passaged (all ×10 magnifi cation)  

   Fig. 5.39  Two colonies that have merged. The colony on the 
right has differentiated and displays large, disorganised 
cells. The colony on the left is relatively undifferentiated 
(×10 magnifi cation)  

   Fig. 5.40  ( a ,  b ) Two images of colonies at high magnifi ca-
tion. ( a ) Long, stretched, differentiating cells forming a 
neural rosette. ( b ) Roundish cells with prominent nucleoli 
and spaces indicative of undifferentiated stem cells (both 
×20 magnifi cation)  

   Fig. 7.11  This dark-fi eld image displays a large number of col-
onies that appear to be undifferentiated. They are at a high 
density and appear opaque rather than white. White colonies 
under bright fi eld are often multilayered and therefore are 
prone to spontaneous differentiation (×4 magnifi cation)  

   Fig. 7.12  This dark-fi eld phase contrast image again shows a 
number of colonies. Although many areas are opaque, 
very white patches of multilayered cells are seen within 
and around a number of colonies. In addition, two colonies 
( white arrows ) have translucent areas visible, where the 
cells have differentiated. It would be wise to remove the 
differentiated cells prior to manually passaging these colo-
nies (×4 magnifi cation)  

   Fig. 7.13  Bright-fi eld ( a ) and dark-fi eld ( b ) images showing 
colonies that have spontaneously differentiated ( a ) ( black 
arrows ) and ( b ) ( white arrows ). The rest of the colonies 
look relatively undifferentiated and appear to be in good 
shape, but their uneven surfaces indicate that all these 
colonies will differentiate within 36–48 h. One of the rea-
sons could be that an earlier culture from which they were 
passaged contained a number of cells that were starting to 
differentiate (×4 magnifi cation)          
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                          Glossary 

 This atlas, in a visual context, describes a number of charac-
teristics of cells in culture. For the purpose of this atlas, we 
need to defi ne these visual characteristics because of the sub-
jective nature of the cells. However, standard terminology 
used in cell culture and pluripotent stem cell biology and 
abbreviations will also be defi ned in line with a number of 
relevant glossaries.

   Adherent    A cell culture where the cells attach to a sub-
strate, such as the surface of tissue culture plasticware, 
and the cells spread, forming a monolayer.   

  Apoptosis    A process of programmed cell death.   
  Batch    A defi ned quantity of cells produced in a single pro-

cess producing a product with little to no heterogeneity.   
  Cell culture    The growth, expansion, and maintenance of 

cells in vitro.   
  Cell expansion    The proliferation of cells resulting in their 

increase in number.   
  Cell morphology    The shape and structure of cells.   
  Cell stress    Response to adverse extrinsic factors in cell 

culture, which have an effect on the regulatory pathways 
of that cell, leading to cell survival or cell death. These 
responses can also be revealed in the phenotype of the cell 
by changes in morphology.   

  Cell surface marker    The expression on the surface of a cell 
of a biomolecule specifi c to that cell type. These markers 
can be used to classify different types of cells.   

  Co-culture    In this context, the growth together in a sin-
gle tissue culture vessel of inactivated fi broblasts and 
PSCs.   

  Colony    A biological structure, containing a number of cells 
all derived from the division of a single cell. In the case of 
PSCs, colonies have well-defi ned edges containing cells 
ideally with a high nucleus–cytoplasm ratio and promi-
nent nucleoli.   

  Colony morphology    The phenotypic analysis of the shape 
and structure of a colony.   

  Compacted    This refers to the morphology of the cells 
within a colony. When the large cells originally seen in 
the developing colony condense down in size as the cells 
proliferate to form densely packed cells.   

  Confl uent    When adherent cells in culture touch each other 
and there are no spaces seen in the culture vessel. In this 
state, normal cells will tend to exhibit contact inhibition 
and will stop proliferating.   

  Cryopreservation    A low-temperature cryoprotective pro-
cess preserving the viability of cells.   

  Culture adaptation    A physical change in the cell culture 
process requiring the cells to adjust from one culture 
condition to another. This is exemplifi ed in the process 
of taking cells from a feeder-based system to a feeder-
free system that may result in changes in morphology, 
rate of cell proliferation, and/or rate of spontaneous 
differentiation.   

  Differentiation    The process that gives rise to specialised 
cells through the lineage restriction of stem cells.   

  Enzymatic passaging    The harvesting and propagation of 
PSCs using enzymes to produce either cell clumps or 
single cells that can be transferred to a new culture ves-
sel and will give rise to colonies with a good quality cell 
morphology.   

  Fibroblast    A cell type involved in shaping and maintain-
ing the structure of the connective tissues. This cell type, 
in general, is the most prevalent cell type in connective 
tissues and has the capacity to produce extracellular 
matrix and collagen. Although these cells can display 
diverse morphologies, the typical morphology seen with 
the mouse and human fi broblasts in cell culture is that 
of spindle-shaped elongated cells. These cells tend to be 
large and fl at with an oval nucleus contained in the cell 
body and have extended branched cell processes.   

  Flask    A specially treated plastic culture vessel used to grow 
cells, with the growth area denoted by a number (e.g., T 
75 is a fl ask with a growth area of 75 cm 2 ).   

  Freezing technique    Cells are frozen or cryopreserved using 
different techniques and reagents, and this process in turn 
has an effect on their recovery from freezing, their sur-
vival, their level of spontaneous differentiation, and their 
ability to differentiate.   

  Genetic adaptation    A change in the genetic integrity of a 
cell or population of cells in a cell culture, due to selec-
tive pressures in the cell culture, which may favour this 
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change and result in a growth advantage of cells that har-
bour this genetic change.   

  Germ layers    The three primary layers of cells called endo-
derm, mesoderm, and ectoderm that give rise to all the 
tissues in the body.   

  Good quality cell morphology    This is described in the fol-
lowing paragraphs in context.

    In the context of MEFs and HEFs     A cell culture where 
the fi broblasts have adhered to the plasticware and have 
spread out to form a monolayer of actively dividing cells. 
Where the cells do not look long and spindly, are not 
detaching, do not look refractory, and are not in suspen-
sion. To maintain these cells in an actively dividing state, 
they should not become confl uent.   

   In the context of inactivated mouse and human feeders     A 
cell culture where the mitotically inactive fi broblasts have 
adhered to the plasticware and have spread out to form a 
monolayer of cells. Where the cells do not look long and 
spindly, are not detaching, do not look refractory, and are 
not in suspension. These cultures might be produced at 
different levels of confl uence, which have been shown to 
be optimum for individual PSC lines.   

   In the context of hESC and iPSC     A cell culture that com-
prises colonies or a monolayer of homogeneous cells with 
a high nucleus–cytoplasm ratio and prominent nucleoli. 
The cells in colonies are compact. To maintain good cell 
 morphology in a colony or in a monolayer, cells should 
not be allowed to over-compact and start to form multilay-
ers, since this will promote spontaneous differentiation.   

      Human embryonic feeder layer    Human feeder cells are 
produced by the inactivation of proliferating HEFs. In 
general, this inactivation is achieved using either mitomy-
cin C or by irradiation.   

  Human embryonic fi broblasts (HEFs)    Fibroblasts derived 
from primary human tissue, often neonatal foreskin.   

  Human embryonic stem cell (hESC)    A cell with the 
potential to form cells representative of lineages from all 
three germ layers except those related to extraembryonic 
tissues. These cells are derived from the inner cell mass 
of a human embryo.   

  Human-induced pluripotent stem cell (hiPSC)    Induced 
pluripotent stem cells derived from human origin.   

  Homogeneous morphology    The morphology of all cells is 
identical.   

  Immunocytochemistry    A technique utilising antibodies to 
identify antigens on specifi c biomolecules either within a cell 
or on the surface of a cell. This technique is known as immu-
nofl uorescence when the antigens recognised by the antibod-
ies are detected using fl uorescently labelled antibodies.   

  Inactivation of fi broblasts    Treatment of actively proliferat-
ing fi broblasts to produce cells that no longer proliferate.   

  Induced pluripotent stem cell (iPSC)    Cells produced by 
the reprogramming of adult cells, using factors that  confer 
properties on these cells that make them embryonic stem 
cell-like.   

  IVF dish    A tissue culture format specially manufactured to 
promote the in vitro culture of the ova and embryos.   

  MatrigelTM    A substrate composed of a mixture of extra-
cellular matrix proteins derived from Engelbreth-Holm-
Swarm (EHS) mouse sarcoma cells. Used in cell culture 
to support the growth of cells. In PSC, it is used to main-
tain the cells in an undifferentiated state.   

  Monolayer    In the case of PSCs, this is a single layer of cells 
growing on a substrate in a tissue culture vessel, generated 
through the process of enzymatic passaging. The cell culture 
no longer consists of discrete colonies. However, on occa-
sion, colonies can be discerned that have fused together to 
form a monolayer. It can be more diffi cult to spot areas of 
spontaneous differentiation in this type of cell culture system.   

  Manual/mechanical passaging (including scraping 
and cutting)    The harvesting and propagation of colonies 
of cells usually performed under a dissecting microscope 
where areas of spontaneous differentiation are removed 
prior to the manual cutting of cell colonies into pieces that 
when transferred into a new culture vessel will give rise to 
colonies with a good quality cell morphology.   

  Matrix    Biological material derived from cells or synthe-
sised, on which cells are grown in culture.   

  Mouse embryonic fi broblasts (MEFs)    Fibroblasts derived 
usually from day 13.5 mouse embryos.   

  Mouse embryonic fi broblast feeder layer    Mouse feeder 
cells are produced by the inactivation of proliferating 
MEFs. In general, this inactivation is achieved using 
either mitomycin C or by irradiation.   

  Mycoplasma    A bacterium that is a member of the phylum 
Mollicutes.   

  Neural cell    A cell that is committed to the neural lineage, 
derived from the ectodermal germ layer.   

  Neural rosette    A classic morphology seen in the differenti-
ation of iPSC commitment to the neuroepithelial lineage. 
Morphologically in culture, they display a radial structure 
comprised of columnar cells. These cells can go on to 
produce neurons, astrocytes, and oligodendrocytes.   

  Nucleoli    These are the organelles located in the nucleus 
where ribosomes are produced.   

  Optimal feeder density    A density of feeder cells that sup-
ports the growth and expansion of undifferentiated PSCs.   

  Over-confl uent    When confl uent cells have been maintained 
in a confl uent state over a number of days.   

  Overcompacted    This refers to the morphology of the cells 
within a colony where the cells transition from a being 
monolayer of cells to a becoming a multilayer of cells.   
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  Passaging    The sequential process of transferring cells from 
one cell culture vessel to another. Each time a cell line is pas-
saged, the passage number assigned increases by a value of 1.   

  Plating    The seeding of cells in tissue culture media in a tis-
sue culture vessel. This is often done at a defi ned number 
of cells per volume to achieve a certain density of cells. 
A single layer of cells grown on a suitable surface or sub-
strate for optimal culture and/or co-culture characteristics.   

  Pluripotent    A cell capable of developing into cells of all 
lineages but unable to develop into cell lineages derived 
from extraembryonic tissues.   

  Pluripotent stem cell (PSC)    A cell with the potential to 
form cells representative of lineages from all three germ 
layers except those related to extraembryonic tissues. 
Pluripotency can only truly be ascertained via demonstra-
tion that the cells can form functional cells of all lineages. 
In truth, a demonstration of pluripotent potential via spon-
taneous differentiation or directed differentiation is the 
norm, and this is through assessment of morphology, gene 
expression, protein expression, and functionality.   

  Post-passaging    Relating to time following the passage of 
the cells.   

  Primary culture    A culture of cells produced by isolating and 
directly growing cells derived from tissue isolated from 
the body. These cells, if normal, tend to have a limited 
lifespan. They are not cell lines but may become cell lines 
either spontaneously (i.e., through culture adaptation) or 
by immortalisation (i.e., using an agent such as SV40) or 
by the use of transcription factors to produce iPSCs.   

  Senescence    Deterioration of a cell in culture usually linked 
to cellular ageing or extrinsic factors.   

  Six-well plate    A common tissue culture plate format, which 
is usually individually wrapped and sterile, consisting of 
six wells, each with an identical area on a single plate.   

  Spontaneous differentiation    Commitment to a programme 
of differentiation without the addition of extrinsic germ 
layer or lineage-specifi c factors such as growth factors or 
small molecules. Manifest by a change in the morphology 
of a colony, part of a colony, or cell.   

  Sterility    Absence of microorganisms other than the PSCs 
themselves.   

  Subculture    The propagation of a cell culture through the 
harvesting and plating of the cells at a split ratio that will 
provide and maintain an optimal cell culture.   

  Suboptimal feeder density    A density of feeder cells that 
does not support the growth and expansion of undiffer-
entiated PSCs.   

  Tissue culture plasticware    Plasticware that is treated in 
different ways to facilitate and promote the growth of 
cells in vitro. This treated plasticware is usually rendered 
sterile by processes such as gamma-irradiation.   

  Undifferentiated    A cell that has the capacity to self-renew 
and maintain a genotype and a phenotype that are not 
committed to a germ layer or lineage. The morphology 
of this cell displays a high nucleus–cytoplasm ratio with 
prominent nucleoli.      

   Cell Culture and Stem Cell Glossaries 

    British Standards Institution. PAS 84:2012. Cell Therapy and 
Regenerative Medicine—Glossary. Available at:   http://
shop.bsigroup.com/Browse-by-Sector/Healthcare/PAS-84      

  Harvard Stem Cell Institute glossary. Available at   http://dev.
www.hsci.harvard.edu/glossary      

  International Society of Stem Cell Research: Glossary of 
Stem Cell-related Terms. Available at   http://www.isscr.
org/visitor-types/public/stem-cell-glossary      

  NIH Stem Cell Information: Glossary. Available at   http://
stemcells.nih.gov/info/pages/glossary.aspx      

  Sigma-Aldrich: Induced Pluripotent Stem Cell Glossary and 
Terms. Available at   http://www.sigmaaldrich.com/life- 
science/stem-cell-biology/ipsc/glossary.html      

  Worthington Tissue Culture Glossary. Available at   http://
www.worthington-biochem.com/tissuedissociation/glos-
sary.html              
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