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Preface
Since the publication of the first edition of Human Cell Culture Protocols,
the field of human cell culture has continued to expand and increasing numbers of
researchers find they need to dip their toes into the world of tissue culture, even if
this is not the main focus of their work. Today, not only does a whole industry
supply all the materials necessary for tissue culture, there is a growing number of
companies specializing in the supply of a diverse range of human cells. For those
without existing links to clinicians and hospital departments, the purchase of cells
may be an attractive starting point, although this can be an expensive option. Alternatively, many researchers find an essential element in success is building
close links with clinicians and hospital departments from which human tissue
samples are obtained. In particular, close collaboration can enable cell culture
to be initiated with the very minimum of delay, which is often the key to establishing a viable culture. Before any experimental work takes place, however,
researchers must ensure that patients have provided informed consent and that
local and/or national ethical and other guidelines for the procurement and use of
human tissue are met. In addition, the tissues received are potentially biohazardous, possibly harboring infectious agents such as HIV, hepatitis, and tuberculosis, so appropriate safety measures must be in place.
A quick search of any of the literature databases reveals the breadth of
uses that human cells are put to. Cell culture is the starting point for so many
applications. Microarray technology continues to develop, helping to elucidate patterns of gene expression within cells. A wide range of techniques is
available to help researchers identify and understand the complex web of protein–protein interactions within and between cells. Cell cultures are used to
test approaches to gene therapy and to gain an understanding of the cell cycle,
particularly in relation to the development of cancers. The construction of 3-D
cell cultures and the field of tissue engineering are the subjects of many other
texts and take us far beyond the scope of this volume. Advances in microscopy
refine our ability to image live cells in culture. Ultimately, the pooling of many
strands of knowledge over time allows the development of new therapeutic
approaches for human disease.
The first edition of Human Cell Culture Protocols was published in 1996.
Now in this second edition, the collection of chapters has been revised to bring
the methods up to date. As in the first edition, it has not been possible to cover
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the vast array of distinct cell types in one volume. I have, however, kept to the
ideals of the first edition in trying to ensure that protocols are provided for a
selection of the major tissue groups. New to this edition are chapters on fibroblasts, Schwann cells, gastric and colonic epithelial cells, and parathyroid cells.
This collection of protocols will provide researchers who are starting to use
cell culture methods for the first time with the detailed knowledge and helpful
pointers they need. It should enable them to achieve success quickly and with
the minimum of difficulty. Even those familiar with cell culture techniques
may find this book a useful resource.
Finally, I would like to thank Gareth E. Jones whose success in bringing
together the first edition gave me a wonderful foundation. Grateful thanks to
the many authors who agreed to update their chapters from the first edition, and
to those authors who have contributed for the first time. Thanks also to Professor John Walker and the staff at Humana Press who were always extremely
prompt in responding to any and every enquiry and who were also patient when
my replies to them were less than punctual.
Joanna Picot
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Establishment and Maintenance of Normal
Human Keratinocyte Cultures
Claire Linge
1. Introduction
Keratinocytes are the major cell type of the epidermis, which is the stratified
squamous epithelium forming the outermost layer and thus providing the barrier function of the skin. The keratinocytes lie on a highly specialized extracellular matrix structure known as the basement membrane and are organized
into multiple layers of cells. These layers are formed into distinct regions or
strata that differ both morphologically and biochemically. From the basement
membrane outward, they are: the stratum basale, the stratum spinosum, the
stratum granulosum, and finally at the skin’s surface, the stratum corneum. Cellular proliferation is restricted to the s. basale and results in the production of
replacement progenitor cells, which remain within this layer, and also cells that
are committed to undergo the process of terminal differentiation. The latter
cells leave the s. basale and progressively migrate through each layer of the
epidermis, simultaneously maturing along the differentiation pathway as they
go. Finally, they reach the outer surface of the epidermis in the form of fully
functional anuclear cells known as corneocytes. The function of these mature
cells is the protection of the underlying viable tissues from the external milieu.
Initial attempts to grow keratinocytes in vitro were limited to the use of
organ/explant culture (1). Using these techniques, whole pieces of skin could be
kept alive in the short term, and growth was generally confined to the tissue
fragment or onto the plastic immediately adjacent to the explant. The major
drawback with these cultures is that they had an extremely limited lifespan
and inevitably a limited application, because mixed cultures of keratinocytes
and fibroblasts were obtained. Indeed, the presence of fibroblasts can often
From: Methods in Molecular Medicine, vol. 107: Human Cell Culture Protocols, Second Edition
Edited by: J. Picot © Humana Press Inc., Totowa, NJ

1

2

Linge

present a major problem where keratinocyte culture is concerned. Even small
amounts of contamination with fibroblasts can lead to them overgrowing the
keratinocyte cultures. This is generally because of the relatively higher proliferation rates of fibroblasts compared to keratinocytes, even when under culture conditions optimized for keratinocyte proliferation.
The greatest advance in the development of a long-term keratinocyte
culture method came in 1975, when Rheinwald and Green reported the serial
cultivation of pure cultures of keratinocytes from a single-cell suspension of
epidermal cells (2). This was achieved by growing the cells in serum-containing medium on a feeder cell layer of an established cell line known as 3T3
(murine embryo fibroblasts). The 3T3 cells were pretreated in such a way (such
as irradiation) as to render them nonproliferating, but still viable (in the short
term) and metabolically active. These mesenchymally derived cells provided
an actively secreting cell layer, which dramatically improved the proliferation
and lifespan of the keratinocyte cultures while simultaneously reducing the
attachment and growth of any contaminating fibroblasts. The longevity of these
keratinocyte cultures was further improved by the addition of a variety of mitogens determined as being important for the healthy maintenance of keratinocyte
cultures, the most vital of these being epidermal growth factor (EGF) (3). A list
of these cytokines and the relevant references are given in Subheading 2.
Since the introduction by Rheinwald and Green of a method of long-term
culture of keratinocytes, alternative culture methods have been developed, each
being designed with specific experimental requirements in mind. The degree to
which the pattern of keratinocyte differentiation in vivo is reproduced in vitro
depends on the method of culture. Keratinocyte cultures can vary from undifferentiated monolayers (4) under low calcium conditions (<0.06 mM) to fully
stratified multilayers achieved when grown in skin-equivalent cultures (5–17).
In general, the more closely the culture conditions mimic the tissue environment (with regard to acidic pH, calcium levels, extracellular matrix components and architecture, the presence of the correct subtype of mesenchymal
cells, and being at the air/liquid interface of cultures), the more complete the
expression of epidermal differentiation characteristics.
For some uses, the original Rheinwald and Green method, although reliably
producing healthy cultures of human keratinocytes, is still not ideal, mainly
because of its use of animal serum and animal-derived cell feeder layers to
promote exponentially growing cultures. This is of specific concern when cultured keratinocytes are to be used clinically (zoonosis being a particular worry)
or when more thoroughly defined culture conditions are required for experimentation. Alternative methods of keratinocyte culture that are either more
defined or that avoid the use of serum and feeder layers have therefore been
sought. Most of these, particularly the commercially available formulations,
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are based on modifications of the original serum-free keratinocyte culture
medium (MCDB 151–153) developed by Peehl and Ham (18–21) and do not
require the use of feeder layers to support serial propagation of keratinocytes.
However, the majority of these media are not ideal for the long-term culture of
keratinocytes, and indeed reduce their culture lifespan by approximately half
compared to standard Rheinwald and Green conditions. In addition, although
the latest of these commercially available serum-free media claim to have now
optimized the replicative lifespan of keratinocytes in culture, their formulation
still requires the addition of relatively undefined components, which are animal
derived, such as bovine pituitary extract, and as such remain far from ideal.
The methods detailed in this chapter are adapted from the original “Rheinwald and Green” (2) method of cultivating human keratinocytes, which is still
the most reliable method of establishing relatively pure cultures of keratinocytes
that can be maintained long term. This method supplies a stock of healthy, proliferating cells that can be used either as they are or in any of the alternative
methods mentioned above for experimentation. The required methodology
includes the following.
1. Routine maintenance of the 3T3 cell line (required to produce the feeder layer
important for healthy keratinocyte growth).
2. Production of feeder layers from 3T3 cultures.
3. Initiation of primary human keratinocyte cultures.
4. Routine maintenance of keratinocyte cultures once established.

2. Materials
1. 3T3 cells [either the original Swiss embryo (22) or NIH (23) variety]: available
from a number of sources such as the European Collection of Animal Cell Cultures (ECACC) or the American type tissue collection (ATTC).
2. 3T3 culture medium: Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS), 4 mM L-glutamine, 100 U/mL
penicillin, 100 μg/mL streptomycin (see Notes 1–4).
3. Freshly isolated normal human skin (see Note 5) from consenting patients or volunteers (as authorized by the relevant regulatory authorities).
4. Sterile saline-soaked gauze or skin transport medium: DMEM supplemented with
10% FCS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/mL fungizone,
50 μg/mL gentamycin.
5. Keratinocyte growth medium (KGM): 3 vol Ham’s F12 medium, 1 vol DMEM, 10%
FCS, 4 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.4 μg/mL
hydrocortisone (24), 10–10 M cholera enterotoxin (25), 5 μg/mL transferrin (26),
2 × 10–11 M liothyronine (also known as Triiodo-L-thyronine) (26), 1.8 × 10– 4 M
adenine (27), 5 μg/mL insulin (26), and 10 ng/mL EGF (24) (see Note 6).
6. Phosphate-buffered saline (PBS): PBS referred to in this text lacks calcium and
magnesium ions and is made up of the following: 1% (w/v) NaCl, 0.025% KCl,
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7.

8.
9.

10.

0.144% Na2HPO4, and 0.025% KH2PO4. This solution is adjusted to pH 7.2, autoclaved at 121°C (15 psi) for 15 min, and stored at room temperature.
Trypsinization solution: 1 vol trypsin stock is added to 4 vol ethylene diamine
tetraacetic acid (EDTA) stock and used immediately. Trypsin stock is made up of
0.25% (w/v) trypsin (Difco, Detroit, MI, 1⬊250) in Tris-saline pH 7.7 (0.8% NaCl,
0.0038% KCl, 0.01% Na2HPO4, 0.1% dextrose, 0.3% Trizma base). Stocks are
filter sterilized and stored aliquoted at –20°C. EDTA stock is made up of 0.02%
(w/v) EDTA in Ca- and Mg-free PBS, autoclaved at 121°C (15 psi) for 15 min,
and stored at 4°C.
The following sterile equipment is required: forceps, scalpel, iris scissors, hypodermic needles, medical gauze, tissue-culture flasks, and Petri dishes.
Mitomycin-C stock solution (see Note 7): dissolve in sterile H2O to a concentration of 400 μg/mL. Store at 4°C in the absence of light. Solution is stable for
3–4 mo. Or use a gamma-radiation source (see Note 8).
Dispase medium: 3T3 medium containing 2 mg/mL Dispase (approx 8 U/mg)
and filter sterilized. Use immediately.

3. Methods
3.1. Routine Maintenance of 3T3 Cell Line
These adherent cells are grown in 3T3 media at 37°C to near confluence
(see Note 9) and passaged as follows:
1. Remove media from flask, and wash cells with an equivalent volume of PBS.
2. Add trypsinization mixture to the flask at approx 1.5 mL/25 cm2 surface area,
and incubate at 37°C for approx 5 min, or until all cells have rounded up.
3. Add 4 vol medium to deactivate the trypsin and EDTA, and disperse the cells
with repeated pipetting.
4. Estimate the cell number using a hemocytometer, and pellet the cells at approx
200g for 5 min.
5. Resuspend the cells in fresh media, and seed into flasks or Petri dishes at approx
3 × 103 cells/cm2 of surface area. Density of cells at seeding can be varied depending on when confluence is required.
6. Cells should reach confluence in approx 3–5 d.

3.2. Production of Feeder Layers
1. Select flasks of exponentially growing 3T3, which have no more than approx 50%
of the flask’s surface area covered by cells, refresh the media, and incubate for a
further 24 h (to ensure a rapid rate of proliferation).
2. Add approx 1–10 μg of mitomycin-C/mL of medium (see Note 7), and incubate
for a further 12 h.
3. Wash the flask three times with fresh medium, incubating the cells with the final
wash for approx 10–20 min at 37°C.
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4. Harvest the cell immediately by trypsinization in the usual manner (detailed in
Subheading 3.1.) and seed in fresh flasks at approx 2.5 × 104 cells/cm2 in KGM
(1 mL media/5 cm2 of flask surface area).
5. Incubate at 37°C for approx 12 h to allow the cells to adhere and spread before
seeding with keratinocytes.

Alternatively (see Note 8):
1. Select flasks of exponentially growing 3T3, which have no more than approx 50%
of the flask’s surface area covered by cells, refresh the media and incubate for a
further 24 h (to ensure a rapid rate of proliferation).
2. Harvest the cell immediately by trypsinization in the usual manner (detailed in Subheading 3.1.) and resuspend in fresh 3T3 medium at approx 2–4 × 106 cells/mL.
3. Subject the cells to approx 6000 rads of γ-radiation from a 60Co source or similar
(see Note 8).
4. The cell suspension can either be used immediately or stored refrigerated for up
to 48 h before use. Obviously the viability of the cells decreases with increased
storage time.
5. Seed in fresh flasks at approx 2.5 × 104 cells/cm2 in KGM (1 mL media/5 cm2 of
flask surface area).
6. Incubate at 37°C for approx 12 h to allow the cells to adhere and spread before
seeding with keratinocytes.

3.3. Initiation of Keratinocyte Cultures
1. Immediately on removal from patient (see Note 5), place skin sample as sterilely
as possible into transport media (important if the sample is thought likely to carry
a considerable microbial load) or wrap it in sterile saline-soaked gauze, and stored
at 4°C until use (up to 24 h is acceptable).
2. Place skin into a shallow sterile container (a 10-cm-diameter Petri dish is perfect
for small skin samples), and using fine forceps and iris scissors, trim away as
much hypodermis as possible (adipose and loose connective tissue), until only
the epidermis and the relatively dense and white dermis remain (see Notes 10
and 11).
3. Flatten the skin (epidermis down) onto the surface of the Petri dish and using a
sterile scalpel, cut the skin into long 2–3 mm thin strips.
4. Place the strips into a centrifuge tube (50 mL capacity) containing at least a covering volume of dispase medium (see Note 12), and incubate either for 2–4 h at
37°C or overnight at 4°C.
5. After incubation, remove the strips of skin from the dispase medium, dabbing
excess medium off on the inside of the lid of a 10-cm Petri dish, and place the relatively media-free strips into the Petri dish. Peel the epidermis away from the
dermis using two sterile hypodermic needles. The epidermis is the semi-opaque
thin layer, whereas the connective tissue of the dermis will have absorbed fluid
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and will appear as a thick swollen slightly gelatinous layer. These two layers
should come apart easily. If sections remain attached, then either the strips were
too thick or further incubation in fresh dispase is required. (Note that this shouldn’t be a problem with overnight incubations, although lower viability of the resulting cell suspension is often a problem.)
6. Quickly place the epidermal strips only into 5 mL trypsin stock solution, and
shake rapidly for approx 1 min. Add 15 mL of DMEM/10% FCS to inactivate the
trypsin and remove the undissociated portions of the epidermal strips either manually (if dealing with a small skin sample) or via passing through sterile medical
gauze into a centrifuge tube.
7. Pellet the single-cell suspension by centrifugation at approx 200g for 5 min.
Resuspend in KGM and count using a hemocytometer. Seed at approx 2–5 × 104
viable cells/cm2 onto preplated feeder layers.

3.4. Routine Culture of Keratinocyte Strains
1. Change the medium twice per week.
2. With time, the feeder cells will begin to die and detach from the flask. Replace
these with fresh feeder cells as necessary (see Note 13).
3. The cultures should look rather messy at first, with the keratinocytes only beginning to form obvious colonies after 3–7 d. The keratinocyte cells are only easily
distinguishable from the surrounding feeders once they have begun to form
colonies, where the cells are closely adherent to each other forming a distinctive
“crazy paving” pattern (see Fig. 1).
4. These cultures should reach confluence within 10–14 d. It is extremely important to passage the keratinocytes before they reach absolute confluence and ideally
when they only cover 70–80% of the surface area of the flask (see Note 14).
5. To passage the keratinocytes, proceed as described for passaging of 3T3 cells in
Subheading 3.1., steps 1–4, with the exceptions that keratinocytes require additional washing (repeat step 1), may often take longer to trypsinize (10–15 min),
and, even once rounded up, will require vigorous agitation of the flask to detach
the cells from the surface.
6. Once counted, seed the keratinocytes onto fresh feeder layers at a density of
approx 5–50 × 103 viable cells/cm2. The density seeded depends on when confluence is required. Healthy passaged keratinocyte cultures should reach confluence within 7–10 d (see Note 15).

4. Notes
1. The shelf life of culture media is dictated by the stability of its essential components. In the case of complex media containing cocktails of added growth factors
such as KGM, it should be used as fresh as possible but preferably within 7–10 d.
The shelf life of less sophisticated culture media (such as 3T3 medium) is simply
limited by the instability of L-glutamine (an essential and common media component) at 4°C in aqueous neutral conditions. However, fresh L-glutamine can be
added to extend the shelf life to several months.
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Fig. 1. A healthy keratinocyte colony (center) surrounded by dying feeder cells in a
7-d-old primary culture. Note the symmetrical appearance of the colony, the smooth
rounded edges of which are typical of rapidly growing keratinocyte colonies, and the
“crazy paving” pattern of the closely adherent keratinocytes. The phase-bright debris
located at the center of the colony is commonly seen in primary cultures particularly,
and is thought to be because of a cellular aggregation of terminally differentiated cells
attaching to the proliferating cells that have adhered to the plastic. Magnification ×200.
2. Culture media, supplements, and other culture solutions are available from most
tissue culture retailers unless otherwise specified.
3. Note that each batch of FCS has different properties with regard to promoting the
healthy growth and proliferation of cells, and different batches can prove optimal
for different types of cells. FCS must be batch tested to obtain optimal serum for
the health and growth of normal human keratinocytes. It is possible that the optimum FCS for the 3T3 cell line is different from that identified for keratinocytes,
however, this is less important as this cell line will grow sufficiently in suboptimal
FCS.
4. Culture media (both as supplied and once supplemented) are stored at 4°C. Media
supplements (concentrated) are stored as recommended by suppliers: antibiotics
and L-glutamine are stored at <–20°C, the more temperature-sensitive proteins
such as growth factors are generally made up to stock concentrations, aliquoted,
and stored at <–80°C, FCS (large stock bottles) are stored at <–80°C, whereas
working stock aliquots of 50 mL can be stored at <–20°C for up to 1 mo.
5. The type of skin used depends on your experimental needs and ethical permission,
but keratinocytes can be successfully cultured from most body sites. A good
source of skin is from the redundant skin left over after routine operative proce-
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6.

7.
8.

9.

10.

11.

12.

dures such as abdominoplasties, breast reductions or (for younger skin) circumcisions, hyperspadias repair, prominent ear correction. Generally, keratinocyte cultures from younger patients (<20 yr old) have a greater growth potential. It is
advised that culture initiation from patients older than 65 yr be avoided.
Most stock supplements are made up in PBS containing a carrier protein, such as
0.1% bovine serum albumin (BSA) with the following exeptions due to relative
insolubility: highly concentrated stocks of liothyronine dissolve in 1 part HCl and
2 parts ethanol, this can then be further diluted in aqueous solution, adenine dissolves in NaOH, pH 9.0, insulin dissolves in 0.05 M HCl, and hydrocortisone
dissolves in EtOH.
The exact concentration of mitomycin-C required to produce viable, yet nonproliferating feeder cells should be titrated, because it can vary with batch.
The use of irradiation to produce feeder cells is preferable as it is both rapid and
simple, but its use is limited by availability of a sufficient source. Note that great
care should be taken on use of radiation sources such as 60Co and that radiochemical safety procedures should be strictly adhered to at all times. It is also
necessary to intermittently titrate the exact dosage required to produce a healthy
and viable feeder layer and yet one which is incapable of proliferating.
The 3T3 cell line is an undemanding cell line to maintain in culture, and a competent tissue culturist should encounter few problems. The only thing that must be
strictly adhered to during cultivation is the cells must not be allowed to reach
confluence. Cells that have been allowed to become over confluent begin to form
foci (piling up and escaping density inhibition) and must not be used either for the
continuation of stocks or for the production of feeder layers, because the cells
appear to transform further and can become resistant to irradiation or mitomycinC treatment, maintaining their proliferative ability and thereby overrunning keratinocyte cultures.
Skin samples are often contaminated with bacteria or yeast. Submerging relatively
intact skin samples briefly in alcohol before processing should reduce most contamination problems. However, pockets of bacteria and the like are often found
trapped in sweat or sebaceous pores (particularly common in foreskins). Fortunately, once the skin is stretched upside down across the Petri dish, the presence
of these blocked pores becomes obvious (depending on the density of the hypodermis). The affected portion of skin sample should be carefully dissected out
and discarded, taking particular care not to rupture the blocked pore.
The density of hypodermis varies with body site. For foreskins, the dermis is relatively shallow and the hypodermis is particularly loose and thus easy to dissect,
whereas skin taken from the back has an extremely dense hypodermis that is hard
to distinguish from the thick dermis, making it difficult to dissect and remove in
entirety. In the latter case, simply remove as much extraneous connective tissue as
possible without cutting into the epidermis itself (often easier with iris scissors
from underneath).
Alternatively, if the sample being dealt with is either small in size (approx
<10 cm2) and/or is extremely thin (in the form of leftover split thickness skin
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graft or thin skin from certain body sites) once any extraneous subcutaneous (sc)
tissue has been removed, the sample can simply be finely minced using the iris
scissors (pieces ideally no bigger than approx 1 mm2) and incubated directly in a
1⬊4 (v/v trypsin⬊EDTA) trypsinization mixture for approx 1–3 h (until small
squares of semi-opaque dermis are seen sticking to the sides of the tube after vigorous shaking). The trypsin is then inactivated and the cells retrieved as detailed
in the rest of the protocol.
13. An adequate feeder layer density is extremely important to maintain, both for the
continued growth of the keratinocytes and the inhibition of fibroblasts growth.
The ideal density of cells within the feeder layer should cover approx 70–80% of
the surface area (i.e., slightly higher density than that seen surrounding the keratinocytes colonies in Fig. 1) and should not be allowed to go below 50% even
when the keratinocyte colonies are established and large.
14. In order to maintain healthy cultures of rapidly growing keratinocytes long term,
it is imperative that keratinocyte cultures are passaged well before full confluence is reached. If this is not done, the proliferative ability of keratinocytes begins
to reduce dramatically with passage. This phenomena is presumably due to the
cellular stratification that takes place in this media, resulting in the production of
multiple layers of differentiated keratinocytes overlying the viable, proliferating
layer of cells. The formation of this relatively impermeable barrier between the
medium and the proliferating cells would considerably reduce their access to
nutrients, feasibly reducing culture viability.
15. Keratinocyte stocks can be successfully stored in liquid nitrogen. Only cultures of
rapidly growing keratinocytes should be chosen for the production of cryogenic
stocks and ideally these should be approx 50% confluent only. Trypsinize, count,
and pellet the cells as usual. Resuspend the cells at approx 1–5 × 106 cells/mL in
a rich freezing mixture of 90% FCS and 10% dimethyl sulfoxide. Aliqout into
cryotubes immediately and insulate the tubes by wrapping them individually in
several layers of tissue or placing them into polystyrene containers and freeze
overnight at –80°C, before placing into liquid nitrogen.
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