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Isabel Sá-Correia, Portugal
P. L. C. Small, USA
Lori Snyder, UK
Michael Thomm, Germany
H. C. van der Mei, The Netherlands
Schwan William, USA

Noel F. Lowndes, Ireland
Wuyuan Lu, USA
Patrick Matthias, Switzerland
John L. McGregor, France
S. L. Mowbray, Sweden
Elena Orlova, UK

Yeon-Kyun Shin, USA
William S. Trimble, Canada
Lisa Wiesmuller, Germany
Masamitsu Yamaguchi, Japan

Microbiology
D. Beighton, UK
Steven R. Blanke, USA
Stanley Brul, The Netherlands
Isaac K. O. Cann, USA
Peter Dimroth, Switzerland
Stephen K. Farrand, USA
Alain Filloux, UK

Molecular Biology
Rudi Beyaert, Belgium
Michael Bustin, USA
Douglas Cyr, USA
K. Iatrou, Greece
Lokesh Joshi, Ireland
David W. Litchfield, Canada

Oncology
Colin Cooper, UK
F. M. J. Debruyne, The Netherlands
Nathan Ames Ellis, USA
Dominic Fan, USA
Gary E. Gallick, USA
Daila S. Gridley, USA
Xin-yuan Guan, Hong Kong
Anne Hamburger, USA
Manoor Prakash Hande, Singapore
Beric Henderson, Australia

Steve B. Jiang, USA
Daehee Kang, Republic of Korea
Abdul R. Khokhar, USA
Rakesh Kumar, USA
Macus Tien Kuo, USA
Eric W. Lam, UK
Sue-Hwa Lin, USA
Kapil Mehta, USA
Orhan Nalcioglu, USA
Vincent C. O. Njar, USA

P. J. Oefner, Germany
Allal Ouhtit, USA
Frank Pajonk, USA
Waldemar Priebe, USA
F. C. Schmitt, Portugal
Sonshin Takao, Japan
Ana Maria Tari, USA
Henk G. Van Der Poel, The Netherlands
Haodong Xu, USA
David J. Yang, USA

Ayman El-Kadi, Canada
Jeﬀrey Hughes, USA
Kazim Husain, USA
Farhad Kamali, UK
Michael Kassiou, Australia
Joseph J. McArdle, USA
Mark J. McKeage, New Zealand
Daniel T. Monaghan, USA
T. Narahashi, USA

Kennerly S. Patrick, USA
Vickram Ramkumar, USA
Michael J. Spinella, USA
Quadiri Timour, France
Todd W. Vanderah, USA
Val J. Watts, USA
David J. Waxman, USA

Pharmacology
Abdel A. Abdel-Rahman, USA
M. Badr, USA
Stelvio M. Bandiera, Canada
Ronald E. Baynes, USA
R. Keith Campbell, USA
Hak-Kim Chan, Australia
Michael D. Coleman, UK
J. Descotes, France
Dobromir Dobrev, Germany

Plant Biotechnology
P. L. Bhalla, Australia
J. R. Botella, Australia
Elvira Gonzalez De Mejia, USA
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The aim of this special issue is to provide the scientific audience with an up-to-date review of pluripotent and tissuespecific stem cells and their diﬀerentiation in combination
with cellular engineering in the quest to develop novel
regenerative therapies.
The field of regenerative medicine is focused on the
creation of functional tissue units to either repair or replace
compromised tissue or organs in vivo. The field therefore
oﬀers the promise that, in the future, scientists will be able
to grow tissues in the laboratory and use them safely as
extracorporeal devices to stimulate endogenous repair [1]
or implant them when the body cannot heal itself, but only
when cell-based therapies are deemed safe and eﬀective [2,
3]. If successful, such an approach would have a significant
impact on the problem of the shortage of donor organs
available for transplantation.
The collections of papers that make up this special issue
provide broad-ranging coverage of the field and provide
comprehensive and up-to-date reviews of human development and the relationships that exist between development,
regeneration, carcinogenesis, and the role of stem cells in
these processes (Kung et al., 2010). There is a focus on application of this knowledge using human embryonic stem cells
which have the potential to provide novel biological models
and medical devices (Sharma et al., 2010). Additionally, we
discuss adult stem cell populations exploring their in vitro
expansion (Wells, 2010) and plasticity (Lui et al., 2010),
essential to regenerative medicine and tissue engineering.
This is supported by the review article on generating the
correct cell-cell and cell-environment interactions in these
processes (Titushkin et al., 2010).
The ability to prepare homogeneous preparations of
somatic cells for regenerative medicine will necessitate the

development of methods which are simple and do not
expose derivative cell populations to greater stress. A highly
attractive procedure, dielectrophoresis, shows great potential
in population enrichment and in stem cell sorting and is
discussed in this special issue (Pethig et al., 2010). It is likely
that technologies which do not require cell surface labels will
play an increasing role in regenerative medicine.
Stem cell-based therapies have been used successfully
in the past, and many more are predicted for the future,
therefore, it is critical that we produce cell types which are
stable and contribute to tissue homeostasis in vivo. A crucial
element of tissue homeostasis and organ stability is DNA
repair. This process protects stem cells in both embryonic
and adult tissues from genetic damage thereby maintaining a
stable genome. DNA repair is a fast and eﬃcient process, but
it can prove problematic when stem cells undergo malignant
transformation (Frosina et al., 2010). In order to gain a better
understanding of this process noninvasive cellular techniques
have been developed to accurately determine diﬀerences in
normal and transformed cell lines. Raman spectroscopy is
one such example and has provided insight into changes
in DNA and RNA concentrations during the lifecycle of a
cell, and, as such, we have highlighted this technique as a
promising approach in this issue (Downes et al., 2010).
We hope that this collection of papers stimulates interest
within the academic community and provides a basic and
up-to-date overview of key areas in regenerative medicine,
cell biology, and tissue engineering.
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The identification of putative liver stem cells has brought closer the previously separate fields of liver development, regeneration,
and carcinogenesis. Significant overlaps in the regulation of these processes are now being described. For example, studies in
embryonic liver development have already provided the basis for directed diﬀerentiation of human embryonic stem cells and
induced pluripotent stem cells into hepatocyte-like cells. As a result, the understanding of the cell biology of proliferation and
diﬀerentiation in the liver has been improved. This knowledge can be used to improve the function of hepatocyte-like cells for
drug testing, bioartificial livers, and transplantation. In parallel, the mechanisms regulating cancer cell biology are now clearer,
providing fertile soil for novel therapeutic approaches. Recognition of the relationships between development, regeneration,
and carcinogenesis, and the increasing evidence for the role of stem cells in all of these areas, has sparked fresh enthusiasm in
understanding the underlying molecular mechanisms and has led to new targeted therapies for liver cirrhosis and primary liver
cancers.

1. Introduction
Worldwide, liver cancer is the fifth most common malignancy [1] and the third most common cause of cancer
death [2]. Five hundred million individuals are infected with
Hepatitis B or C and a proportion will progress to liver failure
and cancer. As a result, the imperative to understand the
mechanisms of liver disease and to improve treatments for
liver disease has resulted in a dramatic expansion in liver
research. Accordingly, this has driven forward the technical
developments essential to the isolation, maintenance and
propagation of highly purified cell subtypes which will
underpin the therapies of the future. Better understanding
of the physiology of liver development and the responses
to liver injury has revealed emerging themes common
to ontogeny, regeneration, and carcinogenesis. Regulatory
pathways observed in one may form the basis for therapeutic
intervention in another. This review describes recent insights
into liver development, and the relationships with liver stem

cells, hepatocyte proliferation, diﬀerentiation, and cancer.
Potential therapeutic options are now emerging from our
developing understanding of these pathways.

2. Liver Development
During embryonic development, totipotent stem cells of
the blastocyst inner cell mass diﬀerentiate into multipotent
tissue-specific progenitor cells. Fate-mapping experiments
have shown that the liver arises from the lateral domains
of endoderm in the ventral foregut [3, 4] and from a
small group of cells tracking down the ventral midline [4].
During foregut closure, the medial and lateral domains
fuse together and the endoderm cells are specified to a
hepatic fate under the influence of inductive signals and
genetic regulatory factors that are highly conserved among
vertebrates. Studies in chick, frog, mouse, and zebrafish
models indicate that coordinated signalling of fibroblast
growth factors (FGF) from the cardiac mesoderm and
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bone morphogenetic proteins (BMP) from the septum
transversum mesenchyme is critical in hepatic induction
[5–9].
Following hepatic specification of the foregut endoderm,
the cellular responses to inductive signals elicit new gene
expression programmes required for cell diﬀerentiation.
Wnt signalling, initially repressed by Wnt inhibitors to
maintain foregut identity and allow hepatic induction [10,
11], becomes necessary to promote liver bud emergence
and diﬀerentiation [10, 12, 13]. The newly specified hepatic
cells, at this stage referred to as hepatoblasts, change to a
columnar shape and invade the septum transversum mesenchyme to form the liver bud [14]. This transition involves
coordinated interkinetic nuclear migration and proliferation,
loss of intercellular adhesion, hepatoblast migration, and
tissue-specific diﬀerentiation [15]. A number of studies in
mutant mice have shown that liver bud formation is tightly
controlled by a network of transcription factors, including
haematopoetically expressed homeobox factor (Hex) [14,
16, 17], GATA-6 [18], hepatocyte nuclear factor (HNF)6 [19], Onecut (OC)-2 [19], T-box transcription factor 3
(Tbx3) [20], and prospero-related homeobox 1 (Prox-1)
[21]. Once hepatoblasts bud into the local mesenchyme, they
continue to proliferate under the influence of a variety of
cytokines and growth factors secreted by mesenchymal cells
in the septum transversum, such as FGF, epidermal growth
factor (EGF), hepatocyte growth factor (HGF), transforming
growth factor (TGF)-β, tumour necrosis factor (TNF)-α,
and interleukin-6 (IL-6) [22–25]. Stimulatory signals to
hepatoblasts from neighbouring endothelial cells are of
particular importance as the presence of endothelial cells,
independent of the blood supply, is critical for normal
liver organogenesis throughout development [26, 27]. The
specific molecular signals from endothelial cells are being
studied; a recent study in the developing chick showed that
Wnt9a secreted by the hepatic sinusoids not only stimulates
hepatoblast proliferation, but it also controls global liver
morphology [28, 29].
Hepatoblasts in the liver bud express serum protein genes
specific to hepatocytes such as albumin (alb), transthyretin
(ttr), and α-fetoprotein (afp) [30, 31]. These cells are bipotential and soon after mesenchyme invasion diﬀerentiate into
hepatocytes (α-fetoprotein+ /albumin+ ) and cholangiocytes
(cytokeratin (CK)-19+ ) [5, 32]. The proper balance in the
numbers of hepatocytes and cholangiocytes from hepatoblasts is achieved by integrated signalling and transcriptional
networks. The Jagged-Notch pathway controls diﬀerentiation of hepatoblasts towards a biliary epithelial phenotype
[33, 34], while HGF antagonises biliary diﬀerentiation and
in conjunction with oncostatin M (OSM) promotes hepatocyte diﬀerentiation [35]. Following lineage segregation,
the percentage of bipotent cells is markedly reduced and
most cells are unipotent and irreversibly committed to either
the hepatocytic or cholangiocytic lineage. Committed cells
exhibit progressive change in morphology and physiologic
functions, and this maturation process extends until several
weeks after birth as demonstrated by a number of gene array
analyses in rodent liver development [36–38]. An overview
of embryonic liver development is presented in Figure 1.
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3. Stem/Progenitor Cells in
Human Foetal Liver
Studies in human liver development are relatively few in
number as they rely heavily on ex vivo liver specimens.
These studies are invaluable as not only do they provide direct observations and knowledge of the regulatory
factors involved in human liver organogenesis but their
findings could also lead to successful isolation and in
vitro propagation of foetal liver progenitor cells suitable
for clinical use. Human embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) hold great promise
for a potentially abundant source of hepatocytes; however,
directing their diﬀerentiation into specific, fully functional
adult cell lineages remains a significant challenge. The use
of foetal human liver progenitor cells abrogates the issue of
forced diﬀerentiation, as foetal progenitors have undergone
suﬃcient morphological and physiological diﬀerentiation so
that they are committed to a hepatic fate, and yet they
retain their “stemness” by maintaining their bipotentiality,
proliferative capacity, and transplantability.
The phenotype of foetal human liver progenitor cells
remains controversial. A range of cell markers based on
rodent studies, such as Liv2 [39, 40], E-cadherin [41], and
delta like kinase-1 (Dlk-1) [42], have only been characterised
in human livers by immunodetection methods in vitro [43,
44]. To date, the only convincing evidence to show that
liver progenitors can be isolated from human foetal livers
comes from immunoselection for epithelial cell adhesion
molecule (EpCAM)-positive cells [45]. In situ studies reveal
that EpCAM+ foetal liver progenitors are located in the
ductal plate. Once isolated, these cells are capable of selfrenewal and clonogenic expansion, as well as diﬀerentiation
into both hepatocytic and biliary lineages in defined culture
conditions [45]. Moreover, purified EpCAM+ foetal liver
progenitors when transplanted are able to engraft the livers
of immunodeficient adult mice yielding mature human liver
tissue [45].
Another potential stem cell population, side population
(SP) cells, has been found to contribute to haematopoietic
and epithelial lineages in the early gestational phase of
human liver development [46]. SP cells have been isolated
using fluorescence-activated cell sorting based on their ability to eﬄux DNA-labelling Hoechst dye [47], a phenotype
determined by expression of ATP-binding cassette (ABC)
transporters encoded by the multidrug resistance (MDR)-1
gene [46]. Their location in situ however remains uncertain,
not least because of the widespread distribution of ABC
transporters in the liver [48]; clearly the vast majority of
cells in the liver expressing ABC proteins are not stem cells
[49].

4. Translating Liver Development to
Disease Models
4.1. Liver Regeneration. The normal adult liver has considerable inherent regenerative capacity. Following acute liver
injury, such as partial hepatectomy, the tissue mass is restored
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Figure 1: The lineage of the developing liver in vivo. Pluripotent embryonic stem (ES) cells from the blastocyst inner cell mass give rise to
three principal germ layers: ectoderm, mesoderm, and endoderm. The anterior region of the endoderm will form the foregut. Following
hepatic specification of foregut endoderm, hepatic cells (now called hepatoblasts) will bud into the septum transversum and continue to
proliferate and diﬀerentiate. Maturation into hepatocytes and bile epithelial cells continue until several weeks after birth. The red bars
highlight the key stages of liver development. The black bars in the middle are mouse embryos at diﬀerent stages of development, and the
blue bars at the bottom indicate the equivalent stages in human development.

by mitotic division of mature hepatocytes [50]. This division
of mature hepatocytes provides an eﬃcient means by which
the normal liver can regain liver mass. The molecular
signals underpinning this form of regeneration are now well
understood (reviewed in [51]). However, this regenerative
capacity is overwhelmed during massive or chronic injury
and facultative liver progenitors (in rodents called oval cells)
are activated. The two reparative processes are quite distinct
yet not entirely mutually exclusive, as liver progenitors and
hepatocyte replication can be observed simultaneously in
some injury models [52, 53]. Nonetheless, gene ontology
analysis shows that restoration after hepatectomy and liver
development diﬀer significantly with regards to transcription
factors and chromatin structure modification [54].
On the contrary, although the exact mechanisms controlling progenitor activation in chronic liver injury remain
elusive, collective data suggest that in progenitor-mediated
regeneration of the adult liver, the molecular signals may
follow a pattern suggestive of a recapitulation of foetal
development. Whilst undoubtedly simplistic, this helps
provide a framework to understand the adult response,
though unequivocally this will not be a complete parallel.
First, EpCAM+ cells purified from normal and injured
adult human livers possess similar biological characteristics
to those from foetal livers and function as bipotential
progenitor cells [45, 55]. Second, in situ antigenic profiling
shows that EpCAM+ progenitor cells are located at the canals
of Hering, adult remnants of the ductal plates [55]. The
progenitor nature of cells at the canals of Hering is further

supported by a recent lineage tracing experiment [56].
Third, the same cytokines and growth factors involved in
foetal development are also implicated in adult regeneration
(reviewed in [57]). In rodent models of chronic liver injury,
HGF [58–60] and EGF [58, 61] upregulate proliferation and
expansion of oval cells while TGF-β [62] and OSM [63]
have the opposite eﬀect. Fourth, upregulation of the Wnt/βcatenin pathway in rodent models of both acute chemical
[64] and chronic [65] liver injuries suggest symmetry
between foetal development and adult regeneration at the
transcription level. Taken together, adult liver regeneration
parallels foetal development and involves progenitor cells
that can be identified by anatomic, antigenic, and biochemical profiles.
It is evident that knowledge of the developmental biology
of the liver provides clues to the molecular mechanisms
in liver regeneration. This is critical in the search for a
cure for chronic liver disease as specific pathways may be
selectively targeted via pharmacological means to manipulate
the progenitor cell compartment in adult liver. This has
already been proven to be feasible with imatinib mesylate,
a tyrosine kinase inhibitor, which has been shown to
inhibit the liver progenitor cell response, liver fibrosis,
and liver cancer formation in a mouse model of chronic
liver injury [66]. Alternatively, this method of progenitor
manipulation may be used to enhance liver regeneration
in situ without the complications of cell engraftment and
immunological rejection associated with transplantation.
Further, eﬀorts in programming human ESCs and iPSCs
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to generate hepatocytes de novo (reviewed in [67, 68])
are founded on understanding how hepatocytes normally
develop and diﬀerentiate in the embryo and how hepatocytes
arise during regeneration in adults, in response to tissue
damage and disease. The precise conditions that exist within
the embryo which promote the diﬀerentiation of hepatocytes
from pluripotent stem cells can be mimicked in vitro,
for example, by using extracellular factors and recruiting
accessory cell types to yield highly functional derivatives for
drug screening, human bioartificial liver construction and,
potentially, transplantation therapy.
4.2. Liver Stem Cells and Cancer. In the UK, the incidence
of primary liver cancer has tripled in the last 30 years,
and the associated mortality has increased by 40% over
the last decade. Most worryingly, provisional data for 2008
indicate that the number of deaths from primary liver cancer
is accelerating, with a 9% increase over the previous 12
months [69]. Given these statistics, there is an urgent need to
understand the mechanisms of carcinogenesis in the liver and
thereby aid the development of new forms of cancer therapy.
The cellular origin of HCC has long been debated,
but whether HCC originates from mature hepatocytes,
stem/progenitor cells, or both remain unclear. The fact that
many liver tumours arise during cirrhosis when hepatocyte
senescence triggers the activation of liver progenitors causes
further confusion [70]. In the liver, there may be at
least three distinct cell lineages susceptible to neoplastic
transformation: hepatocytes, intrahepatic stem cells, or
small hepatocytes [71, 72]. Most well-diﬀerentiated HCCs
in the early stages are detected as small nodules with
normal levels of AFP. Subsequently, they increase in size
and become moderately or poorly diﬀerentiated cancerous
tissues producing AFP [73]. This suggests that HCC might
arise due to dediﬀerentiation of mature hepatocytes that
have retained their ability to divide [74]. In addition, it
is now accepted that the arrested diﬀerentiation of tissuebased stem cells or their immediate progenitors, the concept
of blocked ontogeny, is linked to hepatocarcinogenesis [75–
77]. It has been suggested that intrahepatic stem cells can
give rise to HCC and cholangiocarcinoma (CC) [78], as
activation of oval cells has been demonstrated in rodent
models of HCC and CC [79, 80]. Further, the role of
intrahepatic stem cells in carcinogenesis is supported by
a histological subtype of liver malignancies that displays
features of both HCC and CC (HC-CC) combined with the
presence of numerous liver progenitor cells [81, 82]. The
development of HC-CC in mice implanted with p53-null
oval cells suggests that dysregulated propagation of liver progenitors is an important early step in hepatocarcinogenesis
[83].
There are several lines of evidence to suggest that hepatocarcinogenesis in part recapitulates foetal liver development,
as both cell types have the capacity to self-renew, produce
heterogeneous progeny, and divide limitlessly. First, hepatoblastomas presenting in their less diﬀerentiated phenotype in
the livers of human infants represent an early stage in the cellular lineage pathway observed in the development of highly

Journal of Biomedicine and Biotechnology
diﬀerentiated HCCs seen in adults, thereby supporting the
progenitor cell diﬀerentiation arrest model [72]. Second, SP
cells, which have hepatocytic and cholangiocytic potential in
foetal livers, have been isolated in a number of HCC cell
lines and are capable of tumour formation with a starting
population of as few as 103 cells in serial xenotransplantation
experiments [84]. Third, foetal liver progenitors and HCC
cell lines share a number of oncofetal markers. A recent study
has shown that Huh1, Huh7, and Hep3B cell lines all express
EpCAM to varying degrees, with up to 99.2% of Hep3B
cells being EpCAM+ [85]. Purified EpCAM+ cells from HCC
cell lines and human clinical specimens possess progenitor
features and, when injected into immunodeficient adult
mice, exhibit tumorigenic and invasive capacity [85, 86].
Moreover, individuals with HCC whose gene expression profiles match that of foetal hepatoblasts have a poorer prognosis
compared to those with adult genomic profiles [82, 86].
Fourth, signalling mechanisms central to embryonic liver
development have been implicated in hepatocarcinogenesis.
Activation of Wnt/β-catenin signalling is observed in OV6+
HCC cells in rats [87] and EpCAM+ HCC cells in humans
[88] and is linked to their excessive self-renewal capability
and tumorigenicity. Aberrant TGF-β and IL-6 signalling has
also been found to promote the growth of stem/progenitor
cells in their undiﬀerentiated state and contributes to the
modulation of HCC [89].
In recognition of the symmetry between liver development and carcinogenesis and the possible role of liver
cancer stem cells, new approaches to the treatment of
primary liver cancer have been proposed. The inhibition
of specific molecular pathways is one promising strategy.
A recent study has shown that Hep3B cell growth can be
inhibited by RNA interference-based blockage of EpCAM,
a direct transcriptional target of Wnt/β-catenin signaling
[85]. Encouragingly, EpCAM-specific antibodies, though
not licensed for treating HCC, are currently in phase
II clinical trials for the treatment of EpCAM+ colorectal
carcinoma [90]. An alternative strategy is diﬀerentiation
therapy, whereby liver cancer stem cells are induced to
diﬀerentiate and in so doing lose their self-renewal capacity
and tumorigenic potential. In transgenic mice in which the
c-Myc oncogene is inactivated, tumorigenesis is reversed
with HCC cells losing their neoplastic properties and
diﬀerentiating into hepatocytes and biliary cells [91]. It
is also conceivable that the fate of liver progenitors may
be manipulated by targeting the stem cell niche, as the
specified microenvironment in which stem cells reside often
dictates self-renewal and diﬀerentiation [92]. One potentially
eﬀective target is endothelial cells, as not only are they a
critical component of the liver progenitor cell niche but
they are responsible for neovascularisation which is a crucial
prerequisite for hepatocarcinogenesis [93, 94]. A number of
anti-angiogenic agents, namely, bevacizumab, erlotinib, and
sorafenib, have already entered clinical trials for HCC and
shown eﬃcacy in some instances [95, 96]. Although these
agents hold much promise, their eﬀect on the improvement
in overall survival is still marginal [95, 96]. There is no
doubt that much more research on the microenvironment
supportive for HCC progression is urgently needed.
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5. Conclusion
There are common threads which span liver development,
regeneration and carcinogenesis, notably the cellular functional phenotype responsible for each process and the
molecular machinery dictating appropriate cell fate. The
identification of stem cell candidates in the developing
liver, and cancer stem cells in liver tumours, has revealed
physiological themes relating to surface markers and the regulation of proliferation and diﬀerentiation. Further progress
towards the clinical application of stem cells and ES-derived
liver cells is critically dependent on detailed understanding
of all of these mechanisms. Only when the generation of
nontumorigenic cells for liver therapy and the interactions of
these cells with host tissues are understood, can the promise
of liver stem cell therapy be fully realised in human liver
disease.
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The liver carries out a range of functions essential for bodily homeostasis. The impairment of liver functions has serious
implications and is responsible for high rates of patient morbidity and mortality. Presently, liver transplantation remains the
only eﬀective treatment, but donor availability is a major limitation. Therefore, artificial and bioartificial liver devices have been
developed to bridge patients to liver transplantation. Existing support devices improve hepatic encephalopathy to a certain extent;
however their usage is associated with side eﬀects. The major hindrance in the development of bioartificial liver devices and cellular
therapies is the limited availability of human hepatocytes. Moreover, primary hepatocytes are diﬃcult to maintain and lose hepatic
identity and function over time even with sophisticated tissue culture media. To overcome this limitation, renewable cell sources
are being explored. Human embryonic stem cells are one such cellular resource and have been shown to generate a reliable and
reproducible supply of human hepatic endoderm. Therefore, the use of human embryonic stem cell-derived hepatic endoderm in
combination with tissue engineering has the potential to pave the way for the development of novel bioartificial liver devices and
predictive drug toxicity assays.

1. Introduction
The liver is the largest gland in the body and carries out
a multitude of endocrine and exocrine functions [1]. The
liver also possesses a remarkable regenerative capability;
however, upon repeated injury it becomes progressively
fibrosed and loses function. Existing treatments for patients
with end stage liver diseases or acute liver failure are
reliant upon liver cell or organ transplantation [2]. The
mortality rate is as high as 80% in fulminant hepatic
failure (FHF) in the absence of transplantation [3].
Approximately 6,000 liver transplant operations are performed in the United States (http://www.liverfoundation
.org/education/info/transplant/) and about 600–700 in the
UK every year (http://www.britishlivertrust.org.uk/home/
the-liver/liver-transplantation/a-history-of-liver-transplantation-and-current-statistics.aspx), but these numbers are
limited by the availability of donor organs. In order

to overcome this, the practice of living donor liver
transplantation was introduced in 1989 [4]. A living
donor is usually a blood relative who undergoes surgery in
which a section of the liver is removed for transplantation
into the recipient. Liver regeneration then occurs in both
the donor and recipient over a period of 8–12 weeks. While
promising, this is a complex, high risk procedure from which
20% of donors develop complications, and the associated
ethical issues complicate its routine clinical deployment
[5]. This has necessitated the exploration of alternative
approaches to support human liver function during liver
failure. One such approach receiving recent attention is the
development of extracorporeal devices utilising hepatocytes
to provide support during liver failure [6].
In addition to cell therapeutic approaches, another
important aspect of human liver cell biology is the testing
and safe development of new drugs, as the liver plays a central
role in the metabolism of the majority of drugs [7]. Several
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in vitro human liver models have been developed including
supersomes [8], microsomes, cytosol, S9 fraction, cell lines,
liver slices and perfused lines. Although useful, these models
suﬀer functional drawbacks, which aﬀect drug attrition and
therefore development costs [8, 9]. A standardized in vitro
tissue model for screening new drug compounds for toxicity
and eﬃcacy would be more predictive of the human liver.
Recent advances in stem cell research and tissue engineering have opened up several new avenues for the development
of novel cell-based therapies and in vitro techniques for
hepatology research. This paper gives an overview of the
stem cell and tissue engineering approaches that have been
developed or adapted by diﬀerent research groups, with
special emphasis on the derivation of hepatic endoderm
(HE) from human embryonic stem cells (hESCs), and its
clinical application in regenerative medicine.

2. Tissue Engineering and
Regenerative Medicine
Regenerative medicine and tissue engineering are branches
of medicine which focus on the creation of living, functional
tissues to repair or replace damaged tissues or organs and
restore their function [10, 11]. Together, they promise enormous therapeutic opportunity and may play an important
role in reducing the need for whole organ transplantation
and greatly accelerate the development of new drugs and
medicines [12].

3. Liver Diseases
FHF is the most serious of all liver diseases and is usually
defined as the severe impairment of hepatic function in the
absence of pre-existing liver disease. It can occur within
10 days of liver dysfunction (hyper-acute), within 10–31
days (acute) or after more than 31 days (subacute). The
pathophysiology of this condition consists of the loss of hepatocellular function causing severe metabolic derangements,
impairment of plasma detoxification, hyperammonemia
(elevated blood ammonia levels), neurological complications, and systemic organ failure [13, 14]. Acute-on-chronic
liver disease occurs in patients with well compensated
chronic liver disease in whom acute deterioration of liver
function occurs due to events such as sepsis, gastrointestinal
bleeding, ischemia or additional superimposed liver injury
due to alcohol, hepatotoxic drugs, or viral infections. It
is characterised by systemic circulatory disturbances, hepatorenal failure, and hepatic encephalopathy. Chronic hepatic
decompensation occurs in patients with end stage cirrhosis
and underlying liver disease [15–17].
The onset of liver failure is potentially reversible, and
considerable work has been carried out to develop eﬀective
support devices capable of emulating human liver function
to allow patient recovery following acute deterioration [18].
Artificial liver and bioartificial liver devices have been
specifically developed to bridge patients until either a suitable
organ becomes available for transplantation, or recovery
occurs in the patient.
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4. Artificial Liver Devices (ALDs)
The key factors identified in the pathophysiology of hepatic
encephalopathy in liver disease are hyperammonemia caused
by urea cycle enzyme deficiency, and changes in levels
of GABA, benzodiazepines, 5-HT, aromatic amino acids,
mercaptens, phenols, and fatty acids [19, 20]. Artificial
liver devices are designed to filter the accumulation of
these toxic substances using the principles of hemofiltration,
hemoperfusion, and hemodiabsorption [3]. Although ALDs
have produced clinical improvements in some patients,
significant increases in survival rates have not been obtained
[21]. Moreover, there are side eﬀects associated with such
filtration techniques, for example, incompatibility between
blood and extracorporeal circuit causing complement initiation, platelet activation, and leucopoenia (decreased white
blood cell count) leading to systemic inflammatory response
and hemorrhaging. Another drawback of filtration is that
it removes some of the hormones and growth factors
involved in liver regeneration [3]. The plasma exchange
system was developed to overcome these drawbacks, allowing
the removal of hepatic toxins while replacing the beneficial
factors. However, this process is expensive and associated
with coagulation imbalance and citrate load, limiting its
clinical applicability [3].
One of the most commonly used ALDs is the molecular
adsorbents recirculating system (MARS). The MARS uses
albumin enriched dialysate, a charcoal filter, and an ion
exchange resin to filter out albumin-bound toxic metabolites which may precipitate encephalopathy and multiorgan
failure. The MARS circuit is impermeable to albumin but
allows the diﬀusion of toxic molecules bound to albumin
[22]. The MARS has been reported to produce improvements
in physiological and neurological states but again does not
significantly improve survival rates [21, 23]. Like other
ALDs, it does not discriminate which molecules are filtered
and therefore can remove key cytokines involved in liver
regeneration such as IL-6 and TNF [3].
The Prometheus system is another ALD which has
undergone clinical trial for the treatment of patients with
acute-on-chronic liver failure. This system uses fractional
plasma separation and an adsorption method with high flux
hemodialysis using an albumin semipermeable membrane. It
has been shown to be more eﬀective than the MARS system
at clearing albumin bound toxins, but oﬀers no improvement
in hemodynamics [24, 25]. The complications associated
with these techniques demonstrate the shortcomings of
nonbiologic liver support devices. The detoxification of
patients’ blood using entirely artificial systems is far from an
ideal support system for the failing organ. It is now being
realized that a device with a biological component capable
of performing all the metabolic and detoxifying functions of
the liver could be a much more eﬀective strategy [26, 27].

5. Bioartificial Liver Devices
The limitations of ALDs discussed above, along with the
scarcity of donor livers, have led to the development of external liver support devices incorporating primary hepatocytes

Journal of Biomedicine and Biotechnology
known as bioartificial livers (BALs). Ideally, a BAL should
be able to simulate the function of the entire liver, though
existing designs have yet to meet this requirement [28]. The
use of living tissue in external liver support devices dates
back to the 1950s, and a pioneering trial in which patients
with cirrhosis were treated using cross-hemodialysis of the
patients’ blood with that of four living dogs [29]. One patient
of four showed a reduction in serum ammonia levels and
temporarily recovered from a hepatic coma. However, the
technique was complicated, nonscalable and had little long
term clinical impact. The true potential of extracorporeal
liver perfusion systems was not realised until the 1990s,
when human cadaveric livers that were unsuitable to be
transplanted were used to successfully bridge patients with
acute hepatic failure to transplantation [30].
Although early BAL studies showed great promise, there
are a number of problems associated with the use of primary
hepatocytes. Maintaining the long-term metabolic functions
of BALs is diﬃcult as mature hepatocytes scarcely proliferate and rapidly lose their hepatic function ex vivo [31].
Bioartificial liver support using an Academic Medical Centre
(AMC) BAL bioreactor has demonstrated eﬃcacy in phase
I clinical trials, in which patients exhibited improvements
in neurological status and hemodynamics [32]. In one
case a patient on the transplant list fully recovered and
did not require solid organ transplantation [33]. Although
promising, these trials were conducted using a BAL charged
with porcine hepatocytes, and concerns have been raised over
the safety of using animal cells in clinical therapies due to
the possibility of disease transmission. In support of this,
a recent paper by Frühauf et al. [34] demonstrated that
porcine hepatocyte-fuelled BALs were able to infect primary
human hepatocytes with the porcine retrovirus. The risks
associated with using liver support devices incorporating
animal tissue have limited their clinical application, and the
use of porcine hepatocytes for BAL treatment is prohibited in
several European countries [35]. Other bioartificial devices
such as Hepta Assist, Modular Extracorporeal Liver Support,
Bioartificial Support System, and Radial Flow Bioreactor
have also been used in Phase I clinical trials (reviewed in
[26]). The extracorporeal liver assist device (ELAD) charged
with the human cell line C3A has been shown to be of
advantage in patients with FHF in terms of bridging to
transplantation, although human cell lines generally display
poor liver function [36]. A fully functioning humanised
alternative to porcine hepatocytes could lead to a stable
and reliable solution to the problem of managing and
treating human liver disease. Eﬀorts to achieve this feat
have been focussed on the emerging fields of stem cell
research and tissue engineering. There are three key criteria
to consider in the development of stem cell derived liver
technology: expandable cellular resource, eﬃcient directed
diﬀerentiation, and high fidelity function.
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of endocrine and exocrine functions. The remaining population of nonparenchymal cells is diverse and includes liver
sinusoidal endothelial cells, kupﬀer cells, biliary cells, stellate
cells, and intrahepatic lymphocytes [37]. Primary human
hepatocytes (PHHs) are used to model various aspects of
liver biology in vitro. The pharmaceutical industry takes
particular interest in the expression and function of drug
metabolising enzymes such as cytochrome P450 (CYP), drug
metabolism, drug interactions, cytotoxicity, and genotoxicity
in these models [38]. A major limitation of such in vitro
studies is the shortage and variability of isolated PHHs. High
quality donor livers are used for transplantation, therefore
PHHs are generally sourced from smaller fragments of liver
tissue resected for medical purposes such as primary liver
metastasis, adenoma, angioma, fatty liver, and hydatid cysts
[39, 40].
The liver is a remarkable organ as even after 70%
resection it is capable of regeneration by compensatory
hyperplasia within a few weeks. Hepatocyte proliferation and
the growth of cellular mass are induced by cytokines from
kupﬀer cells and stellate cells, and this is then followed by
the proliferation of endothelial cells and cholangiocytes [41].
Despite the liver’s resilience and capacity for regeneration
it has proven extremely diﬃcult to maintain or expand
hepatocytes in cell culture [42]. Even with sophisticated
media, human hepatocytes dediﬀerentiate extensively within
a few hours of plating [8, 9], losing hepatic specific gene
expression and function [42]. At present, most studies are
conducted with human cell lines and rodent hepatocytes.
Although a readily available replacement for PHHs, these
models suﬀer from poor function and species specific
variation, complicating data extrapolation to humans. An
example of this occurring is the case of Troglitazone,
which is a member of the thiazolidinedione class of oral
hypoglycaemic agents. It was approved for marketing by the
Food and Drug Administration (FDA) in March 1997, but
was withdrawn from the market in March 2000 after causing
at least 90 cases of liver failure, 70 of which resulted in
death or transplantation [43]. Current attention is focussed
on finding a reliable source of human hepatocytes. The
generation of hepatic endoderm from pluripotent stem cells
is now being identified as one such resource to meet this
demand [27]. Human embryonic stem cells are derived
from the inner cell mass of preimplantation embryos and
possess the ability to self-renew and diﬀerentiate to all cell
types [44, 45]. These attributes in theory give them the
potential to provide an unlimited supply of replacement
cells for regenerative medicine [46]. Their adult and fetal
stem cell counterparts have also been suggested as potential
cell sources, but these have limited capacity to multiply as
compared to hESCs. Moreover, they are present in minute
quantities, are diﬃcult to isolate and purify.

6. Hepatocellular Resources

7. Directed Differentiation of hESCs to
Hepatic Endoderm

Hepatocytes constitute about two thirds of the total cell
population in the liver parenchyma and perform a variety

Using developmental signalling physiology, it is possible
to drive hESC diﬀerentiation to functional HE [47–60].
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Figure 1: Schematic diagram of the derivation of hepatic endoderm
from human embryonic stem cells.

This can be achieved either by spontaneous diﬀerentiation
through the formation of embryoid bodies (EBs), or by
direct diﬀerentiation (Figure 1). Spontaneous diﬀerentiation
of hESCs results in the formation of EBs consisting of a
mixed cell population of all three germ layers [48]. These
EBs have been shown to diﬀerentiate spontaneously into HE
[47, 49, 50], but this occurs with limited eﬃciency. Recently,
specific growth factors have been identified to direct hepatic
diﬀerentiation following EB formation. However, diﬀerentiated cell populations still require purification following this
process [51]. A number of studies have shown that faster,
more eﬃcient production of HE can be achieved through
direct diﬀerentiation without the formation of EBs [52–57].
In 2007 we described the diﬀerentiation of HE from
hESCs. Although the hESC derived HE was shown to exhibit
hepatocyte morphology, gene expression, and function, the
yield was only 10%. Following on from this, we developed
a more eﬃcient diﬀerentiation protocol by priming hESC
diﬀerentiation to HE [53]. Further work in our laboratory
identified activin A and Wnt3a signalling as key factors
in the development of functional HE, and demonstrated
for the first time highly eﬃcient and scalable derivation of
functional HE derived from hESCs [54, 55].
In the future hESCs could potentially provide an inexhaustible source of hepatocytes, but their utility in both

cell-based assays and the clinic depends on their functional
repertoire [58–60]. Stem cells and somatic cells generally
have limited function without the specialized tissue microenvironment known as the “niche.” Key niche components
and interactions in vivo include growth factors, cell-cell
contacts, and cell-matrix adhesions which regulate tissue
generation, maintenance, and repair [61, 62]. Engler et al.
[63] demonstrated that variations in extracellular matrix
(ECM) alone are capable of aﬀecting hESC diﬀerentiation,
without any changes in serum conditions or soluble factors.
The cell niche is inherently three dimensional (3D) and its
biochemistry and topology strongly aﬀect the diﬀerentiation
and maturation process [64]. The main limitation of existent
two-dimensional (2D) cellular assays is that they do not
mimic the response of cells in the 3D milieu of tissues in vivo
[65, 66]. The use of 3D modelling systems may provide an
insight into cellular interactions and physiology that could be
translated to 2D models in vitro allowing the development
of a scalable high fidelity resources for drug testing or BAL
construction.

8. Tissue Architecture and the Role of
Extracellular Matrix
The ECM is well defined as the dynamic modulator of
various cellular processes including homeostasis, diﬀerentiation, and repair [67]. Extracellular matrices are primarily composed of four molecular groups: collagen, elastin,
structural glycoproteins, and proteoglycan. The complex
ECMs secreted by mammalian cells form intricate scaﬀolds
on which cells congregate and form 3D matrices. This
unique compositional and structural combination facilitates
biophysical and biochemical functions such as the transport
of soluble signalling molecules, nutrients, and metabolic
wastes, and provides mechanical integrity by absorbing
compressive and tensile stresses [68]. It is organized and
sensed by cells through integrins, which are membrane
spanning heterodimers modulating communication between
the ECM and the cell. The hepatic ECM has been studied
extensively due to its importance in hepatic homeostasis
and its prominent role in cirrhosis [69]. Hepatocytes exhibit
a striking polarity that is expressed at multiple levels, in
overall cell shape, distribution of the cytoskeleton and
organelles, and in the division of the plasma membrane into
three functionally and compositionally distinct domains:
basolateral, canalicular, and lateral. At the basal surface the
transport of small molecules across membranes and the
exchange of metabolites with blood take place, whereas the
secretion of bile acids and detoxification products occurs
on the apical domain [70]. The ability to modulate hepatocyte polarity and multicellular organization is important
in developing in vitro systems designed to perform liver
functions. Extracellular matrix isolated from liver tissue has
been shown to maintain the phenotype of hepatocytes in
culture [71]. It has also been shown that optimisation of the
physical and chemical properties of ECM is important for
the maintenance of hepatocyte function in vitro [72], and
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this is essential for developing a BAL. Chang and HughesFulford [73] demonstrated that 3D culture of the hepatocyte
cell line, HepG2, in rotating wall vessel bioreactors led
to the formation of spheroids with enhanced cytochrome
P450 activity and albumin production. However, it should
be noted that transfer of the spheroids to tissue culture
dishes led to loss of function and disintegration. In another
study, albumin secretion activity in fetal liver cells was
shown to be one order of magnitude higher in cells
cultured on 3D porous polymer scaﬀolds than in those
grown in monolayers [74]. The limitations of existing 2D
tissue culture techniques have necessitated the creation of
3D microenvironments incorporating materials, implants,
and biophysical stimuli optimised for modulation of cell
functions [75].

9. Biomaterial Scaffolds: 3D Modelling
Scaﬀolds provide an architectural context in which cellmatrix, cell-cell, and growth factor interactions combine to
create regenerative niches [76]. Biomaterial-based scaﬀolds
could provide a 3D environment for cells, both in culture
and inside the body. Such 3D systems have been shown to
enhance osteogenesis [77], hematopoiesis [78], and neural
diﬀerentiation [79, 80], and provide greater support for
hepatocyte proliferation and functionality than routine 2D
tissue culture [81, 82]. Recent research has focused on the
development of biomaterials designed to mimic the unique
characteristics of natural ECM. Ideal biomaterials should be
strong enough to bear the physiological load, be resistant
to undesired degradation or corrosion, noncarcinogenic,
nonimmunogenic, antileukotactic, and nonmutagenic. Biocompatibility is another important feature of biomaterials
and this depends on their material composition, surface
wettability, roughness, charge, size, and shape. The nature
of the biomaterial surface including its hydrophobicity and
hydrophilicity determines how proteins interact with the
surface upon adsorption [83]. The biomaterials in use for
tissue engineering can be broadly classified as biodegradable
and nonbiodegradable. The nonbiodegradable biomaterials
consist of metals, ceramics, and composites, which have
been used as integral components in bone and dental
replacements [84, 85]. The biodegradable biomaterials, both
natural and synthetic, closely resemble the consistency of
native tissue and make attractive scaﬀold materials for soft
tissue engineering. Polymers, both natural and synthetic, are
of special interest for liver engineering. They are organic
in nature and the most diverse of the biomaterials, varying
mechanically and physically, and possessing diﬀerent chemical reactivities and degradation properties. Polymers oﬀer
greater flexibility in design, composition, and structure, and
can be tailored for specific needs.
The derivatives of natural ECM are used as biomaterials
for scaﬀolds in liver studies as it has been recognized
that in vivo cues such as ECM, cell signaling, and soluble
factors could hold the key to producing fully mature and
functional hepatocytes. Collagen is one such natural ECM
component found in bone, skin, ligaments, and connective
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tissues. It provides a substrate for cellular recognition, cell
attachment, proliferation, and diﬀerentiation. Imamura et al.
[50] showed that hESCs cultured as EBs in a polypropylene
conical tube inserted into a collagen scaﬀold 3D culture
system supplemented with exogenous growth factors and
hormones were able to produce HE displaying liver gene
expression and albumin production. Similar success with
3D collagen culture systems was published by Baharvand
et al. [49]. Hyaluronic acid is another ECM component
found in embryonic and fetal tissues. It is involved in cell
expansion and proliferation and plays a prime role in cell
behaviour and cell signalling in vivo. Human hepatoblasts
and hepatic stem cells express hyaluronan receptors (CD44).
Hyaluronans are glycosaminoglycans and form highly reactive biomaterials. Turner et al. [86] demonstrated the
formation of cell aggregates by hepatoblasts and hepatic stem
cells in hyaluronan hydrogels, which maintained viability
and phenotype for 4 weeks. However, the major drawbacks
of natural ECM components are their variable chemical
and physical properties and the ethical and safety issues
associated with their derivation. Therefore, plant, animal,
and insect components have been explored to develop
natural biomaterials such as silk, chitosan, alginate, and
matrigel. Silk fibroin is derived from silk worm cocoons and
has FDA approval for use in surgery and drug delivery. The
porous silk scaﬀolds are developed using gas foaming or
salt leaching techniques. Silk fibroin microfluid devices have
been shown to support proliferation and the development
of liver specific functions in HepG2 cells [87]. Chitosan
is a natural biopolymer consisting of glucosamine and
N-acetylglucosamine obtained by deacetylation of chitin.
Chitosan albumin matrix has been demonstrated to support
fetal porcine attachment for creating liver tissue organoids
[88]. Natural hydrogels such as matrigel and alginate have
been extensively used by several groups for 3D culture of
hepatocytes due to their biocompatibility, mild gelling conditions, and improved cell entrapment properties. Matrigel
is composed of solubilized basement membrane proteins
extracted from mouse chondrosarcomas and consists of
laminin, collagen IV, and heparin sulphate proteoglycan
[84]. Hepatocytes cultured on matrigel have been shown to
cluster into multicellular spheroids, but appear less polygonal
than hepatocytes in vivo [89, 90]. Although matrigel is an
excellent biomaterial because of its abundance of natural
biological molecules, its heterogeneous nature and unidentified molecular components reduce a degree of experimental
control. Additionally, its xeno origin and derivation from
chondrosarcoma limit its potential for cell therapies and
tissue engineering as per good manufacturing practice
(GMP) standards. Alginate is extracted from seaweed and
thus is readily available. It is composed of 2 monomers
(a-L guluronic acid and b-D mannuronic acid) and is an
attractive biomaterial because of its gelation property which
can occur through the addition of ionic cross linkers or
divalent cations such as Ca2+ , Ba2+ , and Sr2+ [91]. Alginate
has been used as a delivery system for drugs, an extracellular
material for basic biological studies, and as a scaﬀold for
tissue engineering [92]. Human EBs cultured in alginate
micro beads supplemented with exogenous growth factors
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have been shown to diﬀerentiate into HE expressing alphafetoprotein (AFP), albumin, CYP7A1, and cytokeratin 18
[93]. Cheng et al. showed that alginate gel encapsulation also
supports the growth and diﬀerentiation of hepatic progenitor
cells derived from human fetal livers [81]. Hepatocyte functions such as ammonia detoxification, albumin secretion,
P450 expression, and the development of bile ducts were
also reported in this study. In another study, cultivation of
the C3A human hepatocyte cell line within alginate scaﬀolds
led to the formation of spheroids with improved drug
metabolism and phase II activity compared to 2D monolayer
cultures [82].
The use of natural polymers in 3D systems mimics in
vivo histoarchitecture and provides easy manipulation of
cells and tissues as well as promoting cell-matrix interactions.
These provide a microenvironment conducive to normal
progenitor cell kinetics and enhance cell diﬀerentiation.
The major disadvantages of using natural materials are the
limited control over physiochemical properties that they
oﬀer, as well as immunogenicity, degradability, lack of
reproducibility, and inconsistency in mechanical properties.
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Degradation occurs by hydrolysis, accounting for the accumulation of acid by-products which can lead to inflammatory responses in vivo, specifically in areas of poor vascularisation. These drawbacks could be reduced by scaﬀold
chemistry patterning using protein stamping, photochemical
modification, and the incorporation of specific bioactive
domains onto the scaﬀold surface for cell adhesion, migration, tissue ingrowth, and repair [104, 105].
Another group of synthetic polymers attracting attention
for hepatocyte 3D culture is polyurethanes. These are one of
the most broadly used polymers in implantable biomedical
devices such as artificial hearts, cardiac pacemakers and
structural tissue replacements [106]. Ijima et al. demonstrated the formation of spherical multicellular aggregates of
adult rat hepatocytes in pores of polyurethane foam (PUF)
[107, 108]. The culture of porcine hepatocyte spheroids using
PUF has also been reported and translated to the clinic as a
hybrid artificial liver device [109]. More recently Matsumoto
et al. [110] demonstrated that mouse embryonic stem cells
formed spheroids on PUF foam, and that the addition
of specific growth factors initiated hepatic diﬀerentiation
and expression of HE markers such as AFP, albumin, and
tryptophan 2, 3-dioxygenase.

10. Synthetic Polymers
Synthetic biopolymers oﬀer an advantage over natural
materials as they can be tailored to possess a wide range of
properties, are GMP scalable, and can be made biocompatible. Biodegradable polymer scaﬀolds provide frameworks for
tissue regeneration and cell transplantation and can be made
to degrade over time [94]. At present, the most common
biodegradable polymers in use or being studied include
polylactic acid (PLA), poly-L-lactic acid (PLLA), polyglycolic
acid (PGA), polyanhydrides, polyfumarates (PF), polyorthoesters, polycaprolactones (PCL), and polycarbonates
[95, 96].
Poly (α-hydroxy acids) consist of PGA and PLLA
homopolymers and their copolymers (PLGA), as well as
polylactic acid stereo copolymers produced using L-, D-, or
DL-lactides and racemic polymer copolymer PLDLA [97].
They are used in surgical sutures and implant devices [98]
and hence have been used by several research groups as
the material of choice for liver tissue engineering. Huang
et al. showed that PLLA polymer-based 3D culture with
appropriate biofactors promoted the functional maturation
of fetal porcine hepatocytes [99]. Jiang et al. [100] had similar
success, using a PLLA scaﬀold to culture mouse fetal liver
cells which produced albumin at levels comparable to adult
mouse hepatocytes. In vitro growth and maturation of rat
fetal liver cells on PLLA macroporous scaﬀolds has also
been reported. These cells maintained a high level of hepatic
function including albumin secretion and cytochrome P450
activity for 2 weeks, whilst monolayer function decreased
after 7 days in culture [101]. Furthermore, Cho et al. [102]
reported eﬃcient infection of hepatitis C virus and obtained
progeny of infective virus in the supernatant of 3D PEG
hydrogel encapsulated cells.
The limitations of poly (α hydroxy acids) include bulk
degradation, surface erosion, and hydrophobicity [103].

11. Design: Tailor Made Polymers for
Tissue Engineering
The advantage of using synthetic polymers is the wide
choice they oﬀer in design parameters including porosity,
pore connectivity, pore geometry, pore size distribution, and
surface topography. Such polymers can be designed to aid
eﬃcient diﬀusion of nutrients, metabolic wastes and soluble
molecules, and the facilitation of mass transport within 3D
matrices to control the eﬃciency of cell seeding [111]. They
can be tailored to achieve appropriate designs for specific
cell groups using diﬀerent approaches such as spin casting,
leaching, emulsion freeze drying, rapid prototyping, and
stereolithography [112].
It is increasingly being recognised that cells respond
to the physical characteristics of the substrate on which
they are grown [113]; therefore it is important to tune
features such as void and interconnect size, surface area and
mechanical properties for constructing biomaterial scaﬀolds.
The two morphological designs that have become more
popular among tissue engineers are fibrous matrices and
sponge-like matrices. Fibrous matrices have a high surface
area-to-volume ratio and a structure similar to the 3D fibre
network of collagen and elastin found in natural ECM. The
major disadvantage of fibrous structures is the presence of
small pores among the fibres which considerably hamper cell
migration. Sponge-like matrices have an advantage in their
design and structure with porosity and interconnectivity that
can be regulated. The HepG2 cell line cultured on spongelike polystyrene scaﬀolds has been shown to retain higher
levels of cell viability, cellular morphology, and hepatocyte
functionality compared to their counterparts cultured on
standard 2D plastic [114].
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Figure 2: Schematic diagram of 3D culture of hepatocytes on a polymer scaﬀold, and the potential applications of this technology.

Analysing the behaviour of cells on scaﬀolds is important
to ensure cell viability and function in tissue engineered
constructs [115]. However, the optimal distribution and
migration of seeded cells throughout the scaﬀold remains
an issue. The most common cell seeding techniques are
static seeding and dynamic seeding. Static seeding consists of
surface seeding and direct injection whereas dynamic seeding
involves the movement of cell solution through and around
the scaﬀold to achieve a more homogeneous distribution
[116]. Another popular technique is cell entrapment, which
has been extensively used in constructing 3D in vitro model
systems. Cell entrapment techniques are based on the selfassembly of materials around cells, rather than the shaping
of a bulk material to specific architecture [117].
In vivo cellular interaction with ECM proteins is very
complex as these proteins present cells with multiple cell
binding and growth factor binding domains. To simulate
in vivo cellular interactions in vitro, the biomaterials can
be coated with specific amino acid subunits to attain
more defined conditions. The peptide sequence RGDS (arggly-asp-ser) from vitronectin and fibronectin has been
recognized as a minimal sequence required for integrin
mediated cell adhesion [118]. Another such defined sequence
is IKVAV (ile-lys-val-ala-val) found in laminin [119]. Human
mesenchymal stem cells have been shown to change from
a fibroblast shape in a 2D culture system to a compact
shape on an RGD (arg-gly-asp) alginate culture system [120].
Furthermore, Hybrid RGD/galactose substratum has also
been shown to support hepatocyte functions [121].
Novel biomaterials are being designed to be able to
respond to biological environmental stimulation. Such
“smart materials” respond to specific cellular signals
and include hydrogels containing matrix metalloproteinase
degradable sites [122]. These allow native cells to control gel
remodelling such that cells replace the synthetic gel material
with tissue upon in vivo transplantation. These materials

could be made biocompatible and thereby avoid nonspecific protein adsorption. Therefore, eﬀorts are focused on
developing 3D matrices containing self-assembling peptides
that could direct cellular diﬀerentiation to a specific lineage
[123]. Semino et al. [124] used self-assembling peptide
scaﬀolds to culture the rat hepatocyte progenitor cell line,
lig8. The resulting cell population derived in a 3D manner
showed expression of definitive endoderm markers such
as HNF3β, cytokeratin 8, and AFP. The expression of
mature hepatocyte markers however was not evident, despite
observation of other mature hepatocyte properties. Magnetic
nanoparticles and quantum dots have also been suggested
for stem cell labelling and in vivo tracking, and such
engineered nanometer-scale scaﬀolds could be used for stem
cell diﬀerentiation and transplantation [125].
The major limitation of tissue engineering methodologies is poor simulation of the complex architecture and
abundant vasculature of the liver. In vivo, cells at a distance
of more than 0.1mm from vascularity cannot survive and
cells within bioengineered tissue have similarly stringent
requirements, as diﬀusion within scaﬀolds is limited to a few
hundred micrometers [126]. Poyck et al. [127] have shown
in an AMC bioartificial liver model that long-term culture
of primary porcine hepatocytes is improved by increased
anaerobic glycolysis, which leads to better liver specific
function and metabolic stability. For this reason, in high
density liver cultures adequate delivery of oxygen to cells is
crucial. Synthetic oxygen carriers such as perflurocarbons
and cross-linked hemoglobin have been added onto scaﬀolds
to facilitate oxygenation [128]. The latest approach has
been the use of oxygen generating biomaterials, and it was
reported that PLGA scaﬀolds containing calcium peroxidebased particles maintained elevated levels of oxygen and
extended cell viability under hypoxic conditions [129].
Microfabrication and computational fluid dynamics have
also been used to generate scaﬀold designs suitable for
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microvasculature and organ specific constructs [130–132].
Carraro et al. [133] demonstrated a microfluidics-based
bilayer device with discrete parenchymal chambers designed
using computational modelling. This device was able to
sustain human hepatoma cells, and primary rat hepatocytes.
By solving the problem of supplying cells grown in 3D tissue
culture with oxygen, it will be possible to sustain the culture
of hepatocytes in vitro for extended periods, facilitating cell
studies and eventually leading to the improved functionality
of BALs (Figure 2).

12. Conclusion
The future challenge in liver research is the development
of functional, reliable, xenofree HE that will bypass the
issues associated with PHHs. The derivation of HE from
hESCs could provide an unlimited source of cells for
BAL construction. The three-dimensional culture of these
cells with appropriate extracellular matrix and polymerbased biomaterials could provide an alternative to porcine
hepatocytes leading to the generation of a humanised BAL
device. More recently the generation of induced pluripotent
stems cells (iPSCs), by transfection of key pluripotency genes
into somatic cells, has led to a new era in regenerative
medicine. These cells are free from the ethical complications
associated with hESCs and can be tailor-made for patients.
HE derived from iPSCs and its incorporation into a BAL
device may therefore play an important role in the treatment
of human liver disease and the prediction of drug toxicity.
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There is a requirement for a noninvasive technique to monitor stem cell diﬀerentiation. Several candidates based on optical
spectroscopy are discussed in this review: Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, and coherent
anti-Stokes Raman scattering (CARS) microscopy. These techniques are briefly described, and the ability of each to distinguish
undiﬀerentiated from diﬀerentiated cells is discussed. FTIR spectroscopy has demonstrated its ability to distinguish between stem
cells and their derivatives. Raman spectroscopy shows a clear reduction in DNA and RNA concentrations during embryonic stem
cell diﬀerentiation (agreeing with the well-known reduction in the nucleus to cytoplasm ratio) and also shows clear increases
in mineral content during diﬀerentiation of mesenchymal stem cells. CARS microscopy can map these DNA, RNA, and mineral
concentrations at high speed, and Mutliplex CARS spectroscopy/microscopy is highlighted as the technique with most promise for
future applications.

1. Introduction
1.1. Challenges in Stem Cell Science. In current stem cell
biology and regenerative medicine, two of the greatest
challenges [1, 2] are to control the diﬀerentiation of stem
cells and to ensure the purity of isolated cells. These can both
be addressed by careful monitoring and characterization of
cells. The process of stem cell diﬀerentiation is at present
monitored by biological assays, namely, immunocytochemistry [3, 4]. However, this process is time consuming as well
as requiring biomarkers or labels. There is a clear need for
a truly noninvasive technique which can monitor the degree
of diﬀerentiation rapidly. Such a technique will most likely
involve a form of optical imaging or spectroscopy but must
not involve the addition of any kind of biomarker. Biomarkers are used to sort embryonic stem cells, in conjunction with
fluorescent [5, 6] or magnetic [7] labels. These techniques
are lengthy and time-consuming, but careful monitoring of
stem cell diﬀerentiation is essential: in clinical applications, a
population of fully diﬀerentiated cells is often implanted, but
teratomas can result if any stem cells remain undiﬀerentiated
[8].

There are a number of issue with the use of biomarkers
for the characterization and sorting of stem cells and their
derivatives. Firstly, only a limited number of biomarkers
exists each one being cell-specific. Many cell types lack
biomarkers, for example, cardiomyocytes [9], gastrointestinal stem cells [10], and corneal stem cells [11]. Secondly,
the use of biomarkers raises issues with both biological
researchers and clinicians, who would strongly prefer a labelfree technique. Finally, these biomarkers cannot easily be
translated; for example, embryonic stem cell biomarkers are
not always applicable to adult stem cells.
There are further issues with the use of fluorescent
and magnetic markers. Fluorescent biomarkers [5, 6] have
been employed in cell sorting and characterization, but
fluorescent techniques have a number of drawbacks. Firstly,
photobleaching means that signal levels drop over time; so
long-term studies of diﬀerentiation are prohibited. Secondly,
this process of photobleaching produces free radical singlet
oxygen species which will damage live cells. Finally, the use
of biomarkers causes modification to cells’ surface chemistry,
and stem cells are highly sensitive to small changes in their
surface chemistry. Magnetic beads cannot easily be visualised
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in microscopy; they must all be removed from the cells; a
large mass could cause large mechanical stresses to the cells,
which can aﬀect the cells’ behaviour.
There is thus a requirement from the stem cell community for a rapid, easy, sensitive, nondestructive, noninvasive,
label-free technique which can be applied both on the single
cell level and to monitoring or sorting large populations
of cells. This review will concentrate on label-free optical
spectroscopy techniques, which are noninvasive and have
suﬃciently high resolution to be applied at the single cell
level.
White light imaging—either phase contrast or diﬀerential interference contrast (DIC)—can reveal the approximate
level of diﬀerentiation in situ, to those who are expert in stem
cell culture. However, it is only really suitable for monolayers
of cells. As white light imaging is usually only qualitative,
it would benefit by being replaced by a more advanced
optical technique capable of a quantitative measurement on
individual cells. Such a technique should therefore be capable
of high speed characterization, to enable large numbers of
cells to be studied—in monolayer cultures, embryos, and
scaﬀolds.
1.2. Infrared Absorption Spectroscopy. The first optical technique suitable for noninvasive characterization of cells is
infrared absorption spectroscopy. Infrared light is absorbed
by the wide variety of chemical bonds within molecules,
which all have well-defined vibrational frequencies. Hence,
an absorption spectrum of a cell should give a characteristic
snapshot of the chemistry, and an undiﬀerentiated cell’s spectrum could diﬀer enough from that of a diﬀerentiated cell
enough to characterize them. Simple infrared spectrometers
use a broadband light source containing a wide range of
wavelengths, which is typically passed through a cuvette of
solution, through a dispersing spectrometer onto a single
detector. This technique is slow, as the spectrum is built up
from around 1000 sequential data points. In order to collect
a full spectrum without losing the vast majority of the signal,
Fourier transform infrared (FTIR) spectroscopy [12] uses
both interferometry and a Fourier transform of the signal:
from the time to frequency domain. A typical FTIR setup
is illustrated in Figure 1(a), which requires a mirror to scan
one half of the interferometer arm over a distance of a few
millimetres. A full spectrum is typically acquired in around a
second on live cells [13]. Synchrotron sources have promised
vastly improved spectral acquisition times—up to 1000 times
faster [14] than benchtop FTIR—but it is not clear whether
this is applicable to live cells, as heating by absorption may
prevent any increase in speed.
The lateral resolution of optical techniques is normally
approximated by 0.6 λ/N.A. where λ is the wavelength
of illuminating light, and N.A. is the numerical aperture
of illumination. Although an N.A. of 1.4 is achievable
with objective lenses using visible light, infrared light has
very low transmission through standard glass objectives;
so a parabolic mirror (known as a Cassegrain objective)
is normally used to focus light. These objectives have a
typical N.A. of 0.4. The bonds in molecules are typically
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Figure 1: Schematic experimental arrangements for (a) Fourier
transform infrared (FTIR) spectroscopy, (b) Raman spectroscopy,
and (c) coherent anti-Stokes Raman scattering (CARS) microscopy
and spectroscopy.

excited with infrared light of wavelengths between 2.8 and
16 μm, which corresponds to a lateral resolution of 4.2 to
24 μm, which is small enough to be applied to individual
isolated cells or to average over groups of cells, but will
not usually be cell specific when applied to an embryo
or group of cells tightly bound together. FTIR microscopy
has been achieved on fixed adherent mesenchymal stem
cells (MSCs) [15] with a diameter of around 50 μm, but
only for high-frequency (short wavelength) vibrations. These
vibrational frequencies are described by spectroscopists as
inverse wavelengths in units of cm−1 [“wavenumbers”]. The
lowest frequency vibrations occur in cells around 600 cm−1
(λ = 16.7 μm) and the highest frequencies relate to the C−H
stretch (2800–3000 cm−1 , λ = 3.3–3.6 μm) and O−H stretch
(∼3500 cm−1 , λ = 2.8 μm).
One of the major issues with infrared radiation is its
extremely low penetration depth in water, which limits the
depth which can be probed in solution to the range 10–
100 μm. To combat absorption of infrared light through a
thick cuvette, attenuated total reflection- (ATR-) FTIR [16]
probes only the first micrometre above the substrate. An
array of spectra can be acquired rapidly enough to perform
imaging within a few minutes on live cells [17]. Results from
FTIR on stem cells will be discussed later.
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Figure 2: Schematic energy level diagrams for Raman, CARS, and
FTIR processes. In Raman scattering one illuminating laser photon
is absorbed (at pump frequency νP ), and another is radiated (at
Stokes frequency νS )—the diﬀerence in frequencies being equal to a
vibrational frequency, νVIB . In CARS three photons are absorbed—
two at frequency νP and one at νS —and one is emitted at the
anti-Stokes frequency νAS . FTIR relies solely on the absorption of
infrared radiation at νVIB .

1.3. Raman Spectroscopy. The second optical technique
suitable for stem cell characterization is Raman spectroscopy
[18]. In the most widespread form—Stokes scattering—
visible or near-infrared light loses energy (frequency) by
exciting molecules into their excited state, as depicted in
Figure 2. This means that some of the laser light is red-shifted
after interacting with the sample. A typical setup is illustrated
in Figure 1(b): after filtering out the laser, the remaining
red-shifted light is passed through a spectrometer onto a
cooled CCD camera. A full Raman spectrum is normally
acquired in 1 to 10 seconds, so is typically slower than
FTIR. As silicon CCDs have a response which dies away
rapidly at a wavelength of around 1000 nm, the longest laser
wavelength which can be used is 785 nm (AlGaAs diode)
which is the preferred wavelength for Raman spectroscopy
in biology. The strong C−H stretch frequencies are the
highest measurable with such a laser wavelength. The other
popular laser wavelength for biological samples is 633 nm
(HeNe laser) which has lower power than 785 nm lasers,
and heating in cells and tissue is the lowest using nearIR illumination (700–1100 nm). Heating has been measured
directly in cells—using 100 mW of 1064 nm radiation in an
optical trap, a temperature rise of <1◦ C was observed [19].
Prolonged exposure to 300 mW illumination at constant
power (“continuous wave”, CW) caused photodamage—a
light-induced reduction in cell viability—attributed to twophoton absorption. Visible light (λ < 700 nm) is believed
to cause photodamage at far lower thresholds than this, due
to increased absorption by proteins, but shorter wavelengths
produce more Raman signal [20].
The reduction in wavelengths for Raman spectroscopy,
compared to FTIR, equates to a greatly improved lateral resolution of 350 nm and axial (depth) resolution of 1150 nm.
This is suﬃcient to allow spectroscopy on individual cells,
and even at the subcellular level. Furthermore, Raman
microspectroscopy—otherwise known as Raman mapping
or Raman microscopy—can be performed [21]. Maps can
be produced containing the total signal under a given
peak, or more subtle diﬀerences between spectra can be
exploited with principal component analysis (PCA) [22] or

cluster analysis. This reduces the large number of peaks in
the Raman spectrum to a smaller number of independent
variables, and cluster analysis produces colour-coded maps
with regions of similar chemistry deduced from the set of
spectra. Due to the long acquisition time required, only
Raman microscopy of fixed cells had been performed until
recently, as live cells move far more quickly than the set
of spectra could be recorded. However, recently Raman
microscopy has been performed on live cells with 100 mW
power at 647 nm [23] and acquisition time of 0.5 second,
albeit with only 32 × 32 pixels. An alternative approach
is to illuminate a line rather than a spot—then a series of
spectra can be recorded across a single CCD, each relating
to a pixel along the line. This technique has been applied to
live cells [20] with 5 seconds per line (3 minutes per image)
with 532 nm at 3.5 mW/μm2 intensity, again with a small
number of imaging pixels. It remains to be seen whether
photodamage was occurring in both of these live cell imaging
publications.
PCA can be used to extract the most significant variations
between groups of spectra acquired on large numbers of
cells. Thus, determining an unknown cell type from two
possibilities—notably, stem cell and diﬀerentiated cell—can
be accomplished using large numbers of spectra from known
cell types. The most important diﬀerences are highlighted,
rather than any uncorrelated and unimportant variations, to
improve the sensitivity of the technique. No knowledge of
the chemistry is required with this unsupervised technique.
Two improved variants of PCA are discussed in relation
to FTIR, and both show marked improvements in their
ability to distinguish cell types [24]. Before analysis can be
performed, spectra require processing to remove unwanted
autofluorescence from tissue—normally by baseline subtraction, as well as the removal of cosmic rays, and substrate
and media contribution to the spectrum. All this processing
and analysis of spectra requires significant computing power,
when applied to large datasets.
Raman spectra consist of a large number of peaks at
well-defined frequencies, as demonstrated in Figures 3 and
4. The relative intensities of the peaks change between
cells, but the frequencies themselves do not shift. Peaks are
usually around 5–10 cm−1 in width, except for the single
peak at 1002 cm−1 . This frequency relates to the in-plane
vibration of the aromatic ring of the phenylalanine molecule
which is highly symmetric and is narrower than the other
peaks because of the lack of vibration out of the plane and
lack of variation in other atoms attached to the benzene
ring. Frequencies in FTIR can be slightly shifted by a few
cm−1 —and tend to be broader. Both techniques excite these
vibrations to diﬀerent extents; so the relative peak intensities
will be diﬀerent in Raman and FTIR spectra.
1.4. CARS Microscopy and Spectroscopy. Raman scattering is
a weak process—typically only 1 in ∼1010 incident photons
gives rise to a Raman-shifted photon. This is largely due to
the excitation of the bond vibration far above its resonant
frequency. In order to increase this eﬃciency, in coherent
anti-Stokes Raman scattering (CARS) [25–28] the vibration
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is excited with two laser frequencies—the diﬀerence (or
beat) frequency between them is matched to the vibrational
frequency of interest. This gives between 4 and 6 orders of
magnitude more signal than standard Raman. This means
that CARS images are acquired in seconds, whereas a similar
quality Raman map would require days to complete. The
process is best excited with pulsed lasers with durations
of around 6 ps, which should mean that no photodamage
occurs with extensive use of powers of at least 12 mW
[29]. A CARS microscope, designed for biological imaging,
is described in detail elsewehere [28], which has a lateral
resolution of 350 nm and an axial resolution of 1100 nm. Live
cell imaging is slightly slower than that of fixed cells, but
high-quality images are acquired within 1 minute.
Picosecond CARS excitation pulses have an estimated
width of around 3 cm−1 , so are ideal for biological molecules,
but this means that only one vibration (spectral peak)
may be excited during an image. Images can be acquired
sequentially at diﬀerent wavenumbers, by retuning one
laser, but this is not ideal given the motion occurring
during live cell imaging. Some CARS systems are able
to acquire images at two diﬀerent vibrational frequencies
simultaneously [28]. Multiplex CARS [30–34] uses normal
(narrowband) pulses for one laser, νP , and broadband pulses
for νS . The broadband supercontinuum excitation pulse
is several hundred nanometres wide and is excited in a
photonic crystal fibre by a femtosecond laser. A full spectrum
is acquired in around 100 milliseconds on live yeast [30], but
an estimate of photodamage [29] suggests that 1 second per
pixel would be more appropriate for eukaryotic cells. Further
improvements to excitation sources could see this fall to the
millisecond range—enabling high-quality, noninvasive full
spectral mapping of live cells in minutes.
A diﬀerent approach to increase the speed of Raman
microscopy, termed Stimulated Raman Scattering, has
recently been published [35]. In a similar way to how
stimulated emission depopulates the excited state in lasers,
the excited state in a simple Raman excitation (pumped with
νP ) can be rapidly depopulated by a second laser (at νS )
modulated in the MHz range. In this way, the signal at νS is
increased slightly (Stimulated Raman Gain) and the pump
power at νP is decreased slightly (Stimulated Raman Loss,
SRL). Monitoring either signal, filtered by a lock-in amplifier,
produces images which are background-free and directly
proportional to the concentration. The standard CARS signal
has a quadratic dependence on concentration and can have
a large unwanted background. Heterodyne CARS [36] is
another technique which is able to circumvent both of these
problems encountered in standard CARS imaging. SRL is a
linear optical technique and is suitable for extension into
optical coherence tomography deep into tissue, using low
numerical aperture lenses [37].

2. Results and Discussion
2.1. Fourier-Transform Infrared (FTIR) Spectroscopy. FTIR
spectroscopy was used to study murine embryonic stem
cells by Ami et al. [38]. After 4–7 days of diﬀerentiation,
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changes to the absorption spectrum of fixed cells were
noticed: features in the amide I band (1600–1700 cm−1 )
were enhanced, and those in the nucleic acid region (850–
1050 cm−1 ) diminish. This means that the overall levels of
DNA and RNA decrease, and the alpha helix content of
proteins increases over time. Furthermore, new DNA/RNA
hybrid bands at 899 cm−1 and 954 cm−1 start to occur around
day 4–7, suggesting that mRNA translation is occurring at
this time.
German et al. [11] employed high-intensity synchrotron
radiation to probe 10 μm thick cryosections of bovine
cornea. They used PCA to clearly distinguish the three cells
types of interest: stem cells, transit-amplifying cells, and
terminal diﬀerentiated cells. No biomarkers of corneal stem
cells exist; so spectroscopic techniques oﬀer the only viable
method of cell characterization here.
From the same group, Walsh et al. [39] again used
synchrotron FTIR, this time on paraﬃn-embedded human
intestinal crypts, which were dewaxed. The position of
cells along the crypt denotes the change from stem cell
location to transit-amplifying region to diﬀerentiated location. PCA was used to compare spectral features and
was able to separate cell types from three positions along
the crypt, which is shown in Figure 3. This method of
characterization was compared with tissue stained with two
diﬀerent immunophenotypical markers: rabbit polyclonal
anti-CD133 and β-catenin antibodies. The authors state that
the dominant FTIR absorption peak at 1080 cm−1 , relating
to the symmetric (PO2 )− stretch, is a more robust marker
than the two biomarkers. As gastrointestinal stem cells lack
specific biomarkers, they went on to compare FTIR data
against a number of chemical diﬀerences which are discussed
at length in a further publication [10].
Salasznyk et al. [41] used FTIR to study osteoblasts
derived from human mesenchymal stem cells after 28 days of
cell culture. Samples were dried and ground into a powder,
then pressed into a pellet. The spectrally derived mineralto-matrix ratio was calculated as the ratio of the integrated
areas of the phosphate absorbance (900–1200 cm−1 ) and
protein amide I band (1585–1720 cm−1 ). They observed a
significant decrease in the mineral-to-matrix ratio in the
extracellular matrix produced by focal adhesion kinase(FAK-) knockdown cells when compared to untreated (control) cells. These FTIR results are compared favourably with
biochemical assays.
Kraﬀt et al. [15] also used FTIR to study human mesenchymal stem cells diﬀerentiating into osteoblasts. Their
samples were fixed in methanol then dried, and they were
able to distinguish cells stimulated in osteogenic medium
for 7 days, from nonstimulated cells. FTIR microscopy on
isolated adherent cells (of size ∼50 μm) showed that some
of the nonstimulated cells had high levels of glycogen accumulation, and some stimulated cells had a high expression
of calcium phosphate. Stimulated cells had reduced levels of
amide I (at 1631 cm−1 ), meaning that lower concentrations
of beta-sheet proteins were present. This compares well
with Ami et al. [38], who measured a higher alpha helix
proportion during diﬀerentiation. Nucleic acids were hard to
detect in this study.
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radiation) being of the order of the cell size. The technique
has until now been limited to dried samples due to the high
absorption coeﬃcient of water; so the technique has not been
used to noninvasively monitor stem cell diﬀerentiation in
vitro as the required drying is clearly destructive. However,
ATR-FTIR can be used on live cell cultures; hence it could
potentially be employed as a real-time noninvasive technique
for monitoring stem cell diﬀerentiation on adherent cells
(though no results have yet been published). Such a technique would be highly preferable to the use of biomarkers in
clinical as well as research applications. One issue with ATRFTIR is that it only probes the first 1-2 μm above a substrate;
so the nucleus would only give a small contribution to
the overall signal. Given that nucleic acids play a large
part in the reported changes in spectral signatures during
diﬀerentiation, and the nucleus may remain above this
penetration depth, it remains to be seen whether ATR-FTIR
can indeed be used as a noninvasive biomarker-free analytical
technique for live cell studies.
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Figure 3: IR spectral analysis of a small intestinal crypt using
synchrotron FTIR microspectroscopy. (a) Ten IR spectra of the
entire biochemical-cell fingerprint region (900 to 1,800 cm−1 )
acquired from the assigned transit-amplifying location (locations
1–3; black lines, top), the putative stem cell location (locations 4–
6; red lines, middle), and the diﬀerentiated location (locations 7–
10; blue lines, bottom). (b) PC analysis of a small intestinal crypt’s
IR spectra using the entire biochemical-cell fingerprint region.
Reprinted with permission from [39] (Copyright AlphaMed press
2008).

Bentley et al. [42] measured FTIR spectra of human
corneal stem cells and their derivatives: transit amplifying
cells. They made 10 μm thick cryosections of cornea, which
were left to dry and observed diﬀerences in synchrotron
FTIR spectra which were attributed to nucleic acids. They
were able to distinguish between both cell types with spectra
acquired from two diﬀerent regions in the tissue, using PCA,
albeit with an overlap of 16% between the two populations.
In summary, FTIR is able to distinguish between stem
cells and their derivatives. Using synchrotron sources, the
speed of data acquisition and the quality of comparison
have improved greatly. Even microscopy has been performed,
requiring a spectral acquisition at each imaging pixel. To
be able to distinguish between individual cells, rather than
populations, requires subconfluent adherent cells due to the
spatial resolution (governed by the wavelength of infrared

2.2. Raman Spectroscopy. Notingher et al. [43] used Raman
spectroscopy to investigate live murine embryonic stem cells.
100 mW of 785 nm laser light was focussed onto a spot of size
10 μm × 5 μm × 25 μm. The group grew cells on a gelatinecoated quartz substrate, as plastic contains a number of
vibrational bonds which are also present in cells. Glass gives
a strong fluorescence background; so quartz or magnesium
fluoride is preferred as a substrate. However, stem cells do
not adhere well to glass and crystals; so a thin coating to
the substrate is required, such as the gelatine used in this
study. Great care must also be taken to ensure that the stem
cells do not diﬀerentiate spontaneously on a given substrate
or coating. Over 16 days of diﬀerentiation, they observed a
decrease in the RNA peak (at 813 cm−1 , O−P−O stretch)
by 75% [40] and a drop of 50% in the DNA peak (at
788 cm−1 , cytosine ring vibration). Peaks were normalized to
the total Raman signal. They also extracted the first principal
component spectrum, reproduced in Figure 4, which reveals
the spectrum responsible for most of the diﬀerences between
spectra of stem cells and diﬀerentiated cells. Note the high
coincidence of many peaks of this principal component
spectrum, with the spectrum of RNA. This confirms that
a reduction in RNA levels dominates the chemical changes
during diﬀerentiation.
Chan et al. [9] acquired Raman spectra on live human
embryonic stem cells (hESCs) as they diﬀerentiated into
cardiomyocytes and were able to distinguish between hESCs
and hESC-derived cardiomyocytes with an accuracy of 66%.
They found that the RNA peak (811 cm−1 ) and DNA peaks
(e.g., 785 cm−1 , 1090 cm−1 ) were all reduced in intensity
during diﬀerentiation.
We acquired data which is previously unpublished—
Raman spectra of fixed mesenchymal stem cells grown on
gelatine-coated quartz, and used a diﬀraction-limited laser
spot, instead of averaging over a large area. This meant
that spectra could be acquired separately from within the
nucleus and within the cytoplasm—these spectra are shown
in Figure 5. The spectrum from the substrate has been
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Figure 4: (a) First principal component, describing the major
diﬀerences between two groups: undiﬀerentiated murine embryonic stem cells and the diﬀerentiated cells via formation of
embryoid bodies. (b) Raman spectrum of reference RNA, revealing
a good deal of similarity with (a)—hence, the major change to
the spectrum during diﬀerentiation is related to a reduction in
RNA levels. Note the strong peaks around 785 cm−1 (cytosine and
uracil ring stretching), 811 cm−1 (phosphodiester bond stretching),
and 1096 cm−1 (phosphodioxy group stretching). All spectra were
acquired in 2 minutes (Reprinted with permission from [40];
Copyright 2004 American Chemical Society).
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Figure 5: Individual Raman spectra within a single mesenchymal
stem cell (red: nucleus, black: cytoplasm). The following peaks are
specific to DNA and RNA: A (785 cm−1 , uracil/cytosine/thymine
ring breathing, O−P−O stretch), B (813 cm−1 , O−P−O stretch), C
(828 cm−1 , O−P−O antisymmetric stretch), F (1093 cm−1 , O−P−O
stretch and C−C stretch), and H (1580 cm−1 , adenine/guanine
C−N stretch). Peaks specific to proteins are D (854 cm−1 , tyrosine
ring breathing), E (1004 cm−1 , phenylalanine ring breathing), and
I (1660 cm−1 , amide I alpha helix). Peaks dominated by lipids are
G (1448 cm−1 , CH2 deformation) and J (2800–3000 cm−1 , C−H
stretch).

subtracted, but no baseline subtraction was performed—
to highlight the requirement for automated subtraction in
quantitative spectroscopic analysis. Small variations in laser
power and focus position are thought to be responsible
for the oﬀset spectra at low wavenumbers. The spectra in
Figure 5 as expected clearly demonstrate that the nucleus
contains far more DNA and RNA than does the cytoplasm;
and that the cytoplasm contains far more proteins and
lipids than the nucleus. These cells were fixed rather than
live, but a study of fixation methods on Raman spectra
[44] indicates that the eﬀect of aldehyde cross-linking
fixation on spectra is minimal. This study, together with
the data from Notingher et al. [40, 43], implies that
it is the nucleus size (or nucleic acid density therein)
which shrinks during diﬀerentiation. Hence, monitoring
the nucleus size in a quantitative manner—using imaging
processing techniques—would seem to be a good potential
approach to monitoring the state of diﬀerentiation.
Mesenchymal stem cells were monitored by Raman
spectroscopy during diﬀerentiation into osteoblasts [45].
Mineralization was monitored at two frequencies: 960 cm−1
(P–O stretch) and 1070 cm−1 (PO4 3− ). The 960 cm−1 peak
relates to the mineral hydroxyapatite—Ca5 (PO4 )3 (OH)—
and was by far the strongest signal; this peak height rose
linearly from zero to the dominant peak in the spectrum
over the 21 days of diﬀerentiation. The peak at 1030 cm−1
for (CO3 2− ) remained constant throughout.
Pelled et al. [46] used Raman spectroscopy to compare
tissue-engineered bone derived from mesenchymal stem
cells, with femoral bone. They found a very good similarity
in phosphate (960 cm−1 ) and carbonate (595 cm−1 ) levels,
with only minor spectral diﬀerences such as a larger amount
of protein. Liu [47] also observed a major peak at 960 cm−1
due to hydroxyapatite, in mineral extracted from odontoblast
nodules—which were formed by the diﬀerentiation of dental
pulp stem cells.
Azrad et al. [48] used Raman spectroscopy to characterize the production of mineral content from mesenchymal
stem cells, under the influence of two osteogenic agents:
quality elk velvet antler (QEVA) extract, and dexamethasone.
They measured no mineralization from the control group,
some mineralization from the dexamethasone-fed cells,
but most mineralization from cells supplemented with the
elk velvet antler. Peaks indicated phosphate derivatives,
which for QEVA were mostly related to hydroxyapatite (at
960 cm−1 ) and its precursors (amorphous calcium phosphate, Ca9 (PO4 )6 ·H2 O, at 952 cm−1 and octacalcium phosphate, Ca8 (PO4 )6 ·5H2 O, at 957 cm−1 ). For dexamethasonefed cells, the dominant peak was of octacalcium phosphate,
and lower amounts of hydroxyapatite and amorphous calcium phosphate were measured.
Gentleman et al. [49] compared mineralized nodules in
vitro from 3 sources: embryonic stem cells, neonatal calvarial
osteoblasts, and adult bone-marrow-derived mesenchymal
stem cells. After 28 days in osteogenic medium, sets of
Raman spectra were acquired of the mineralized nodules,
and PCA was performed on the spectra to extract their
chemical components. The osteoblasts and mesenchymal
stem cells both produced nodules which were chemically
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similar to native bone: a combination in descending order
of concentration, of (a) carbonate-substituted hydroxyapatite, (b) crystalline nonsubstituted hydroxyapatite, and (c)
amorphous phosphate species. However, embryonic stem
cells produce nodules which were dominated only by the
first mineral component, which was similar to synthetic
carbonated hydroxyapatite. Nanoindentation tests showed
that these nodules derived from embryonic stem cells were
more than an order of magnitude less stiﬀ than those derived
from osteoblasts and mesenchymal stem cells.
These Raman studies all show a similar ability to
distinguish stem cells from their derivatives, that is, a
similar sensitivity, as the FTIR technique. In addition,
mineralization can be monitored with great subtlety. The
major advantage of FTIR over Raman is its speed; hence
mapping signals (derived from a full spectral acquisition at
each imaging pixel) into images is easier with FTIR. The
major advantage of Raman over FTIR is that has been used
on live cells, so is truly noninvasive.
2.3. CARS Microscopy and Spectroscopy. CARS microscopy
has been performed on live murine embryonic stem cells by
Konorov et al. [50], but the laser setup only permitted pixel
dwell times of 300 milliseconds compared to microseconds
in standard CARS microscopy [25–28]. Hence the image
quality was poor—the groups were unable to distinguish any
individual cells or features when imaging at the DNA and
RNA frequencies. However, CARS spectroscopy showed a
large reduction in the RNA peak intensity (at 811 cm−1 ) in
diﬀerentiated cells.
Figure 6 shows our CARS microscopy image, acquired on
MCF-7 human breast cancer cells which have a similarly large
nucleus to cytoplasm ratio as stem cells. Two sequentially
acquired images are overlaid: in green, DNA/RNA is mapped
at the phosphate backbone O−P−O stretch frequency
(1095 cm−1 ), and in red, lipids and the cytoskeleton are
mapped at the CH2 deformation frequency (1448 cm−1 ). The
O−P−O stretch frequency is also present in Figure 4(a)—
the principal component spectrum which describes most
of the changes during diﬀerentiation—and in Figure 4(b)—
the RNA spectrum. This method can be easily extended to
monitoring the nucleus size in live stem cells, with a reduced
frame rate of at least 1 image per minute (we find that CARS
imaging in live cells is slower than in dried, fixed cells).
CARS microscopy is limited to monitoring one vibrational mode at a time, rather than comparing the full
spectral signature. However, the RNA and DNA peaks
have been shown to drop considerably, and RNA is the
dominant change to spectra. So it is possible that CARS
imaging will be able to measure the stage of diﬀerentiation
purely by monitoring the size of each nucleus. White light
imaging is less exact at measuring the nucleus size than
either fluorescence or CARS microscopy and could not
be extended from monolayers; so CARS is preferred as a
noninvasive technique to monitor nuclear size. We expect
that CARS should also be able to map mineralization from
mesenchymal stem cells, by mapping the peak at 960 cm−1 .
The clear advantage of CARS is its high speed compared to
the other spectroscopic techniques.
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20 μm

Figure 6: CARS microscopy image of fixed MCF-7 breast cancer
cells, of size 100 × 100 μm. The green channel is specific to
the O−P−O stretch frequency (1095 cm−1 ) and originates from
the DNA backbone, so highlights the nucleus (whose shape may
have been distorted in some cells, by the fixation process). The
red channel is specific to the CH2 deformation (1448 cm−1 ) and
is dominated by lipids and the cytoskeleton. The image plane is
restricted to a 1 μm slice, acquired several micrometres above the
glass substrate, and the lateral resolution is around 350 nm. Images
of both channels were acquired in 1 second, and averaged 5 times;
both channels were acquired sequentially after retuning one laser
source. Pulse widths of 6 ps correspond to a spectral resolution of
∼3 cm−1 .

One of the most promising techniques over the coming
years should be Multiplex CARS, which acquires a full
vibrational spectrum at higher speed than Raman, and is also
applicable to the single cell level. This is bound to be more
sensitive than monitoring just one peak in standard CARS. If
the spectral acquisition speed is improved to the millisecond
scale, the technology could be applied to both flow cytometry
and microscopy.

3. Conclusions
The major noninvasive optical spectroscopy techniques suitable for analysis of stem cell diﬀerentiation have been outlined: namely, FTIR, Raman, and CARS. FTIR spectroscopy
has only been performed on fixed or dried stem cells, but
ATR-FTIR can be used in order to investigate live cells in
future. Raman spectroscopy has demonstrated the ability to
distinguish between live stem cells and diﬀerentiated cells:
both murine and human embryonic stem cells display a large
reduction in peak intensities of both RNA and DNA. When
mesenchymal stem cells diﬀerentiate into osteoblasts, they
display a clear peak (or peaks) relating solely to mineral
composition.
It is well known that the nucleus to cytoplasm (volume)
ratio in embryonic stem cells is elevated [51–54]. Hence, the
reduction in RNA and DNA levels during diﬀerentiation is
not entirely surprising. The assumption is therefore that the
nucleus volume shrinks by around 50% during diﬀerentiation [53]—rather than the concentration of nucleic acids
reducing. CARS microscopy is well suited to monitoring the

8
nucleus size or mineralization content of each individual cell
(around 960 cm−1 ) and can be applied to large numbers
of cells in cultures and to engineered tissue scaﬀolds.
Monitoring the CARS signal of the RNA or DNA peak could
also be applied to high-speed cell flow cytometry. White light
imaging (normally DIC or phase contrast) could oﬀer a lowcost solution for monitoring the nucleus/cytoplasm ratio
of cell monolayers, in conjunction with automated image
recognition cytometry. CARS only monitors one (or possibly
two) spectral peaks; so it will be less sensitive than Raman
and FTIR which both acquire a full vibrational spectrum.
Multiplex CARS can acquire a full spectrum and promises
to replace Raman spectroscopy in time, due to its improved
speed.
Each spectroscopic technique has its own benefits and
drawbacks; so it is more suited to characterization of
stem cells in diﬀerent ways and on diﬀerent “platforms.”
Raman and FTIR spectroscopy are both most suited to
monitoring cultures averaged over a large number cells.
FTIR does not have the required resolution to address
single cells in confluent monolayer cultures, or a suﬃcient
penetration depth for flow cytometry. Raman spectroscopy
is too slow to characterize enough individual cells to be a
worthwhile clinical technique but could be used extensively
in biomedical research. Both FTIR and Raman techniques are
more sensitive than normal CARS which relies on excitation
of just one spectral peak. However, CARS may be suﬃciently
sensitive to apply to characterization of diﬀerentiation in
microscopy and flow cytometry. Raman and CARS have been
integrated into one instrument, to combine the benefits of
both techniques [55]. In future, Multiplex CARS promises
to be the technique of choice for all platforms, due to
its combined attributes of speed, full spectral analysis, and
applicability to individual live cells.

Acknowledgments
The authors would like to thank Owen Hughes and Brendon Noble (Centre for Regenerative Medicine, University
of Edinburgh) for providing mesenchymal stem cells. A.
Downes is supported by a Research Councils UK fellowship, and an award from the Medical Research Council
(G0802632). R. Mouras and the CARS microscope are both
funded by the EPSRC (EP/E007864/1).

References
[1] V. F. Segers and R. T. Lee, “Stem-cell therapy for cardiac
disease,” Nature, vol. 451, no. 7181, pp. 937–942, 2008.
[2] R. Langer, “Tissue engineering: perspectives, challenges, and
future directions,” Tissue Engineering, vol. 13, no. 1, pp. 1–2,
2007.
[3] L. M. Hoﬀman and M. K. Carpenter, “Characterization and
culture of human embryonic stem cells,” Nature Biotechnology,
vol. 23, no. 6, pp. 699–708, 2005.
[4] K. Nagano, Y. Yoshida, and T. Isobe, “Cell surface biomarkers
of embryonic stem cells,” Proteomics, vol. 8, no. 19, pp. 4025–
4035, 2008.

Journal of Biomedicine and Biotechnology
[5] H. Fukuda, J. Takahashi, K. Watanabe, et al., “Fluorescenceactivated cell sorting-based purification of embryonic stem
cell-derived neural precursors averts tumor formation after
transplantation,” Stem Cells, vol. 24, no. 3, pp. 763–771, 2006.
[6] J. Pruszak, K.-C. Sonntag, M. H. Aung, R. Sanchez-Pernaute,
and O. Isacson, “Markers and methods for cell sorting of
human embryonic stem cell-derived neural cell populations,”
Stem Cells, vol. 25, no. 9, pp. 2257–2268, 2007.
[7] V. Dousset, T. Tourdias, B. Brochet, C. Boiziau, and K. G. Petry,
“How to trace stem cells for MRI evaluation?” Journal of the
Neurological Sciences, vol. 265, no. 1-2, pp. 122–126, 2008.
[8] R. C. Addis, J. W. Bulte, and J. D. Gearhart, “Special cells, special considerations: the challenges of bringing embryonic stem
cells from the laboratory to the clinic,” Clinical Pharmacology
and Therapeutics, vol. 83, no. 3, pp. 386–389, 2008.
[9] J. W. Chan, D. K. Lieu, T. Huser, and R. A. Li, “Label-free
separation of human embryonic stem cells and their cardiac
derivatives using Raman spectroscopy,” Analytical Chemistry,
vol. 81, no. 4, pp. 1324–1331, 2009.
[10] M. J. Walsh, A. Hammiche, T. G. Fellous, et al., “Tracking
the cell hierarchy in the human intestine using biochemical
signatures derived by mid-infrared microspectroscopy,” Stem
Cell Research, vol. 3, no. 1, pp. 15–27, 2009.
[11] M. J. German, H. M. Pollock, B. Zhao, et al., “Characterization of putative stem cell populations in the cornea
using synchrotron infrared microspectroscopy,” Investigative
Ophthalmology & Visual Science, vol. 47, no. 6, pp. 2417–2421,
2006.
[12] E. V. Loewenstein, “The history and current status of Fourier
transform spectroscopy,” Applied Optics, vol. 5, no. 5, pp. 845–
854, 1966.
[13] W. Yang, X. Xiao, J. Tan, and Q. Cai, “In situ evaluation of
breast cancer cell growth with 3D ATR-FTIR spectroscopy,”
Vibrational Spectroscopy, vol. 49, no. 1, pp. 64–67, 2009.
[14] M. J. Tobin, M. A. Chesters, J. M. Chalmers, et al., “Infrared
microscopy of epithelial cancer cells in whole tissues and in
tissue culture, using synchrotron radiation,” Faraday Discussions, vol. 126, pp. 27–39, 2004.
[15] C. Kraﬀt, R. Salzer, S. Seitz, C. Ern, and M. Schieker,
“Diﬀerentiation of individual human mesenchymal stem cells
probed by FTIR microscopic imaging,” The Analyst, vol. 132,
no. 7, pp. 647–653, 2007.
[16] T. Hirschfeld, “Subsurface layer studies by attenuated total
reflection Fourier transform spectroscopy,” Applied Spectroscopy, vol. 31, no. 4, pp. 289–292, 1977.
[17] M. K. Kuimova, K. L. A. Chan, and S. G. Kazarian, “Chemical
imaging of live cancer cells in the natural aqueous environment,” Applied Spectroscopy, vol. 63, no. 2, pp. 164–171, 2009.
[18] C. V. Raman and K. S. Krishnan, “The negative absorption of
radiation,” Nature, vol. 122, no. 3062, pp. 12–13, 1928.
[19] Y. Liu, G. J. Sonek, M. W. Berns, and B. J. Tromberg,
“Physiological monitoring of optically trapped cells: assessing
the eﬀects of confinement by 1064-nm laser tweezers using
microfluorometry,” Biophysical Journal, vol. 71, no. 4, pp.
2158–2167, 1996.
[20] K. Hamada, K. Fujita, N. I. Smith, M. Kobayashi, Y. Inouye,
and S. Kawata, “Raman microscopy for dynamic molecular
imaging of living cells,” Journal of Biomedical Optics, vol. 13,
no. 4, Article ID 044027, 4 pages, 2008.
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Adult bone marrow multipotential stromal cells (MSCs) hold great promise in regenerative medicine and tissue engineering.
However, due to their low numbers upon harvesting, MSCs need to be expanded in vitro without biasing future diﬀerentiation for
optimal utility. In this concept paper, we focus on the potential use of epidermal growth factor (EGF), prototypal growth factor for
enhancing the harvesting and/or diﬀerentiation of MSCs. Soluble EGF was shown to augment MSC proliferation while preserving
early progenitors within MSC population, and thus did not induce diﬀerentiation. However, tethered form of EGF was shown to
promote osteogenic diﬀerentiation. Soluble EGF was also shown to increase paracrine secretions including VEGF and HGF from
MSC. Thus, soluble EGF can be used not only to expand MSC in vitro, but also to enhance paracrine secretion through drugreleasing MSC-encapsulated scaﬀolds in vivo. Tethered EGF can also be utilized to direct MSC towards osteogenic lineage both in
vitro and in vivo.

1. Multipotential Stromal Cells/Mesenchymal
Stem Cells (MSCs)
1.1. MSC Overviews. Adult bone marrow multipotential
stromal cells / mesenchymal stem cells (MSCs) are multipotent cells with strong paracrine activities of various growth
factors [1–7]. These cells were originally isolated as colony
forming adherent fibroblast-like cells or colony forming unit
fibroblastic cells (CFU-Fs) from bone marrow suspension
[8], but it was subsequently realized that these cells carry
multipotency capable of diﬀerentiating into multiple cell
lineages including osteoblasts, chondrocytes, adipocytes,
smooth muscle cells, skeletal and cardiac myocytes, endothelial cells, and neurons [3–6, 9, 10].
Initially MSC diﬀerentiation and direct incorporation
into local tissues undergoing wound healing and tissue
regenerations were regarded as a primary mechanism of

MSC action; however, the contribution of MSC diﬀerentiation and direct incorporation into regenerating tissues
remains debated [11]. For example, some groups showed
that MSCs were diﬀerentiated and incorporated as myocardiocytes or vascular cells (endothelial cell and vascular
smooth muscle cells) in newly formed vessels in MSC-based
cardioplasty models in rat (isogenic and allogenic MSC
transplantation) and pig (allogenic transplantation) [11–
14]. Human MSCs from adult bone marrow were engrafted
and diﬀerentiated into cardiomyocytes within myocardium
of SCID mice [15]. In contrast, another group showed
that bone marrow-derived cells were not incorporated into
newly formed blood vessels in hindlimb ischemia in mice
allogenic bone marrow transplantation model [16]. Direct
incorporation and diﬀerentiation of transplanted MSC into
keratinocytes and vascular cells were also shown in mice dermal wound healing model (allogenic MSC transplantation)

2
[17–19], whereas others showed that MSC diﬀerentiation of
transplanted MSCs into keratinocytes and vascular cells was
not observed in mice dermal wound healing model (allogenic
MSC transplantation) and mice limb ischemia models
(isogenic MSC transplantation) [20, 21]. Furthermore, even
when there is an early incorporation noted into regenerating
tissue, these cells are largely gone by one month[15]. The
eﬃcacy of engraftment of transplanted MSC was varied,
suggesting the presence of other mechanisms of MSCmediated promotion of tissue regeneration [7, 11].
One such mechanism is paracrine secretion of growth
factors and cytokines. MSCs are known to have a strong
paracrine capability of various growth factors and cytokines
such as vascular endothelial growth factor (VEGF) or hepatocyte growth factor (HGF), which promote angiogenesis
and wound healing [7, 22–24]. Indeed, conditioned medium
of MSCs was also shown to promote angiogenesis or wound
healing in animal models, suggesting the crucial role of
MSC’s paracrine action in promotion of angiogenesis and
wound healing [21, 23, 25].
1.2. In Vitro Expansion of MSCs. A major thrust is to use
MSCs pharmacologically. Even if the physiological involvement of MSCs is debatable, studies have shown injected
MSCs to home to wounded tissues [1, 2, 4, 5]. However,
the availability of suﬃcient number of MSCs that retain
their multipotency and paracrine activity is prerequisite for
successful MSC-based therapeutics and tissue engineering.
MSCs are present only in low frequency in the bone marrow
(one in 105 -106 bone marrow mononuclear cells, lower
frequency in aged hosts) [5, 26], thus, MSCs harvested
from the bone marrow for pharmacological uses need to be
expanded in vitro. These cells are expandable in vitro [3, 27]
and that is one of the desirable characteristics about MSCs.
Current in vitro expansion strategies generally rely on the
use of fetal bovine serum, but this practice not only carries
inherent disease risks [28] but also hampers standardization
that is critical to establishing a broad clinical adoption.
Another issue about current MSC expansion is the loss of
diﬀerentiation, proliferative, and therapeutic potentials of
MSCs through in vitro expansion process [29, 30]. Thus,
there is a strong motivation to identify factors that might
be used in serum-free formulations to expand MSC in vitro
without losing diﬀerentiation capacity and to preserve selfrenewal and therapeutic potentials of undiﬀerentiated MSCs
[31].
A recent report found that a combination of transforming growth factor-β (TGF-β), platelet-derived growth factor
(PDGF), and basic fibroblast growth factors (bFGF) could
replace serum component in cell culture medium to expand
human MSCs ex vivo without compromising diﬀerentiation
potentials, at least up to 5 passages [32]. Subsequently, serum
and animal component-free MSC culture media (STEMPRO
MSC SFM, from Invitrogen, Carlsbad, CA) (MesenCultACF Culture Kit, from STEMCELL Technologies, Vancouver,
Canada) became available on the market. The manufacturers
claim that the culture media exert superior MSC proliferation potentials while maintaining diﬀerentiation potentials
and colony formation potentials, as supported by at least one
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study [33]. Those chemically-defined media should be safer
and thus better for clinical settings, although the proprietary
composition of these culture media may hinder acceptance
in preclinical and clinical usage.
1.3. Heterogenous Populations within MSC Preparations.
Although MSCs possess vast proliferative potential, have
the capacity for self-renewal, and give rise to diﬀerentiated
progenies, all MSC populations analyzed by clonal assays
were shown to be heterogeneous, with individual cells capable
of various diﬀerentiation potential and expansion capacity
[34]. Thus, the International Society for Cellular Therapy
proposed MSCs to be named as multipotential mesenchymal
stromal cells, which can also be abbreviated as MSCs [35].
MSC populations in vitro are known to include early
progenitors or rapidly self-renewing (RS)-cells as well as
large slow replicating mature/senescent cells. It is early
progenitors or RS-cells which retain strong multipotentiality
for diﬀerentiation. In contrast, mature/senescent cells have
only limited diﬀerentiation potentials, and these cells predominate in multiple passaged MSCs [27, 29, 36].
One of the prominent characteristics about MSCs is
their ability to produce colonies after being seeded at low
density [8]. Generation of a single-cell derived colony relies
on the presence of early progenitors or RS cells in MSC
preparations. In other words, assessment of the colony
formation unit (CFU) can be used to gauge the proportion
of colony forming early progenitors in MSC population
[29, 37, 38]
The number of MSC within bone marrow mononuclear
cells was shown to decrease with age [26]. Moreover, both
MSCs from old donors and high passaged MSCs were
shown to have decreased paracrine activity and reduced
organ protective eﬀects upon transplantation [30, 39]. These
reports clearly suggest the importance of preserving early
progenitors or RS cells in MSC preparation to maintain
therapeutic potentials of MSCs.
1.4. MSC Expansion and Diﬀerentiation Potentials. To preserve early progenitors within MSC populations, self-renewal
of these cells has to be maintained or even enhanced through
in vitro MSC expansion process. Otherwise, early progenitors
will be lost during in vitro expansion. Cell division is a
central step of self-renewal and expansion of these cells.
There are various growth factors and cytokines known to
work as a mitogen, but the ideal growth factors for in
vitro MSC expansion must reversibly suppress or at least
not alter the subsequent diﬀerentiation process. In other
words, these factors should not diminish diﬀerentiation
potentials of MSCs. Growth factors or cytokines which
promote diﬀerentiation of MSCs into certain lineages cannot
be used for in vitro MSC expansion, as the diﬀerentiation
process itself is antagonizing self-renewal of undiﬀerentiated
MSCs including early progenitors and the diﬀerentiation
would compromise utilization of these cells.
Among those growth factors, we have focused on epidermal growth factor (EGF) as a candidate to utilize in vitro
expansion of MSCs as EGF stimulates MSC proliferation
without altering diﬀerentiation process and potentials [3].
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2. EGF to Enhance Self-Renewal and
Expansion of MSCs In Vitro

2.2. EGF Enhances MSC Proliferation. EGF is a prototypal
mitogen for various types of cells. Human MSCs express
EGFR/ErbB-1, and we and others demonstrated the mitogenic eﬀect of EGF and HB-EGF on MSCs [3, 45]. Cell
proliferation is an integral part of self-renewal and expansion
of the cells, and thus these data supports our hypothesis that
EGF can be used for in vitro MSC expansion, at least in
short-term culture setting; however, additive eﬀects of EGF
treatment on human MSC proliferation become less clear in
the long-term culture (Figure 1), presumably due to downregulation of EGFR/ErbB1, as discussed below.
The second aspect of expansion is to maintain colonyforming units. In this aspect, EGF treatment is also successful. EGF leads to a statistically significant 25% increase in
stainable colonies (Figure 2), suggesting that EGF treatment
helps preserve early progenitors within human MSC populations.
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2.1. EGF and EGF Receptor. EGF was originally isolated from
mouse salivary gland extract as a factor accelerating the
corneal wound healing [40], but it was soon recognized that
it is indeed a general growth factor exerting various actions
including cell migration and proliferation on a wide variety
of cells [41–43].
The EGF receptor (EGFR/ErbB-1 or human epidermal
growth factor receptor 1(HER1)) is the prototypal growth
factor receptor with intrinsic tyrosine kinase activity. It is
widely expressed on many cell types, including epithelial
and mesenchymal lineages [42]. Upon binding of at least
five genetically distinct ligands (including EGF, transforming
growth factor-α (TGF-α), and heparin-binding EGF (HBEGF)), the intrinsic tyrosine kinase within EGFR/ErbB-1 is
activated and phosphorylates the receptor itself (autophosphorylation) and numerous target downstream molecules.
Intracellular signaling pathways downstream of EGFR/ErbB1 include phosholipase Cγ (PLCγ) and its downstream
calcium- and protein kinase C (PKC)-mediated cascades,
ras activation leading to various mitogen activated protein
kinases (MAPK), other small GTPases such as rho and rac,
multiple signal transducer and activator of transcription
(STAT) isoforms, and heterotrimeric G proteins, phosphatidylinositol 3 -OH kinase (PI3K) and phospholipase D
(PLD) [3, 42, 43].
Upon ligand binding and activation, EGFR/ErbB1 undergoes internalization from the cell surface via
the clathrin-coated endocytic system. Within the acidic
late endosomal compartment, both EGF and EGF-bound
EGFR/ErbB-1 undergo degradation as EGF is a nondissociative ligand for EGF, whereas TGF-α-bound EGFR/ErbB1 is recycled back to cell surface after dissociation of TGFα from EGFR /ErbB-1 [42]. There is a growing evidence
suggesting that preferential and prolonged activation of
EGFR/ErbB-1 from cell surface exerts a distinct activity
from internalized EGFR/ErbB-1, as surface-tethered EGF
promotes cell spreading and survival of MSCs, whereas
soluble EGF does not (See discussion below) [44].
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Figure 1: Eﬀect of EGF on primary human MSC proliferation
(a) and accumulative population doubling (PD)(b). (a) The cell
number of primary human MSCs increases about 5.5-fold in the
diluent (Ctrl) in culture medium supplemented with 17% FBS in
120 hours (5 days) time period. The addition of EGF (10 nM) gives
an extra increase of cell counts to 8.5-fold. Total of 10000 cells was
seeded per each well in 12-well plate and the cell count of each
well was measured by Coulter Cell Counter Z2 (Beckman Coulter,
Inc. Fullerton, CA). Shown are mean ± s.e.m. of three experiments;
each performed in triplicate. The diﬀerences in proliferation were
compared between growth factor and diluent (Ctrl) exposed (∗ P <
.05). (b) Accumulated PD of primary human MSCs in day 5 and
19 in the culture condition same as (a). After cell counting at day
5, equal number of cells (Total of 1000) was seeded per each well
in 6-well plate and the cell count of each well was measured at day
19 by Coulter Cell Counter Z2 (Beckman Coulter, Inc. Fullerton,
CA). Note that the PD is higher in EGF treated group (2.54 in Ctrl,
3.07 in EGF) for the initial 5 days (∗ P < .05), but this diﬀerence
is reduced in the following 14-day period (10.79 in Ctrl, 11.19 in
EGF)(No significant diﬀerence). Shown are representative data of
three independent experiments; each performed in triplicate.
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Figure 2: Eﬀects of EGF treatment (10 nM) on primary human
MSC colony formation. Five hundred cells were seeded in 10 cm
dish within culture medium supplemented with 17% FBS and
the number of formed colonies (Diameter ≥1.5 mm) was counted
manually in day 14. (a) Representative image of MSC colonies
stained with crystal violet. (b) Colony count of MSC. The number
of colony is given per 1000 cells seeded initially (∗ P < .05 to
EGF treatment). Shown are representative data of two independent
experiments; each performed in triplicate.

2.3. EGF and MSC Diﬀerentiation Potentials. Multidiﬀerentiation potential is a key characteristic of MSCs, which
attracts so much attention in the field of tissue engineering
and regenerative medicine [4, 5]. Diﬀerentiation potential
itself has to be preserved through the in vitro expansion of
MSCs; however, ongoing diﬀerentiation process itself should
be suppressed or not induced at least as it antagonizes selfrenewal and expansion of undiﬀerentiated MSCs and limits
further use of these cells.
Kratchmarova and her colleagues showed that EGF
stimulation enhances osteogenic diﬀerentiation of human
MSCs in the presence of chemical cues, whereas PDGF does
not [46]. Through mass spectrometry-based proteomics
approach, they identified PI3K as a molecular switch to turn
oﬀ pro-osteogenic signal from PDGFR.
This report is contradictory to reports by our group
and others. Our data show that EGF alone does not induce
diﬀerentiation in the absence of chemical or other cues,
and does not alter human MSC diﬀerentiation processes
into osteogenic, adipogenic, and chondrogenic lineages by
chemical cues in vitro [3]. This discrepant finding might be
attributable to a diﬀerent intracellular signaling, as PI3Kprotein kinase B/akt pathway is activated in the downstream
of EGFR/ErbB-1 in our report [3], whereas this pathway is
not activated in their report [46]. The apparent reason for
this discrepancy is unclear, but one prominent diﬀerence
is EGF concentration; 10 nM EGF was used in our report
[3], whereas Kratchmarova and her colleagues used 83 nM
of EGF in their report [46]. This speculation is supported
by a recent report showing that 80 pM EGF inhibits

osteogenic diﬀerentiation of human MSCs [47]. Krampera
and his colleague also showed that HB-EGF (2.3 nM) inhibits
osteogenic diﬀerentiation of MSC induced by chemical cues
[45]. Human MSCs do not express ErbB-4, another receptor
for HB-EGF; both EGF and HB-EGF bind only EGFR/ErbB1 on MSC, and downstream signaling cascade is similar
[3, 45].
Do EGFR/ErbB1 agonists exert both positive and negative eﬀects on osteogenic diﬀerentiation of MSC in a
concentration-dependent manner? And if so, what is the
underlying mechanism? This question is still unresolved, but
we and our collaborators are utilizing immobilized tethered
EGF surface in a manner that provides some important
hints [44, 47]. Tethered EGF blocks EGFR/ErbB1 endocytic internalization and enhances osteogenic diﬀerentiation
through providing sustained activation of downstream signaling through EGFR/ErbB1, whereas 80 pM of soluble EGF
interferes with osteogenic diﬀerentiation through inducing
receptor internalization and subsequent degradation [47], in
agreement with Krampera’s data [45]. Thus, we hypothesize
that weak and temporal signaling from low concentration
of soluble EGF exerts anti-osteogenic eﬀects, whereas strong
sustained signaling from tethered EGF exerts pro-osteogenic
signaling on MSC (Figure 3). Previous reports have shown
that the activation of ERK/MAPK pathway, one of the
major signaling pathways in the downstream of EGFR/ErbB1 [3, 42], promotes MSC osteogenic diﬀerentiation [48–
50]. In agreement with these reports, strong and sustained
activation of ERK/MAPK pathway has been observed in
MSCs cultured on tethered EGF surface [44, 47], and
thus, ERK/MAPK pathway might be one of the main
pro-osteogenic signaling pathways in the downstream of
EGFR/ErbB-1.
Other possible reasons for overall discrepancy about
the eﬀects of EGF on MSC diﬀerentiation include the
heterogeneity of human MSC preparations including primary or immortalized. Kratchmarova and her colleagues
used human MSCs immortalized by human telomerase
reverse transcriptase (hTERT) [46], whereas Krampera and
his colleague used primary human MSCs [45]. We and
Griﬃth’s group also used AOC (Adipogenic, Osteogenic,
Chondrogenic) clone of human MSCs immortalized by
hTERT [3, 47, 51]. As immortalized MSCs were derived from
single clone, it is possible that discrepant results between
Kratchmarova’s group and our group might be due to clone
selection bias. Heterogeneity exists even within primary
preparation too. The expression levels of EGFR/ErbB-1 are
highly variable in each clone of human MSC preparation,
up to 77-fold diﬀerence among clones [52]. In this report,
no significant correlation was observed between the levels EGFR/ErbB-1 and osteogenic diﬀerentiation capacity,
although the levels of EGFR/ErbB-1 in average were higher
in nonbone-forming colonies than bone-forming colonies.
Patterns of protein tyrosine phosphorylation downstream of
EGFR/ErbB-1 appeared heterogenous among colonies also.
Thus, it is likely that heterogeneity does exist not only in
EGFR/ErbB-1 expression levels, but also in the downstream
signaling pathways from EGFR/ErbB-1 even within the
same MSC preparation, which should also contribute to
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Figure 3: Simplified model for the eﬀects of EGFR/ErbB1 signaling
on MSC osteogenic diﬀerentiation. Weak and temporal stimulation
of EGFR/ErbB1 exerts anti-osteogenic eﬀects, whereas strong and
sustained stimulation of EGFR/ErbB1 exerts pro-osteogenic eﬀects
on MSC.

the overall discrepancy about the eﬀects of EGF on MSC
diﬀerentiation.
As we see above, reports about EGFR agonists and
their eﬀects on ongoing MSC diﬀerentiation still provide
discrepant directives mainly due to diﬀerent EGF conditions
and external stimuli. Still, we need to emphasize that both
our report and Krampera report agree that EGF or HB-EGF
treatment does not diminish MSC diﬀerentiation potentials
[3, 45]. There are no reports showing that EGF alone in
the absence of osteogenic chemical cues promotes osteogenic
diﬀerentiation of MSCs. In vitro MSC diﬀerentiation into
adipogenic and chondrogenic lineages was not altered by
soluble EGF [3]. Thus, soluble EGF can still be used to
expand MSCs in vitro without inducing diﬀerentiation or
sacrificing diﬀerentiation potentials.

3. EGF Treatment to Enhance Therapeutic
Potentials of MSC
3.1. EGF Enhances Motility of MSC. Numerous cellular,
hormonal, matrix and enzymatic activities are involved in
wound repair and tissue regeneration processes. EGF is one
of the pivotal growth factors present in the wound bed,
accelerating wound repair along with other growth factors
such as PDGF. Topical application of recombinant EGF
was shown to accelerate epithelialization of wound healing
process including diabetic foot ulcer [53, 54].
EGF is secreted from platelets and macrophages in
wounded tissues [55]. HB-EGF is abundant in ECM
[56]. Both EGF and HB-EGF stimulate proliferation and
migration of fibroblasts and keratinocytes. Similarly, MSCs
transplanted in the wounded tissues need to proliferate
and repopulate themselves to promote wound healing and
tissue regeneration processes in the MSC-based therapeutics.
We and others showed that both EGF and HB-EGF elicit
mitogenic and motogenic response of MSCs in vitro [3,
45, 52]. Thus, it is speculated that EGF-induced mitogenic
and motogenic responses of MSCs play a role in regulating
proliferation and repopulation of MSCs in the wounded
tissues.
EGFR/ErbB1 ligands exist not only in soluble form, but
also within multiple EGF-like repeats of extracellular matrix
molecules such as tenascin and laminin in vivo [57]. We have
previously shown that these EGF-like repeats within tenascin
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C bind to EGFR/ErbB1 and produce intracellular signaling
promoting cell motility and adhesion, similar to tethered
EGF [58, 59]. Tenacin C is produced by keratinocytes
and fibroblasts during wound healing process, and thus it
might serve as endogenous tethered EGF-like ligands and
produce promigratory tracks for fibroblasts or implanted
MSCs within the wound healing edges [57, 60].
Although motility enables MSC to reposition themselves
in wounded tissues, it might make precise control of in
vivo cell distribution diﬃcult. One possible approach is to
create concentration gradients or patterns of tethered EGF
within MSC-embedded scaﬀolds. Motogenic activity of EGF
is preserved in the tethered form, as human keratinocytes
on tethered EGF gradients were reported to migrate in
the direction of higher tethered EGF concentration [61].
Tethered form of EGF allows more precise control of EGF
concentration and patterning within tissue microenvironments and one that lasts over a longer duration. This
connecting of motogenic ligand to the space-forming matrix
should be a strong tool in the field of tissue engineering.
3.2. EGF Enhances Paracrine Activities of MSC. MSC-based
therapeutics heavily relies on the strong capability to secrete
various growth factors and cytokines to promote angiogenesis, wound repair, and tissue regeneration [7, 21–25]. MSCs
are required to be transplanted into the wounded tissues,
which fail to heal otherwise. In vivo microenvironments
of these nonhealing wounds are characterized by lack of
oxygen and nutrients due to compromised blood flow and
by exuberant proinflammatory mediators [62–64]. MSCs are
needed to produce bioactive molecules even in those harsh
environments to exert tissue regenerative eﬀects. Indeed,
the proinflammatory mediator tumor necrosis factor-alpha
(TNF-α) or lipopolysacharide (LPS) was shown to enhance
paracrine and autocrine functions of MSCs [65]. Also,
TGF-α, another EGFR/ErbB1 ligand, was shown to further
increase VEGF secretion from MSCs already up-regulated by
TNF-α stimulation in a p42/44 MAPK dependent manner
[66, 67].
Our in vitro data showed that EGF treatment of MSCs
further promotes secretion of VEGF and HGF, but not
bFGF (Figure 4), in agreement with a previous study [65].
Both VEGF and HGF play a pivotal role in MSC-mediated
accelerated wound healing through inducing angiogenesis
and improving oxygen supplies to the ischemic tissues [7, 21,
68–70].
Thus, it is likely that soluble EGFR/ErbB1 ligands (TGFα, EGF and HB-EGF) enhance paracrine and autocrine
functions of MSCs not only in vitro, but also in vivo,
even in the inflammatory microenvironments within nonhealing wounded tissues. It is also likely that tethered
EGF enhances paracrine and autocrine functions of MSCs
in vitro as well as in vivo through strong and sustained
activation of p42/44 MAPK pathway in the downstream of
EGFR/ErbB1 [44]. Both soluble and tethered EGFR/ErbB1
ligands are speculated to promote wound healing and
tissue regeneration process through stimulating the secretion
of angiogenic growth factors from transplanted MSCs in
vivo. Further studies are warranted to elucidate the role
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Figure 4: Eﬀects of EGF treatment (10 nM) on paracrine activities of human primary MSCs. MSCs were cultured in serum-free culture
medium with and without EGF (10 nM) for 24 hours. Concentrations of VEGF (a), HGF (b), and bFGF (c) within conditioned media were
measured by ELISA and standardized to the total amount of cellular protein contents (∗ P < .05 to EGF treatment). Shown are average data
of three independent experiments; each performed in triplicate.
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Figure 5: Simplified diagram of EGFR/ErbB1 signaling pathways in MSC physiology. EGFR/ErbB1 ligands activate PLCγ pathway, p42/44
MAPK pathway, and PI3K/Akt pathways in MSCs [3]. PLCγ pathway plays a pivotal role in motogenic activity, whereas p42/44 MAPK
pathway plays a key role in mitogenic activity and paracrine activities of certain factors such as VEGF [42, 43, 66, 67]. Sustained and strong
activation of p42/44 MAPK pathway exerts cytoprotective and pro-osteogenic eﬀects [44, 47], whereas PI3K/Akt pathway might exert antiosteogenic eﬀects [46].

of soluble EGFR/ErbB1 ligands and tethered EGF on the
paracrine and autocrine eﬀects of MSCs in vitro as well as
in vivo.
3.3. Does EGF Enhance Therapeutic Potentials of MSC? EGF
stimulates cell proliferation and enhances self-renewal of
MSCs, especially undiﬀerentiated early progenitors within
the MSC preparations in vitro. The presence of early
progenitors is critical for MSC-based therapeutics, as MSCs
from old donors and high passaged MSCs have decreased
paracrine activity and reduced organ protective eﬀects upon

transplantation, presumably through loss of early progenitors [27, 29, 30, 36, 39]. EGF treatment also enhances
cell motility, which is required for repopulation of MSCs
within the wound bed. EGF treatment further increases
paracrine secretion of VEGF and HGF, both of which
enhance angiogenesis and promote wound healing and
tissue regeneration also being stimulatory for the adherent
cells resident within the wound bed. Taken together, it
is reasonable to hypothesize that in vitro MSC treatment
with EGFR/ErbB1 ligands enhances therapeutic potentials of
MSCs. This could be tested by in vivo study.

Journal of Biomedicine and Biotechnology

7

Proliferation
(Ex vivo expansion)
Cytoprotection

Migration

TGF-α

HB-EGF

EGFR/ErbB1

EGF
Tethered EGF

Soluble EGFR/
ErbB1 ligands

EGF-like repeats
tenascin
laminin

?

Paracrine secretions
(e.g., VEGF, HGF)

Osteogenic
differentiation

Figure 6: The roles of soluble and tethered EGFR/ErbB1 ligands
on MSC physiology. Soluble EGFR/ErbB1 ligands (EGF, HB-EGF,
TGF-α) enhance paracrine secretions, proliferation, and migration
of MSCs. Tethered EGF or EGF-like repeats within tenascin or
laminin augment osteogenic diﬀerentiation of MSCs, in addition
to cytoprotective, motogenic, and mitogenic eﬀects on MSCs.

It is also reasonable to hypothesize that EGFR/ErbB1
stimulation on MSC enhances therapeutic potentials of
MSCs in vivo, presumably through augmenting paracrine
activity and exerting both mitogenic and motogenic activities
of MSCs. Biodegradable scaﬀolds are a promising approach
to support cell delivery, guide proliferation and diﬀerentiation of the cells [71]. Drug delivery scaﬀolds or growth
factor release scaﬀolds are also available, which enables the
controlled release of growth factor [72]. Availability of EGF
is less predictable in vivo setting; however, EGF slow releasing
scaﬀolds allow for better prediction of EGF concentration
within microenvironments in vivo, thus, in vitro findings
should be better translated to the in vivo settings and the role
of EGF in MSC-based therapeutics could be better evaluated.
In addition to soluble EGFR/ErbB1 ligands, tethered EGF
might bestow even stronger therapeutic potential on MSCs.
First, tethered EGF exerts proliferative and cytoprotective
eﬀects on MSCs [44, 73]. Therapeutic eﬀects of MSC largely
depend on the number of injected MSC [19]; however, low
viability of postimplant MSCs limits the overall eﬀectiveness
of MSC-based therapeutics due to harsh microenvironments
[15, 74]. Thus, improvement of postimplant MSC survival
should increase the eﬃcacy of MSC-based therapeutics.
Second, tethered EGF provides pro-osteogenic cues for
MSCs, thus it could be utilized in both in vitro and in
vivo osteogenic diﬀerentiation of MSCs. This mechanism
might play a significant role in vivo, as laminin 5, which
contains EGF-like repeats, was shown to stimulate osteogenic
diﬀerentiation of human MSCs through activation of ERK
within bone tissue [75]. Thus, MSC-embedded scaﬀold with

tethered EGF could be potentially applicable to current
human studies such as osteogenic imperfecta [76–78].
The challenge of translating theoretical findings to
bedsides always resides in moving from in vitro to in vivo
studies and then into people. While we cannot foresee
all the obstacles, the main challenge in this translation
involves the inflammatory situation and immunological
issues. In the case of the latter, this is moot if the MSCs
are autologous, but allogenic MSCs are also useful, especially
for aged patients, as MSC harvest and subsequent ex vivo
expansion might be limited for those populations [26, 39].
The immunosuppressive nature of MSC makes allogenic
transplantation feasible [26]. Nonspecific inflammation due
to any foreign body is something not avoidable. Actually
we propose that the tethered EGF confer resistance to
death signals on MSCs [44]. Still the complex mixture
of inflammatory cytokines and chemokines may alter the
response to EGFR/ErbB1 ligands in unpredictable ways.
Lastly, if the inflammatory response runs towards fibrosis, MSCs risk being walled-oﬀ from the site of injury.
Another potential challenge of the translation into people
is underlying disease conditions, as nutrient delivery, oxygen
supplies, and removal of toxic metabolites are often severely
compromised in these populations [62–64]; in diabetes the
hyperglycemia also impacts EGFR signaling pathways [79,
80]. These harsh microenvironments, with alter extracellular
pH, will impinge on the MSC behavior in an unpredictable
manner. That is why we are quickly moving to test these
models in increasingly challenged animal models.

4. Epilogue
Previous studies suggest that EGF facilitates expansion of
colony forming early progenitors in MSC population without inducing diﬀerentiation or compromising diﬀerentiation
potentials. EGF treatment also promotes paracrine activity
of MSC, at least the production of VEGF and HGF, both of
which are pivotal for wound healing and tissue regeneration.
EGF can be utilized to promote expansion and paracrine
activities of MSCs in vitro, at least with short-term treatment
with EGF. For in vivo settings, EGF can be incorporated
in growth factor-releasing scaﬀolds encapsulating MSCs to
augment MSC proliferation and paracrine action. Tethered
form of EGF can also be incorporated in the scaﬀold
to control osteogenic diﬀerentiation of MSCs or MSC
distributions in vivo. The roles of EGFR/ErbB1 ligands
and downstream signaling from EGFR/ErbB1 on MSC
physiology are summarized in Figures 5 and 6. Overall, it
should be reasonable to utilize EGF for MSC expansion in
vitro, enhancement of MSC therapeutic potentials in vivo,
and regulation of MSC diﬀerentiation both in vitro and in
vivo.
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Realization of the exciting potential for stem-cell-based biomedical and therapeutic applications, including tissue engineering,
requires an understanding of the cell-cell and cell-environment interactions. To this end, recent eﬀorts have been focused on the
manipulation of adult stem cell diﬀerentiation using inductive soluble factors, designing suitable mechanical environments, and
applying noninvasive physical forces. Although each of these diﬀerent approaches has been successfully applied to regulate stem cell
diﬀerentiation, it would be of great interest and importance to integrate and optimally combine a few or all of the physicochemical
diﬀerentiation cues to induce synergistic stem cell diﬀerentiation. Furthermore, elucidation of molecular mechanisms that mediate
the eﬀects of multiple diﬀerentiation cues will enable the researcher to better manipulate stem cell behavior and response.

1. Introduction
The multipotent adult stem or progenitor cells reside at
restricted locations to allow continuation of the cycle of life
[1]. These tissue-specific stem cells have been identified in
the bone marrow [2], brain [3], skin [4], retina [5], pancreas
[6], intestinal crypt [7], and liver [8] as well as in skeletal
muscle [9]. Depending on the origin, these adult stem cells
exhibit the potency to diﬀerentiate into multiple cell types.
Adult stem cells from muscle, for instance, predominantly
become myogenic or hematopoietic [10] while those from
bone marrow are known to harbor hematopoietic, endothelial and mesenchymal (MSC) stem cells. MSCs derived from
the bone marrow stroma are multipotent, hypoimmunogenic [11, 12], and proliferate freely in vitro to undergo selfrenewal and diﬀerentiation into multiple non-hematopoietic
cell lineages such as chondrocytes, osteoblasts, adipocytes,
and myoblasts, and cardiomyocytes [13], and neuronal cells
[14–16]. This is attractive because, for example, unlike
extraction of the neural stem cells or neural precursors
that would require surgery, MSCs are relatively easy to
isolate and diﬀerentiate into neuronal cells, and therefore
may be useful for tissue engineering strategies to repair and

regenerate connective and excitable tissues. Other tissues
such as adipose tissue, periosteum and synovial tissue have
been shown to contain cells with properties similar to those
of stem cells. However, the limited life span and amount
of cells as well as their heterogeneity pose diﬃculties in
utilizing this particular cell population in the basic research
and therapeutic applications [17–20].
Generally, stem cells have the unique property of selfrenewal without diﬀerentiation until and unless appropriate
biological and physical signals are provided. In the context
of tissue engineering, the idea of using stem cells oﬀers
numerous advantages. Unlike engineering tissue constructs
with diﬀerentiated cells, the multipotent mesenchymal stem
cells (MSCs) are hypoimminogenic, have higher proliferative
capacity and provide excellent regenerative capability that
will likely lead to desired integrity and functionality of
the engineered tissue. Moreover, MSCs make it possible
to engineer multifunctional tissue constructs and also can
be diﬀerentiated into phenotyically and functionally diverse
lineages (e.g., osteoblasts and neuronal cells). It is plausible
that stem cell-based tissue implants can be designed for
tissue formation and vascularization at the same time, which
mimics typical physiological responses to tissue damage.

2
Stem cell-based therapeutic application therefore appears
quite attractive. However, a clearer understanding and
adequate control of stem cell diﬀerentiation into tissuespecific lineages would first have to be firmly established.
For example, development of the strategies to control stem
cell behaviors and directing them to a specific lineage
would require an understanding and manipulation of the
cell-environment interactions. Determination of an optimal
physicochemical microenvironment could lead to harvest
the unique properties of the stem cells for self-renewal
and tissue-specific diﬀerentiation that can be guided or
perhaps directed by biochemical and physical cues. Rational
approaches for stem cell-based engineering of functional
tissues would then be realized and could be implemented,
thus potentially overcoming the current challenges in regenerative medicine. The therapeutic applications of stem cells
would undoubtedly be enhanced by an eﬃcient diﬀerentiation protocol that could prescribe the phenotype. Upon
implantation of an engineered tissue construct, it may also
be plausible to intervene externally and regulate the fate of
stem cells.
In this review paper, we will first illustrate that the soluble
factors and external physical forces (i.e., physicochemical
cues) have been combined, engineered and applied to induce
synergistic MSC diﬀerentiation. We will next elucidate the
potential mechanism(s) that mediate the MSC diﬀerentiation in response to the physicochemical cues. A detailed
understanding of the lineage-dependent mechanisms would
be expected to prescribe the MSC diﬀerentiation into specific
tissue types using multiple cues.

2. Synergistic MSC Differentiation
There are at least three diﬀerent techniques that have been
utilized for MSC diﬀerentiation. First, the biological and
pharmacological reagents (e.g., hormones) have been used
to induce stem cell diﬀerentiation into bone cells [22–24],
chondrogenic cells [25], adipogenic cells [26, 27], and even
functional neuronal cells [16, 28–30]. Further, MSCs have
also been shown to diﬀerentiate into the myogenic lineage
[31, 32]. These recent advances in the MSC manipulation
demonstrate that the multipotent stem cells are capable
of diﬀerentiating into excitable and non-excitable tissue
phenotypes. Second, the MSC diﬀerentiation may be regulated by mechanical cues, including changes in the cellular
morphology [13, 33] and matrix elasticity [34]. As the matrix
stiﬀness increased, the focal adhesions could increase in size
and also expression of the focal adhesion molecules. This is
consistent with the finding that the cell adhesion of several
distinctive types may be involved, including focal complexes,
focal adhesion, and fibrillar adhesion [35]. The cells may
utilize the crosstalk between the extracellular matrix and
the cytoskeleton, likely mediated by integrins, to determine
the adhesion type. Other environmental factors (e.g., oxygen
tension) have also been incorporated to solicit synergistic
stem cell diﬀerentiation [36]. Third, external mechanical and
electrical forces have been applied to regulate MSC diﬀerentiation. For example, while a cyclic mechanical stretch
can enhance bone formation [37–42], various types of shear
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stress can synergistically enhance MSC osteodiﬀerentiation
[43–47]. Low intensity ultrasound, another form of mechanical stress, has also shown to enhance the chondrogenic
diﬀerentiation [48, 49]. A recent study by Haudenschild
et al. [50] reported the ability of MSCs to distinguish
between dynamic tensile and compressive loading by regulating distinct gene expression patterns. While dynamic
tensile stresses induce both the fibroblastic and osteogenic
markers, a compression upregulated the chondrogenic gene
expressions. Moreover, our laboratory has recently found
that an electrical stimulation facilitates osteodiﬀerentiation
[24], suggesting that physical stimuli can induce synergetic
eﬀects. Since the electrical and mechanical nature of the
cell is now well established, we suggested that cellular
and molecular responses to external physical stimuli would
be cast more appropriately as electromechanical responses
[51]. Because there appear to be several physicochemical
diﬀerentiation cues that promote stem cell diﬀerentiation,
strategies to optimize these cues to facilitate or interfere with
the intended fate of stem cells may be highly significant for
regenerative tissue engineering and also in general stem cell
biology. Optimization of at least three known cues would
have to be determined based on multifactorial experimental
design, requiring sophisticated statistical analyses. However,
the focus of this review is to illustrate synergistic stem
cell diﬀerentiation in response to a combination of soluble
factors and externally applied physical stimuli, which may
additively or synergistically facilitate the intended MSC
diﬀerentiation. For this purpose, a simplified definition
may be used instead. While additive diﬀerentiation implies
eﬀects (e.g., quantifiable tissue-specific markers) produced
by multiple cues should be the same as the sum of each cue
used alone, synergistic diﬀerentiation would imply greater
than the sum of eﬀects produced by each cue when a
combination of the physicochemical cues is applied. For
example, a combination of soluble factors and an electrical
stimulation induces synergistic osteodiﬀerentiation, while
the use of an electrical stimulation alone fails to diﬀerentiate
MSCs [24]. Synergistic interaction may also lead to accelerate
the pace at which the intended stem cell diﬀerentiation
proceeds.
Strategies to optimize various diﬀerentiation cues to
facilitate and interfere with the intended fate of stem cells
may be highly significant for regenerative tissue engineering
and also in general stem cell biology. In addition to demonstrating synergistic stem cell diﬀerentiation in response to a
combination of soluble factors and externally applied physical stimuli, elucidation of the potential coupling mechanisms
would have to be studied. Both mechanical and electrical
stimulation has been applied separately and combined with
soluble factors to facilitate MSC diﬀerentiation. For example,
recent studies show that, when vascular endothelial growth
factor (VEGF) and a shear stress are used in a combinatorial
manner, synergistic diﬀerentiation of endothelial progenitor
cells into endothelial cells may be accomplished [52], and
synergistic chondrogenic diﬀerentiation of MSCs achieved
by combining TGF-β3 and a hydraulic pressure [53]. A
combination of fluid shear stress and bone-like extracellular
matrix, made of titanium (Ti) fiber mesh discs, both
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in the presence or absence of osteogenic dexamethasone
synergistically enhance the osteodiﬀerentitation of MSCs
[54]. Synergistic eﬀects are also observed when a cyclic
strain is combined with dexamethasone to enhance the
osteogenic commitment of human MSCs [55]. Alternatively,
soluble factors combined with an electrical stimulation
induce synergistic osteodiﬀerentiation, while the use of
the electrical stimulation alone fails to diﬀerentiate MSCs
toward osteoblasts [24]. Varying the modality of electrical
stimulation, pulsatile biphasic electric field is now shown
to enhance MSC proliferation and upregulate the diﬀerentiation related genes [56], and an sinusoidal electrical
stimulus (100 mV peak-to-peak at 4,000 Hz) appears to
induce diﬀerentiation of rat PC12 and blastocyst-derived
murine embryonic stem cells toward the neuronal lineage
[57].

3. Elucidation of Mechanisms
Of potential mechanisms that might mediate the eﬀects of
multiple diﬀerentiation cues, we will focus on the three
recent but likely mechanisms that have been carefully studied
and documented. First, calcium dynamics in MSCs undergo
noticeable changes that are lineage-dependent, suggesting
that calcium plays a critical role in cell diﬀerentiation [58–
60] and could be used as a modulator for MSC diﬀerentiation. Second, mitogen-activated protein (MAP) kinasedependent signaling has emerged as a potent regulator of
stem cell commitment and diﬀerentiation [61, 62]. Since
mechanotransduction is likely associated with MAP kinase
signaling, the potential coupling mechanisms to the MAP
kinase signaling by the diﬀerentiation cues could oﬀer
beneficial strategies for tissue engineering. Third, cellular
biomechanical remodeling shows noticeably remarkable
alterations that are also lineage-dependent. Moreover, a close
correlation or interdependence between the [Ca2+ ]i and
cytoskeletal reorganization is well known, established, and
accepted, although the eﬀects of altered and modulated
[Ca2+ ]i oscillation on the cellular mechanics are yet to be
fully elucidated. It is interesting to note that, in response
to osteogenic soluble factors or physical stimuli, the human
MSC cellular mechanics become indistinguishable from that
of osteoblasts in about 10 days [63], and the maximal
changes in the Ca2+ dynamics also takes about 14 days
[24]. This may suggest that the biomechanical remodeling
could precede the cellular and molecular identities of stem
cell-derived osteoblasts, and that the microfilament-based
biomechanical remodeling and [Ca2+ ]i oscillation are intimately connected. MSCs can diﬀerentiate down the lineages
that are mechanically at the opposite ends of the spectrum;
mechanically strong osteoblasts versus soft neuronal cells.
There is no doubt that MSCs will have to reorganize their
cytoskeleton and membrane to comply with the intended
diﬀerentiation. While methodologies are readily available
to characterize changes in the calcium dynamics and the
biochemical properties, more subtle questions yet to be fully
answered include whether changes are simply a consequence
of MSC diﬀerentiation or perhaps a critical determinant to
prescribe MSC diﬀerentiation.

3
3.1. Role of Calcium in Cell Diﬀerentiation. Calcium (Ca2+ )
is a ubiquitous second messenger and represents one of
the most important biological signals [64]. The intracellular
Ca2+ regulates important cellular and molecular processes
such as proliferation, diﬀerentiation, cell biomechanics,
cytoskeletal reorganization, gene expression and metabolism
[21, 65, 66]. Among many cell types, stem cells exhibit robust
calcium activities and appear to undergo [Ca2+ ]i oscillation.
Transient elevations in free cytosolic Ca2+ concentration
(i.e., [Ca2+ ]i ) referred to as spikes are a nearly universal
mode of signaling in both excitable and non-excitable
cells [67, 68]. While the role of oscillatory Ca2+ signals
has been extensively studied but not yet fully understood,
it is evident that spatial and temporal patterns of Ca2+
dynamics (e.g., spiking amplitude and frequency, and spatial distribution) are important characteristics of cellular
regulatory pathways. [Ca2+ ]i oscillations are likely mediated
by at least several cell type-dependent Ca2+ influx/eﬄux
pathways. First, Ca2+ entry across the plasma membrane
can be mediated via voltage-operated Ca2+ channels, stretchactivated cation channels, and agonist-dependent channels
[69, 70]. Second, Ca2+ release from intracellular stores (e.g.
endoplasmic and sarcoplasmic reticulum, mitochondria)
can be controlled by inositol 1,4,5-triphosphate (IP3 )-gated
channels and ryanodine receptors [71]. Third, the excess
Ca2+ is pumped back from cytosol to internal stores or
extruded to extracellular medium by Ca2+ -ATPase pumps
[72]. While biochemical cascades, molecular and cellular
interactions, and gene expression profiles can be controlled
by altered intracellular Ca2+ dynamics, intracellular calcium
activities themselves can be regulated by a variety of external
physical stimuli, including electromechanical stimulation
and substrate rigidity [73].
Calcium is also recognized to play a critical role in
cell diﬀerentiation. More specifically, spontaneous [Ca2+ ]i
oscillations are readily observed in MSCs [24, 74] and can
aﬀect stem cell diﬀerentiation [58, 59]. In response to a
fluid flow, Riddle et al. [75] have shown that shear stresses
trigger flow rate-dependent increases in [Ca2+ ]i via the IP3
pathway in MSCs. Moreover, the substrate rigidity now
appears to alter [Ca2+ ]i oscillations via RhoA/ROCK activity
[73], suggesting that the substrate rigidity-dependent MSC
diﬀerentiation [34] may be mediated by altered [Ca2+ ]i
oscillations. Our laboratory has recently demonstrated that
[Ca2+ ]i oscillations in MSCs are dramatically altered in
response to the soluble factors and an electrical stimulation.
Indeed, the physicochemical cues alter the calcium dynamics
in MSCs to resemble that found in terminally diﬀerentiated
osteoblasts [24]. Interestingly, a combination of osteogenic
soluble factors with an electrical stimulation induced a
synergistic diﬀerentiation of MSCs into osteoblasts at rates
that are significantly faster than those induced by the
soluble factors alone. However, application of an electrical
stimulation by itself failed to induce MSC diﬀerentiation,
suggesting that an externally applied physical cue may
amplify but not necessarily activate the mechanisms involved
in osteodiﬀerentiation.
Multiple Ca2+ influx or eﬄux pathways are likely involved
in the regulation of Ca2+ dynamics. At least 4 testable
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Figure 1: A schematic view of the potential eﬀect of physicochemical cues for osteodiﬀerentiation. The inductive factors can diﬀuse across the
cell membrane and produce immediate eﬀects, while physical cues can couple to the cell surface molecules. We envision that the mechanical
or electrical cues can modulate the Ca2+ dynamics by coupling to (1) ion channels, (2) G-protein coupled receptor-activated molecules (e.g.,
PLC), (3) integrin-mediated focal adhesion, and (4) ATP release [21, 64].

ways are plausible in which the Ca2+ dynamics in MSCs
are modulated (Figure 1). First, because the Ca2+ channels
are known to sustain [Ca2+ ]i oscillation, MSCs should
express these channels. Indeed, an abundance of the L-type
channels fluorescently visualized in undiﬀerentiated MSCs
(data not shown) indicates that these channels are involved
in the regulation of the [Ca2+ ]i oscillation. Treatment of
cells with verapamil (a L-type inhibitor) or depletion of
extracellular Ca2+ decreased the [Ca2+ ]i oscillation to the
level comparable to that found in terminally diﬀerentiated
osteoblasts [24]. These findings led to formulation of
a postulate that extracellular Ca2+ is required to sustain
the [Ca2+ ]i oscillation via the L-type Ca2+ channels. As
MSCs undergo osteodiﬀerentiation, the [Ca2+ ]i oscillation is
decreased. Therefore, the role of L-type Ca2+ channels would
be expected to diminish, suggesting that these channels
may be down regulated. Second, we have shown that,
when the PLC activity is inhibited, the [Ca2+ ]i oscillation
is essentially abolished. This leads to another hypothesis
that, as MSCs undergo osteodiﬀerentiation, the PLC activity
is reduced. Concomitant reduction of L-type channels and
PLC activity may be coordinated to suppress the [Ca2+ ]i
oscillation in MSCs undergoing osteodiﬀerentiation. Third,
integrins have been shown to regulate the Ca2+ dynamics
which, in turn, control integrin-mediated adhesion [76], and
cell migration through phosphorylation of focal adhesion
kinase (FAK) [77]. This suggests a close association or
correlation between diﬀerential focal adhesions formed in
response to physicochemical cues and cell type-dependent
[Ca2+ ]i oscillation. Fourth, MSCs were found to secrete
ATP [68], and that autocrine and paracrine interactions
involving purinergic receptors modulate [Ca2+ ]i oscillations.

Interestingly, we recently detected and characterized ATP
release in response to an electrical stimulation [63]. Taken
together, the physical cues may alter Ca2+ dynamics mediated
in part by ATP secretion.
Whether MSCs are capable of diﬀerentiation toward
the neural lineage remains still controversial [78]. While
several laboratories have shown evidence for induction of
neuron-like cell, astrocytes, and glial cells [16, 79–82], other
reports suggest that in vitro diﬀerentiation protocols for
bone marrow stromal cells disrupt actins and apparent
neuronal morphology is therefore observed [83], or cellular
makers in response to the neuroinductive factors could be
attributed to cellular toxicity and changes in the cytoskeleton
[84]. Although the opposing findings should carefully be
considered, the biochemical [85] or substrate stiﬀness [34]
induction of neuron-like cells from human MSCs does
exhibit rapid [Ca2+ ]i oscillation. In fact, the Ca2+ dynamics
profiles found in these cells diﬀer in many ways. For
example, the initial response to the neuroinductive factors
suppressed the [Ca2+ ]i oscillation, similar to that found
during osteodiﬀerentiation. However, MSCs undergoing
neurogenesis quickly regain the capability to sustain the
[Ca2+ ]i oscillation in less than 7 days. In addition, the [Ca2+ ]i
oscillation profiles are also distinctively diﬀerent (Figure 2).
Those cells undergoing neurodiﬀerentiation exhibit a pattern
that consists of numerous Ca2+ spikes of both small and
large amplitude. This type of pattern is unique to the
neurogenic cells and not found in any of the five cell types
we have tested thus far, including undiﬀerentiated human
or rat MSCs, P19 mouse embryonic stem cells, osteoblasts,
fibroblasts, and even primary myocytes. Unlike non-excitable
cells however, the N-type Ca2+ channels are expected to play
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3.2. Mitogen-Activated Protein Kinase Signaling Pathways.
The mitogen-activated protein (MAP) kinases are the serine/threonine kinases that respond to extracellular signals.
They are also known to mediate signal transduction from
the cell surface to nucleus [88]. In addition to several
important physiological responses, the role of MAP kinases
in proliferation and diﬀerentiation has been well documented and established [89]. Unregulated MAP kinase
signaling, for example, has been implicated in many types of
tumors [90–92]. It also appears that, at least for osteogenic
diﬀerentiation, sustained MAP kinase activation promotes
cell diﬀerentiation [93], suggesting an interesting hypothesis
that a physical stimulation may be used to sustain and
prolong the MAP kinase activation. At least three major
modules of the MAP kinase signaling cascades have been
identified, including the extracellular signal-regulated kinase
(ERK), the c-Jun amino-terminal kinase/stress activated
protein kinase (JNK/SAPK), and the p38 kinase [94]. Of
these three modules, the ERK signaling pathway represents
the most extensively studied mechanism. Although all three
MAP kinase modules are involved in various biological
processes, the ERK pathway is associated particularly with
cell proliferation and diﬀerentiation [95–97]. The JNK/SAPK
kinases have been shown to respond to external stress including heat shock, and cytokines. Interestingly, when cells are
treated with mitogenic agents, the ERKs but not JNK/SAPKs
are the dominant signaling pathways. In contrast, cells
exposed to a stress typically utilize the JNK/SAPK pathway
without significantly altering the ERK activities [98, 99].
This observation raises a rather important hypothesis that,
when cells are exposed to external physical stimuli in the
presence of the mitogenic agents, the diﬀerential activation of
MAP kinases could be combined, and synergistic biological
responses such as cell proliferation and diﬀerentiation may
be induced. It is noted here however that, in response to
mechanical stimulation, the ERK and p38 kinase cascades
can be activated [100, 101], and tethering and rolling of
neutrophils in shear flow activates integrins and induces firm
adhesion through phosphorylation of the p38 kinase [102].
Unlike soluble factors that can readily bind to their
receptors with a degree of specificity, the physical cues do
not preferentially discriminate the targets. However, evidence
has been gathered to suggest that there are potential candidates that may transduce the external physical stimuli. For
example, several mechanotranducers have been identified
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a major role in neuronal cells. We detect essentially no Ntype channels expressed in the undiﬀerentiated stem cells,
suggesting that the N-type channels are rapidly up-regulated
[86]. In addition, the N-type channels are modulated by
the extracellular signal-regulated kinase (ERK)-dependent
phosphorylation [87]. Since ERK activation is also involved
in stem cell diﬀerentiation, up-regulation of the N-type Ca2+
channels is expected as MSCs undergo neurodiﬀerentiation.
Similarly, the PLC activity should be increased in response to
the neuroinductive factors. These findings provide evidence
that the altered Ca2+ dynamics may be unique to the tissue
type and perhaps be used as an early indicator to predict
MSC diﬀerentiation into the neurogenic phenotype.

5

Ft /F◦

Journal of Biomedicine and Biotechnology

40
20
0
1

3

5
7
Spikes per cell
(c)

Figure 2: Typical temporal profiles of [Ca2+ ]i oscillation observed
in human MSC neurodiﬀerentiation. The cell-type dependent
characteristics of the [Ca2+ ]i oscillations are displayed (a). The
undiﬀerentiated human MSCs show a pattern of regular [Ca2+ ]i
oscillation (top trace). The [Ca2+ ]i oscillations become suppressed
and irregular in time for human MSCs undergoing osteodiﬀerentiation (second trace; at week 3). For comparison, we monitored
the [Ca2+ ]i oscillation in primary myocytes (third trace). The
human MSCs undergoing neurodiﬀerentiation, however, show
yet another pattern of the [Ca2+ ]i oscillation (bottom trace; at
day 5) that resemble neither the undiﬀerentiated human MSCs
nor other cell types. Further, the [Ca2+ ]i oscillation profiles of
myocytes and neuronal cells could be distinguished. Unlike the
undiﬀerentiated human MSCs, the neurogenic cells exhibit multiple
[Ca2+ ]i oscillations and spikes whose amplitudes vary substantially.
The two panels (b) and (c) show the distribution of the Ca2+
spikes measured at the day 1 and 7 of MSC neurodiﬀerentiation,
respectively.
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Figure 3: Two alternate coupling molecular mechanisms. The soluble factors are known to play an important role in stem cells diﬀerentiation
(thicker arrows). (a) A physical stimulus may aﬀect cell diﬀerentiation synergistically in the presence of the soluble factors via integrins and
the MAP kinase signaling system. The physical stimulus causes integrin redistribution, clustering, activation, and assembly of some focal
adhesion proteins such as FAK, paxillin, vinculin, src, and others. Enzymatic activity of assembled proteins (e.g., FAK or src) causes further
MAP kinase activation. In eﬀect, the MAP kinase cascade is amplified and cell diﬀerentiation may be accelerated. (b) Alternative mechanism
involves activation of other receptors (e.g., G-proteins receptors) in the cell membrane. This leads to the PLC enzyme-mediated signaling
through Ca2+ and protein kinase C (PKC) in multiple pathways. Not all intricate signaling eﬀects of these secondary messengers are shown.
However, PKC activation can be eﬀectively coupled to the MAP kinase cascades.

that include integrin-dependent focal adhesion [103–107]
and ion channels [108, 109], and integrin clustering has
been shown to be responsible for transducing electrical
stimulation [110, 111]. In addition to the critical role in
formation of focal adhesions, integrins are also linked to
cell proliferation, diﬀerentiation, migration, and apoptosis
[112, 113]. Moreover, integrins are essential for normal
development of hematopoietic lineages and bone marrow
by regulating cell proliferation and diﬀerentiation [114], and
cardiomyocyte cell cycle depends on cell attachment via β1 integrins [115]. Integrin expression level is often associated
with cell diﬀerentiation. For example, neuronal diﬀerentiation involves down-regulation of integrins [116]. At successive stage of the osteoblast lineages, cells show diﬀerential
patterns of integrin expression [117]. In spite of these diverse
cellular responses regulated by integrins, the interactions
between stromal precursor cells and extracellular matrix are
not clearly understood. It appears clear that the integrinmatrix interaction can activate MAP kinases, thus suggesting
that MAP kinases act as one of the key molecules that connect
integrins at the cell surface with adhesion-dependent gene
expressions [88]. Interestingly, some findings suggest that
integrin can regulate activation of growth factor receptors
by co-clustering and thereby stimulate MAP kinase signaling
[118]. Another likely candidate is via G-proteins. Indeed,
activation of phospholipase C (PLC) is a key event that modulates altered calcium dynamics and subsequent production
of yet another secondary messenger, diacylglycerol (DAG).
DAG can lead to activation of protein kinase C (PKC) that,
in turn, activates MAP kinase cascades for proliferation and
diﬀerentiation [119]. This G-protein mechanism has been
demonstrated in human osteoblasts [51] and human MSCs
[24] using specific PLC inhibitors (e.g., U73122) and also

by blocking PKC (e.g., bisindolylmaleimideI). Two coupling
mechanisms are therefore envisioned to activate the MAP
kinase cascades. Soluble factors (e.g., dexamethasone) typically regulate cell diﬀerentiation through multiple biochemical mechanisms (Figure 3, thick arrows) including MAP
kinase signal transduction. The commitment of MAP kinases
results in activation of various transcription factors (e.g.,
AP-1, Cbfa1/Runx2) and, in the case of osteodiﬀerentiation,
up-regulation of osteoblast-specific genes [120]. The first
coupling mechanism (Figure 3(a)) aﬀects cell diﬀerentiation
via integrins and the MAP kinase signaling pathways. This
physical stimulus causes integrin redistribution, clustering,
activation, and assembly of some focal adhesion proteins
such as focal adhesion kinase (FAK), paxillin, vinculin,
src [121, 122]. Enzymatic activity of assembled proteins
(e.g., FAK or src) causes further MAP kinase activation
[123]. Such assembly of adhesion proteins may mimic the
integrin-matrix interactions, which are known to regulate
the MAP kinase activities. In eﬀect, the MAP kinase cascade is synergistically amplified and cell diﬀerentiation is
facilitated. Alternatively, the second coupling mechanism
involves activation of G-protein coupled receptors in the
cell membrane (Figure 3(b)) that leads to the PKC pathway.
PKC activation is then eﬀectively coupled to the MAP kinase
cascades and thus promoting osteodiﬀerentiation.
3.3. Biomechanical Remodeling. A cell has a remarkable capability to detect external physical forces of various modalities
and adapt to the biomechanical environment by adjusting
its mechanical properties to match those of the surrounding
tissue. Clearly, cells do respond to the physical forces and
mechanically remodel themselves in order to transduce
the physical signals. The concept of mechanotransduction
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relies on the bi-directional cross-talk between the cell and
microenvironment [108, 124, 125] that modulates biochemistry in the cytoplasm and ultimately aﬀects the nucleus
[126]. Cytoskeleton is thought to be one of the most
significant cellular mechanical components and provides
structural stability and elasticity to the cell undergoing
multiple deformations without losing its integrity [127, 128].
In addition, the cytoskeleton has now been shown to mediate
complex intracellular signaling pathways [108]. Therefore,
the cytoskeleton is referred to as a mechanotransducer
that regulates the cytoskeleton-associated signaling cascades,
such as Rho family GTPases (e.g., RhoA, Cdc42, Rac)
[129]. In this way, the cytoskeleton mediates cell response
to changing biomechanical environment (e.g., substrate
stiﬀness, cell shape and deformation, external pressure, shear
stress) by structural rearrangement of the cytoskeleton itself,
or alterations in gene expression profiles, cell adhesion,
and secretion of extracellular matrix (i.e., bi-directional
reciprocity) [127, 130]. Complex interactions between these
multiple signaling molecules, likely triggered by external
signals, cause activation of downstream target proteins,
which could lead to a global structural rearrangement of the
cytoskeleton or altered gene transcription profiles aﬀecting
cell adhesion, secretion of extracellular matrix components,
and cell metabolic activity. Substantial structural and functional diﬀerences of cytoskeletons in cells of the same
mesodermal origin (myocytes, osteoblasts, endothelial cells,
kidney cells, etc.) imply that the cytoskeleton may also
participate in cell diﬀerentiation.
The plasma membrane is also known to play an important role in determining the cellular biomechanics. Due
to the important role of the membrane in many cellular
functions, it is likely involved in the intricate interplay of
events accompanying cell diﬀerentiation. Beside its function
as a barrier from the outer environment, it participates
in inward-outward traﬃcking, motility, cell adhesion to
extracellular matrix, and cell-cell interaction [131, 132].
These and many other intracellular events are regulated
by the membrane surface tension, which is maintained
by several mechanisms including membrane reservoir and
lipid material turnover [132, 133]. Generally, the membrane
tension is determined by the lipid bilayer composition (e.g.,
cholesterol content) [134], and the membrane interaction
with the cytoskeleton via specific biomolecular links such
as linker proteins [135]. We have recently shown that
the plasma membrane attachment to the cytoskeleton in
fully diﬀerentiated osteoblasts is much stronger than in
undiﬀerentiated human MSCs [136]. Functionally, a strong
membrane-cytoskeleton adhesion should be beneficial to
keep the structural integrity of osteoblasts subjected to
continuous stress cycles. In human MSCs, a lower membrane
tension is observed that may better facilitate endo- and
exocytosis and contributes to a higher sensitivity of these
unqiue cells to various soluble biochemical environmental
stimuli. Moreover, we have recently reported an interesting
observation [21, 63] that the cell type-dependent linkage
between the membrane-cytoskeleton could be regulated by
the linkers proteins [137–141], including ezrin, radixin, and
moesin (ERM proteins). For example, the ERM proteins’
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expression and distribution are clearly diﬀerent in human
MSCs and osteoblasts [21]. Interestingly, because the ERM
proteins are substrate for RhoA [142], the involvement of
RhoA in stem cell diﬀerentiation in response to the extracellular environment [33] may now be better understood
and is likely to depend on the ERM protein distribution and
activation.
Mechanotranduction may be mediated by the target
molecules at the cell surface or by a “hire-wired” tensegrity
network of cytoskeleton [108, 126, 143]. In response to
a physical force, mechanically sensitive molecules such as
integrins, ion channels, and G-protein coupled receptors
could be activated and initiate downstream signaling cascades and alter gene expression [108, 109, 144]. This view
of mechanotranduction has been supported by evidence
that includes integrin blocking by antibodies [111, 145] and
inhibiting stretch-activated cation channels (SACCs) [146,
147]. Alternatively, the tensegrity model postulates a rapid
and coordinated response to a physical force by rearranging
the cytoskeletal and nuclear elements [126, 143]. This model
has gained much attention due to the fact that it provides an
architectural description of mechanotransduction and that
it can support a long range force transmission to influence
the nucleus directly [126]. Based on our recent findings, we
propose yet another alternative model that integrates the
membrane-cytokseleton coupling into the overall cellular
biomechanics. Incorporating AFM-based microindentation
technique to measure the cellular elasticity and assessing the
membrane tension by optically pulling membrane tethers
from the cell body [63, 136], the terminally diﬀerentiated
cells (e.g., osteoblasts) show a lower elastic modulus and
formation of shorter membrane tethers. These are in direct
contrast to MSCs in which the elastic modulus is much
higher and the membrane tethers are significantly longer.
Since the elasticity is primarily determined by actins, the
actin stress fibers are found likely in large bundles in
stem cells. Moreover, the membrane-cytoskeletal association
can be probed by optically pulling the membrane tethers.
Significantly longer tether lengths observed in stem cells are
indicative of a weak association between the two components
that determine the overall cellular biomechanics.
As illustrated in Figure 4, the plasma membrane is
strongly associated with the underling meshwork of thin
actin fibers through multiple linker proteins and focal
adhesions in osteoblasts. In contrast stem cells, especially in
MSCs, express thick actin stress fibers that are connected
to the membrane only at few discreet sites (e.g., focal
adhesions). As a result, the overall membrane-cytoskeleton
adhesion in MSCs is weaker and the optically extracted
membrane tethers are therefore longer. However, thick
bundled actin structure in MSCs provides a higher elastic
modulus. Remodeling of the actin cytoskeleton is also
expected to regulate the membrane receptor dynamics [148].
Moreover, actin remodeling and physical coupling between
the cell membrane and cytoskeleton, mediated by linker
proteins, are now shown to be responsible for such dramatically diﬀerent biomechanical properties [21]. Indeed,
recent work from our laboratory indicates that, when human
MSCs are transfected to transiently suppress the ERM
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Figure 4: Model for diﬀerential cellular mechanics in human MSCs and osteoblasts. Thin and dense actin filaments in osteoblasts are tightly
bound to the plasma membrane through multiple linker proteins (e.g, ATP-dependent ERM proteins) and focal complexes. Thicker stress
fibers in human MSC are associated with the membrane mostly at the focal contacts due to a smaller contact area with the membrane
and thus lower availability of protein linker binding sites. As result, in human MSC the overall membrane-cytoskeleton adhesion is weaker,
and longer membrane tethers are formed that reflects a lower membrane tension. However, thick bundled actin structure in human MSCs
provides a higher elastic modulus.

linker proteins (ezrin, radixin, and moesin), osteogenic
diﬀerentiation is either delayed or perhaps inhibited, and
the cell membrane-cytoskeleton coupling is weakened. For
example, the transfected human MSCs maintained similar
biomechanical properties that are characteristics of undifferentiated stem cells, even though the osteogenic factors
are present. An additional observation indicates a decrease
in the intracellular ATP level and possibly ATP release in
response to an external physical stimulation, providing more
evidence that the ATP-dependent ERM proteins may be a
key player [21]. The ERM proteins function not only as
the connector linking the membrane with microfilaments
but also are now known to regulate signaling. Of particular
interest are their interaction with Rho-A. The role of RhoA in mechanically guided MSC diﬀerentiation has been
shown [33, 34]. The ERM protein expression is cell typedependent and also appears to have been redistributed
when stem cells undergo diﬀerentiation [21]. Moreover,
the cellular biomechanical measurements indicate that the
membrane-cytoskeleton coupling, as assessed by tether
lengths, strengthens significantly during osteodiﬀerentiation.
This is consistent with the ERM proteins’ expression that
promotes a stronger association between the cell membrane
and cytoskeleton.

3.4. Integrative Physicochemical Model. An integrative
physicochemical model emerges for the regulation of
stem cells. While this model is not intended to represent
an exhaustive list of possibly numerous pathways, the
diﬀerentiation cues may influence the cellular biomechanics
through utilizing both Ca2+ -dependent and -independent
pathways (see Figure 5). Soluble factors either bind to the
cell surface receptors or diﬀuse through the cell membrane,
and alter gene expressions, modulate [Ca2+ ]i oscillation
and reorganize cytoskeleton [21]. An external physical
stimulus induces an increase in the [Ca2+ ]i mediated either
by Ca2+ influx across the cell membrane or Ca2+ release
from intracellular storage. An elevated [Ca2+ ]i level is
likely to cause depolymerization of F-actins and therefore
an overall decrease in the cell elasticity, thus reinforcing
the eﬀects of the soluble factors. Recent studies suggest
that, similar to a physical stimulus, the substrate matrix
stiﬀness also can reorganize the actin cytoskeleton via the
RhoA/ROCK pathway [34] and alter the [Ca2+ ]i oscillation
[73]. Independent of an increase in the [Ca2+ ]i , the physical
stimulus causes a depletion in the intracellular ATP (e.g., ATP
release), which in turn leads to inhibition of ERM proteins’
binding aﬃnity and dissociation of the cytoskeleton from
the membrane. The resulting membrane separation from
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Figure 5: Schematic for an integrative model that depicts coupling
mechanisms mediating the eﬀects of physicochemical cues. In addition to eﬀects induced by the soluble factors, an external physical
stimulus induces an increase in the cytosolic calcium concentration,
which depolymerizes the F-actins and decrease the cell elasticity.
The physical stimuli can also cause depletion of intracellular ATP,
for example, by ATP release that, in turn, leads to inhibition of
the ERM protein linkers’ binding properties and their dissociation
from the membrane and actin cytoskeleton. A separation of the cell
membrane from the cytoskeleton occurs and eﬀectively decreases
the membrane tension, attributable both to down-regulation of
active ERM proteins and actin depolymerization. Altered calcium
dynamics along with cytoskeletal remodeling may not simply be
consequences of stem cell diﬀerentiation but rather important key
factors regulating it.

the cytoskeleton and a decrease in the membrane tension
are attributed both to induced down-regulation of active
ERM linker proteins and actin depolymerization. The linker
proteins seem to play a significant role in modulation of the
cell mechanics that is a critical factor in the regulation and
even manipulation of stem cells.
It is interesting to know that an electrical stimulation
alone fails to initiate MSC osteodiﬀerentiation but, when
combined with the soluble factors, causes a synergistic stem
cell diﬀerentiation [24]. In the context of the proposed
model, an explanation can be provided that, as thick stress
fibers appear less stable than thin microfilaments, the stress
fibers are disassembled initially under an electrical exposure.
This brings the cell elastic and structural properties closer
to those of fully diﬀerentiated osteoblasts, and induces
the cell membrane dissociation from cytoskeleton, and
consequently decreases the membrane tension to enhance
endocytosis and transmembrane traﬃcking of the soluble
factors. When cells are allowed to recover following the
electrical exposure in presence of soluble factors, a further
rearrangement of actin and ERM proteins will proceed along
with expression of osteogenic markers. In contrast, neuronal
cells exhibit a very weak actin cytoskeleton and a relatively
loose plasma membrane as indicated by the tether extraction
experiments [149]. Therefore, a higher physical stimulation
might be required to facilitate neurogenic diﬀerentiation,
which will maximally disrupt the actin cytoskeleton and
inhibit ERM linkers, suggesting a plausible approach for
precisely controlling the physical parameters for selective
manipulation of mechanical properties of a particular and
pre-selected cell phenotype. Taken together, optimal use
of the physicochemical cues may lead the researcher to
develop strategies for tissue engineering by manipulating
cell diﬀerentiation, mobility, and cell incorporation into
engineered scaﬀolds, and eventual maturation of tissue
substitutes. An in depth understanding of mechanisms that

allow regulation of the cell biomechanical and biochemical
properties will undoubtedly lead to a more eﬀective development of therapeutics for regenerative medicine.

4. Conclusions
It is clear that stem cells respond to various physicochemical factors. While biologists have long appreciated the
important role for soluble factors in the regulation of stem
cell diﬀerentiation, the mechanical and electrical stimuli
are now firmly established to significantly influence the
stem cell fate. Therefore, the idea of combining multiple
diﬀerentiation cues is gaining traction and could lead to
an active research area of stem cells and perhaps unravel
their intricate biological and physical properties. Future work
should include execution and full analysis of multifactorial
design experiments in which the presumed orthogonal
cues (e.g., soluble biochemical and physical force are noninteractive) might interact to produce higher order eﬀects
[150]. One example might be to vary the concentration
of soluble factors that many laboratories currently use.
Induction protocols using a lesser amount of soluble factors
could be just as potent when combined with suitable physical
cues. However, completion of the all possible combinatory
experiments may be laborious, and it is unlikely that we
can determine a set of combinational cues that is widely
applicable irrespective of tissue phenotypes. Rather, for an
intended tissue phenotype, the physicochemical cues would
have to be optimized for this particular phenotype that
is distinctively diﬀerent from others morphologically and
functionally (e.g., excitable versus non-excitable tissues).
In spite of such diﬃculties, advances in the molecular,
biophysical, and imaging tools should allow a more detailed
understanding of the coupling mechanisms that regulate
stem cell diﬀerentiation in the near future. Establishment
of new paradigms in which stem cells can be manipulated
physicochemically will undoubtedly expedite the current
eﬀort for stem cell-based regenerative medicine by targeting
specific combinations of physicochemical cues that optimally
exploit the unique biological and biophysical properties of
stem cells for the intended diﬀerentiation.
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DNA repair is a double-edged sword in stem cells. It protects normal stem cells in both embryonic and adult tissues from genetic
damage, thus allowing perpetuation of intact genomes into new tissues. Fast and eﬃcient DNA repair mechanisms have evolved
in normal stem and progenitor cells. Upon diﬀerentiation, a certain degree of somatic mutations becomes more acceptable and,
consequently, DNA repair dims. DNA repair turns into a problem when stem cells transform and become cancerous. Transformed
stem cells drive growth of a number of tumours (e.g., high grade gliomas) and being particularly resistant to chemo- and
radiotherapeutic agents often cause relapses. The contribution of DNA repair to resistance of these tumour-driving cells is the
subject of intense research, in order to find novel agents that may sensitize them to chemotherapy and radiotherapy.

1. Introduction
Endogenous damage (e.g., oxidative metabolism linked) and
external exposures (e.g., environmental pollution linked) all
damage DNA causing a number of modifications including
base and backbone alterations, single strand breaks (SSB)
and double strand breaks (DSB) that may limit survival
and the regenerative potential of both embryonic stem cells
(ESC) and adult stem cells (ASC). ESC diﬀerentiate to all
cell types in the mammalian body, including germ line
cells. The maintenance of genomic stability in ESC must
be stringent, any genetic alterations in those progenitor
cells compromising the genomic stability and functionality
of entire cell lineages. Consistently, the mutation rate
and the frequency of mitotic recombination are lower in
murine ESC than in adult somatic cells or isogenic mouse
embryonic fibroblasts (MEF). For instance, the frequency of
spontaneous mutation at the aprt gene is around 10−6 in
ESC and 100-fold higher (∼10−4 ) in MEF [1]. Mechanisms
of mutagenesis diﬀer as well. Most mutation events involve
loss of heterozigosity (LOH) in both ESC and MEF but LOH
is generated mainly through nondisjunction in ESC and
through mitotic recombination in MEF [2]. Similarly, when
spontaneous mutation is assessed at the X-linked locus hprt,
it is undetectable in ESC (<10−8 ) and ∼10−5 in MEF. Hence,
robust mechanisms counteracting spontaneous mutagenesis
may exist in ESC and DNA repair is likely one of them [2–6].

On the other hand, ASC are important in the long-term
maintenance of tissues throughout life [7]. For instance, the
eﬀector cells of the blood have limited lifetimes and must
be replenished continuously throughout life from a small
reserve of hematopoietic stem cells in the bone marrow.
Although the replicative potential of hematopoietic stem cells
may be finite, studies conducted in murine genetic models
indicate that DNA repair is critical to the longevity and stress
response of the hematopoietic stem cell pool [8]. This likely
applies to other ASC types including mesenchymal stem cells
(MSC) [9].

2. The Bright Side: DNA Repair in
Normal Stem Cells
2.1. ESC. Using single-cell gel electrophoresis (SCGE) Maynard and coworkers [5] found that human ESC have more
eﬃcient repair of diﬀerent types of DNA damage [generated
from H2 O2 , ultraviolet (UV)-C, ionizing radiation (IR)
or psoralen] than human primary fibroblasts and, with
the exception of UV-C damage, HeLa cells (Table 1). A
microarray gene expression analysis showed that the mRNA
levels of several DNA repair genes, including some involved
in DNA base excision repair (BER) and interstrand crosslink
(ICL) repair, were elevated in human ESC compared with
their diﬀerentiated forms [embryoid bodies (EB)]. Hence,
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multiple DNA repair pathways are over-regulated in human
ESC, relative to diﬀerentiated human cells [5]. Consistently,
the expression of antioxidant and DNA repair genes was
reduced and the DNA damage levels increased during
spontaneous diﬀerentiation of two human ESC lines [10].
Replicating chromatin in ESC is particularly vulnerable to
strand breaks [11]. Two pathways seal DSBs in mammalian
cells, including ESC: non homologous end joining (NHEJ)
that is the main pathway and homology-directed repair
(HDR) that may act as a backup in the absence of NHEJ
components [12]. The expression of strand break repair
genes such as Rad51 fades when murine ESC diﬀerentiate [2,
10, 13] (Table 1). Despite their high expression of O6 methylGua DNA methyltransferase (MGMT), murine ESC undergo
apoptosis at much higher frequency than diﬀerentiated cells
after treatment with N-methyl-N -nitro-N-nitrosoguanidine
(MNNG) [14] (Table 1). This is due to elevated expression
in ESC of the mismatch repair (MMR) proteins MSH2
and MSH6 that trigger futile cycles of O6 methylguanine
repair/replication [15]. It has been hypothesized that the
high apoptotic response of murine ESC may contribute
to reduce the mutational load in these cells [14, 16, 17]
(Table 1). Embryonic Fanconi anemia (FA) neural stem cells
(NSC) have a reduced capacity to self-renew in vitro [18, 19]
and the expression of FA G and FA L (but not FA C) genes
is enhanced in human ESC relative to human EB [5]. In
summary, 7 out of 9 (78%) studies indicate that ESC possess
more elevated DNA repair capacity than their diﬀerentiated
derivatives (Table 1).
2.2. ASC. The repair capacity for DNA strand breaks diminishes during maturation of cells of the human lymphohematopoietic system. Bracker and coworkers [20] have studied
the variation of DNA repair capacity and expression of DNA
repair genes during maturation of hematopoietic cells treated
with ENU or melphalan (Table 1). The removal of DNA
adducts, the resealing of strand breaks and the resistance
to DNA-reactive drugs were higher in stem (CD34+ 38−)
than in mature (CD34−) or progenitor (CD34+ 38+) cells
isolated from umbilical cord blood from the same individual
[20]. Hence, slow dividing stem cells may be protected by
extensive DNA repair while more mature and less valuable
cells, if damaged, could be rather eliminated by apoptosis.
The NHEJ components such as the Ku70 protein are
downregulated during ageing of the hematopoietic stem cell
donor. Ku70 expression shows highest levels in newborn,
2.6-fold lower levels in young (mean age: 30 years) and
6.3-fold lower levels in old (mean age: 87.6 years) donors
[21]. Transcription-coupled repair (TCR) is a subpathway of
nucleotide excision repair (NER) that preferentially repairs
the transcribed strand of active genes, as compared to the
non-transcribed strand, thus providing cells with a smart
mechanism of safeguard of expressed genes [37]. Likewise
strand break repair and BER, NER is strongly downregulated
in several human cell types undergoing diﬀerentiation (e.g.,
in cells of the monocytic lineage when they diﬀerentiate to
macrophages or NSC diﬀerentiating to neurons) [23, 24, 38]
(Table 1). Attenuation of NER during diﬀerentiation results
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from lack of ubiquitination of NER proteins that in turn is
linked to diﬀerences in phosphorylation of the ubiquitinactivating enzyme E1 [24]. To ensure proficient repair of
active genes, besides TCR, a second specialized mechanism
termed diﬀerentiation-associated repair (DAR) exists in
diﬀerentiated cells. DAR recruits to transcribed genes of
diﬀerentiated cells the remaining proficient NER enzymes
not yet engaged in TCR that eventually repair both DNA
strands [24]. Hence, DAR may be considered as a subpathway
of global genome NER, focussing on the chromatin domains
of diﬀerentiated cells within which transcription occurs [22,
24]. In human hematopoietic cord blood cells, Casorelli
et al. [25] found no diﬀerence in sensitivity to methylating agents between cycling CD34+ (stem) and CD34−
(mature) cells (Table 1). In this study, MGMT significantly
protected against N-Methyl-N-Nitrosourea (MNU) toxicity
while MMR enhanced as expected the MNU sensitivity of
the cells by processing O6 -methylguanine into a lethal lesion
[15, 25]. The important role of DSB repair in maintenance
of hematopoietic stem cell function has been recently
emphasized in two murine studies [8, 39, 40]. Progressive
loss of hematopoietic stem cells and a decrease of bone
marrow cell count were observed in mice with defective
DSB repair and stem cell function in tissue culture and
transplantation was severely impaired [40]. Stem cells in
the central nervous system (CNS) might behave diﬀerently.
No resistance of neural precursors to IR was observed in
two studies [26, 27] (Table 1). Nowak and coworkers [26]
reported massive apoptosis of neural precursors but not
of neurons in the developing mouse brain after gammairradiation while the level of induced damage was similar
in the two cell types. In the second study, Panagiotakos
et al. [27] have observed a specific association between
radiation injury and irreversible damage to stem cells in
the subventricular zone (SVZ) and loss of oligodendrocyte
progenitor cells (OPC) in both rodent and human brain.
Hence unlike hematopoietic precursors, DSB repair might
be less eﬃcient in the neural precursors in relation to their
greater radiosensitivity. Expression of 8-oxoguanine DNA
glycosylase (OGG1) is elevated in regions of the neonatal
mouse brain that are rich in neural stem/progenitor cells,
namely the medial wall of the lateral ventricle and the SVZ
[28] (Table 1). Both the expression and the activity of OGG1
are high in neural stem/progenitor cells from newborn mice
and decrease in adult animals and upon induction of cell
diﬀerentiation. Enhanced expression of OGG1 and other
BER enzymes may protect neural stem/progenitor cells from
oxidatively damaged DNA [28]. Murine Nei endonuclease
VIII-like 3 (Neil3) glycosylase follows as well an expression pattern involving brain regions harbouring stem cell
populations [29, 30] (Table 1). The glycosylase activities
are stable through prolonged in vitro culture required for
expansion of stem cells to clinically relevant numbers [41].
Downregulation of oxidatively damaged DNA repair genes
and a concomitant increase in 8-oxoguanine (8-oxoGua)
DNA levels during diﬀerentiation of mouse proliferating
(myoblasts) to terminally diﬀerentiated (myotubes) muscle
cells have been described by Narciso and coworkers [32]
(Table 1). Both short and long patch BER pathways were
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Table 1: DNA repair capacity in embryonic, adult and mesenchymal stem versus diﬀerentiated cells.
Stem cell system

DNA repair
mechanism/enzyme

Higher

Similar

Lower

Remarks

Ref.

ESC
Human ESC

Expression of double
strand break repair genes

Human ESC

Expression of BER genes

Human ESC

Expression of NER genes

Human ESC
Murine ESC
Murine ESC
Murine ESC

Expression of antioxidant
and DNA repair genes
Expression of strand break
repair genes
Expression of antioxidant
and strand break repair
genes

Compared to human
embryoid bodies and
fibroblasts
Compared to human
embryoid bodies and
fibroblasts
Compared to human
embryoid bodies and
fibroblasts
Compared to diﬀerentiated
cells
Compared to diﬀerentiated
cells

√

√

√
√
√
√
√

NER

Murine ESC

NER

Murine ESC

MGMT
MMR

√

√

[5]

[5]

[5]
[10]
[1, 2]

Compared to diﬀerentiated
cells

[13]

Strong apoptosis

[16]

Strong apoptosis
S-phase delay
Compared to diﬀerentiated
cells
Highly sensitive to
methylation damage
Strong apoptosis

[17]

[14]

ASC
Human CD34+ 38−
hematopoietic stem cells

Removal of ENU or
melphalan-induced DNA
adducts

√

Human CD34+ 38−
hematopoietic stem cells

Resealing of strand breaks
and repair gaps

√

Human CD 34+
hematopoietic stem cells
Human cells of the
monocytic lineage

KU70 expression
NER

Human neural precursors

NER

Human cycling CD34+
hematopoietic stem cells

MGMT
MMR

√
√
√
√
√

Murine neural precursors
Stem cells in the
subventricular zone and
oligodendrocyte precursor
cells in rodent and human
brain
Murine neural
stem/progenitor cells
Murine neural
stem/progenitor cells

Compared to progenitor or
mature cells
Resistant to DNA-reactive
drugs
Compared to progenitor or
mature cells
Resistant to DNA-reactive
drugs
Negatively correlated with
donor age

√

BER (OGG1)
BER (NEIL3)

√
√

[20]

[20]

[21]

Compared to macrophages

[22]

Compared to neurons

[23, 24]

Compared to mature
CD34− cellsNormally
sensitive to methylation
damage

[25]

Sensitive to IR

[26]

Sensitive to IR

[27]

Compared to diﬀerentiated
cells
Compared to diﬀerentiated
cells

[28]
[29, 30]
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Table 1: Continued.

Stem cell system
Murine fetal hematopoietic
cells
Murine myoblasts
Murine keratinocytes

DNA repair
mechanism/enzyme

Higher

Similar

√

BER (DNA pol β)
BER (DNA ligase I and
XRCC1)

Lower

√

Remarks

Ref.

Compared to adult
hematopoietic cells
Low point mutation
frequency

[31]

Compared to myotubes

[32]

√

NER

[33]

MSC
Human fetal MSC
Human MSC from bone
marrow transplantation
patients
Human MSC obtained
from bone marrow
transplantation patients
Human MSC
Rat MSC

DNA repair gene
expression
DSB repair

ROS-scavenging capacity
Single and double-strand
break repair
DNA repair gene
expression

√
√

√
√
√

impaired in myotubes. The defect in BER was linked to
the nearly complete lack of DNA ligase I and to the strong
down-regulation of XRCC1 with consequent destabilization
of DNA ligase III [32]. The FA pathway exerts a central role
in neural stem and progenitor cells during developmental
and adult neurogenesis [18, 19]. Reduced proliferation
of neural progenitor cells and enhanced NSC depletion
has been observed in ageing FA mice. Lower reactive
oxygen species (ROS) levels may be achieved in NSC by
higher expression of key antioxidant enzymes involved in
basal mitochondrial metabolism (e.g., uncoupling protein
2 (UCP2) and glutathione peroxidase (GPX)) as compared
to postmitotic neural cells [42]. Following exposure to
the mitochondrial toxin 3-nitropropionic acid and unlike
postmitotic cells, NSC fastly upregulate UCP2, GPX and
superoxide dismutase 2 and successfully recover. Thus, a fast
response of antioxidant enzymes may represent an important
“vigilance” mechanism of NSC to counteract oxidatively
damaged DNA in the CNS. Summary reckoning indicates
that in 8 out of 13 (61%) studies, ASC display more elevated
DNA repair capacity than mature cells (Table 1; [31, 33]).
2.3. MSC. The gene expression profiles of undiﬀerentiated
MSC derived from first trimester fetal liver and adult bone
marrow were compared by serial analysis of gene expression,
and validated by either reverse transcription polymerase
chain reaction or immunoblotting of selected genes [34].
Transcripts implicated in cell cycle promotion, chromatin
regulation and DNA repair were more abundant in fetal
than in adult MSC (Table 1). Likewise, MSC obtained from
bone marrow transplantation patients display increased DSB
repair capacity and resistance to IR and possess elevated
ROS-scavenging capacity as compared to lung cancer and

Compared to adult MSC

[34]

Compared to lung or breast
cancer cells
Resistant to IR

[35]

Resistant to IR

[35]

Resistant to IR
High telomerase activity
Compared to senescent
MSC

[36]
[9]

breast cancer cells [35] (Table 1). Telomerase activity is an
additional mechanism by which MSC may resist IR damage.
Telomerase-immortalized derivatives of human MSC have
been found IR-resistant as compared to primary stem cells
while DNA repair capacity was similar in the two cell types
[36] (Table 1). Considering the aforementioned study by
Galderisi and coworkers on senescence of MSC [9], 4 out
of 5 (80%) studies indicate that DNA repair is elevated in
MSC although appropriate comparison to diﬀerentiated cells
is not available.

3. The Dark Side: DNA Repair in
Cancer Stem Cells
Stem cells and cancer cells share some features: similar
signalling pathways may regulate self-renewal in stem cells
and cancer cells, and cancer cells may include “cancer stem
cells”—rare cells with indefinite potential for self renewal
and diﬀerentiation that drive tumorigenesis [56]. A detailed
knowledge of the biological distinctness of cancer stem cells
may be crucial for the development of specific therapies
aimed to tumour eradication [57–59]. In particular, the existence of cells endowed with features of primitive progenitor
cells and tumor-initiating function has been demonstrated in
high grade gliomas [60] (Figure 1).
3.1. High Grade Gliomas. Despite aggressive surgical resections using preoperative and intraoperative neuroimaging,
along with recent advances in radiotherapy and chemotherapy, the prognosis for high grade glioma patients remains
dismal, the median survival being 24–60 months for patients
with anaplastic astrocytoma (World Health Organization
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Table 2: Stem cell involvement in high grade glioma patient’s outcome.
Stem cell marker
CD133
CD133
CD133
CD133
CD133
CD133
Expression signature dominated
by HOX genes, which comprises
CD133
CD133, Nestin, Sox-2,
Musashi-1, CXCR4,
Flt-4/VEGFR-3 and
CD105/Endoglin

Clinical model

Animal model

Association to poor outcome

Human bulk gliomas
Gliomas of various grade and
histology
Low-grade and high-grade
glioma specimens
Cell lines from GBM specimens
established under neural stem
cell conditions
U251 human glioma cells with
knocked-down CD133
Two types of GSC within
diﬀerent regions of the same
human GBM

Ref.

Yes

[43]

Yes

[44]

Yes

[45]

Yes

[46]

Yes

[47]
No

[48]

GBM from initial surgery or
resected at recurrence

Yes

[49]

Astrocytomas of diﬀerent WHO
grades

Yes

[50]

Sox2, Musashi-1, nestin

Surgical specimens of human
gliomatosis cerebri

Yes

[51]

Renewable neurosphere
formation

Cultured human gliomas

Yes

[52]

CD133

Mouse line whose
CD133-expressing cells can be
eliminated conditionally

No

[53]

CD133

Rat C6 cell line

No

[54]

CD133, nestin

(WHO) grade III) and 12–15 months for patients with
glioblastoma multiforme (WHO grade IV) [60, 61]. Established prognostic factors are limited and include age at diagnosis, Karnofsky performance status, extent of surgery and
possibly MGMT promoter methylation [60, 62]. Standard
treatment includes resection of >95% of the tumor, followed
by concurrent chemotherapy (usually performed with the
alkylating agent temozolomide (TMZ)) and radiotherapy.
Malignant gliomas are associated with such dismal prognoses
in part because glioma cells can actively migrate through
the brain, often travelling relatively long distances, making
them elusive targets for eﬀective surgical removal and
almost invariable sources of relapse [63]. In children, the
management of high grade gliomas remains an even greater
challenge for neuro-oncologists in part because of the greater
vulnerability of the developing brain to treatment-related
toxicity [64].
3.2. Origins of Glioma Stem Cells. Although the brain is
completely formed and structured few weeks after birth, it
maintains a degree of plasticity throughout life, including
axonal remodeling, synaptogenesis, but also neural cell birth,
migration and integration [65]. The SVZ and the dentate

Rat N29 and N32 experimental
gliomas

Yes

[55]

gyrus of the hippocampus are the two main neurogenic
sites in the adult brain. NSC reside in these structures
and produce progenitors that possess migratory ability.
One current fashionable model suggests that gliomas may
arise from the transformation of neural stem or progenitor
cells, originating cancer cells that are undiﬀerentiated, selfrenewing, with the capacity for driving tumor development
and designated glioma stem cells (GSC), because of their
stem-like properties. The origin of GSC has been investigated
by activating oncogenic K-RAS in mouse neuronal precursor
cells and adult SVZ cells [66]. K-RAS-activated mice showed
a marked expansion of stem cell populations in the SVZ
and developed intermediate grade, infiltrating glioma with
100% penetrance. Tumors were consistently located in the
amygdalohippocampal region and nearby cortex and tumor
cells expressed markers associated with neural progenitor
cells, including OLIG2, BMI1, and platelet-derived growth
factor (PDGF) receptor-alpha. Therefore, infiltrating tumor
cells arose in this study from NSC transformed by oncogenic activation in vivo [66]. In a diﬀerent approach, a
mouse strain where tumor induction would be restricted
to myelinating OPC was generated [67]. PDGF-B transfer to OPC could induce gliomas with an incidence of
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developmental
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Figure 1: Resistance in GSC. Normal NSC self-renew and give rise to multipotential progenitor cells that form neurons, oligodendroglia,
and astrocytes. GSC arise from the transformation of either NSC or progenitor cells (red) or, less likely, from de-diﬀerentiation of
oligodendrocytes or astrocytes (thin red arrows) and lead to malignant gliomas. GSC are relatively resistant to standard treatments such
as radiation and chemotherapy and lead to regrowth of the tumor after treatment. Therapies directed at stem cells can deplete these cells and
potentially lead to more durable tumor regression (blue) (from [60] with permission).

33%. The majority of tumors resembled human WHO
grade II oligodendroglioma based on close similarities in
histopathology and expression of cellular markers. Thus, in
this system OPC could act as cell of origin for experimental
glioma [67]. The generation of mouse gliomas following
the overexpression of PDGF-B in embryonic neural progenitors has been described by Appolloni et al. as well
[68]. Histopathological, immunohistochemical and genomewide expression features of PDGF-B induced tumors were
surprisingly uniform, despite they were generated by transducing a highly heterogeneous population of progenitor
cells known for their ability to produce all the cell types
of CNS. This uniformity is likely due to the ability of
PDGF-B overexpression to respecify competent embryonic

NSC toward the oligodendroglial lineage. PDGF-B-induced
tumors harbored diﬀerent proliferating cell populations but
only PDGF-B-overexpressing cells were tumorigenic [68].
The possibility that GSC originate in some cases from dediﬀerentiation of tumoural cells cannot yet be ruled out
[69, 70]. It has been recently observed that the reversion
of mature astrocytes to an embryonic state is suﬃcient to
sensitize them to oncogenic stress [71]. Prolonged exposure
of astrocytes to transforming growth factor (TGF)-alpha is
suﬃcient to trigger their reversion to a neural progenitor-like
state (de-diﬀerentiated astrocytes). When dediﬀerentiated
astrocytes were grafted intra-cerebrally, they showed the
same cytogenomic profile as astrocytes, survived in vivo
and did not give birth to tumors. After exposure to IR yet,
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they acquired cancerous properties: they were immortalized,
showed cytogenomic abnormalities, and formed high-grade
glioma-like tumors after brain grafting [71]. Anyway, whatever the GSC origin, malignancy of gliomas often correlates
with the stem phenotype [43–47, 50, 51] (Table 2) and
accordingly, if only a subset of glioma cells drives tumour
progression it is important to target it specifically (Figure 1)
[60, 72, 73].
3.3. What are GSC? Although methods of deriving GSC
from glioma tumours and sorting them according to certain
marker expression (CD133, Nestin, Sox-2 and Musashi-1)
have been described [50, 75, 76], the exact identity of GSC
remain elusive [70]. The most extensive of the limited data
on this topic relate to GSC identified by the surface marker
CD133 (Table 2). The stem cell marker CD133/prominin-1
is a a five transmembrane domain glycoprotein which has
been identified as a cancer stem cell marker in several solid
tumor types, including those of the brain. CD133 is often
expressed on the surface of human GSC and CD133-positive
cells may represent >85% of certain human and animal
glioma cell lines [55, 77]. To verify if CD133-expressing
cells are essential for tumorigenesis, a glioma-initiating
mouse cell line whose CD133-positive cells can be eliminated
conditionally by a Cre-inducible diphtheria toxin fragment
A (DTA) gene on the CD133 locus, was generated by Nishide
and coworkers [53]. After induction of the DTA gene, the cell
line maintained the capacity to form tumour spheres culture
and transplantable multiform glioblastoma (GBM) in vivo.
Hence at least in this mouse model, CD133-expressing
cells are dispensable for gliomagenesis [53]. The presence
of two types of GSC within diﬀerent regions of the same
human GBM supports this conclusion [48]. Cytogenetic
and molecular analysis showed that the two types of GSC
bore quite diverse tumorigenic potential and distinct genetic
anomalies, and yet, CD133 expression was similar. Those two
GSC populations might represent distinct cell targets, with a
diﬀerential therapeutic importance independently of CD133
expression [48]. CD133 failed to identify the total cancer
stem-like cell population in the rat C6 glioma cell line, since
both CD133-positive and CD133-negative cells displayed
cancer stem-like cell fractions showing characteristics of selfrenewal, multilineage diﬀerentiation potentials in vitro, and
tumorigenic capacity in vivo [54]. Methodological problems
concerning purification of CD133-expressing cells may exist.
It has been recently reported that the specific expression
and enrichment of CD133 can be obtained in fresh human
gliomas and gliomasphere cultures purified by fluorescence
activating cell sorting while purification of CD133-positive
GSC using the widely used CD133-microbeads may be
aﬀected by lack of specificity and lead to mixed populations
[78]. In conclusion, CD133-positive GSC likely drive only
an as yet unquantified subset of malignant gliomas, the
remainder deriving from CD133-negative GSC with distinct
phenotypical features [46, 79]. The neurosphere formation
ability and tumorigenic capacity of cultured glioma cells have
been recently explored as independent predictors of patient’s
outcome [52]. Those features of cultured glioma cells significantly correlated with an increased hazard of patient’s death
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and more rapid tumor progression independently of Ki67
proliferation index [52]. These results suggest that the ability
to propagate brain tumor stem cells in vitro is associated with
clinical outcome although the lengthy duration of this assay
may preclude direct clinical application. The ultrastructural
features of GSC isolated from both a primary glioma tissue
and the human glioma cell line SHG-44 have been described
[80]. The ultrastructural features of the two kinds of GSC
were similar, with relatively developed mitochondria, Golgi
apparatuses, ribosomes, undeveloped rough endoplasmic
reticula, rare lysosomes and no typical autophagosomes, and
high nuclear-cytoplasmic ratio. Their nuclei, frequently containing huge amounts of euchromatin and a small quantity
of heterochromatin, were mostly globular and the majority
of them had only one nucleole. Typical apoptotic cells could
hardly be found in tumor spheres, and between adjacent cells
there were cell junctions, which probably were incompletely
developed desmosomes or intermediate junctions [80]. A
definite (and sometimes disregarded) feature of GSC is
their ability to diﬀerentiate. This is the only parameter
that unequivocally permitted, in our experience, to distinguish stem from nonstem glioma cells [77]. In this study,
stem cells cultured as adherent monolayers conveniently
allowed morphologic analysis of diﬀerentiation under the
inverted light microscope. Removal of growth factors and
addition of foetal calf serum (FCS-diﬀerentiating conditions)
resulted after 3 weeks in acquisition of a typical astroglial
morphology by genuine GSC. Recent evidence shows that
even single GSC possess multilineage potential [81]. Analysis
of marker expression usually confirms the morphologic
analysis. For instance glial fibrillary acidic protein (GFAP)
is an intermediate filament protein that is typical, although
not exclusive, of cells of astroglial lineage and may indicate
that diﬀerentiation of stem cultures is mostly oriented to
astroglial commitment. In a sense, nothing is better than
visual inspection for morphological changes upon growth
factors removal to determine whether cells are bona fide stem
or not. Tumourigenic glioma cells unable to acquire any of
the astrocyte, neuron, or oligodendrocyte morphology upon
growth factors removal may be called “tumour initiating
cells” or “tumour-driving cells” but not tumour stem cells,
even if they express so-called “stemness” markers.
3.4. Deregulated Pathways in GSC. Invasive malignant
glioma cells often show a decrease in their proliferation rates
and a relative resistance to apoptosis that may underlie their
resistance to conventional chemotherapy and radiotherapy
[61]. Invasive growth and resistance to apoptosis results
from changes at the genomic, transcriptional and posttranscriptional level of a number of cellular factors involved
in complex signal pathways (reviewed in [74]) (Figure 2). For
instance, the proliferation of normal stem and progenitor
cells in the brain is under control of p53 [84]. The altered
expression of several cell cycle regulators, in particular a
pronounced downregulation of p21, has been observed in
p53-mutant NSC indicating that p53 may act as a growth
suppressor of GSC [85]. Deregulation of a number of
additional cell cycle control pathways, including the p16CDK4-RB pathway may underlie the generation of GSC in
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Figure 2: Complex signal pathways and cellular factors regulate GSC. GSC are controlled at multiple levels by complicated regulatory
networks. Signals initiated by receptor tyrosine kinases (RTK), bone morphogenetic protein receptors (BMPR), Hedgehog, and Notch result
in complicated intracellular events to help balance self-renewal and diﬀerentiation of GSC as well as the promotion of cell survival and
proliferation. Intracellular regulators including transcriptional factors (Olig2, Myc, Oct4, etc.), epigenetic modifiers (Bmi1), and microRNAs
are also highly potent of maintaining GSC populations due to their ability to regulate massive downstream targets simultaneously (from [74]
with permission).

the brain [86, 87]. Activation of signaling pathways like the
PDGF pathway [88], often accompanied by Ras inactivation
[89], has been implicated in transformation of SVZ NSC
(Figure 2). Another contributor is the Sonic Hedgehog (Shh)
pathway that regulates the patterning, proliferation and survival of NSC within the CNS [90]. Shh signalling is mediated
by Gli1 [91] that likely serves as a protective mechanism
against premature mitosis in normal NSC. Deregulation of
Gli1 has been observed in GSC [91] (Figure 2). Similarly,
the WNT Notch and TGF-beta/Bone Morphogenetic Protein
(BMP) developmental pathways have been also found aberrantly expressed in GSC [92]. Secretion of the angiogenic
factor vascular endothelial growth factor (VEGF) by GSC
has been observed and this phenomenon is further induced
by hypoxia [93, 94] (Figure 2). Monoclonal antibodies and
low molecular-weight kinase inhibitors of some of the above
pathways may be of help in targeting GBM. For instance,
the anti-VEGF neutralizing antibody bevacizumab limits the
proangiogenic eﬀects of GSC and may suppress the growth of
GSC-derived xenografts in some cases [95]. However, most
clinical trials of these agents as monotherapies have failed
to demonstrate significant survival benefit, likely linked
to the complexity of GBM biology that is characterized
by a constantly changing microenvironment that greatly

influences both tumor growth and response to therapy [63,
96].

3.5. DNA Repair as a Resistance Mechanism in GSC. Whether
DNA repair is a major mechanism of resistance to apoptosis
in cancer stem cells, likewise normal stem cells, still is an
open question [6, 97]. For instance, myeloid progenitor
bone marrow cells derived from BER-defective mice display
unexpected bone marrow alkylation resistance as compared
to progenitor cells from wild-type mice [98]. Hence, in this
case, repairing the damaged base seems more lethal than
leaving it unprocessed. The phosphatidylinositol-3-kinase
(PI3K)-Akt pathway, a protumorigenic signaling cascade
involved in several human cancers, is frequently up regulated
in gliomas (Figure 2) (reviewed in [99]). Hyperactivation
of the PI3K-Akt pathway occurs in gliomas through a
variety of mechanisms, including loss of the inhibitory
eﬀects of the phosphatase and tensin homolog (PTEN)
tumor suppressor [100]. Enhanced Akt signaling may cause
a tumourigenic phenotype with increased cell proliferation,
metastasis and angiogenesis. Akt inhibitors may significantly
reduce viability of GSC relative to matched non stem cells
[101] and sensitize them to chemotherapeutic agents [102].
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Figure 3: Cell cycle checkpoint pathways, possible targets in GSC. (a) Once DNA damage is identified with the aid of sensors, the checkpoint
transducers ATM and ATR undergo conformational change and/or localisation, resulting in their activation. ATM and ATR activate a series
of downstream molecules, including the checkpoint kinases Chk1 and Chk2. The latter inactivate CDC25 phosphatases, culminating in cell
cycle arrest. AZD7762 (AstraZeneca) and DBH are specific inhibitors of Chk1 and Chk2 kinases. CP466722 (Pfizer) is a specific inhibitor
of ATM (modified from [82] with permission). (b) Targeting GSC may yield durable tumor regression. Glioblastomas are heterogeneous
tumours containing CD133-positive GSC among other, more diﬀerentiated, CD133-negative cells, including glioblastoma progenitor cells.
Following radiation, the bulk glioblastoma responds and the tumour shrinks but CD133-positive cells activate checkpoint controls for DNA
repair more strongly than CD133-negative cells, resist radiation and prompt the tumour to regrow. These cells could be targeted with DNAcheckpoint blockers (e.g., AZD7762, CP466722 and DBH) to render them radiosensitive (modified from [83] with permission).

Inhibiton of the Akt pathway further causes delayed repair of
IR-induced DSB detected by gamma-H2AX foci formation
and radiosensitization [103]. Hence activation of the Akt
signaling may underlie at least some cases of radioresistance
in GSC. Another route involves the activation of the
DNA damage checkpoint response. Tumour cells expressing
CD133 increase in gliomas treated with IR. CD133-positive
GSC are more resistant than CD133-negative cells to IR
in both in vitro experiments or when expanded in the
brains of NOD/SCID mice and activate the DNA damage
checkpoint response with unusual intensity [104]. Increased
DNA repair capacity, evaluated by the SCGE assay has been
also reported [104, 105]. Debromohymenialdisine (DBH), a
specific inhibitor of the Chk1 and Chk2 checkpoint kinases,
delayed the checkpoint response and reversed the resistant

phenotype [104]. Similarly, IR-mediated phosphorylation of
Chk1 and Chk2 have been found distinctly higher in undifferentiated human embryonal carcinoma cells compared
with diﬀerentiated cells [106]. G2 and G1-arrested NSC
rapidly increase after IR in the mouse, with concomitant
phosphorylation of cdc2 and p53 and inhibition of Notch
[107]. Hence, although the selective resistance of GSC has
been questioned [108], CD133-positive cells may represent
the cellular population that resists to IR and chemotherapy
at least in a subset of glioma tumours and activation of
the DNA damage checkpoint response may be a major
underlying mechanism in this regard [49, 77, 104]. On
the contrary, we could not confirm enhanced DNA repair
capacity in GSC [77]. It should be pointed out that the
concept “enhanced DNA repair capacity” implies “per time
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unit”. Five GSC lines isolated from primary grade IV gliomas
were examined for their cell cycle and DNA repair features
[77]. The population doubling time of the GSC lines was
significantly longer as compared to nonstem cell lines while
no enhanced DNA repair examined by an in vitro BER assay,
the SCGE assay or resolution of pH2AX nuclear foci, could
be observed. The DNA damage checkpoint response was
constitutively activated in CD133-positive but not in CD133negative cells, with Chk1 and Chk2 kinases phosphorylated
in the absence of treatment. Recent studies indicate cell cycle
restriction as a mechanism of resistance in leukaemia as well
[109]. Hence, constitutive activation of the DNA damage
checkpoint response may confer GSC increased time for
the removal of radio- and chemotherapeutic- induced DNA
lesions before arrival of the replication fork while whether
improved eﬃcacy of repair (per time unit) is a common
resistance mechanism in GSC still requires further studies.
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well, using multiple xenograft models and several DNAdamaging agents, indicating that the drug could be worth
exploring in the clinical setting to increase patient’s response
rates. Another potentially interesting drug is CP466722
developed by Rainey and coworkers [115]. These authors
identified CP466722 as a potent and specific ATM inhibitor
after screening a targeted compound library. Inhibition by
CP466722 abrogated the ATM-dependent phosphorylation
activity and the cell cycle checkpoint response and could be
reversed by removing the drug. HeLa and AT GM02052 cells
were sensitized to IR in the presence of CP466722 in vitro. No
in vivo experiments were reported in this study. A number of
additional cell cycle checkpoint inhibitors are available (e.g.,
the aforementioned DBH) or under development [113].
Their use could permit significant sensitization of GSC to
radiotherapy and chemotherapy.

4. Conclusions
3.6. Targeting the Checkpoint Response in GSC. Once DNA
damage is identified with the aid of sensors, the checkpoint
transducers ATM (ataxia-telangiectasia mutated) and ATR
(ATM and Rad3-related) proteins undergo conformational
change and/or localisation, resulting in their activation.
ATM and ATR phosphorylate the downstream eﬀectors
checkpoint kinase-2 (Chk2) and checkpoint kinase-1 (Chk1)
respectively, two serine/threonine kinases that serve as
functional analogues (reviewed in [110, 111]) (Figure 3(a)).
Significant crosstalk exists between the two pathways [112].
Sites of Chk2 phosphorylation by ATM include Ser 33/35,
Thr68, Ser19, Thr387 and Thr432 while ATR phosphorylates
Chk1 mainly at serines 280, 296, 317 and 345. The first and
second-level transducers ATM, ATR, Chk1 and Chk2 phosphorylate a number of eﬀector molecules, such as p53 and
CDC25 phosphatases. In particular, CDC25 phosphatases
are key checkpoint kinase targets for controlling cell cycle
transitions. Human cells have three CDC25 proteins that
regulate cell cycle transitions by removing the inhibitory
phosphorylation from cyclin-dependent kinases (CDKs).
Chk1 and Chk2 phosphorylation of the CDC25 proteins
inhibits their activity through either ubiquitin-mediated
degradation or cytoplasmic sequestration and prevents CDK
activation. This negative regulation of the CDC25 phosphatases is a major checkpoint mechanism for entry of cells
into mitosis.
Releasing the constitutively-pressed brake that prevents
GSC from dividing may push them into cell cycle and
sensitize them to IR and chemotherapeutic agents such
as TMZ that primarily act by damaging DNA [82]. To
this purpose, specific inhibitors for the key actors of the
checkpoint response namely ATM, ATR, Chk1 and Chk2
are the object of intense academical and industrial research
[113]. One possible candidate could be AZD7762 developed
by Zabludoﬀ and coworkers at AstraZeneca [114]. AZD7762
is a potent ATP-competitive checkpoint kinase inhibitor that
was shown to potentiate the cytotoxicity of DNA-damaging
drugs towards diﬀerent types of tumours cultivated in
vitro, by abrogating the DNA damage checkpoint response.
Importantly, the potentiation was observed in vivo as

Enhanced DNA repair capacity is often observed in normal
(embryonic or adult; human or murine) stem cells as
compared to diﬀerentiated cells, suggesting that normal stem
cells often protect their genome through enhanced DNA
repair. This may not be the case for cancer stem cells.
At least in gliomas, DNA repair rates are normal but low
proliferation and constitutive activation of the DNA damage
checkpoint response confer increased time for lesion removal
or bypass before arrival of the replication fork. Hence, GSC
do not repair DNA better. They just have more time to do
that. Those features may be common to stem cells from
other tumour types as well [109]. Drugs targeting cell cycle
restriction in GSC could be of help for complete eradication
of the tumor and several novel agents of this kind are under
development. In particular ATM and Chk1 and Chk2 kinase
inhibitors may eﬀectively sensitize GSC to IR and alkylating
agents by stimulating their proliferation.
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(Programma Italia-USA “Malattie Rare”).

[16]

[17]

References
[1] Y. Hong, R. B. Cervantes, E. Tichy, J. A. Tischfield, and P.
J. Stambrook, “Protecting genomic integrity in somatic cells

[18]

and embryonic stem cells,” Mutation Research, vol. 614, no.
1-2, pp. 48–55, 2007.
E. D. Tichy and P. J. Stambrook, “DNA repair in murine
embryonic stem cells and diﬀerentiated cells,” Experimental
Cell Research, vol. 314, no. 9, pp. 1929–1936, 2008.
Y. Park and S. L. Gerson, “DNA repair defects in stem cell
function and aging,” Annual Review of Medicine, vol. 56, pp.
495–508, 2005.
Q. Lin, S. L. Donahue, and H. E. Ruley, “Genome maintenance and mutagenesis in embryonic stem cells,” Cell Cycle,
vol. 5, no. 23, pp. 2710–2714, 2006.
S. Maynard, A. M. Swistowska, J. W. Lee, et al., “Human
embryonic stem cells have enhanced repair of multiple forms
of DNA damage,” Stem Cells, vol. 26, no. 9, pp. 2266–2274,
2008.
G. Frosina, “DNA repair in normal and cancer stem cells,
with special reference to the central nervous system,” Current
Medicinal Chemistry, vol. 16, no. 7, pp. 854–866, 2009.
J. Kenyon and S. L. Gerson, “The role of DNA damage repair
in aging of adult stem cells,” Nucleic Acids Research, vol. 35,
no. 22, pp. 7557–7565, 2007.
L. A. Warren and D. J. Rossi, “Stem cells and aging
in the hematopoietic system,” Mechanisms of Ageing and
Development, vol. 130, no. 1-2, pp. 46–53, 2009.
U. Galderisi, H. Helmbold, T. Squillaro, et al., “In vitro
senescence of rat mesenchymal stem cells is accompanied by
downregulation of stemness-related and DNA damage repair
genes,” Stem Cells and Development, vol. 18, no. 7, pp. 1033–
1041, 2009.
G. Saretzki, T. Walter, S. Atkinson, et al., “Downregulation of
multiple stress defense mechanisms during diﬀerentiation of
human embryonic stem cells,” Stem Cells, vol. 26, no. 2, pp.
455–464, 2008.
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“CD133+ and nestin+ tumor-initiating cells dominate in
N29 and N32 experimental gliomas,” International Journal of
Cancer, vol. 125, no. 1, pp. 15–22, 2009.
R. W. Cho and M. F. Clarke, “Recent advances in cancer stem
cells,” Current Opinion in Genetics and Development, vol. 18,
no. 1, pp. 48–53, 2008.
P. B. Dirks, “Brain tumor stem cells: bringing order to the
chaos of brain cancer,” Journal of Clinical Oncology, vol. 26,
no. 17, pp. 2916–2924, 2008.
C. R. A. Regenbrecht, H. Lehrach, and J. Adjaye, “Stemming
cancer: functional genomics of cancer stem cells in solid
tumors,” Stem Cell Reviews, vol. 4, no. 4, pp. 319–328, 2008.
J. Zhou and Y. Zhang, “Cancer stem cells: models, mechanisms and implications for improved treatment,” Cell Cycle,
vol. 7, no. 10, pp. 1360–1370, 2008.
P. Y. Wen and S. Kesari, “Malignant gliomas in adults,” The
New England Journal of Medicine, vol. 359, no. 5, pp. 492–
507, 2008.
O. O. Kanu, A. Mehta, C. Di, et al., “Glioblastoma multiforme: a review of therapeutic targets,” Expert Opinion on
Therapeutic Targets, vol. 13, no. 6, pp. 701–718, 2009.
G. Casartelli, A. Dorcaratto, J. L. Ravetti, et al., “Survival of
high grade glioma patients depends on their age at diagnosis,”
Cancer Biology and Therapy, vol. 8, no. 18, pp. 1719–1721,
2009.
F. Lefranc, M. Rynkowski, O. DeWitte, and R. Kiss, “Present
and potential future adjuvant issues in high-grade astrocytic
glioma treatment,” Advances and Technical Standards in
Neurosurgery, vol. 34, pp. 3–35, 2009.
L. Lafay-Cousin and D. Strother, “Current treatment
approaches for infants with malignant central nervous
system tumors,” Oncologist, vol. 14, no. 4, pp. 433–444, 2009.
M. Cayre, P. Canoll, and J. E. Goldman, “Cell migration in
the normal and pathological postnatal mammalian brain,”
Progress in Neurobiology, vol. 88, no. 1, pp. 41–63, 2009.
T. W. Abel, C. Clark, B. Bierie, et al., “GFAP-Cre-mediated
activation of oncogenic K-ras results in expansion of the subventricular zone and infiltrating glioma,” Molecular Cancer
Research, vol. 7, no. 5, pp. 645–653, 2009.

13
[67] N. Lindberg, M. Kastemar, T. Olofsson, A. Smits, and L.
Uhrbom, “Oligodendrocyte progenitor cells can act as cell of
origin for experimental glioma,” Oncogene, vol. 28, no. 23,
pp. 2266–2275, 2009.
[68] I. Appolloni, F. Calzolari, E. Tutucci, et al., “PDGF-B induces
a homogeneous class of oligodendrogliomas from embryonic
neural progenitors,” International Journal of Cancer, vol. 124,
no. 10, pp. 2251–2259, 2009.
[69] C. D. Stiles and D. H. Rowitch, “Glioma stem cells: a midterm
exam ,” Neuron, vol. 58, no. 6, pp. 832–846, 2008.
[70] D. M. Park and J. N. Rich, “Biology of glioma cancer stem
cells,” Molecules and Cells, vol. 28, no. 1, pp. 7–12, 2009.
[71] C. Dufour, J. Cadusseau, P. Varlet, et al., “Astrocytes reverted
to a neural progenitor-like state with transforming growth
factor alpha are sensitized to cancerous transformation,”
Stem Cells, vol. 27, no. 10, pp. 2373–2382, 2009.
[72] L. L. Rubin, “Stem cells and drug discovery: the beginning of
a new era?” Cell, vol. 132, no. 4, pp. 549–552, 2008.
[73] I. Ischenko, H. Seeliger, M. Schaﬀer, K.-W. Jauch, and C. J.
Bruns, “Cancer stem cells: how can we target them?” Current
Medicinal Chemistry, vol. 15, no. 30, pp. 3171–3184, 2008.
[74] Z. Li., H. Wang, C. E. Eyler, A. B. Hjelmeland, and J. N.
Rich, “Turning cancer stem cells inside out: an exploration of
glioma stem cells signalling pathways,” Journal of Biological
Chemistry, vol. 284, no. 25, pp. 16705–16709, 2009.
[75] T. M. Fael Al-Mayhani, S. L. R. Ball, J.-W. Zhao, et al.,
“An eﬃcient method for derivation and propagation of
glioblastoma cell lines that conserves the molecular profile
of their original tumours,” Journal of Neuroscience Methods,
vol. 176, no. 2, pp. 192–199, 2009.
[76] S. M. Pollard, K. Yoshikawa, I. D. Clarke, et al., “Glioma
stem cell lines expanded in adherent culture have tumorspecific phenotypes and are suitable for chemical and genetic
screens,” Cell Stem Cell, vol. 4, no. 6, pp. 568–580, 2009.
[77] M. Ropolo, A. Daga, F. Griﬀero, et al., “Comparative analysis
of DNA repair in stem and nonstem glioma cell cultures,”
Molecular Cancer Research, vol. 7, no. 3, pp. 383–392, 2009.
[78] V. Clément, V. Dutoit, D. Marino, P.-Y. Dietrich, and I.
Radovanovic, “Limits of CD133 as a marker of glioma selfrenewing cells,” International Journal of Cancer, vol. 125, no.
1, pp. 244–248, 2009.
[79] S. Bidlingmaier, X. Zhu, and B. Liu, “The utility and limitations of glycosylated human CD133 epitopes in defining
cancer stem cells,” Journal of Molecular Medicine, vol. 86, no.
9, pp. 1025–1032, 2008.
[80] Y. Zhao, Q. Huang, T. Zhang, et al., “Ultrastructural
studies of glioma stem cells/progenitor cells,” Ultrastructural
Pathology, vol. 32, no. 6, pp. 241–245, 2008.
[81] T. Borovski, L. Vermeulen, M. R. Sprick, and J. P. Medema,
“One renegade cancer stem cell?” Cell Cycle, vol. 8, no. 6, pp.
803–808, 2009.
[82] G. Frosina, “DNA repair and resistance of gliomas to
chemotherapy and radiotherapy,” Molecular Cancer Research,
vol. 7, no. 7, pp. 989–999, 2009.
[83] P. B. Dirks, “Cancer: stem cells and brain tumours,” Nature,
vol. 444, no. 7120, pp. 687–688, 2006.
[84] S. Medrano, M. Burns-Cusato, M. B. Atienza, D. Rahimi,
and H. Scrable, “Regenerative capacity of neural precursors
in the adult mammalian brain is under the control of p53,”
Neurobiology of Aging, vol. 30, no. 3, pp. 483–497, 2009.
[85] K. Meletis, V. Wirta, S.-M. Hede, M. Nistér, J. Lundeberg,
and J. Frisén, “p53 suppresses the self-renewal of adult neural
stem cells,” Development, vol. 133, no. 2, pp. 363–369, 2006.

14
[86] E. Hulleman and K. Helin, “Molecular mechanisms in
gliomagenesis,” Advances in Cancer Research, vol. 94, no. 1,
pp. 1–27, 2005.
[87] M. J. Boyer and T. Cheng, “The CDK inhibitors: potential targets for therapeutic stem cell manipulations?” Gene Therapy,
vol. 15, no. 2, pp. 117–125, 2008.
[88] E. L. Jackson and A. Alvarez-Buylla, “Characterization of
adult neural stem cells and their relation to brain tumors,”
Cells Tissues Organs, vol. 188, no. 1-2, pp. 212–224, 2008.
[89] J.-S. Lee, J.-E. Gil, J.-H. Kim, et al., “Brain cancer stemlike cell genesis from p53-deficient mouse astrocytes by
oncogenic Ras,” Biochemical and Biophysical Research Communications, vol. 365, no. 3, pp. 496–502, 2008.
[90] C. Cai, J. Thorne, and L. Grabel, “Hedgehog serves as a
mitogen and survival factor during embryonic stem cell
neurogenesis,” Stem Cells, vol. 26, no. 5, pp. 1097–1108, 2008.
[91] K. E. Galvin, H. Ye, D. J. Erstad, R. Feddersen, and C.
Wetmore, “Gli1 induces G2/M arrest and apoptosis in
hippocampal but not tumor-derived neural stem cells,” Stem
Cells, vol. 26, no. 4, pp. 1027–1036, 2008.
[92] P. A. Clark, D. M. Treisman, J. Ebben, and J. S. Kuo,
“Developmental signaling pathways in brain tumor-derived
stem-like cells,” Developmental Dynamics, vol. 236, no. 12,
pp. 3297–3308, 2007.
[93] X.-H. Yao, Y.-F. Ping, J.-H. Chen, et al., “Glioblastoma stem
cells produce vascular endothelial growth factor by activation
of a G-protein coupled formylpeptide receptor FPR,” Journal
of Pathology, vol. 215, no. 4, pp. 369–376, 2008.
[94] P. Knizetova, J. L. Darling, and J. Bartek, “Vascular endothelial growth factor in astroglioma stem cell biology and
response to therapy,” Journal of Cellular and Molecular
Medicine, vol. 12, no. 1, pp. 111–125, 2008.
[95] E. T. Wong and S. Brem, “Antiangiogenesis treatment for
glioblastoma multiforme: challenges and opportunities,” The
Journal of the National Comprehensive Cancer Network, vol. 6,
no. 5, pp. 515–522, 2008.
[96] A. M. Bleau, J. T. Huse, and E. C. Holland, “The ABCG2
resistance network of glioblastoma,” Cell Cycle, vol. 8, no. 18,
pp. 2936–2944, 2009.
[97] T.-C. A. Johannessen, R. Bjerkvig, and B. B. Tysnes, “DNA
repair and cancer stem-like cells—potential partners in
glioma drug resistance?” Cancer Treatment Reviews, vol. 34,
no. 6, pp. 558–567, 2008.
[98] R. B. Roth and L. D. Samson, “3-methyladenine DNA
glycosylase-deficient Aag null mice display unexpected bone
marrow alkylation resistance,” Cancer Research, vol. 62, no. 3,
pp. 656–660, 2002.
[99] D. Hambardzumyan, M. Squatrito, E. Carbajal, and E. C.
Holland, “Glioma formation, cancer stem cells, and Akt
signaling,” Stem Cell Reviews, vol. 4, no. 3, pp. 203–210, 2008.
[100] C.-H. Kwon, D. Zhao, J. Chen, et al., “Pten haploinsuﬃciency
accelerates formation of high-grade astrocytomas,” Cancer
Research, vol. 68, no. 9, pp. 3286–3294, 2008.
[101] C. E. Eyler, W.-C. Foo, K. M. LaFiura, R. E. McLendon, A. B.
Hjelmeland, and J. N. Rich, “Brain cancer stem cells display
preferential sensitivity to Akt inhibition,” Stem Cells, vol. 26,
no. 12, pp. 3027–3036, 2008.
[102] M.-A. Westhoﬀ, J. A. Kandenwein, S. Karl, et al., “The
pyridinylfuranopyrimidine inhibitor, PI-103, chemosensitizes glioblastoma cells for apoptosis by inhibiting DNA
repair,” Oncogene, vol. 28, no. 40, pp. 3586–3596, 2009.
[103] G. D. Kao, Z. Jiang, A. M. Fernandes, A. K. Gupta, and A.
Maity, “Inhibition of phosphatidylinositol-3-OH kinase/Akt

Journal of Biomedicine and Biotechnology

[104]

[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

signaling impairs DNA repair in glioblastoma cells following
ionizing radiation,” Journal of Biological Chemistry, vol. 282,
no. 29, pp. 21206–21212, 2007.
S. Bao, Q. Wu, R. E. McLendon, et al., “Glioma stem cells
promote radioresistance by preferential activation of the
DNA damage response,” Nature, vol. 444, no. 7120, pp. 756–
760, 2006.
J. N. Rich, “Cancer stem cells in radiation resistance,” Cancer
Research, vol. 67, no. 19, pp. 8980–8984, 2007.
X. Wang, V. C. H. Lui, R. T. P. Poon, P. Lu, and R. Y. C. Poon,
“DNA damage mediated s and G2 checkpoints in human
embryonal carcinoma cells,” Stem Cells, vol. 27, no. 3, pp.
568–576, 2009.
T. Kato, Y. Kanemura, K. Shiraishi, J. Miyake, S. Kodama, and
M. Hara, “Early response of neural stem/progenitor cells after
X-ray irradiation in vitro,” NeuroReport, vol. 18, no. 9, pp.
895–900, 2007.
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Interstitial cells of Cajal (ICCs) in gastrointestinal tract are specialized cells serving as pacemaker cells. The origin of ICCs is
currently not fully characterized. In this work, we aimed to study whether bone marrow-derived cells (BMDCs) could contribute
to the origin of ICCs in the muscular plexus of small intestine using GFP-C57BL/6 chimeric mice.Engraftment of BMDCs
in the intestine was investigated for GFP expression. GFP positive bone marrow mononuclear cells reached a proportion of
95.65% ± 3.72% at diﬀerent times in chimerism. Donor-derived cells distributed widely in all the layers of the gastrointestinal tract.
There were GFP positive BMDCs in the myenteric plexus, which resembled characteristics of ICCs, including myenteric location,
c-Kit positive staining, and ramified morphology. Donor-derived ICCs in the myenteric plexus contributed to a percentage ranging
9.25% ± 4.9% of all the ICCs in the myenteric plexus. In conclusion, here we described that donor-derived BMDCs might
diﬀerentiate into gastrointestinal ICCs after radiation injury, which provided an alternative source for the origin of the ICCs in the
muscular plexus of adult intestine. These results further identified the plasticity of BMDCs and indicated therapeutic implications
of BMDCs for the gastrointestinal dysmotility caused by ICCs disorders.

1. Introduction
Interstitial cells of Cajal (ICCs) are the specialized cell population of gastrointestinal cells, which perform essential roles
in regulating the motility of gastrointestinal tract. According
to their location in the intestine, ICCs could be divided
into four subgroups, including submucosal ICCs (ICCs-SM),
myenteric ICCs (ICCs-MY), intramuscular ICCs (ICCs-IM),
and deep muscular plexus ICCs (ICCs-DMP). ICCs-MY are
the most important population of ICCs in gastrointestinal
tract. ICCs express c-Kit, which is a kind of tyrosine kinase
receptor and at present widely used as the surface marker
of ICCs. The most obvious morphological characteristics
of them are that they usually possess processes and form
a network, which distinguish them from mast cells, the
other major c-Kit positive cells in the myenteric plexus
of GI tract. Therefore, it could be necessary to define the
gastrointestinal ICCs as a group of cells that have both

c-Kit expression and reticular morphological features [1].
Based on the current understanding of these cells, ICCs in
gastrointestinal tract mainly have four diﬀerent functions.
ICCs in the myenteric plexus are pacemaker cells, which
generate characteristic slow waves spontaneously [2, 3]. They
mediate inputs from enteric nervous system to smooth
muscles. ICCs in the muscularis propria (ICCs-IM) have
been indicated to mediate neurotransmission, including
both the excitatory and inhibitory neuronal signals [4, 5].
They also perform as mechanosensors through sodium
channel on their membrane [6]. In addition, they could set
the smooth muscle membrane potential gradient [7]. Among
all these functions, the most important one is that they are
the pacemaker cells that generate characteristic slow waves
and regulate gastrointestinal motility.
As described above, ICCs are so important in regulating
the gastrointestinal functions. Anyhow, they are also sensitive
to harmful factors. For example, pulsating electromagnetic
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field (PEMF) exposure would result in the loss of ICCs
[8]. It has also been reported that in several motility disorders, such as achalasia, mechanical ileus, intestinal pseudoobstructions, or malformations, reduced number of ICCs or
dysfunction of their reticular structure could be observed [9,
10]. Recent studies indicate that intestinal surgical operation
would cause functional and morphological alterations of
ICCs in mice, including disrupted electrical rhythmicity,
neural responses, and interstitial cell networks [10].
During the past decades, it has been considered that
proliferation of ICCs could only be detected in embryonic
and neonatal periods. Recently, some investigators have
shown that there are proliferative ICCs in the myenteric
plexus after ICCs damage. For example, Mei et al. reported
that ICCs could regenerate and restore their normal
distribution after disruption by intestinal transection and
anastomosis [11]. These findings excite researchers to
explore the origin of ICCs.
Although the existence of ICCs has been identified for
several decades, the progenitors of ICCs are still mysterious.
At the beginning, ICCs had been presumed to be the descendants of neural crest cells. Using chimeric model and developmental observation, it was shown that ICCs came from the
mesenchyme of the gut, but not the neural crest. Common
precursors yielded ICCs-MY and longitudinal muscular
cells [12–14]. In the stomach of postnatal murine, a small
population of c-Kitlow CD44+ CD34+ IGF− IR+ cells had been
isolated and characterized. These cells resembled embryonic
ICCs precursors. And they could give rise to stomach ICCs
when they were stimulated by soluble stem cell factor (SCF)
and produce typical slow wave electricity [15]. Therefore, the
progenitors of ICCs might exist in the muscles of gastrointestinal tract. However, all these studies are carried out from
the developmental aspect. There are few reports concerning
the origin of ICCs in adulthood, and no other cell types have
been reported to have the ability to diﬀerentiate into ICCs.
Adult stem cells have been shown to have a great
potential of diﬀerentiation. Not all adult stem cells are
lineage restricted as previously believed. Among them,
bone marrow-derived cells (BMDCs) have the potential
to diﬀerentiate into several nonhematopoietic parenchymal
cells, including neurons, hepatocytes, cardiomyocytes, and
epithelial cells. Recently, BMDCs have been shown to
successfully accelerate burn wound healing and promote
the recovery of ischemic heart failure [16]. Therefore, it is
promising to exploit the wide diﬀerentiation potentiality of
BMDCs for the therapeutic treatment of human diseases. So
it is necessary to study whether multipotential stem cells in
other tissues, such as BMDCs, could be enrolled and reside in
GI muscles and participate in the ICCs regeneration. In our
previous work, we had found that BMDCs could long term
repopulate the recipient’s gastrointestinal epithelium [17].
In the present study, we attempted to determine whether
BMDCs could diﬀerentiate into ICCs and contribute to
ICCs regeneration in gastrointestinal tract using a model of
GFP hematopoietic chimera. We found that BMDCs could
migrate into the myenteric plexus and diﬀerentiate into ICCs
in vivo after transplantation.
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2. Materials and Methods
2.1. Animals. GFP-transgenic C57BL/6 mice were used
as transplantation donors and purchased from the
Model Animal Research Center of Nanjing University
(AAALAC accredited). The strain code was C57BL/6TgN(ActbEGFP)1Osb [18]. The expression level of EGFP
in bone marrow mononuclear cells was confirmed by flow
cytometry and laser confocal microscope analysis. The GFP
positive rate of BMDCs was more than 95%. Wild-type
C57BL/6 mice were used as transplantation recipients in
this study, which were 6∼8 weeks old and purchased from
Experimental Animals Center of Third Military Medical
University. All the animals were acclimated to standard
laboratory conditions (under a 12:12h light-dark cycle) and
kept in specific pathogen free (SPF) grade environment.
All animal experimental operations were conducted in
accordance with the Animal Care Guidelines of the Third
Military Medical University.
2.2. Bone Marrow Preparation. BMDCs of GFP transgenic
mice were prepared as described previously. Briefly, bone
marrow was aseptically harvested from femurs and tibias of
donor mice by flushing bone cavity with cold DMEM/F12
medium containing 10% fetal bovine serum (FBS) (Hyclone,
Beijing, China) using a syringe containing 100 IU heparin
with a 20-gauge needle. Marrow samples were suﬃciently
pipetted, centrifuged, and then filtered through a 20 um
nylon mesh to expel dregs. Then red blood cells were splited
by RBC Lysis Buﬀer (8.26 g ammonium chloride NH4 Cl,
1 g potassium bicarbonate KHCO3 , and 0.037 g EDTA in
1 liter ddH2 O). All the marrow cells were resuspended
in DMEM/F12 without FBS. Cell viability was determined
by trypan blue exclusion experiment. About more than
95% harvested cells were viable. Then concentration of
BMDCs was determined by Beckman Coulter Z series
Counter (Beckman Coulter, Hialeah, FL). BMDCs were
resuspended in DMEM/F12 at a concentration of 1×107
viable nucleated cells per 350 μL, a transplantation volume
for each recipient.
2.3. Irradiation and Transplantation. Forty C57BL/6 mice
were used as transplantation recipients in the experiment.
They were housed in autoclaved cages and treated with
antibiotics for 10 days before irradiation and 2 weeks after
irradiation (with 280 mg erythromycin and 320 mg gentamicin sulfate per liter of deionized drinking water). All the
recipient mice were exposed to 10 Gy whole body irradiation
(WBI) using a Cobalt-60 source (Theratron-780 model,
MDS Nordion, Ottawa, ON, Canada). Such an irradiation
dose had been used in many other transplantation studies
[19, 20] and would cause severe gastrointestinal symptoms,
such as diarrhea, bloody stool. Within three hours after
transplantation, ten female recipient mice received injection
of the same volume of PBS via tail vein as transplantation
control. The other thirty mice were transplanted via tail
vein with 1×107 GFP bone marrow cells in a volume of
350 μL.
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2.4. Determination of Chimeric Model. In order to examine
the repopulation eﬀect, bone marrow of chimeric mice
was harvested as mentioned above. After depletion of RBC,
mononuclear cells were examined by confocal microscope
and flow cytometry. Because positive cells expressed GFP
intrinsically, they were able to be recognized by 488 nm
fluorescence.
2.5. Tissue Preparations and Detection of Donor’s BMDCs.
Tissue sections or whole mount preparations of small intestine were used for subsequent experiments. Fresh intestinal
samples were immediately immersed into liquid nitrogen or
fixed with 4% paraformaldehyde (PFA) or 100% acetone.
Paraﬃn embedded intestinal samples were cut into 4 um
sections. After dewaxing and rehydration, antigen retrieval
was carried out in 96◦ C for 10 min using sodium citrate
solution (0.01 M, pH 6.0). Activity of endogenous peroxidase
was removed by incubation with 3% H2 O2 for 15 minutes at
room temperature, and nonspecific binding was blocked by
3% normal goat serum incubation for 30 min at room temperature. Donor’s BMDCs were identified by rabbit anti-GFP
monoclonal antibody (1:200, AG279, Beyotime, Hangzhou,
China). Horseradish peroxidase- (HRP-) conjugated goat
antirabbit secondary antibody was used to bind the GFP
antibody. Positive signals were shown by DAB response.
Sections were counterstained with hematoxylin after IHC
reaction.
2.6. Detection of Donor Derived ICCs. ICCs were recognized
by c-Kit (ACK2, eBioscience, San Diego, CA, USA), and
macrophages were demonstrated using rat anti-F4/80 monoclonal antibody (Abcam, Cambridge, MA, USA). Fluorescent
double staining was employed to detect coexpression of
GFP and c-Kit. Briefly, frozen sections or whole mount
preparations were fixed in cold acetone for 15 min at 4◦ C.
After this, the samples were rinsed in PBS for 10 min.
Before adding primary antibody, nonspecific labeling was
blocked by incubation in PBS containing 10% normal goat
serum and 0.2% Triton X-100 at room temperature for
30 min. Then they were incubated overnight at 4◦ C with
primary antibody against c-Kit (1:100) or F4/80 (1:100).
After rinsing in PBS three times for suﬃcient washing,
Cy3-conjugated goat antirat secondary antibody (1:200)
was added. After 1 h incubation in the dark and PBS
washing, GFP antibody (1:200) and FITC-conjugated goat
antirabbit secondary antibody (1:200) were sequentially
added and, respectively, incubated overnight at 4◦ C and for
30 min at room temperature. After three times washing,
cell nuclei were counterstained with 0.3 μM 4 ,6-diamidino2-phenylindole, dihydrochloride (DAPI) (Molecular Probes,
Inc., Eugene, OR, USA) in PBS for 1 min, which was done
at room temperature and in the dark. Digital images were
captured using TCS SP5 confocal laser scanning microscope
(Leica, Germany) with an excitation wavelength appropriate
for Cy3 (552 nm) or FITC (488 nm).
2.7. Statistics. SPSS version 16.0 (SPSS Inc., Chicago, USA)
was used to carry out all statistical analyses. Data were
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Table 1: The average percentage of GFP positive marrow cells in
recipient’s bone marrow (n = 3 at each point).
Time after transplantation
1 month
2 months
3 months
4 months
5 months

GFP positive rate (%)
91.15±2.08
92.05±3.15
97.95±2.04
98.05±1.58
98.98±0.84

expressed as means ± SEM. Diﬀerences in the data were
evaluated by one-way analysis of variance (ANOVA). P <.05
was taken as a statistically significant diﬀerence.

3. Results
3.1. Establishment of GFP Positive Chimera Model. Mice
transplanted with PBS in the control group died of bone
marrow failure and intestinal symptoms within 5∼7 days
after irradiation. On the other hand, all the mice in
transplantation group successfully underwent the first week
after irradiation with a survival rate more than 93.3%. The
survival rate of these two groups had significant diﬀerence
(P < .05). Transplantation of BMDCs could eﬃciently
prevent recipients dying from bone marrow failure and gastrointestinal symptoms caused by irradiation. Bone marrow
of chimeric mice at second month after transplantation was
examined. Mononuclear cells in bone marrow were almost
completely replaced by GFP positive cells (Figure 1(a)). By
flow cytometry analysis, a representative image of GFP
positive cells in all the marrow mononuclear cells at 2.5
months was shown in Figure 1(b). Chimeric rates at diﬀerent
timepoints were given in Table 1, and the average level was
95.65 %± 3.72%. The results indicated that the GFP positive
chimeric mice model was successfully established.
3.2. Engraftment of Donor’s BMDCs in Recipient’s Intestine.
Using immunohistochemistry (IHC), it was shown that
GFP positive BMDCs would migrate into intestine after
transplantation. BMDCs appeared in the submucosal lamina
propria during the first week, and then the quantity of these
cells increased. There were positive cells in the muscular
layer of intestine. GFP positive cells could be observed in
the epithelium layer. Large amount of GFP positive BMDCs
fulfilled the mesenchymal region of intestine (Figure 2(a)).
Between the longitudinal and circular muscle cells, there
were GFP positive cells with the appearance of processes
(Figure 2(b), red arrow). The specificity of GFP antibody
was confirmed by blank control staining. No positive signals
could be seen in the same section without GFP antibody
(Figure 2(c)). The muscular layer had been recovered from
the irradiation induced-damage. No significant changes
could be observed through HE staining (Figure 2(d)).
3.3. Diﬀerentiation of BMDCs towards Macrophages in the
Muscular Layer. In order to examine the definite phenotype
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Figure 1: Recipient’s bone marrow was reconstituted by transplantation of donor’s GFP positive BMDCs. (a) GFP positive marrow cells
took up the majority of chimeric bone marrow two months after transplantation. Bar= 50 μm. (b) the percentage of GFP positive marrow
cells in chimeric marrow at two months after transplantation was shown to be 92.05% by flow cytometry.

of GFP positive BMDCs in the muscular layer, macrophage
diﬀerentiation was firstly observed. Using the antibody
against F4/80, which was a widely-used surface marker for
macrophages, it was shown that there were certain GFP positive macrophages. But the majority of positive macrophages
were mainly found in the deep muscular plexus (DMP). For
example, at the second month, both GFP positive and F4/80
positive cells could be detected in the DMP layer (Lower
panel in Figure 3). GFP positive macrophages contributed
to a proportion of 50.92 ± 10.98% of all the macrophages
in the DMP layer. BMDCs contributed to the generation of
macrophages in DMP greatly.

the images were taken from recipient intestine 2.5 months
after transplantation. Double positive cells were indicated
by arrow and enlarged in the inset (Merged image in the
lower panel of Figure 4). Donor-derived ICCs had bipolar
appearance on the whole mount preparations (white arrow
in merged image of the lower panel of Figure 5). Donorderived ICCs-MY reached a proportion of 9.25 %± 4.9%
among all the ICCs-MY in small intestine. These cells were
distributed along the intestine without region specificity.
Therefore, the transplanted BMDCs were able to engraft in
smooth muscle of small intestine and diﬀerentiate into ICCs
after the radiation injury.

3.4. Bone Marrow Derivation of ICCs-MY in Chimeric
Intestine. As mentioned above, GFP positive cells in the
DMP layer resembled macrophages appearance. We then
tried to observe the phenotype of BMDCs in the myenteric
plexus. In the myenteric plexus, GFP positive cells could
also be detected. c-Kit positive ICCs-MY were well demonstrated using c-Kit antibody (ACK2). There were GFP and
ACK2 double positive cells both in the intestinal sections
and in the whole mount preparations. The representative
images were demonstrated in Figures 4 and 5, in which

4. Discussion
Adult stem cells exhibit more remarkable plasticity than
previously believed, and BMDCs could contribute to several
nonhematopoietic cell lineages. Both experimental and
clinic studies have demonstrated that donor’s BMDCs have
multipotential diﬀerentiation ability in various organs of
transplantation recipient, especially the nonhematopoietic
diﬀerentiation capacity. They could diﬀerentiated into
neurons, hepatocytes, and kidney tubular epithelial cells [21,
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Figure 2: Detection of donor-derived BMDCs by GFP IHC in the small intestine 3 months after transplantation. (a) GFP positive BMDCs
could be integrated into any part of intestine. (b) donor-derived cells could also be observed between longitudinal muscle and circular
muscle, and there were some positive processes without ICCs body due to section reason (red arrow). (c) blank control without primary
antibody on the serial section. No positive signals could be detected. (d) HE staining of small intestine from transplanted mice.

22]. Among all these findings, Okamato et al reported that
BMDCs could also diﬀerentiate into epithelial cells to repopulate the damaged intestinal epithelium [23, 24]. In the gastrointestinal tract, BMDCs have also been observed to diﬀerentiate into subepithelial myofibroblasts, which are important to regulate intestinal stem cell microenvironment [25].
Such exciting reports raised related research concerning the
eﬀects of BMDCs in regeneration of various injuries of gastrointestinal tract, such as dextran sulfate sodium (DSS) or
trinitrobenzenesulfonic acid-(TNBS-) induced IBD model
and alcohol-induced stomach epithelial injury [26–29]. All
these studies had shown that BMDCs could participate in
the injury restoration process in diﬀerent damage models.
In our experiments, we established the chimera model
using GFP transgenic mice. As confirmed by both flow
cytometry and confocal scanning, the bone marrow of
transplantation recipients had been repopulated by donor’s
BMDCs (Figure 1 and Table 1). In the previous study, we
found that GFP positive cells could for long term exist in
gastrointestinal tract. Because of ubiquitous GFP expression,
staining of GFP allowed us to detect the engraftment
and diﬀerentiation of donor-derived BMDCs conveniently.
GFP positive BMDCs engrafted into each segment of the
gastrointestinal tract without specificity. Besides epithelial
engraftment, there were certain GFP positive cells in the
tunica muscularis. For example, they could migrate into the
myenteric plexus and deep muscular plexus as shown in
Figure 2. Given the location of GFP positive cells, we tried to
explore the possibility that whether BMDCs could diﬀerentiate into ICCs in gastrointestinal tract. Macrophages have also

been shown to resident in the muscular layer [30]. Therefore,
it was necessary for us to exclude whether these cells were
macrophages. Through GFP and F4/80 double staining, it
was demonstrated that GFP positive macrophages could be
detected definitely. Anyhow, these cells were mainly found in
the deep muscular plexus (Figure 3) and macrophages were
negative for c-Kit. Using frozen sections and whole mount
preparations, we found that there were GFP positive cells
with several branches, which resembled the morphological
characteristics of ICCs. In addition, GFP and c-Kit double
positive cells could be observed in the myenteric plexus
(Figures 4 and 5). The positive cells had at least two processes,
which made them distinguishable from mast cells. Although
mast cells in the myenteric plexus were also positive for cKit, these cells themselves were morphologically round and
without processes. Besides this, they were rarely observed
in the muscular layer of the mouse small intestine [31]. So
the double positive cells were ICCs-MY, but not mast cells
in the myenteric plexus. It encouraged us to believe that cKit positive BMDCs in the myenteric plexus were intestinal
ICCs-MY according to the commonly accepted criteria,
including cell location, surface marker, and morphological
appearance. Therefore, the transplanted BMDCs were able to
engraft in smooth muscle of intestine and diﬀerentiate into
ICCs after the radiation injury. At present, it was diﬃcult for
us to carry out electrophysiological studies to study whether
GFP positive cells could produce the slow wave electricity in
this chimeric model, but a recent study had reported that
bone marrow transplantation restored gut motility in Kit
deficient mice [32], which indicated that these donor-derived
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Figure 3: Whole mount preparation of small intestine from both normal C57 mouse and chimeric mouse. in this figure, donor’s BMDCs
were detected by GFP antibody. Macrophages were demonstrated by their specific marker F4/80. Upper panel: C57 mouse was used as normal
control, in which all the macrophages were negative for GFP antibody. Bar= 50 μm. Lower panel: in the chimerism some macrophages were
double positive for GFP and F4/80, suggesting that they were derived from the infused donor’s BMDCs. GFP+ /F4/80+ cells were mainly
found at the deep myenteric plexus and they were scattered in this layer, which distinguished them from ICCs. Bar= 50 μm.
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Figure 4: Confocal image of frozen section demonstrated donor derived ICCs-MY in small intestine of recipient mice 2.5 months after bone
marrow transplantation. Upper panel: C57 mouse was used as negative control, in which there were no GFP signals in the intestine. Lower
panel: In the chimerism, GFP and c-Kit double positive cells were shown in the merged image. Amplified image of interested cell was shown
as inset. Bar= 25 μm.

ICCs played the same function as their wild-type mates. Liu
Dengqun and Wang Fengchao contributed equally to this
article.
Previous studies have demonstrated that ICCs originated
from mesenchymal cells, but not the neural crest cells
[13, 33]. The proliferation of ICCs and extension of the
processes are only observed in embryonic and neonatal

periods in mammals, and even ICCs isolated from 6-day
neonatal mice could not increase in number in vitro [34].
Recently, there were several investigations concerning the
plasticity of ICCs and loss and recovery of ICCs had been
reported [35, 36]. Proliferative ICCs that could incorporate
Brdu were observed after intestinal damage [37]. Another
recent study has successfully identified a very small group
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Figure 5: Representative immunofluorescent image of GFP and c-Kit double positive ICCs on whole mount preparation of small intestine.
GFP protein was stained by FITC-labeled goat antirabbit IgG, and c-Kit was demonstrated by Cy3-conjugated goat anti-rat IgG. Upper panel:
C57 mouse was used as negative control, in which there were no GFP signals in the intestine. Lower panel: GFP and c-Kit double positive
cells were shown in chimeric intestine. Double positive cells could be found on the whole mount preparation, indicating that ICCs could be
derived from BMDCs. Yellow arrow was indicated a double positive cell and white arrow directed to its two polar processes. Bar= 50 μm.

of c-Kitlow CD44+ CD34+ IGF-IR+ cells in murine stomach
as the putative progenitors of ICCs [15]. In the adult, the
transdiﬀerentiation of BMDCs has been well studied in
many transplantation models. It has been identified that
BMDCs are able to diﬀerentiate into adipocytes, osteocytes,
chondrocytes. In the gastrointestinal tract, BMDCs have
been reported to have the capacity to diﬀerentiate into
epithelial cells [17, 38]. In this study we used whole BMDCs
as transplantation graft and identified that they could
diﬀerentiate into ICCs. However, BMDCs used here were
cell mixtures without purifying specific bone marrow stem
cells (BMSCs). So we had not demonstrated that these ICCs
were derived from bone marrow stem cells. It was possible
that the GFP positive ICCs detected in the gut of recipients
could be derived from surviving trapped donor cells. Given
the current understanding of ICCs origin and characteristics
of mesenchymal stem cells (MSCs), we presumed that MSCs,
the most widely-investigated BMSCs, might be responsible
for the donor-derived ICCs after transplantation.
Previous studies had demonstrated that transplanted
BMDCs, such as MSCs, were preferentially recruited to the
injured tissues caused by ischemia, trauma, and disease and
could accelerate tissue regeneration. Herein, we confirmed
the existence of transplanted bone marrow-derived ICCs
in small intestine several months after irradiation and
transplantation. It also meant that BMDCs as a source of
ICCs under physiological condition could not be completely
excluded. Because there were still GFP positive ICCs several
months later after the radiation injury and transplantation.
There were some other questions needed to be resolved in
further study. One question was how BMDCs, especially
BMSCs, such as MSCs, could diﬀerentiate into ICCs. Because

only about 10% ICCs were donor-derived in the recipient’s
myenteric plexus, more eﬀorts to study the mechanisms for
BMDCs diﬀerentiation towards ICCs should be spent on
induction of BMDCs (especially MSCs) in vitro. Another
question was how to control the diﬀerentiation of BMDCs
towards ICCs properly. It had been reported that abnormal
ICCs might be the cause of gastrointestinal stromal tumors
(GISTs). Transformation of MSCs had also been reported
both in vivo and in vitro [39, 40]. Therefore, when MSCs
were used to repopulate ICCs damage, the safety was needed
to be taken into account.
Both transdiﬀerentiation and cell fusion have been used
to interpret the formation of donor-derived nonhematopoietic cell phenotypes. Intestinal epithelial cells derived from
donor’s BMDCs were reported to be generated through
cell fusion between BMDCs and intestinal stem cells [41].
We had also performed Y-FISH and GFP IHC staining to
determine whether donor- derived ICCs were the products of
cell fusion phenomenon, but in our models we did not find
occurrence of cell fusion between donor’s BMDCs and host’s
ICCs (unpublished data), suggesting that there was lack of
evidence of cell fusion in the formation process of donor
derived ICCs.
In conclusion, we showed that after irradiation and
transplantation donor’s BMDCs repopulated recipient
hematopoiesis, migrated into gastrointestinal tract, and had
the capacity to diﬀerentiate into ICCs in the myenteric plexus
in the present study. This suggests a new origin of ICCs
beyond gastrointestinal tract. All these results bring us a
novel insight into the plasticity of BMDCs and an alternative
cell resource for therapy of gastrointestinal dysmotility
caused by ICCs disorders. In the future the results need to be
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confirmed using purified bone marrow stem cells to directly
demonstrate the origin of donor cells residing in the gut.
The specific formation mechanisms of donor-derived ICCs,
whether cell fusion or transdiﬀerentiation, might be further
investigated in the future.
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Chen, and T. Ordög, “Progenitors of interstitial cells of Cajal
in the postnatal murine stomach,” Gastroenterology, vol. 134,
no. 4, pp. 1083–1093, 2008.
[16] C. Yeo and A. Mathur, “Autologous bone marrow-derived
stem cells for ischemic heart failure: REGENERATE-IHD
trial,” Regenerative Medicine, vol. 4, no. 1, pp. 119–127, 2009.
[17] L. Dengqun, W. Fengchao, Z. Zhongmin, et al., “Longterm repopulation eﬀects of donor BMDCs on intestinal
epithelium,” Digestive Diseases and Sciences. In press.
[18] M. Okabe, M. Ikawa, K. Kominami, T. Nakanishi, and Y.
Nishimune, “‘Green mice’ as a source of ubiquitous green
cells,” FEBS Letters, vol. 407, no. 3, pp. 313–319, 1997.
[19] M. Komori, S. Tsuji, M. Tsujii, et al., “Involvement of bone
marrow-derived cells in healing of experimental colitis in rats,”
Wound Repair and Regeneration, vol. 13, no. 1, pp. 109–118,
2005.
[20] A. R. Simard and S. Rivest, “Bone marrow stem cells have the
ability to populate the entire central nervous system into fully
diﬀerentiated parenchymal microglia,” FASEB Journal, vol. 18,
no. 9, pp. 998–1000, 2004.
[21] D. S. Krause, N. D. Theise, M. I. Collector, et al., “Multi-organ,
multi-lineage engraftment by a single bone marrow-derived
stem cell,” Cell, vol. 105, no. 3, pp. 369–377, 2001.
[22] M. Alvarez-Dolado, R. Pardal, J. M. Garcia-Verdugo, et al.,
“Fusion of bone-marrow-derived cells with Purkinje neurons,
cardiomyocytes and hepatocytes,” Nature, vol. 425, no. 6961,
pp. 968–973, 2003.
[23] R. Okamoto, T. Yajima, M. Yamazaki, et al., “Damaged
epithelia regenerated by bone marrow-derived cells in the
human gastrointestinal tract,” Nature Medicine, vol. 8, no. 9,
pp. 1011–1017, 2002.
[24] R. Okamoto, T. Matsumoto, and M. Watanabe, “Regeneration
of the intestinal epithelia: regulation of bone marrow-derived
epithelial cell diﬀerentiation towards secretory lineage cells,”
Human Cell, vol. 19, no. 2, pp. 71–75, 2006.
[25] M. Brittan, T. Hunt, R. Jeﬀery, et al., “Bone marrow derivation
of pericryptal myofibroblasts in the mouse and human small
intestine and colon,” Gut, vol. 50, no. 6, pp. 752–757, 2002.
[26] Y. Kitamura, T. Okazaki, Y. Nagatsuka, Y. Hirabayashi, S.
Kato, and K. Hayashi, “Immunohistochemical distribution
of phosphatidylglucoside using anti-phosphatidylglucoside
monoclonal antibody (DIM21),” Biochemical and Biophysical
Research Communications, vol. 362, no. 2, pp. 252–255, 2007.
[27] R. Okamoto and M. Watanabe, “Cellular and molecular
mechanisms of the epithelial repair in IBD,” Digestive Diseases
and Sciences, vol. 50, supplement 1, pp. S34–S38, 2005.
[28] T. Nishida, S. Tsuji, M. Tsujii, et al., “Cultured bone marrow
cell local implantation accelerates healing of ulcers in mice,”
Journal of Gastroenterology, vol. 43, no. 2, pp. 124–135, 2008.
[29] M. Komori, S. Tsuji, M. Tsujii, et al., “Eﬃciency of bone
marrow-derived cells in regeneration of the stomach after

Journal of Biomedicine and Biotechnology

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

induction of ethanol-induced ulcers in rats,” Journal of
Gastroenterology, vol. 40, no. 6, pp. 591–599, 2005.
H. Ozaki, T. Kawai, C. W. Shuttleworth, et al., “Isolation and
characterization of resident macrophages from the smooth
muscle layers of murine small intestine,” Neurogastroenterology and Motility, vol. 16, no. 1, pp. 39–51, 2004.
H. Maeda, A. Yamagata, S. Nishlkawa, et al., “Requirement
of c-kit for development of intestinal pacemaker system,”
Development, vol. 116, no. 2, pp. 369–375, 1992.
S. Ishii, S. Tsuji, M. Tsujii, et al., “Restoration of gut motility in
Kit-deficient mice by bone marrow transplantation,” Journal of
Gastroenterology, vol. 44, no. 8, pp. 834–841, 2009.
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Dielectrophoresis can discriminate distinct cellular identities in heterogeneous populations, and monitor cell state changes
associated with activation and clonal expansion, apoptosis, and necrosis, without the need for biochemical labels. Demonstrated
capabilities include the enrichment of haematopoetic stem cells from bone marrow and peripheral blood, and adult stem cells from
adipose tissue. Recent research suggests that this technique can predict the ultimate fate of neural stem cells after diﬀerentiation
before the appearance of specific cell-surface proteins. This review summarises the properties of cells that contribute to their
dielectrophoretic behaviour, and their relevance to stem cell research and translational applications.

1. Introduction
Dielectrophoresis (DEP) refers to the motion of electrically
polarisable particles induced by electric field gradients. It is
an established technique which has been previously used to
discriminate between distinct cellular identities in heterogeneous populations, notably haemotopoietic stem cells and
diﬀerentiated derivatives in blood and mesenchymal stem
cells in adipose tissue [1–3]. It has also been used to monitor
changes in cell states associated with activation and clonal
expansion, apoptosis, necrosis, and responses to chemical
and physical agents [4–6]. In a recent report, Flanagan et al.
[7] applied DEP to neural stem cell populations and concluded that the ultimate fate of cells after diﬀerentiation can
be predicted by distinct changes in their dielectrophoretic
properties before the presence of specific cell-surface proteins
(antigens) can be detected. This study provides a timely
reminder of as yet not fully exploited opportunities which
DEP provides to selectively isolate target subpopulations of
cells from other cells in suspension, without harm or the
need for biochemical labels or other bioengineered tags. In
this paper, we identify the properties of whole cells likely
to contribute to their dielectrophoretic profile and how this

information can be used to benefit stem cell research and
translational applications.
Stem cells are immature cells characterised by a varying
capacity for growth (“immortal” in the case of embryonic stem cells) and the ability to diﬀerentiate into one
or more diﬀerent derivatives with specialised function or
maintain their stem cell phenotype (i.e., self-renewal). These
capacities can vary depending on the in vivo origin of the
stem cell populations, the in vitro environment, and the
manipulation(s) to which they are subjected. The dynamic
nature of stem cells and their susceptibility to environmental
influences establish exacting requirements for technology to
monitor, characterise, and manipulate living cells. Ideally,
these methodologies should be sensitive (i.e., relatable to
individual cells which might be sampled to represent larger
populations); rapid and quantitative, providing real-time
information on cell identity and fate which could be used to
inform production processes; non- or minimally-invasive, so
as not to consume or alter the behaviour of the cells being
analysed; and scalable, for maximum analytical throughput.
Currently, the most common methods used to quantitatively characterise or positively/negatively select/purify
cell populations for research or translational applications
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include flow cytometry (fluorescence activated cell sorting,
FACS) or magnetic bead-coupled cell separation. These
methods are dependent on the existence of specific cellsurface antigens and the formulation/availability of highaﬃnity probes to these antigens. Irreversible attachment of
these probes to target cells also has the potential to influence
cell behaviour. In the absence of a specific or unique
marker or to avoid potentially confounding interactions of
probes with cells, and to facilitate achieving the objectives of
scalability and noninvasiveness mentioned above, alternative
methods are required to identify and manipulate target cells
in heterogeneous cell populations. This opens up potentially
important applications of DEP as a tool to address an unmet
need in stem cell research and therapy.

2. Dielectrophoresis (DEP)
DEP is the term used to describe the motion of particles
when they are exposed to an electric field gradient. Unlike
electrophoresis, the particle need not carry an electric charge,
and alternating, radio frequency, electric signals rather than
direct current voltages are usually employed to energise
the electrodes. The factors controlling the DEP behaviour
of a cell can be understood by considering first how the
imposed electric field polarises the cell, and then evaluating
what happens if the electrodes generate regions of high field
gradient, characterised by rapid changes of electric potential
as a function of distance.
2.1. Polarising Eﬀect of the Field. A cell exposed to an electric
field experiences mechanical (electrostrictive) forces arising
from induced electric charges that accumulate at the various
interfaces defined by the cell’s structure, as for example,
at the outer membrane of the cell and around structural
components inside the cell. The amount of induced charges
is small (typically much less than the charges occurring
naturally on a cell surface)—but they are nonuniform in
distribution and lend to the cell the properties of an electric
dipole moment. Thus, although a cell is not polar in
nature (i.e., it does not possess a permanent electric dipole
moment), the applied field has the eﬀect of polarising the
cell into the form of an electric dipole.
We can derive the magnitude of the cell’s induced dipole
moment by modelling the cell as a sphere of radius r
suspended in a fluid of absolute dielectric permittivity εm .
For an applied electric field E, the eﬀective induced dipole
moment meﬀ is given as
meﬀ = 4πεm r 3 pE,

(1)

where p is the eﬀective polarisability (per unit volume) of the
cell [8–10]. This result takes into account a depolarisation
factor of 1/3 to account for the fact that a spherical body
distorts an external applied field, and that the electric field
inside the sphere diﬀers from the external field. The polarisability term p (known as the Clausius-Mossotti function)
has values mathematically bounded by −0.5 ≤ p ≤ 1.0,
and is determined by the frequency-dependent conductive
and dielectric properties of the cell and its suspending fluid.

A positive value for p will result in a dipole moment that
aligns itself with the field. Negative values for p produce
dipole moments of opposite polarity, namely, those that align
themselves against the field. For DEP experiments on cells,
the conductivity of the suspending solution is usually chosen
to give a negative value for p at low frequencies, but a positive
value at higher frequencies.
2.2. Eﬀect of a Field Gradient. If the applied electric field is
uniform, the cell may well reorient so as to minimise the
energy of interaction between its induced dipole moment
and the applied field, but it will not undergo lateral displacement. A uniform field can be produced between two parallel
planar electrodes. If the electrodes are designed to produce
a nonuniform field (a metal pin facing a flat metal plate will
suﬃce), a polarised cell will find itself in a field gradient. In
this case, there will be a net electrostrictive force acting on the
cell, and it will move relative to its surroundings. Depending
on the polarity of the induced dipole moment, the cell will
either move towards regions of large spatial variation of the
electric potential (an eﬀect known as positive DEP) or away
from such regions (negative DEP). The largest field gradients
always occur at electrode edges, so that positive DEP results
in the collection (trapping) of cells at the electrodes, whilst
negative DEP results in cells being “pushed” away from the
electrodes. Fluid flow can be used to remove the cells that are
not trapped by positive DEP at the electrodes, and this is the
basis for the selective separation or enrichment of target cells
using DEP [1–3].
In an alternating current field, the time-averaged DEP
force FDEP acting on a cell is thus proportional to the product
of the induced dipole moment and the field gradient. This is
mathematically expressed as
FDEP = (meﬀ · ∇)E,

(2)

where the vector symbol ∇ (del) is used to define the field
gradient. From equations (1) and (2), we have the following
result:
FDEP = 4πεm r 3 p(E · ∇)E.

(3)

The r 3 term demonstrates that DEP is a ponderomotive
eﬀect—a term used to indicate that magnitude of the DEP
force is proportional to the cell volume. Equation (3) also
reveals an important experimental feature, namely, that the
DEP force is proportional to the product of the local field and
the local field gradient. The design of the microelectrodes is
therefore an important exercise. The field generated should
be large enough to polarise the cell with a significant induced
dipole moment, but not so large as to cause electrical or
thermal damage to the cell. The electrode geometry should
also produce a highly nonuniform field to give a DEP force
that overcomes the randomising eﬀects of Brownian motion
in the surrounding medium, and to cause the cell to move to
a desired location.
The DEP response exhibited by a typical mammalian cell,
as a function of the frequency of the applied electric field,
is shown in Figure 1. In early studies, it was observed that
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Figure 1: The DEP response exhibited by a viable cell under typical
experimental conditions is often of the form shown here. The
DEP force reverses polarity at two DEP cross-over frequencies, fxo1
and fxo2 , determined by the various cell parameters listed in this
figure. As indicated by (4), determination of fxo1 and cell diameter,
along with the conductivity of the suspending solution, provides a
measure of cell membrane capacitance. As yet, direct measurements
of fxo2 have not been reported.

at low frequencies (less than ∼1 kHz) the DEP behaviour is
influenced by cell surface charge, implying that the eﬀective
polarisability of the cell is dominated by the electrical
double layer that surrounds a charged cell [11, 12]. This
was validated by neuraminidase treatment of erythrocytes,
to reduce charge associated with membrane sialic acid
residues, without changing the conductivity and permittivity
of the membrane [12]. The integrity of the cytoplasmic
membrane was also found to influence the low-frequency
DEP response. Saponin treatment of erythroleukaemic cells,
which permeabilised the membrane without causing a major
loss of cytoplasmic protein, resulted in an increase of the
positive DEP response of the cells in the frequency range
from 10 Hz to 100 kHz [12]. This implied that the overall
conductivity of the cells had increased slightly as a result of
the saponin treatment.
A transition from negative to positive DEP occurs at a
well-defined frequency, fxo1 , commonly referred to as the
DEP “cross-over” frequency. For frequencies below fxo1 ,
the polarisability factor p in (3) is dominated by the
high resistance of the cell membrane, and has a negative
value. The cell is repelled, under the action of negative
DEP, from regions near electrode edges where the greatest
spatial changes of the electric potential are generated. For
frequencies above fxo1 , the factor p in (3) attains a positive
value and the cell is driven towards an electrode edge and
trapped there. Theoretical representations of the eﬀective cell
polarisability (equivalent to modelling the DEP responses)
across a full frequency spectrum are shown in Figures 2–4.
These theoretical analyses employ the double-shell model of
a cell, in which a shelled-sphere (the nucleus) is incorporated
into a single-shell consisting of the cytoplasm surrounded by
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Figure 2: Theoretical modelling of the polarisability factor p of (1)
and (3), as a function of frequency, for a viable cell suspended in
a solution of conductivity 40 mS/m. The modelling employs the
double-shell representation of a nucleated cell [13]. The plot is
normalized against the polarisability of a conducting sphere of the
same diameter. With increasing frequency, the membrane capacitance electrically shorts out the membrane resistance, allowing the
applied field to penetrate through the cytoplasmic membrane, and
the cell’s polarisability approaches that (p = 1) of a conducting
sphere. Changes in cell diameter, from 10 μm to 20 μm, alter the
polarisability for frequencies below ∼1 MHz.

the cytoplasmic membrane [13]. Shelled models to describe
the properties of cells carry uncertainties with respect to
variations of cell phase dielectric parameters [14], but are
useful in understanding the main DEP characteristics of
suspended cells. Theoretical studies have also indicated that,
with all cell phase dielectric properties remaining constant,
a change in shape from a sphere to an ellipsoid can result
in significant changes of a cell’s dielectric properties [15].
However, it is usually the case that when cultured cells are
suspended in solution they “round up” into spheres. The
shapes (and diameters) of cells are usually noted during DEP
experiments, and deviations from a spherical shape are not
normally observed in studies of suspended mammalian cells
(e.g., [16]).
As shown in Figure 2, the value of fxo1 is sensitive
to the size of the cell, with all other factors remaining
constant. We can understand this result by noting that the
cross-over frequency fxo1 is inversely proportional to the
characteristic time required for the outer cell membrane
to fully polarise with its induced accumulation of charges.
The bigger the cell, the longer it will take to charge the cell
membrane using the fixed ion charge density available in
the surrounding electrolyte. A longer period in the timedomain translates to a lower frequency in the frequencydomain. Thus, a large cell will exhibit a lower fxo1 value
than a smaller cell, as shown in Figure 2 (and predicted
by (4) below). A simple electrical representation of the
charging of the cell membrane is a series Rs Cm circuit, where
Rs represents the eﬀective resistance of the surrounding
electrolyte as a source of charging ions, and Cm is the
capacitance of the cell membrane. The cell membrane acts
as a capacitor because it is constructed like one—namely,
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Figure 3: The cytoplasmic membrane exhibits an electrical capacitance, whose value per unit membrane area is proportional to
such structural features as membrane folding, microvilli, and
blebs, for example. As indicated in this theoretical modelling, and
demonstrated experimentally [4–6], changes in membrane surface
features result in a shift of the DEP cross-over frequency fxo1 . The
example shown here, for typical membrane capacitance values,
demonstrates the change expected for a doubling of the eﬀective
surface “roughness” of the membrane.

a thin dielectric situated between two conductors (the outer
and inner electrolytes). The relationship between frequency
fxo1 , cell radius r, surrounding electrolyte conductivity σs and
membrane capacitance Cm is given by
√

fxo1 =

2
σs .
2πrCm

(4)

This equation assumes that the high resistance value of the
cell membrane has not been impaired due to damage or
the onset of cell death, for example, [4–6]. For a fixed cell
radius, the eﬀective membrane capacitance of a smooth cell
will be less than that for a cell having a complex cell surface
topography associated with the presence of microvilli, blebs,
membrane folds, or ruﬄes, for example. This will influence
the value observed for fxo1 , and this eﬀect is shown in
Figure 3. An important practical application of the influence
of cell size and membrane capacitance on the dielectric
polarisability of a cell has recently been demonstrated by
Holmes et al. [17], in the form of a microfluidic cytometer
that counts white leukocytes and assigns them into the
major subtypes on the basis of their electrical impedance
(a measure of the membrane capacitance and eﬀective
conductance of a cell).
As shown in Figure 2, the second “cross-over” frequency fxo2 at ∼100 MHz should not change with cell size.
However, factors such as the cytoplasm conductivity and
permittivity, nuclear envelope permittivity, and nucleuscytoplasm volume (N/C ratio) ratio are expected to control
the value of fxo2 [18]. A theoretical modelling of the eﬀect
of changes of the N/C ratio is shown in Figure 4. It can
be seen that the N/C ratio has a great influence on a cell’s
polarisability for frequencies above fxo1 , a result reflecting
the fact that the dielectric properties of the nucleoplasm
and nuclear envelop diﬀer significantly from those of the
cytoplasm and cytoplasmic membrane. The modelling for
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Figure 4: Theoretical modelling of the polarisability factor p of (1),
for two values of the nucleus-cytoplasm (N/C) ratio. A reduction of
the N/C ratio from 0.8 to 0.2 influences the DEP response across a
wide frequency range. The dielectric parameters derived by Asami
et al. [13] for mouse lymphocytes have been used for this model.

Figure 4 employed the dielectric parameters derived by
Asami et al. [13] for mouse lymphocytes. The conductivity
of the nucleoplasm (1.35 S/m) is modelled to be larger than
that of the cytoplasm (0.32 S/m) because in general the
nucleoplasm has a greater hydrated free ion content than
the cytoplasm. The nuclear envelope is given a large specific
conductance value (1.5 × 105 S/m2 ) to reflect the presence
of nuclear pores [13], whereas the cytoplasmic membrane
exhibits a much smaller conductance of ∼100 S/m2 [18].
For frequencies above ∼10 MHz, the polarisability factor p
in (3) is dominated by the permittivity of the various cell
components, whilst below this frequency the conductivity
terms are dominant [18]. The transition from a positive
to negative value of p at fxo2 implies that the relative
permittivity of the whole cell becomes less than that (∼70)
of the aqueous suspending medium. For the results shown
in Figure 4, the relative permittivity of the nucleoplasm was
assigned the value of 52 [13]. Although caution should
be exercised in placing too much confidence in theoretical
models of a cell, we can understand why the eﬀective relative
permittivity of a cell might become less than that exhibited
by bulk water by considering the likely dielectric properties
of the nucleus. The DNA will exhibit a dielectric dispersion,
arising from counter-ion fluctuations over small regions of
the molecule [19], and the protein will exhibit restricted
relaxations of polar groups [20]. The fall in permittivity
associated with these dielectric dispersions, from a value
above to one below that of water, occurs at a frequency below
∼200 MHz [19, 20]. This, together with the influence of
“bound” water, will result in an overall relative permittivity
for the nucleus material being below that of bulk water at
frequencies above ∼100 MHz [16].
We are not aware of reported values for fxo2 , a situation
that reflects the fact that commercially available signal
generators suitable for DEP measurements are not available
for frequencies above around 30 MHz. Our present eﬀorts
are directed towards addressing this situation by constructing
purpose built equipment. As discussed above, the eﬀective
conductivity and permittivity of the whole cell will be
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(i) monitor changes in cell viability,
(ii) isolate viable, culturable, cells with minimal or no
biological damage,
(iii) monitor changes in the surface morphology or
internal structure of cells,
(iv) separate cells to high specificity for their identification and enumeration,
(v) separate cells without the need for biochemical
labelling or modification,
(vi) separate rare target cells from heterogeneous samples,
avoiding cell loss with a process that uses one
procedure (namely DEP),
(vii) process samples at high cell-sorting rates (comparable to or faster than FACS).
All of these attributes can be used to further the basic and
applied research of stem cells.

3. DEP Studies of Stem Cells
The number of reported DEP experiments on stem cells
is small. The first studies [1, 2] demonstrated that DEP
could be used to enrich haematopoetic stem cells (defined
as those expressing the CD34 antigen) from a mixed cell
population in bone marrow and peripheral blood, without
the requirement for any cell manipulation such as antibody
binding. The diﬀerent cell fractions exhibited a spread of
DEP characteristics, suggesting some form of heterogeneity
within the CD34+ cell population. The separated cells were
viable and data from colony forming assays correlated well
with the percentage of CD34+ cells in each collected cell
fraction. In more recent work, DEP has been used to obtain
populations enriched from putative stem cells, as defined by
expression of the stromal marker NG2 from enzyme-digested
adipose tissue [3].
Of particular interest is the recent work of Flanagan et al.
[7]. The objective of this study was to determine whether
stem cells and their more diﬀerentiated progeny can be
identified by means other than flow cytometry. DEP was
investigated as a potentially nonbiased approach to probe the
characteristics of an entire cell without relying on the expression of a certain set of markers on the cell surface. Mouse
neural stem/precursor cells (NSPCs) and their diﬀerentiated
derivatives (neurons and glia) were found to have distinct
DEP signatures. Moreover, the DEP signatures were found

100
80
Cells trapped (%)

a function of the N/C ratio. The ability to characterise
and separate cells on the basis of the fxo2 DEP cross-over
frequency could therefore be particularly important for stem
cell research, because the nucleus-to-cytoplasm (N/C) ratio
generally decreases with cell diﬀerentiation and maturity
[21]. For example, limbal epithelial stem cells exhibit an N/C
ratio of 0.82, whilst for peripheral corneal epithelial cells the
N/C ratio reduces to 0.17 [22].
DEP thus oﬀers many distinct advantages as a tool
for biomedical applications. In summary, these include the
ability to:
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Figure 5: DEP cell trapping eﬃciency curves for embryonic mouse
neural stem/precursor cells (NSPC), neurons and astrocytes, based
on the results reported by Flanagan et al. [7]. Extrapolating this
(positive) DEP data to zero cell trapping indicates that these three
diﬀerent cell types exhibit diﬀerent fxo1 cross-over frequencies. Such
diﬀerences should enable the selective isolation of these diﬀerent cell
types from each other using DEP (e.g., [1–3]).

to distinguish NSPCs from diﬀerent developmental ages in
a fashion that predicted their respective fate biases. This
suggests that the developmental progression of progenitor
cell populations can be revealed by the cells’ dielectric
properties. These results also highlight the fact that stem cell
diﬀerentiation is a gradual process and that cells may begin
to develop some characteristics of their more diﬀerentiated
progeny before known cell surface markers can be detected
and well before the cells become fully diﬀerentiated. Flanagan
et al. [7] also concluded that DEP can be used to quantify
the heterogeneity of a population of cells, providing another
measure for characterising stem cell cultures.
In the Flanagan et al. study, DEP signatures for the
neural stem cells were obtained by monitoring the rate at
which they collected at the electrodes [7]. Figure 5 highlights
the important aspects of these results, to show that the
three cell types investigated exhibited markedly diﬀerent
DEP signatures. This can also be deduced by extrapolating
for values of the DEP cross-over frequency fxo1 for the cell
types. In their DEP experiments Flanagan et al. [7] did not
change the conductivity of the cell suspending electrolyte,
and cell viability was checked at all times. From (4) we
can deduce that the two cell properties responsible for the
diﬀerent characteristics shown in Figure 5 are cell size and
membrane capacitance (possibly reflecting diﬀerences in
cell surface topography [4, 6]). However, cell size was not
determined (or at least reported) by Flanagan et al. [7],
and so we are unable to relate the observed DEP diﬀerences
to intrinsic properties related to surface properties of the
cell membrane. Commitment of stem cells to diﬀerent
lineages is regulated by many cues, including cell shape. For
example, it has been demonstrated that human mesenchymal
stem cells (hMSCs) allowed to adhere, flatten, and spread
out underwent osteogenesis, while unspread, round cells
underwent adipogenesis [23]. The shape of hMSCs is also
involved in the decision between chondrogenic or smooth
muscle cell fates in response to TGFβ3 signalling [24]. It

6
will be important to the DEP characterisation of stem cells
to discover to what extent diﬀerent cell shapes during cell
culture translate to diﬀerent cell surface complexities (e.g.,
extent of membrane folding or ruﬄes), and hence diﬀerent
measurable DEP properties after they have rounded up when
suspended in DEP measurement media.
Determinations of the DEP cross-over frequencies fxo1
and fxo2 are also important for practical purposes—such as
selective cell enrichment. At these cross-over frequencies, the
eﬀective dielectric properties of the cell exactly balance those
of the suspending medium, so that the DEP force is zero.
If we know, and can control the dielectric properties of the
suspending medium, we can deduce and also control the
DEP behaviour of the suspended cells. This has important
implications for applying DEP to characterize and selectively
isolate target cells from other cells [18, 25, 26]. Flanagan
et al. [7] have reported data relevant to a determination of
fxo1 . Advancing to higher frequencies of DEP measurement
to determine fxo2 would be another significant step, because
now the nature of the cell interior could be explored. This
will provide valuable information on such details as the ratio
of nucleus:cytoplasm volumes, the presence and number
of organelles such as the endoplasmic reticulum and even
provide a measure of the overall “internal complexity” of the
cell. One might expect these parameters to be lower in stem
cells than in their diﬀerentiated progeny. These achievable
steps will establish the dielectric properties of cells as an
important factor to be included in stem cell research.

4. Opportunity to Apply DEP to
Pluripotent Stem Cells
An as yet unexplored opportunity is the application of
DEP to pluripotent stem cells (pSCs). Whether derived
from embryos of varying stages of development [27, 28],
or induced by expression of nuclear factors in somatic cells
[29], pluripotent stem cell isolation and renewal are significantly challenged by the absence of noninvasive methods to
discriminate and specifically promote the growth of this cell
type either from limiting quantities of tissue (e.g., embryos)
or amidst competing unreprogrammed somatic cells during
induction protocols, respectively. This aﬀects the eﬃciency
of their isolation and interferes with the ability to achieve
clonal cell lines. The propensity of pSCs to spontaneously
diﬀerentiate and their unpredictability to commit to specific
lineages underlines the need for sensitive and noninvasive
methods to monitor and separate cell populations. This is
especially the case when coculturing these cells with other
cell types (e.g., feeders) supportive of self-renewal and/or
diﬀerentiation. Alternatively, in a therapeutic context, DEP
may provide us with a simple and noninvasive way to
positively or negatively select for target or contaminating cell
types prior to transplantation.

5. Conclusion
While as a technology DEP has been available for over
three decades, its unique predictive power to define cellular properties on the basis of the motion of electrically
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polarisable particles is just beginning to be explored in the
context of stem cell biology and medicine. The properties
exploited by DEP are intimately associated with the cell’s
dimensions and physico-chemical properties, and the extent
to which otherwise invisible diﬀerences between cells can
be distinguished by DEP has yet to be fully understood.
However, the rewards for doing so are great, providing
the opportunity to distinguish between subpopulations of
cellular phenotypes which is much needed to fully realise the
promise of stem cells in regenerative medicine.
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