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INTRODUCTION

The nature of the microenvironment and 
its interaction with stem cells is one of the 
fundamental questions in biology and medicine 
[1]. Grand aspirations exist in the field of cell 
technologies and tissue bioengineering for cor-
rection of diseases in cardiology, pulmonology, 
traumatology and orthopedics, and other bio-
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ABSTRACT

One�of�the�promising�areas�is�the�design�and�modification�of�materials�for�control�of�the�fate�of�multipotent�

mesenchymal�stromal�cells�(MMSCs)�that�will�allow�stroma�of�various�human�and�animal�organs�and�tissues�to�

be�constructed.�However,�the�discussion�of�the�existence�and�functioning�of�microenvironment�for�the�MMSCs�

is�just�beginning�to�develop.�The�design�of�artificial�materials�that�are�able�biomimetically�to�reproduce�the�

cellular�and� tissue�microenvironment�are�based�on� ideas�and�main�elements�borrowed� from�wildlife� is� the�

current� direction� of� the� development� of�medical�materials� technology� and� tissue� bioengineering.� Scaffold�

technology�is�a�promising�experimental�approach�to�simulate�the�properties�of�natural�microenvironment�of�

stem�cells.�Our�aim�is�a�short�review�of�key�elements�of�MMSC�microterritories,�its�advanced�investigations�

and�the�attempts�of�modeling�in�application�to�tissue�bioengineering�and�regenerative�medicine.
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medical segments. There are analyses of glob-
al market trends for stem cell applications, 
with data from 2016 and 2017, and projections 
of compound annual growth rates (CAGRs) 
through 2022 according to the reports of BCC 
Research LLC (USA, www.bccresearch.com) 
[2] and other marketing companies. Neverthe-
less, cell usage in a regime of cell therapy did 
not lead to proposed results, and a develop-
ment of foreign market of regenerative medi-
cine was previously delayed [3]. 
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The first singular steps in tissue-engineer 
reconstruction were done with blood vessels, 
heart valves, esophagus, trachea, and bladder. 
In turn, reconstructive surgical interventions 
because of the lack of biocompatibility and 
longevity of endoprosthesis, are accompanied 
by the severe complications (thrombosis, in-
farct, stroke, etc.), that lead to disability and 
even death [4]. As a consequence, one of the 
anticipated trends is tool convergence of phar-
macology, cell technologies, medical material 
science, and bioengineering to design in vitro 
models that push closer to the physiological 
conditions [5].

Due to a classification of  [6] biomaterials 
evolution for tissue engineering is presented as 
follows:  1) First generation of implants on the 
basis of bio-inertness principle (a minimal in-
teraction with an organism) began to develop 
in the 50s of the XX century;  2) Second 
generation on the basis of bioactivity (resorb-
able materials with the controlled interaction 
with physiological microenvironment) firstly 
appeared and have been developed in the 80s 
of the XX century; 3) Third generation began 
to develop in the XXI century for structur-
al-functional tissues regeneration on the basis 
of stimulation of the specific cell response at 
the molecular level. In the given segment the 
implants with the functionalized surface and 
biomimetic structure/surface imitating natural 
extracellular matrix imitation (ECM) occur 
[7].  Currently, calcium phosphate (CP) mate-
rials and coatings imitating the mineral part of 
the bone are supposed to be more real proto-
types of the ECM for MSCs [8].

Current trends lead to the following ques-
tion [9]: What does the concept of the stem cell  
and MSC microenvironments truly mean to-
day? It is very important, because MSCs form 
the stroma of any organ and tissue, and affect 
the activity of other stem cell types. Here, we 
summarized our short analysis concerning re-
cent concepts and controversies related to the 
MSC microenvironment in mammals and its 
studies and prospects for tissue bioengineering 
and regenerative medicine.

MESENCHYMAL�STEM�CELLS��
AND�THEIR�MICROENVIRONMENT

A subset of colony-forming units of fibro-
blast-like cells (CFU-Fs), stromal stem cells 
[10] or MSCs [11] were first identified in the 
bone marrow, where they are present at ap-
proximately ten-fold higher concentrations 
than in the circulation, and can be obtained 
from all tissues with varying frequencies [12, 
13]. These cells have been recently named 
skeletal stem cells [14].

The International Society for Cellular Ther-
apy (ISCT) issued a nomenclature clarification 
that restricted the use of the term MSCs to 
cells that meet the stem cell criteria and rec-
ommended the term “multipotent mesenchy-
mal stromal cells” (MMSCs) for fibroblast-like 
plastic adherent cells regardless of the tissue of 
origin [15]. The minimal criteria for defining 
MMSCs that are required by the ISCT are as 
follows: 1) adherence to a plastic surface; 2) 
the expression of the CD73, CD90, and CD105 
antigens; 3) the lack of expression of CD45, 
CD34, CD14 or CD11b, and CD79a or CD19; 4) 
HLA-DR surface molecules; and 5) the ability 
to differentiate in vitro into the osteogenic, 
chondrogenic, and adipogenic lineages [16]. 

There is heterogeneity within the MSC pop-
ulation [15, 17, 18]. MSCs are widely distrib-
uted in vivo. There are central (bone marrow) 
and regional tissue-resident (amnion, placenta, 
adipose tissue, periosteum, synovial membrane, 
skeletal muscle, dermis, pericytes, blood, tra-
becular bone, umbilical cord, and lung) pools 
of MSCs [15, 19, 20] that respond to injury 
via cell homing and paracrine regulation. The 
MSC pool is a rare population (approximately 
0.001%–0.01%) of the adult human bone mar-
row [21]. 

The primary role of MSCs as a hematopoi-
etic inductive microenvironment (HIM) com-
ponent is to support hematopoietic stem cell 
(HSC) survival, the maintenance of quiescence 
and differentiation, and the reparation of tis-
sue injury [22] by providing growth factors, 
cell-cell interactions, and matrix proteins. This 
cell type has potential utility in regenerative 



219

���������������

medicine. Mesenchymal cells have putative 
roles in maintaining tissue homeostasis and are 
increasingly recognized as components of the 
stem cell niche. Overall historical background 
and current understanding of MSCs and the 
HIM have been presented in detail [15]. A 
long list of biologically important paracrine 
and autocrine molecules produced by MSCs is 
permanently renewed [13, 23]. 

In addition, these cells seem to reside in 
their own bone marrow microterritories, 
where stromal stem cells are able to self-renew 
and generate mature conjunctive/stromal cell 
types [23]. A thorough discussion of the exis-
tence and function of an microterritory (niche) 
for MSC vital functions has started recently in 
the scientific literature. What are the micro-
environment and the microterritory for MSCs? 
Do HSCs and MSCs share the same niche and 
exchange signals to drive proliferation and dif-
ferentiation [23]? At present, these are unan-
swered questions.  

There are difficulties with localizing the 
MSC anatomical sites (microterritoris) in the 
bone marrow cavity [13]. In this connection, 
MSCs were found lining blood vessels in the 
human bone marrow and dental pulp with the 
use of the markers Stro-1 and CD146 [24]. 
These cells also expressed α-smooth muscle 
actin (α-SMA), and some cells even expressed 
3G5, a pericyte-associated cell-surface mark-
er, as noted previously [25]. Doherty et al. 
(1999) hypothesized that pericytes are in fact 
MSCs because they can differentiate into os-
teoblasts, chondrocytes, and adipocytes [26]. 
Correspondingly, certain studies proposed a 
perivascular nature of the MSC niche on the 
basis of the expression of α-SMA in MSCs iso-
lated from all tissue types tested [12]. 

The proliferative capacity of human MMSCs 
has been demonstrated to be better main-
tained in vitro under hypoxic versus normoxic 
conditions (2% and 20% oxygen, respectively) 
[27]. Kolf et al. (2007) suggested the hypox-
ia-induced enhancement of the proliferative 
capacity (“stemness”) and plasticity of MMSCs 
[25]. In that case, the MMSC microterritories 

are thought to be located elsewhere, near the 
endosteum, with a hypoxic milieu. Indeed, our 
recent experiment revealed the in vitro osteo-
genic differentiation and maturation of human 
lung prenatal stromal cells (regional pool of 
MSCs) after brief contact with a rough CP 
scaffold simulating bone inorganic matrix [28]. 

Herein, the existence of a structural-func-
tional hierarchy of MMSC niches may be spec-
ulated by analogy with HSC niches. 

EXTRACELLULAR�MATRIX

Key structural-functional components of the 
cell microenvironment include soluble factors, 
cell-cell contacts, and cell-matrix adhesions.

The well-known microenvironment structure 
of the bone marrow can be subdivided into mo-
bile components (T lymphocytes, hormones, 
neurotransmitters, etc.) and resident stromal 
elements, which are fixed in certain regions to 
form their ‘meshwork’. The morphological com-
ponents of the microenvironment were defined 
previously [29], as follows: 1) blood vessels; 2) a 
tissue component consisting of resident and mi-
grating cells that penetrate the ECM with fibers 
and soluble molecules; and 3) nerve terminals. 
Microenvironment components control stem 
cell fate via direct (cell-cell and cell-matrix) 
and indirect (soluble molecules) mechanisms. 
ECM tightly regulates growth factor distribu-
tion in space and time by binding and limiting 
their diffusion, modulating the effects of matrix 
and intercellular contacts [30]. ECM compo-
nents include, in general, the following factors: 

1) Fibrillar proteins that contain collagen, 
reticulin fibers, fibronectin, laminin, tenascin, 
hemonectin, and some other components of the 
filamentous network. Collagen is considered to 
play a key role among the proteins in the ECM 
by providing mechanical stability [31]. Fibrous 
ECM (e.g., fibronectin and laminin) binds cell 
transmembrane integrins through arginine-gly-
cine-aspartic acid (RGD) sequences. This event 
promotes the interaction of integrins with the 
cytoskeleton at focal adhesion complexes (pro-
tein aggregates that include vinculin, �-actinin, 
and talin). In turn, this interaction can initiate 
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the production of intracellular messengers or 
directly mediate nuclear signals. Collective-
ly, changes in cytoskeletal tension and cyto-
sol components lead to shape transformation, 
locomotion, cell growth, and differentiation 
[7, 32]. The adhesive, anchorage, binding and 
epigenetic nuances of ECM glycoproteins and 
their integrin receptors have been presented in 
detail previously [7, 19, 33, 34]. 

2) Glycosaminoglycans (GAGs), primarily 
hyaluronic acid (HA), are a key component of 
the ECM. HA (40% of all GAGs in the bone 
marrow) [31] is a prominent ECM polymer in 
supporting human embryonic stem cell (ESC) 
growth in undifferentiated masses (i.e., em-
bryoid bodies) [35]. HA plays a role as a mod-
ulator of the supportive function of the bone 
marrow niche via its receptor, CD44 (a mul-
tifunctional transmembrane protein), which is 
expressed by a wide variety of cells, including 
MSCs [13] and HSCs [36]. Chung et al. (2008) 
demonstrated the ability of HA hydrogels to 
promote the chondrogenic differentiation of 
encapsulated human MSCs [37].

3) Multiple soluble factors (e.g., cytokines, 
growth factors, and ions) in the ECM induce 
intracellular signal pathways by means of their 
membrane receptors or ion channels. 

At the same time, no specific matrix compo-
nents have been identified to date that help to 
maintain MSCs in their naпve state [25]. How-
ever, MSCs constitute a specific niche com-
posed of ECM proteins with unique features. 
For instance, Djouad et al. (2007) hypothesized 
that the induction of MSC differentiation to-
wards chondrocytes in the articular cartilage 
might be induced and/or influenced by mole-
cules from the microenvironment. Therefore, a 
crosstalk between ECM components of the mi-
croenvironment and MSCs within the cartilage 
is responsible for the chondrogenic differenti-
ation of MSCs [38]. ECM left by osteoblasts 
on titanium scaffolds after its decellularization 
increased osteogenesis markers, such as ALP 
and calcium deposition, in MSCs seeded [39]. 
ECM deposited by microvascular endothelial 
cells enhances MSC endotheliogenesis [25].

Bone-like ECM structure alone can regulate 
MSC differentiation into osteoblasts (see be-
low). On this basis, ECM properties underlie 
MSC microterritories development, hierarchy 
and function, with potential applications for 
tissue engineering and regenerative medicine. 
More quantitative and molecular information 
about the ECM–MSC interaction is currently 
needed. 

BONE�AS�A�SPECIALIZED�EXTRACELLULAR�
MATRIX�FOR�MSCS

Current estimates of the bone significance 
for MSCs are incomplete. There is evidence 
that bone ECM alone can regulate MSC differ-
entiation, with potential applications for tissue 
engineering. The mineralization of synthetic 
scaffolds is known to be an effective technique 
for promoting cell adhesion, stimulating the 
osteogenic differentiation of MSCs and im-
proving the osteointegration of implant mate-
rials [40]. 

An increasing ionic calcium concentration 
immediately arises around the region where 
osteoblasts and osteoclasts actively remod-
el bone. Bone cells, particularly osteoblasts, 
chondrocytes and osteoclasts, exhibit func-
tional responses to ionic calcium (Ca2+). Scad-
den (2007) hypothesized that stem cells may 
be able to recognize extracellular calcium 
content [41]. The CaR was recently found to 
facilitate the retention of HSCs on the end-
osteal bone surface. CaR [42] is a member of 
family of protein-coupled membrane receptors 
and does not serve as a channel for calcium 
transport but recognizes extracellular calcium. 
CaR responds to multiple extracellular cations 
(gadolinium and aluminum), with calcium as 
its major ligand [43]. 

Liu et al. (2009) established in vitro the sig-
nificant effects of both extracellular Ca2+ and 
inorganic phosphate (Pi) levels on the growth 
and osteogenic differentiation of rabbit bone 
marrow-derived MSCs. Their results showed 
that the optimal extracellular Ca2+ and Pi con-
centrations for cell proliferation and differen-
tiation were 1.8 mM and 0.09 mM, respective-
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ly, which are the concentrations supplied in 
many commonly used culture media, such as 
DMEM and alpha-MEM. Greater Ca2+ concen-
trations did not change cell proliferation but 
significantly inhibited cell differentiation and 
enhanced cell mineralization. In turn, MSC 
proliferation and differentiation decreased sig-
nificantly with higher or lower concentrations 
of the Pi supplement. Higher Pi concentrations 
also led to significant cell apoptosis [44]. 

In that way, the bone tissue undergoes 
throughout the life span a process of remodel-
ing via a tight coupling between bone forma-
tion by osteoblasts (derived from MSCs) and 
bone resorption by osteoclasts (which are he-
matopoietic in origin) [45]. This process pro-
vides Ca2+ for the CaR on stem cells near the 
endosteal bone surface, as proposed by [41], 
and Pi, which has its own bioactivity. 

In fact, not only ionic calcium but also 
phosphate, as products of the metabolism of 
the mineral bone matrix, could affect stem cells 
chemically. Ions with a positive or negative 
charge influence the value of the cellular ze-
ta-potential that is connected to the cell (trans)
membrane voltage. In turn, membrane hyper-
polarization promotes the osteogenic (alkaline 
phosphatase gene expression and intracellular 
calcium levels) differentiation of human MSCs, 
unlike the depolarized state [46, 47].

Further, the bone topography changes per-
manently. There is a fatal disruption of preex-
isting osteoblastic niches at bone remodeling 
sites. Each site of trabecular or cortical bone 
is exposed to physiological remodeling every 
3-10 years, on average [48]. Thus, MSC micro-
environment cannot be stable structures, and 
their microterritories could appear de novo. 
Bone is a native substrate for marrow MSCs, 
and the surface topography of the mineralized 
bone surface critically affects cell fate [49]. 

Thus, we hypothesized distinct physi-
cal-chemical  effects of smooth or rough bone 
(predominantly, its mineral matrix) surfaces 
on the quiescent or active status of the stem 
cells, respectively  [50]. Blood mononuclear 
leukocytes (T cells, B cells, and monocytes) 

modulate bone turnover during health, stress 
and disease (for instance, osteogenesis imper-
fecta) [51, 52].

MSC�MICROENVIRONMENT�MODELING

Biomaterials are rapidly being developed to 
display and deliver stem cell-regulatory signals 
in a precise and near-physiological manner and 
to serve as powerful artificial microenviron-
ments in which to study and instruct stem cell 
fate both in culture and in vivo. A synergism 
of cell biological and biomaterials technologies 
promises to have a profound impact on stem 
cell biology and provide insights that will ad-
vance stem cell-based clinical approaches to 
tissue bioengineering and regeneration [53]. 
The ability to better engineer an artificial 
ECM that can control cell behavior, through 
physical and molecular interactions, may fur-
ther extend our capabilities in engineering tis-
sue substitutes from adults or ESCs [7, 54].

The ECM from different tissues (bone, mar-
row, brain, cardiac muscle, etc.) is physical-
ly and chemically diverse. Herein, Wolff’s law 
of bone growth and remodeling articulated in 
1892 that changes in force applied to the bone 
result in changes in its structure, mass, and 
strength. This law can be applied to the inter-
connection between ECM structure and stem 
cell structure, function and commitment. To-
day, a set of key physicochemical parameters 
of artificial ECM that affect cells have already 
been identified, namely, architecture and me-
chanical properties [55], mechanical integrity, 
the rate of scaffold degradation, fluid trans-
port [56], cell-recognizable surface chemical 
properties, the ability to induce signal trans-
duction [57], surface free energy and wetta-
bility [58], surface electrical charge [59, 60], 
chemical composition [61], surface geometry, 
topography, and stiffness [62]. 

A wide variation in matrix stiffness is known 
to influence the focal adhesion structure and 
the cytoskeleton [63, 64]. Mechanotransduc-
tion is one recent direction for the study of 
stromal mechanocytes (fibroblasts and retic-
ular cells) [65] and lineage progenitors [66]. 
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Solid and soft tissues exhibit a range of stiff-
ness values, as measured by the  elastic modu-
lus (E). Stem cells may possess more than the 
typical ensemble of force-coupled signaling 
pathways as a means of sensitizing themselves 
to three-dimensional (3D) microenvironments 
that range – physically – from flowing fluids 
and strained tissues to solid tissues of varied 
elasticity. 

The neurogenic markers of MSCs have been 
determined to be highest on polyacrylamide 
gels with E = 0.1–1 kPa. When MSCs are 
grown on firm gels that mimic the elasticity of 
muscle (E = 8-17 kPa) and that are coated with 
collagen-I, myogenic markers are upregulat-
ed. When naпve MSCs are grown on rigid gels  
(E = 34 kPa) that mimic precalcified bone, the 
cells demonstrate an osteogenic origin [66]. 
The authors showed that soluble inductive fac-
tors tend to be less selective than matrix stiff-
ness in driving specification and cannot repro-
gram MSCs that are precommitted for weeks 
on a given matrix.

Thus, carefully made biomimetic materi-
als with well-defined quantitative parameters 
can prime the control of specific progenitors 
mediated by ECM epigenetic signals. Size con-
trol is important for minimizing gradients of 
oxygen and other physical or chemical fac-
tors that regulate stem cell fate [67]. For ex-
ample, to control in vitro the area of human 
MSC growth with the help of micropatterned 
substrates, one group [68] printed two-dimen-
sional (2D) fibronectin “islands” and cultured a 
single MSC on each island for 1 week. In prolif-
eration-arrested MSCs, the authors found that 
adipogenesis was induced on small fibronec-
tin islands (1024 μm2), and osteogenesis was 
induced on large islands (10,000 μm2, which 
maximize contractile anchorage). Cell shape 
alone was concluded to drive the commitment 
of human MSCs to the adipocyte or osteoblast 
fate by means of cytoskeletal tension. 

Bone tissue growth in 3D porous CP ceram-
ics has been observed in vivo at a pore diame-
ter of 100-800 μm [69, 70], which corresponds 
to approximate section areas of 8000-500000 

μm2. Adhesive circular microdomains (100–
400 μm diameter) on glass cover slips may be 
manufactured by a maskless photolithography 
system. Using this system, 200 μm circular do-
mains were found to have the optimal diameter 
for the cardiac differentiation of murine stem 
cells in uniform-sized ESC aggregates [71]. 

Peerani et al. (2007) developed methods 
to culture human ESCs in defined microen-
vironments by micropatterning colonies on 
an extracellular matrix substrate (Matrigel™) 
printed with distinct features. Poly(dimethyl-
siloxane) stamps with a diameter (D) of cir-
cular features from 200 to 800 μm and a dis-
tance between circular features from 500 to 
1000 μm were fabricated using standard soft 
lithography techniques. ESCs were seeded as 
single cells onto the patterned substrates and 
cultured without any exogenous growth fac-
tors. Decreased pluripotency (enhanced differ-
entiation) of human ESCs was observed at D 
= 200 μm. Colony size has been speculated 
to change the ratio of perimeter to internal 
cells as well as the levels and distribution of 
mechanical stress within a colony to influence 
gene expression and paracrine signaling feed-
back [72]. The authors concluded that the re-
sults presented in this work demonstrated a 
role of niche size in human ESC self-renewal 
control.

De Barros et al. (2010) developed in vitro a 
complex multicellular 3D spheroid model with 
human bone MSCs, which were undifferenti-
ated (noninduced) or induced to differentiate 
into osteoblasts for 1 week. After 4 days, the 
MSCs formed spheroid structures of an ap-
proximately 400 μm diameter (420 ± 23.7 μm; 
size correlated with 6 to 50 thousand plated 
cells) with a complex 3D network similar to 
that of reticular cells in the marrow cavity. 
Mixed spheroids had osteoinduced MSCs at 
the center and noninduced MSCs around the 
spheroid-simulated microenvironment near 
subendosteal region in the bone marrow. By 
surrounding osteoinduced spheroids with 
MSCs, the authors sought to mimic the trabec-
ular bone that is also surrounded by reticular 
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cells of bone marrow. Hematopoietic CD34+ 

progenitors with restrained proliferation and 
migration were located in close proximity to 
osteoinduced MSCs [73].

Since 1964, Curtis and Varde have provid-
ed important details about the effect of sur-
face topography on cell behavior [74]. A wide 
range of cells (fibroblasts, osteoblasts, osteo-
clasts, nerve cells, MSCs, ESCs, etc.) respond to 
the surface micro- [74, 75] and nanotopogra-
phy; the main influencing factor in vitro is the 
nanotopography rather than the microtopog-
raphy [61, 76]. However, biomechanical forces 
led to another result in an in vivo subcutane-
ous test in mice. Only macroscale grooves of 
a 1 mm width and depth on a sub-microrough 
(average Ra < 500 nm) CP surface promoted 
donor bone marrow survival and bone/marrow 
system remodeling. No smooth nanorough CP 
scaffolds affected ectopic MSC growth [50]. 
Therefore, the pronounced 3D structure (tex-
ture) of the ECM has its own in vivo potential 
to direct stem cell fate [77].

Thus, material architecture can be used to 
model the ECM for MSCs.  The key elements 
of a microenvironment are known, but the 
“cocktail” of biophysical mechanisms is not 
understood. The achieved results are not un-
equivocal, and different conditions for fabri-
cating scaffoldings were recognized as possible 
factors for varying outcomes [78]. Neverthe-
less, designing artificial matrices that can mim-
ic the quantitative parameters of the tissue mi-
croenvironment and regulate the appropriate 
differentiation of stem cells is a promising ap-
proach to therapeutic applications [25]. 

CONCLUSION

The ability to sustain stem cells and tissues 
inside and outside the body requires substantial 
improvement to advance clinical applications. 
Once isolated from tissues, stem cells rapidly 
lose their status, function and viability. The 
failure of stem cell function happens because 
the support network of the microenvironment 
(cell-cell contacts, contacts with matrices and 
captured insoluble adhesion proteins and sup-

port cells) no longer exists. It is better to sup-
port cells inside privileged microenvironments, 
where they do not lose their special charac-
teristics and where their specialization can be 
programmed, maintained, and regulated in vi-
tro and in vivo for a long time. 

The key concept is that a biomaterial sur-
face and volume can contain specific chemical 
and structural information that controls tissue 
formation, in a manner analogous to cell-cell 
communication and patterning during embry-
ological development [7]. The successful ap-
plication of stem cells in the bioengineering of 
new tissues and the recovery of damaged tis-
sues is dependent on the use of an appropriate 
scaffold to maintain native 3D cell distribution 
and on the use of specific molecules to drive 
tissue-specific ECM development [79]. 

Individualized artificial microenvironment 
may help to overcome the problems of cell-
based tissue bioengineering and regenerative 
medicine. A prolific strategy has been to use 
the ECM directly, with its cells removed. Al-
ternatively, copies of the ECM structure and 
function are made with biomaterials. The 
most promising substrates that increasing-
ly match native ECMs are protein polymers 
and synthetic polymers with oligopeptide ad-
ditions, adhesion receptors, and soluble and 
insoluble ligands that increase cell interac-
tions and stimulate natural tissue remodeling  
[80, 81].

A promising strategy is to define the size 
of native structural-functional microterritories 
to model step by step the physicochemical and 
epigenetic features that influence the stem cell 
developmental program. 
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