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In general, the body tissue is composed of cells and their local environment. The environ-
ment plays an essential role in the attachment, proliferation, migration or differentiation of 
cells and the subsequent their 3-dimensional organization, which are important biological 
functions of cells to be investigated for cell-based tissue regeneration. The cell behavior is in-
fluenced by the surface and bulk properties of substrates for cell culture, such as the surface 
hydrophobicity, charge or morphology and the material stiffness. The proliferation and diffe-
rentiation of cells can be biologically changed by the surface hydrophobicity and charge of 
culture substrates. The stiffness of culture substrates also modifies the differentiation profiles 
of stem cells. The combination of culture substrates with bioactive molecules promotes the 
proliferation and differentiation of stem cells. Various 3-demensional substrates are designed 
to demonstrate the effect of the mechanical and biological properties on the proliferation and 
differentiation of cells. Artificial manipulation of cell functions has been experimentally tried. 
Genetic engineering with transfection technology of plasmid DNA and small interference 
RNA (siRNA) enabled cells to activate their biological functions and modify their differentia-
tion direction. This paper overviews basic researches on the interaction between cells and 
cultures substrates with different physicochemical properties. Several cell researches with 
different culture substrates are introduced to emphasize significance of biomaterial technology 
in the basic research of stem cells. 
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RECENT CHANG IN BIOMATERIALS 
DEFINITON 

Biomaterials have been known as medical devices, 
such artificial blood vessels, artificial hearts, bone 
substitutes, and artificial dialyzer etc, and the sur-
gical devices of sutures, stents, and wound couvers, 
which clinically contributes to save and improve 
countless lines of patients. So far, the biomaterial 
research and development (R&D) have been directed 
to design and create the materials which have prop-
erties not to induce inflammation reactions and bio-
compatible to the body tissue. The situation is simi-
lar to the R&D of drug delivery system (DDS) which 
is one of the important fields in biomaterials. DDS 
technology has been developed based on the material 
design to avoid the body responses to the carriers of 
drugs. Recently, however, the R&D direction of 
biomaterials has been being changed to design the 
materials which are not be recognized by the living 
system of body, but can oppositely act on the system. 
The typical example is the biomaterials which can be 
used for the research field of regenerative medicine. 
The biomaterials actively manipulate cells to pro-
mote their proliferation and differentiation, resulting 
in enhanced cell-induced tissue regeneration1). Ac-
companied with the change in the strategy of bioma-
terials R&D, the definition should be changed. The 
biomaterial is defined as the general name of mate-
rials which are used in the body and contacting with 
biological components of proteins, cells, bacteria, 
and viruses. 

Generally the biomaterials are artificially designed 
and prepared aiming at the applications to the living 
system, but their usage is not limited to medical de-
vices and DDS described before. Considering the 
definition, the substrate used for cell culture is also 
the biomaterial. The present research of cell biology 
is being preformed under non-physiological condi-
tions where cells are cultured on the surface of artifi-
cial plastic dishes in the artificial solution of neu-
trients. The conditions are not always alike to those 
in vivo, and it is practically impossible to exactly 
investigate the natural features and functions of cells 
themselves in the body tissue. The basic knowledge 
of cells obtained from the conventional culture expe-
riments may not reflect the natural functions of cells. 
Recently it is well recognized that cells generally 
proliferate and differentiate interacting with the local 
environment, so-called cell niche2,3). It is no doubt 
that the design and creation of cell environment with 

the property similar to that of the natural niche is 
quite important to allow to further develop the basic 
research of cells, which can scientifically improve 
the cell-based tissue regeneration therapy of next 
generation. This review briefly introduces the appli-
cations of biomaterials and the technology to the re-
search field of cell biology. The conventional and 
new technologies of culture substrates are over-
viewed to stimulate readers’ interest in the applica-
tion of biomaterials to basic research in cell biology. 

THE CONVENTIONAL RESEARCH OF 
CELL CULTURE SUBSTRATES 

There are various properties of biomaterials which 
affect the attachment, proliferation, and differentia-
tion of cells. They can be classified into the surface 
and bulk properties. The former includes the physi-
cochemical properties of surface hydrophobicity, 
electric charge, morphology or roughness and the 
surface modification with the coating and chemical 
immobilization of cell adhesion molecules. The lat-
ter is about the stiffness and intra-structural proper-
ties (pore size, distribution, and porosity) of mate-
rials. 

To make biomaterials biocompatible, several re-
searches have been carried out to investigate the in-
teraction between cells and biomaterials4). When 
cultured on polymer substrates with different surface 
hydrophobicities, fibroblastic cells attached and pro-
liferated most efficiently for the surface of a certain 
hydrophobicity range4). The positive and negative 
charges of substrates surface also affected cell beha-
viors5). The cell-material interaction can be ex-
plained in terms of the physicochemical theory of 
adhesion energy in water6). Proteins of cell adhesion, 
such as collagen, fibronectin, and vitronectins, are 
likely to adsorb onto the surface of optimal hydro-
phobicity. As the result, the subsequent cell attach-
ment enhanced. A good correlation between the ad-
sorption of the cell adhesive protein and the cell 
subsequent attachment was observed. The similar 
tendency of cell-material interaction was observed 
for macrophages and other cells7,8). This is an uni-
versal response of cells to the artificial material, ir-
respective of the cell type, when it is not necessary 
to consider biological interaction of ligand-receptor 
specific binding. Generally, the surface of high hy-
drophilicity and hydrophobicity suppresses the cell 
adhesion because of the less protein adsorption onto 
it4,9). Based on the results, several experiments have 
been performed to regulate the cell attachment10-12). 
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Surface modification with poly(ethyleneglycol) 
(PEG) effectively made the substrate surface hydro-
philic, resulting in suppressed cell attachment11). 
This technique is combined with micropatterning 
technologies. The substrate surface micro-patterned 
was chemically modified with PEG and/or cell adhe-
sive proteins. The cell attachment and the subsequent 
proliferation are both regulated by the pattern mod-
ified13). The 2-demensional culture substrates with a 
surface gradient of protein concentration were de-
signed to demonstrate the positive influence of pro-
tein concentration on the cell attachment and proli-
feration14). 

Several researches have been reported on the cul-

ture substrate of biomaterials surface-modified with 
various proteins and peptides of cell adhesion15,16). 
The surface coating and chemical immobilization 
with collagen, fibronectin, and Arg-Gly- Asp-Ser 
(RGDS) peptides enhanced the initial attachment of 
cells onto the substrates and the subsequent prolife-
ration17). Similar to the normal fibroblastic cells, the 
proliferation of adult stem cells, such as bone mar-
row-derived mesenchymal stem cells (MSC) was 
also promoted18). The surface hydrophobicity and 
electric charge also affected the proliferation and 
differentiation of bone marrow- and fat-derived 
MSC19). Their pattern of bone and fat differentiation 
was modified by the surface properties20). 

 

 

Fig. 1 

Enhanced proliferation and osteogenic differentiation of rat MSC in fiber-reinforced collagen sponge scaffold. The incorpo-
ration of poly(L-lactic acid) (PLLA) fibers enabled the sponge to increase the mechanical strength. The mechanical rein-
forcement suppressed the sponge deformation during the cell culture, resulting in the maintenance of intra-space for cell 
proliferation and differentiation. 

 
As the 3-demensinal (3D) substrates of cell cul-

ture, polymer sponges and non-woven fabrics or por-
ous ceramics have been prepared to evaluate their 
feasibility in culture substrate21). There are some re-

search reports where an enhanced cell proliferation 
was observed for the 3D culture substrate comparing 
with for the 2D one22). However, the results are still 
controversial because little comparison study has 
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been reported for different dimensional substrates 
prepared from the same material. 

There are several points to be improved for the 
substrate design. The first point is to improve the 
mechanical property of substrates. For example, the 
3D sponge of collagen is too mechanically soft to 
maintain their pore structure and interconnectivity. 
Since during the cell culture, the sponge is often 
shrunken and deformed, cells do not proliferate in 
the sponge and sometimes died. This is because 
there is no space for cell proliferation and no supply 
of oxygen and nutrients to cells. As one trial to 
tackle the issue, fibers and ceramic granules were 
incorporated into the 3D substrate of sponge type to 
mechanically reinforce it without any loss of the in-
herent cell compatibility of sponge material23). Rat 
MSC were proliferated and differentiated into bone 
cells in the reinforced sponge substrate to a signifi-
cant great extent compared with the original 

sponge23,24). (Fig.1) 

NEW DIRECTION OF RESEACH FOR 
CELL CULTRUE SUBSTRATES 

In addition to the surface hydrophobicity and 
electric charge, the surface morphology is also an 
important factor to affect the cell behaviors13,25). Re-
cently nanotechnology has been developed and 
enabled the surface fabrication of materials in a na-
no-ordered size26). The nano-ordered surface rough-
ness was found to affect the proliferation of cells25). 
In addition, electro-spin technologies can produce 
the non-woven fabrics with nano-ordered fibers. The 
non-woven fabrics electrospun have been investi-
gated for the culture substrates . It is demonstrated 
that the fiber diameter and density as well as the 
property of fiber materials modified the pattern of 
cell attachment and proliferation as well as the sub-
sequent cell differentiation27). 

 

 

Fig. 2  

Osteogenic differentiation of rat MSC in an alginate sponge with a concentration gradient of bFGF. The cell differentiation 
depended on the amount of bFGF immobilized. 

 
The substrate stiffness is one of the factors contri-

buting to the patterns of cell attachment, prolifera-
tion, and differentiation28). It is reported that stem 
cells are differentiated into different types of cells in 
the response to the stiffness of culture substrates28). 
For example, when cultured on a substrate with the 
stiffness close to that of fat tissue, the cells tended to 
differentiate into fat cells. The type of cells to be 

differentiated depended on the stiffness of culture 
substrates. In addition, the surface topology of shape 
and area capable for cell attachment also modified 
the cell proliferation and differentiation13). The cell 
attachment and the shape of cells attached were 
greatly influenced by the surface topography of cul-
ture substrates29, 30). This series of research results 
strongly indicate that the property of cell substrates 
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greatly affects the fate of cells cultured. 

The technology to immobilize protein onto the 
surface of culture substrates has been improved re-
cently. Distinct from the simple coating and immobi-
lization, the immobilization of bioactive proteins in a 
well-oriented fashion has been tried to demonstrate 
the better property to promote the proliferation of 
stem cells than the conventional random-immo-
bilization system31-34). Various technologies for the 
well-oriented protein immobilization on the substrate 
surface are reported by use of histidine-tagged pro-
tein34), antibody Fc-hybrid protein33), and DNA hy-
bridization32). It is reported that a fraction of hema-
topoietic stem cells was efficiently proliferated on 
the man-made substrate of biomaterials sur-
face-modified in the well-oriented fashion35). 

It is well recognized that cells generally interact 
with their surrounding environment to survive and 
biologically function or allow to determine their di-
rection of differentiation36, 37). It is found in the de-
velopmental biology that the tissue organization in 
the fertilized egg is determined by the change of bio-
logical materials in the local environment around 
cells devided36,37). The concentration and steric posi-
tion of proteins and active molecules in the local en-
vironment of cells must be a biological cue to deter-
mine the fate of cells. 3D culture substrates with a 
concentration gradient of bioactive protein are de-
signed and prepared38,39). The concentration gradient 
could regulate the proliferation and differentiation of 
cells in the 3D sponge substrate38). (Fig. 2) 

DDS technology and methodology play an impor-
tant role in the basic research of stem cells biology. 
Bio-signaling molecules to regulate the functions 
and fate of stem cells have been identified and avail-
able to use. Generally the molecules are biologically 
instable. To expect their biological activities, the 
combination with DDS technology is practically ne-
cessary. This necessity is not only for the in vivo 
therapeutic usage of in-stable molecules, but also for 
their research applications. The DDS technology is 
undoubtedly useful to develop the basic research of 
stem cells and consequently realize cell-based rege-
neration therapy. In addition to the growth factors of 
bio-signaling protein, gene is an important research 
tool for cell biology. Gene transfection has been ex-
tensively used as a standard research procedure. One 
of the keys for gene transfection is to enhance the 
transfection efficiency. Generally, the transfection 
efficiency of viral vectors is higher than that of 
non-viral carriers. In addition, the time period of 

gene expression is short for the non-viral carriers. 
However, from the viewpoint of easiness to use, the 
non-viral carrier is experimentally preferable. There-
fore, several trials combining with the DDS technol-
ogy has been performed to improve the in vivo and 
in vitro efficiency of gene transfection. The gene 
carriers of biomaterials, such as cationic liposomes 
and polymers, have been actively investigated to en-
hance the level of gene expression40). However, little 
has been investigated on the research trials to pro-
long the time period of gene expression. For exam-
ple, the release of plasmid DNA from a biodegrada-
ble hydrogel of cationized gelatin derivatives en-
hanced the level of gene expression as well as pro-
longed the time period of expression41,42). The time 
period of gene expression could be regulated by 
changing that of prasmid DNA release. 

This technology of gene delivery is applicable to 
genetically engineer cells for their functional activa-
tion, which is useful to develop the basic science of 
stem cells biology and enhance the therapeutic effi-
ciency of cell transplantation. There are some cases 
where the transplantation of stem cells alone does 
not always induce a therapeutic effect clinically ac-
ceptable. A promising and practical way to break 
through this problem would be to genetically engi-
neer stem cells and activate their biological functions. 
So far, such cell activation has been tried by using 
virus vectors43,44). This trial has been of great success, 
but the good results with virus vectors cannot be eas-
ily applied to clinical therapies. Some trials have 
been reported on the genetic engineering of stem 
cells by non-viral carriers45). The intracellular release 
of plasmid DNA with biodegradable hydrogel mi-
crospheres could genetically engineer endothelial 
progenitor cells (EPC) to activate their angiogenic 
function. When injected into an animal model of 
cardiac infarction, the EPC genetically engineered 
showed superior therapeutic efficacy to the original 
EPC46). In addition to the microspheres for the intra-
cellular release of plasmid DNA, a new non-viral 
carrier has been prepared from cationized polysac-
charides. The carrier of gene transfection enabled 
plasmid DNA to enhance the level of gene expres-
sion for stem cells with less cytotoxicity than catio-
nized liposomes commercially available. The gene 
transfection with the cationized polysaccharide was 
effective in genetically engineering the biological 
function of stem cells40). The level and time period 
of gene expression by the non-viral carrier was fur-
ther improved by devising the methodology of gene 
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transfection culture, such as the reverse transfection 
method and the bioreactor combination47). The re-
verse transfection technology was effective in gene 
transfection for monkey MSC to allow them to dif-
ferentiate into nerve cells without any cytotoxicity48). 
The MSC differentiated functioned well to show 
good therapeutic efficacy for nerve degenerative 
disease49). Thus, the gene engineering technology 
with biomaterials is an effective and powerful re-
search tool to develop the basic research of stem 
cells biology and medicine. The DDS technology of 
gene transfection will be allow bioactive substances 

other than genes to internalize into cells to investi-
gate their biological functions in stem cells biology. 
The combination of small interfering RNA (siRNA) 
with the cationized polysaccharide of non-viral car-
rier genetically regulated the function of stem cells 
and modified the direction of cell differentiation50). 
The biomaterial carriers to internalize bioactive sub-
stances into cells can artificially modify cell func-
tions, which is useful to elucidate the mechanism of 
cell proliferation and differentiation and regulate the 
cell behavior based on the results obtained. (Fig. 3) 

 

 

Fig. 3  

Neural differentiation of monkey MSC by the reverse transfection technology with cationic polysaccharide. The MSC 
were differentiated into Dopamine-secreting neuron cells without cell death. 

 

CLOSING REMARKS 
The tissue regeneration therapy – a new therapy 

based on the healing potential of patients themselves 
to induce tissue regeneration through cells trans-
plantation and tissue engineering with biomaterials – 
is the third therapy following the reconstructive sur-
gery and organ transplantation. To achieve the rege-
neration therapy by use of tissue engineering tech-
nologies, substantial collaborative research between 
biomaterial, pharmaceutical, biological, and clinical 
scientists is needed. Even if superior stem cells can 

be practically obtained, it is impossible to therapeut-
ically treat patients only by transplanting the cells 
prepared even combining with the scientific know-
ledge of cells and the related substances, unless a 
local environment of cells suitable to promote the 
proliferation and differentiation is created and pro-
vided properly. To create the cell environment, it is 
no doubt that further development of stem cell re-
searches is needed. Biomaterials and the technology 
will experimentally assist the research development. 

However, one of the main problems to create the 
regeneration environment at present is the absolute 
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shortage of biomaterial researchers who investigate 
the cell scaffold, the DDS, and cell culture, aiming at 
tissue regeneration and the biological substitution of 
organ functions. Such researchers must have know-
ledge in medicine, dentistry, biology and pharmacol-
ogy, in addition to material sciences. It is indispensa-
ble to educate the researchers of an interdisciplinary 
field who have an engineering background and can 
also understand basic biology, medicine and clinical 
medicine. 

Biomaterials are not only for materials to design 
and prepare medical devices and DDS for drug ther-
apy, but also substantially important and necessary 
to further develop the basic research of stem cell bi-
ology. However, such the concept of biomaterial ap-
plications is still in its infancy, although biologists 
have recently recognized that the materials currently 
available are not always enough to proceed the re-
search of cell biology and deeply investigate the 
cellular mechanism. The increasing significance of 
biomaterials to design the culture substrate for the 
local environment of cells in future will help 
progress in the basic research of cell biology which 
scientifically supports the tissue regeneration therapy 
of next generation. We will be happy if this review 
stimulates readers’ interest in the idea and research 
field of biomaterials to assist understanding how im-
portant biomaterials are to develop the basic research 
of stem cells biology and medicine as well as realize 
tissue regeneration therapy. 
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