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 Controlling Cell Behavior Through the Design 
of Polymer Surfaces 
Natália M. Alves, Iva Pashkuleva, Rui L. Reis, and João F. Mano* 

 Polymers have gained a remarkable place in the biomedical 
fi eld as materials for the fabrication of various devices and 
for tissue engineering applications. The initial acceptance or 
rejection of an implantable device is dictated by the crosstalk 
of the material surface with the bioentities present in the 
physiological environment.  Advances in microfabrication 
and nanotechnology offer new tools to investigate the 
complex signaling cascade induced by the components of 
the extracellular matrix and consequently allow cellular 
responses to be tailored through the mimicking of some 
elements of the signaling paths. Patterning methods and 
selective chemical modifi cation schemes at different length 
scales can provide biocompatible surfaces that control 
cellular interactions on the micrometer and sub-micrometer 
scales on which cells are organized. In this review,  the 
potential of chemically and topographically structured 
micro- and nanopolymer surfaces are discussed in hopes 
of a better understanding of cell–biomaterial interactions, 
including the recent use of biomimetic approaches or 
stimuli-responsive macromolecules. Additionally, the focus 
will be on how the knowledge obtained using these surfaces 
can be incorporated to design biocompatible materials for 
various biomedical applications, such as tissue engineering, 
implants, cell-based biosensors, diagnostic systems, and basic 
cell biology. The review focusses on the research carried out 
during the last decade. 
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  1. Introduction 
 The initial concept of investigating 

materials and biological systems at the 
micro- and nanoscale dates back to 1959, 
when Richard Feynman presented a lec-
ture, entitled “There's Plenty of Room at 
the Bottom.” This talk is generally consid-
ered to be the fi rst look into the world of 
materials, species, and structures at nano-
scale levels ( Figure    1  ). 

 Almost 30 years later, in 1986, Drexler 
defi ned a new scientifi c fi eld called nano-
technology. [  1  ]  Rapidly advancing and 
adopted at once by other scientifi c areas 
such as engineering, physical, life and 
medical sciences because of its ability to 
shape matter on the scale of molecules, 
nanotechnology opened the door to a 
new generation of surfaces applicable in 
diagnostics, therapeutics, imaging agents, 
and other fi elds. Using the tools of nano-
technology, the researchers started to 
learn from nature how to create new 
micro- and nanoscale devices to better 
understand life processes at the nano-
scale. A new highly interdisciplinary area 
called nanobiotechnology (NBT) was established. With the 
help of NBT, we now realize that living cells are complex 
entities presenting a remarkable, inherent capacity to sense, 
integrate, and respond to environmental cues at the micro- 
and nanoscale. [  2  ]  Their native environment is a 3D scaffold 
comprising an insoluble aggregate of several highly organ-
ized, multifunctional large proteins and glycosaminogly-
cans (GAGs), collectively known as the extracellular matrix 
(ECM). The ECM provides a mechanical support for cells 
(most mammalian cells are anchorage-dependent; i.e., they 
must adhere to a surface in order to survive), but it also 
profoundly infl uences the fundamental cellular functions 
(e.g., migration, proliferation, differentiation, and apop-
tosis) of the cells with which it is in contact ( Figure    2  ). By 
interacting directly with the ECM, cells gather information 
about the chemical and physical nature of the environment, 
integrate and interpret it, and then generate an appropriate 
physiological response. [  2    b,    3  ]  Keeping in mind this extreme 
intelligence and sensitivity of cells, it seems convenient 
that their behavior can be directed through precisely 
designed environment.   

 Although there are extensive reports in the literature 
about controlling and manipulating cell behavior on pat-
terned model surfaces, such as in inorganic materials and 
metals, we will focus only on polymer surfaces. Due to their 
great versatility in chemical composition, properties, and 
processing techniques, polymers have been used in many 
biomedical applications, including tissue engineering scaf-
folds and distinct implants. There are now a variety of possi-
bilities for changing the spatial arrangement of chemical and 
topographic motifs on polymeric substrates ( Figure    3  ), which 
could be specifi cally useful for such applications. Hence, 

the discussion of how to control cell behavior in designed 
poly mer surfaces is particularly relevant and will be focused 
upon in this review.    

 2. Cell Response to Topographical Signals 
 The developments in micro- and nanofabrication tech-

nologies, such as soft-, photo- and electron-beam lithography, 
have allowed for the  production of patterns (Figure  3 ) and 
the analysis of cell behavior on patterned surfaces. [  2    a,    4  ]  Now-
adays, it is possible to probe the effects of structures with 
dimensions on the order of cell dimensions or smaller. Studies 
focusing on cell behavior on surfaces with micro meter-sized 
features revealed that such surfaces can induce cell polari-
zation and direct cell migration, and can even regulate gene 
expression and cell signalling. [  5  ]    
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    Figure  1 .     Comparison of several biological objects by size.  

    Figure  2 .     Schematic representation of cell–cell and cell–ECM interactions.  
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(PLLA/PS) fi lms obtained by this methodology stimulated 
greater osteoblastic cell adhesion and spreading than did 
fl at control fi lms; the adhesion and spreading was particu-
larly noted on surfaces with a nanoisland topography. [  13    c]  
Ultrathin fi lms of diblock copolymers based on polystyrene/
poly(4-vinylpyrindine) that assemble on mica to form hetero-
geneous surface patterns have been prepared. [  14  ]  The size and 
morphology of these nanopatterns, which contain dotlike, 
wormlike, or both features, depend essentially on the relative 
length of the blocks; as a result, they can be controlled and 
are highly reproducible. [  14  ]  It was found that nanopatterns of 
heights less than 10 nm elicit distinct rates of adhesion and 
proliferation in fi broblasts and mesenchymal precursor cells, 
although both cell types adhered and proliferated better in 
the wormlike, coated substrate. [  14    b]  The distinct cell types 
also affected the ECM environment differently during their 
migration. [  14    b]  

 Other innovative approach is the use of carbon nano-
tubes to produce patterns on polymeric substrates. Eliason 
et al. fabricated polymer substrates exhibiting micropatterns 
of carbon nanotubes by an imprint process where the nano-
tubes were pressed into a polycarbonate layer at high tem-
perature. [  15  ]  The micropatterns consisted of lines and circles 
with sizes ranging from 1 to 75  µ m. Moreover, since the nano-
tubes present a nanometer-scale roughness, this methodology 
constitutes an intelligent way of combining micro- and nano-
topography. The authors found that the alignment of oste-
oblastlike cells was signifi cant on the line patterns, and no 
alignment occurred on the circles patterns. 

 Nanofi bers can be produced by electrospinning, in which 
meshes with different properties may be produced, including 
meshes composed by aligned nanofi bers. [  16  ]  Such aligned 
nanofi bers also affect cell behavior. In fact, it has been shown 
that proliferation, alignment of cells, and gene regulation 
depend strongly on the orientation of the fi bers. [  17  ]    

 2.2. Infl uence of the Surface Roughness 

 In addtion to the type of pattern, surface roughness is 
a parameter that can also infl uence cell behavior. Random 
surface topographies are more easily fabricated and less 

 2.1. Surfaces with Regular Topographies 

 The effects of ordered textures, in particular microgrooves 
and -ridges, on different cell types have been analyzed by 
many authors. [  6  ]  Typically, the cells become elongated and 
aligned in the direction of the grooves, and they migrate as 
guided by the grooves. [  6    b]  This phenomenon is known as con-
tact guidance. It has also been found that the degree of align-
ment depends on the groove depth and width [  6    b]  and varies 
between different cells. Generally, the studies on the effect 
of microgrooves on cell behavior have shown that the extent 
of orientation increases with groove depth up to 25  µ m from 
topographies of  ! 1  µ m. Based on these fi ndings, some authors 
suggested that these physical cues should not be greater 
than the actual size of the cell. [  6    b]  Ber et al. [  7  ]  also found 
that osteoblasts aligned and oriented on micropatterned col-
lagen fi lms within this size range, but they did not observe 
this when macropatterns were used. The differences in the 
morphological behavior between fi broblasts cultured on 
nanogrooved (groove depth: 5–350 nm, width: 20–1000 nm) 
and smooth polystyrene substrates were analyzed recently 
in detail in order to clarify to what extent cell guidance 
occurs on increasingly smaller topographies. [  8  ]  It was found 
that fi broblasts do not align on surfaces with groove depths 
below 35 nm or ridge widths smaller than 100 nm. The effect 
of other patterns, such as pillars and pits, has also been ana-
lyzed, [  9  ]  with cell proliferation thought to be increased with 
decreasing pit diameter [  10  ]  and cell attachment thought to be 
larger on microscale pillars than on macroscale pits. [  11  ]  

 Besides the traditional lithographic processes that can be 
used to obtain patterned surfaces, more recent alternative 
methodologies have been suggested, [  12  ]  based on the mor-
phology generated by the microphase separation of diblock 
copolymers, the self-assembly of a mixture of homopolymer 
blend and diblock copolymers, and the macroscopic phase 
separation of homopolymers blends. These simple and quite 
cheap procedures allow the production of patterns with fea-
ture sizes from tens of nanometers to a few micrometers 
onto a substrate. For example, polymer demixing was used 
to produce randomly distributed circular, channel-like pits 
or island textures with controlled depths and heights from 
10 to 100 nm. [  13  ]  Nanotextured poly- l -lactic acid/polystyrene 
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    Figure  3 .     Different approaches for tailoring the surface morphology and 
chemistry.  
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expensive. Different techniques can be used to obtain such 
as topographies, namely the already-mentioned polymer 
demixing technique, chemical etching, plasma treatments, 
or electrospinning. For example, human vascular endothe-
lial cells were cultured on electrospun and solvent-cast 
PLLA substrates with different surface roughnesses (but 
without a pattern) and cell phenotype; [  18  ]  adhesion and pro-
liferation were signifi cantly improved on smooth surfaces.  
In addition, the cell morphology was completely different 
on the rough substrates. [  18  ]  While anisotropic topogra-
phies, such as ridges and grooves, affect the individual cell 
behavior (cells align along the anisotropic direction), iso-
tropic topographies, such as evenly or randomly distributed 
pits or protrusions (Figure  3 ), obtained by treating the sub-
strates with plasma at specifi c conditions, affect collective 
cell behavior ( Figure    4  ). The work reported by Owen 
et al. [  19  ]  illustrates well how it is possible to induce specifi c 
cell behavior by changing surface topography. In this study, 
poly(lactic- co -glycolic acid) (PLGA)  membranes pre-
senting smooth, grooved, and sandblasted-acid-etched sur-
faces were prepared. The authors found that rough PLGA 
surfaces inhibited epithelial cell attachment, migration, and 
proliferation in vitro more than the smooth PLGA surface. 
The effects of smooth and grooved PLGA surfaces on 
osteoblast attachment, proliferation, and migration were 
also analyzed, and it was found that the grooved surfaces 
directed migration and supported the production of min-
eralized tissue. Such membranes could fi nd clinical appli-
cations in periodontal guided tissue regeneration, where 
cells from distinct origins contact different sides of the 
membrane. For example a grooved surface could be placed 
on the membrane facing a bone defect to guide osteoblasts 
to the defect area, whereas the rough (but without a sym-
metric pattern) surfaces could be produced on the upper 
surface that contact epithelium in order to inhibit epithe-
lial migration and proliferation.    

 2.3. Other Surface Parameters Infl uencing Cell Behavior: 
Wettability, Stiffness, Crystallinity 

 Changes in the roughness also induce changes in the wet-
tability of the surfaces. It is well known that cell adhesion and 
protein adsorption onto a substrate are highly affected by the 
wettability and chemical nature of the surface. [  20  ]  It was found 
that cells present a maximum attachment capability onto sur-
faces with moderate wettability: for the case of surfaces with 
controlled chemistry produced by self-assembled monolayers, 
maximum adhesion was reached for contact angles between 
40 °  and 60 ° . [  20    a]  The results suggested that cell attachment is 
mainly determined by surface wettability, but it is also affected 
by the surface functional groups, their surface density, and 
of course, the kind of cells. Also, the effect of wettability of 
biomaterials has been mainly investigated in fl at substrates. 
However in tissue engineering applications, cells are within a 
3D environment, so it would be more appropriate to analyze 
this effect on 3D samples. It was shown that scaffolds with 
different wettabilities could be produced by using copolymers 
containing different compositions of hydrophilic and hydro-
phobic repeating units, enabling the production of model 
porous structures with controlled hydrophilicities. [  21  ]  It would 
be interesting to use such scaffolds to analyze the wettability 
effect on cells in a 3D environment. Another drawback of 
conventional wettability studies is that they are limited to 
surfaces ranging from hydrophilic to hydrophobic because 
smooth surfaces have been typically used. There is both fun-
damental and practical interest in extending such studies 
towards the superhydrophilic (contact angles below 5 ° ) and 
superhydrophobic (contact angles higher than 150 ° ) limits. 
For example, new insights may be obtained on the infl uence 
of such extreme environments on the physiological response 
of cells, including their contractile characteristics and signal-
ling activity that may infl uence adhesion, morphology/anisot-
ropy, migration, proliferation, and differentiation. The only 

    Figure  4 .     Cell response (SaOs-2 cells, 2 days) to different surface morphologies (the small squares up) obtained by the plasma treatment of a blend 
of starch with ethylene vinyl alcohol (SEVA; 50/50 wt%) at the following conditions: a) 10 min in O 2  and applying a power of 30 W; b) 30 min, O 2 , 
80 W; c) 5 min, argon, 30 W; and d) untreated SEVA.  
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possibility to reach such extreme contact angles is to pre-
pare surfaces with special roughness features. By mimicking 
the effects found in nature, such as in the lotus leaf in which 
the surface exhibits extreme water repellence, PLLA biomi-
metic surfaces that combine nano- and micro-level roughness 
were developed. [  22  ]  Such surfaces were found to be highly 
hydrophobic, exhibiting water contact angles above 150 ° . The 
behavior of bone-marrow-derived cells in contact with these 
PLLA surfaces was found to be signifi cantly affected by 
superhydrophobicity: such rough surfaces inhibit cell adhe-
sion and proliferation more than a fl atter surface would. [  22  ]  
Moreover, by using plasma treatments the hydrophilic nature 
of the polymer could be changed, and the wettability of such 
initial rough substrates could be tailored between the super-
hydrophobic and superhydrophilic regimes, [  23  ]  opening up the 
possibility of studying cell attachment or protein adsorption 
within an extremely large range of wettabilitiy.  Figure    5   shows 
that in the absence of plasma treatment, few cells adhered to 
the superhydrophobic surfaces (B1) whereas cell attachment 
is enhanced after 50 s of Ar-plasma treatment (B2). These 
results suggest that in this last case the combination of rough-
ness, surface chemistry, and wettability may have a strong 
infl uence on cell behavior.  

 Many biodegradable polymers may crystallize, in which 
the amount and size of the spherulites may be controlled by 
adequate thermal histories. PLLA, for example, exhibits quite 
slow crystallization kinetics, [  24  ]  and spherulitic development 
may be interrupted by quenching below the glass transition 
temperature,  T  g . Also, the spherulitic size can be controlled 
by inducing different nucleation treatments. [  25  ]  The control of 
spherulitic development may be then used to obtain distinct 
topographies constituted by polygonal elements of different 

sizes.  Figure    6A   shows the distinct spherulitic textures that 
were produced in a PLLA fl at fi lm upon different treatments. 
It was found that the adhesion and the cytoskeleton organi-
zation of primary human condrocytes were infl uenced by 
such different topographies. [  26  ]  In particular, it was found that 
the cells adopted a much more elongated shape when the 
spherulites were bigger (L and M samples, which also show 
deeper microgrooves between the spherulites) and a more 
isotropic organization in the smoother surfaces (S and Am; 
see Figure  6B ). Note that such orientation observed in the 
cells originates from the textured surfaces without any spe-
cial order, as spherulites are generated randomly throughout 
the volume of the material, and in the end they are separated 
from each other by fl at front lines. This study suggested that 
the differences observed could be assigned to the different 
conformations that proteins adopt upon adsorption to the 
surfaces showing distinct microtopographies. Such investiga-
tions were performed in 2D PLLA fi lms, but we can predict 
that different topographic features could be generated in 
the surface of 3D constructs, and that cell behavior could be 
infl uenced by them.  

 When a cell binds to a certain substrate and adhesive 
linkages are formed, forces are generated by the cytoskeleton 
to these adhesive bonds, allowing the cell to spread. The mag-
nitude of these forces and the extent of cell spreading are 
determined by the substrate stiffness, [  27  ]  so this parameter 
can been used to control cell behavior. In fact, some recent 
works [  28  ]  have analyzed the effect and have found that stiff-
ness regulates proliferation and differentiation depending 
on cell type. For example, myocites differentiate on sub-
strates with intermediate stiffness, but not on substrates 
with too high or too low stiffness, [  28    a]  and neurons prefer 
soft substrates. [  28    b]  Wong et al. have prepared acrylamide-
based polymeric substrates with stiffness gradients. [  29  ]  
The simplest methodology involves photopolymerization of the 
substrate in the presence of a mask with varying opacity. The 
mask imparts spatial control of light intensity, controlling the 
degree of crosslinking and the elastic modulus. They found 
that directional migration of vascular smooth muscle cells 
can be controlled by tuning the substrate mechanical prop-
erties and in this case, the cells migrate preferentially from 
softer to stiffer regions. [  29  ]  

 A rather simple and effective approach to tailor substrate 
stiffness is through the layer-by-layer (LbL) technique. [  30  ]  An 
LbL coating can be obtained simply by alternating adsorption 
of oppositely charged polyelectrolytes. The mechanical prop-
erties of the produced coatings can be changed, for example, 
by a fi lm crosslink. [  31  ]  The authors found that long-term pro-
liferation of primary osteoblasts was signifi cantly enhanced 
in crosslinked, i.e., in more rigid, LbL fi lms constructed using 
poly( l -lysine) as the polycation and poly( l -glutamic acid), 
poly(alginic acid), poly(galacturonic acid), or hyaluronan as 
the polyanions. 

 The design of materials that combine spatially and tem-
porally controlled stiffness with topographical, chemical, and 
biomolecular cues could be used in the future to modulate 
cell behavior. Up to now only a few studies have began to 
explore this possibility, specifi cally by proposing the combi-
nation of stiffness substrate with surface topography. [  32  ]  In 

    Figure  5 .     PLLA may be processed into fi lms with surfaces exhibiting 
smooth (A) and hierarchical rough (B) topographies. Water contact 
angles (see water droplets profi les in the insets of A and B) are 71 °  and 
154 ° , respectively. Without plasma treatment, the superhydrophobic 
PLLA surfaces show little ability for cell attachment. B1) Fluorescent 
microscopy images in which 4,6-diamidino-2-phenylindole (DAPI) 
was used to stain the nuclei of L929 cells after 24 h of culture; 
B2) however, after 50 s of plasma treatment, the hydrophilicity of the 
substrate increases and more cells could be observed. Data adapted 
with permission. [  23    ]    
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micrometer-scale regions to evaluate the 
behavior of normal and cancer fi brob-
lastic cells. They found that the dynamics 
of cell spreading and progressive acquisi-
tion of an elongated morphology differ 
signifi cantly between both types of cells. 
Normal cells more rapidly reach a polar-
ized shape and keep a larger surface on 
soft substrates, regardless of the substrate 
topographies. In contrast, the polariza-
tion kinetics and cell surface of cancer 
cells appeared insensitive to variations in 
substrate stiffness. However, polarization 
kinetics of cancer cells was affected by the 
topography, being faster on the patterned 
substrates than on an unpatterned envi-
ronment. The different morphological and 
dynamical behavior of normal and cancer 
cells in response to the combined effect of 
topography and rigidity can lead to signifi -
cant insights that may suggest strategies 
for grading the metastatic phenotype of 
adherent cells. Also, such studies may help 
the development of a new generation of 
drugs aiming at inhibiting cancer progres-
sion by discriminating cell sensitivity to 
the ECM topography and rigidity. 

  2.4. 3D Polymer Substrates  

 As said before, until now the majority 
of topography research has been carried 
out on 2D surfaces, essentially due to the 
limitation of the fabrication techniques; 
this is of course a poor representation of 
the in vivo environment. However, some 
examples could be found regarding sur-
face modifi cation in geometrical com-
plex devices. Berry et al. used polymer 
demixing to prepare nylon tubes with 
internal nanotopography. [  33  ]  The ability 
to fabricate tubes with nanotopographic 
features may be useful in many applica-
tions such as stents and conduits. These 
3D nanotopographic features were found 
to decrease human osteoprogenitor cell 
spreading, reduce cytoskeletal organiza-
tion, and increase endocytotic activity. [  33    a]  
Santos et al. proposed innovative struc-
ture bone tissue engineering scaffolds 
made of a blend of starch and polycapro-
lactone (PCL), which combines nano- and 
microfi brous topography. [  34  ]  The nano-
network, fabricated using electrospinning, 

allowed endothelial cells to span between individual micro-
fi bers and infl uenced cell morphology. Such a structure was 
found to guide the 3D distribution of endothelial cells being, 
after implantation, easily available for blood vessel formation. 

    Figure  6 .     A) Generation of different spherulitic textures on PLLA upon different thermal 
treatments. The amorphous material (Am) is produced by quenching the melt at room 
temperature; large spherulites (L) are obtained by directly crystallizing the melt to the 
crystallization temperature; medium (M) and small (S) spherulites are obtained by a previous 
nucleation induction by treating the material at 75  ° C for 0 and 6 h, respectively, before 
the crystallization step. Atomic force microscopy (AFM) images clearly show the different 
microtopographies obtained. B) Morphology of chondrocytes on the different surfaces as 
seen by AFM; the lines follow the contour of the cells. Adapted with permission. [  26  ]  Copyright 
2008, Mary Ann Liebert Inc. Publishers.  
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particular, Tzvetkova-Chevolleau et al. reported for the fi rst 
time the synergetic infl uences of these two effects on both 
normal and cancer cells. They used polydimethylsiloxane 
(PDMS) substrates with variable stiffness and patterned with 
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Also, this structure does not compromise the structural 
requirements for bone regeneration. Furthermore, endothe-
lial cells on nano- and microfi bers maintained their struc-
tural integrity and their intercellular contacts and exhibited 
a marked angiogenic potential as shown by their ability 
to form extensive networks of capillarylike structures. The 
control of cell behavior within a 3D environment may have 
a huge potential in future scaffolding design. However, the 
use of electrospinning to produce nanofi bers inside scaffolds 
may have some limitations if one intends to incorporate them 
into large porous structures. Other methodologies could be 
used to produce such nanofeatures, such as self-assembly or 
the simple freeze-drying of a diluted solution of the polymer 
previously impregnated into the scaffold. [  35  ]  

 More techniques are required to produce textures on the 
surface of 3D structures. An interesting possibility is related 
to the previously mentioned microtopography based on the 
formation of spherulites in semicrystalline polymers. 

 It is unquestionable that the extensive work on the effect 
of topography on cell behavior improved our comprehen-
sion of this issue. It is clear that topography affects cell adhe-
sion, differentiation, proliferation, matrix production, gene 
expression, cell morphology, and orientation. Topography 
can provide directional growth for cells and may ultimately 
create tissue architecture at the cellular and subcellular level 
in a reproducible manner, so topographical cues could help 
shorten the tissue formation and reorganization periods. 
Guidance is also of great importance when we deal with 
different kinds of cells and when we try to mimic the 3D 
structure and complexity of the activities in the tissue. The 
examples given here also point to the fact that the observed 
effects on cell behavior are extremely dependent not only on 
the substrate and the features of the micro/nanotexture that 
is created, but also on the cell type. Consequently, the mecha-
nism governing the varying responses to different surfaces 
depends on many complex factors; for example, the differ-
ences in protein adsorption or in the cytoskeleton arrange-
ment could lead to different responses of distinct cell types 
when they are put in contact with a given surface topography. 
As a result, for tissue engineering applications it would be a 
major breakthrough to discover which substrate topography 
each cell type preferentially grows on, and to create textured 
biomaterials in order to selectively propagate a particular 
cell type and optimize cellular adhesion, proliferation, and 
other aspects of cell behavior; however, as this section shows, 
we still have a complex problem without a straightforward 
solution.    

 3. Cell Response to Chemical and Biomolecular 
Signals 

 Upon contact of a biomedical device with a physiolog-
ical milieu, it is the device's surface that will fi rst come into 
contact with the surrounding tissues, and therefore it will 
govern the initial response of the cell/body. However, it is 
unlikely that cells will make direct contact with the surface 
of the material. It is well known that proteins from blood or/
and interstitial fl uids will cover the material surface almost 

instantaneously, and it is this proteinaceous layer that will 
make the surface structure and composition biological. [  36  ]  
Hence, a way to control the attachment and spreading of cells 
is by altering the surface chemistry, for example by making 
patterns that alternatively promote or prevent the adsorption 
of proteins. [  37  ]  The infl uence of different patterns on bioac-
tive molecules is presented schematically in  Figure    7  . Cell 
spreading (left) is observed as a result of integrins clustering 
and the following formation of focal adhesion and actin stress 
fi bers. In contrast, patterns promoting restricted integrin clus-
tering cause limited cell adhesion and spreading, and eventu-
ally cell apoptosis (Figure  7 , right).   

 3.1. Tailoring Polymer Surfaces to Control Protein Adsorption 

 A straightforward approach to engineer patterned sur-
faces is to fi rst synthesize biologically inert polymer surfaces 
that signifi cantly reduce or eliminate the nonspecifi c adsorp-
tion of proteins and other biomolecules from biological fl uids, 
and then to pattern domains that are bioactive or stimulate 
bioactivity. [  38  ,   53   –                                                                 60   ]  This approach is particularly useful if mul-
tiple proteins are involved in the process. Analysis of a group 
of mixed self-assembled monolayers (SAMs) presenting 
different functional groups has suggested that biorepel-
lent functionalities are generally hydrogen bond acceptors, 
hydrophilic. and overall electrically neutral. [  39  ]  In agreement 
with this fi nding, the most used polymer to produce non-
fouling surfaces or patterns is poly(ethylene glycol) (PEG). 
Other derivatives of PEG have presented similar behavior. 
For example, Ho et al. [  40  ]  have created protein repealing 
areas on PLA, PLGA, and chitosan by microcontact printing 
( µ CP) of copolymers of oligoethyleneglycol methacrylate 
and methacrylic acid. They have demonstrated that NIH3T3 
fi broblasts remain confi ned within the patterns on the 
polymer fi lms for up to 2 weeks and that they align their actin 
cytoskeleton along the line patterns. 

 A natural alternative of the repellent PEG surfaces are 
the lipid bilayers. Peptides and proteins can be embedded 
and thus provide interesting possibilities for patterning. [  38  ]  
However, surface-immobilized lipid bilayers suffer one major 
drawback: they cannot be dried and must therefore always be 
stored in aqueous solution. 

 The approach that uses an adhesive background with non-
adhesive patterns has been also applied. For example Thisen 
and co-workers have produced patterns with a resolution 

  Figure  7 .     Schematic presentation of patterns which promote (left) or 
prevent (right) cellular adhesion and spreading.  
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down to 1  µ m by laser ablation of poly(ethyleneoxide) 
grafted onto plasma-polymerized allylamine. [  41  ]    

 3.2. Patterning Bioactive Elements of the Extracellular Matrix 

 Protein adsorption is a rather complex, dynamic process 
that is diffi cult to control especially in the physiological 
environment where many proteins are present and com-
pete with each other. [  42  ]  In these conditions, proteins that 
adsorb more quickly to the surface and are more stable are 
very often not the best ones for cell survival; therefore, for 
applications requiring cell  adhesion and then proliferation 
and differentiation, direct patterning of ECM proteins, such 
as fi bronectin, vitronectin, laminin, and collagen, are highly 
relevant. [  43  ,  52        –  55,58–60  ]  ECM components other than proteins 
(e.g., glycosaminoglycans) have been also used to create 
patterned surfaces for different biomedical applications. [  44  ]  
Laminin was the fi rst micropatterned biomacromolecule. [  45  ]  
Letourneau and his colleagues have observed [  46  ]  that cell 
adhesiveness of laminin could be inactivated by selective 
UV irradiation; thus, by simple UV irradiation they created 

non-adhesive patterns on an adhesive background. In the fol-
lowing years, a variety of techniques were developed [  45  ]  to 
immobilize biomolecules in a site-specifi c manner onto 
polymer surfaces with resolutions down to the submicrometer 
scale. Polymers normally have nonhomogeneous and often 
dynamic surfaces, restricting the types of successful tech-
niques that can be used to pattern the surfaces; for example, 
patterning through SAMs, which has been developed for the 
very organized and homogeneous surfaces of Au or Si, cannot 
be applied to polymer substrates. Resist-free lithography 
is also restricted because of the incompatibility of polymer 
substrates with organic solvents, which are usually used for 
photoresist coatings. Techniques [  41  ,  47  ]  for applying proteins 
to polymer surfaces include soft lithography, [  6    b,    48  ]  compli-
mentary photolithographic techniques, [  47  ]  spot arraying, [  43  ,  49  ]  
direct writing using the tip of an atomic force microscope, [  43  ,  50  ]  
and colloid arrays. [  49  ,  51  ]  Among them, microcontact printing 
 [  48    c,    52      –  54  ]  from the family of the soft lithography methods is 
the most used for polymer substrates ( Table  1  ).  

 Several other factors must also be considered when 
designing bioactive materials by patterning cell adhesion sig-
nals: the presentation of adhesion signals, the average density 

   Table  1.     Some examples of different domains that are bioactive or stimulate bioactivity when patterned polymer substrate. (The data are obtained 
from 2000–2008 publications). 

Patterning technique Substrate Patterned macromolecule Application

Microcontact printing PET Biotin (5  µ m)  [48c, 52] Printing of bioligands, peptides and proteins

PEG Laminin (15  µ m)  [53] Cell patterning (Rat neonatal cardiomyocytes)

Biotin derivative (5  µ m)  [54] Protein microarray

Chitosan Oligo(ethylene glycol) methacrylate; 
Methacrylic acid (10  µ m)  [40b] 

Spatial control and cell organization 
(Human microvascular endothelial cells)

Poly(HEMA) Hyaluronic acid (5  µ m)  [44] Cell (NIH-3T3 fi brobalsts) and protein 
(BSA, FN, IgG) patterns

TCPS Hyaluronic acid (5  µ m)  [44] Cell (NIH-3T3 fi brobalsts) and protein 
(BSA, FN, IgG) patterns

PLGA Hyaluronic acid (5  µ m)  [44] Cell (NIH-3T3 fi brobalsts) and protein 
(BSA, FN, IgG) patterns

Poly(oligoethyleneglycol methacrylate- co -
methacrylic acid) (10  µ m)  [40a] 

Spatial organization of cells on tissue 
engineering scaffolds (NIH3T3 fi broblasts)

Block (PEG-PPG-PEG) FN, IgG (5  µ m)  [55] Spatially controlled cell adhesion (Bovine 
pulmonary artery endothelial cells)

PLA Poly(oligoethyleneglycol methacrylate- co -
methacrylic acid) (10  µ m)  [40a] 

Spatial organization of cells on tissue 
engineering scaffolds (NIH3T3 fi broblasts)

Photochemical patterns PS Laminin (5  µ m)  [37] Cellular arrays (rat Pheochromocytoma cells)

Polymer lift-off Poly(allylamine) Coll I (1  µ m)  [41] Restricted cell attachment

FN (1  µ m)  [41] Restricted cell attachment

TCPS PNIPAAm (30  "  50  µ m)  [56] Cell arrays (Rat primary hepatocytes)

Polyacrylamide (20  µ m 2 )  [57] Cell-based devices (Bovine carotid artery 
endothelial cells)

FN, Gelatin (less than 20  µ m)  [58] Cell patterning (Bovine adrenal capillary 
endothelial cells)

PET Tetragylme (down to 25  µ m 2 )  [59] Control of cell shape and size (rat vascular SMC)

Fluorocarbon plasma polymer Tetragylme (down to 5  µ m) [60] Control of cell shape and size (BSA)

Colloid arrays Elastomers FN (2  µ m)  [49] Restricted cell attachment (NIH-3T3 fi brobalsts)



Controlling Cell Behavior Through Polymer Surfaces

9© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.comsmall 2010, X, No. XX, 1–13

of the signal, and their spatial distribution. These factors 
are diffi cult to control when whole proteins are present on 
the surfaces. Methods to orient intact proteins and improve 
function have been developed, and these typically involve 
an initially immobilized layer that forms complexes with the 
desired protein that is added afterwards. This task is not easy 
when working with polymer substrates because of their highly 
undefi ned surfaces. Moreover, surfaces of the commonly used 
biopolymers very often do not have the required function-
ality for the stable binding of the biological cue, and there-
fore a loss of activity can occur. For example, simply adsorbed 
proteins on polymer substrates may be released with time. 
One approach to overcome this drawback is through chem-
ical immobilization to keep the biological activity of the sur-
face. [  61  ]  Chilkoti et al. have developed a new method [  48    c,    52  ]  
to pattern biological ligands and proteins with micrometer 
lateral resolution by microstamping a pre-activated polymer 
surfaces (MAPS). One of the main drawbacks of this method 
is that upon immobilization of the protein, denaturalization 
and loss of activity can occur. An alternative approach is the 
use of shorter peptides instead of intact proteins ( Figure    8  ). 
Although matrix proteins are large molecules, their major 
integrin recognition sites are short peptide motifs of only 
three to six amino acids. Controlling material surface chem-
istries by mimicking these cell recognition motifs of the 
same sequence as found in the whole protein may be ade-
quate to invoke a selected cellular response. The best known 
and most common of these adhesive sequences is arginine-
glycine-aspartic acid (RGD), fi rstly discovered [  62  ]  in FN, 
but later identifi ed in other cell-adhesion proteins. Other 

adhesive-recognition peptide sequences such as Tyr-Ile-Gly-
Ser-Arg (YIGSR) from laminin B1, [  63  ]  Ile-Lys-Val-Ala-Val 
(IKVAV) in laminin A, [  64  ]  or Asp-Gly-Glu-Ala (DGEA) 
in collagen type I [  65  ]  have been also used in the design of 
numerous materials for mediating cell attachment.  

 The importance of size in chemical patterning must be 
underlined. While micropatterning targets control single cell 
behavior (e.g., positioning and growth inside isotropic islands 
or along anisotropic lines), nanopatterning regulates collec-
tive cell behavior (e.g., adhesion, proliferation, gene expres-
sion, and differentiation) rather than cell positioning. [  67  ]  
Why is this different? The fi bers of the ECM (10 to 300 nm 
in diameter) and their interconnected pores formed in the 
natural tissues typically have nanoscale dimensions. [  68  ]  Cells 
recognize and adhere to these natural environmental clues 
via cell adhesion receptors. The size and the spatial organi-
zation of these receptors are in the nanoscale. For example, 
the integrins have a diameter of approximately 10 nm. [  69  ]  
Their clustering however is dynamic and the density of the 
integrin clusters can vary even among the cells adherent on 
the same surface. [  3  ]  Spatz et al. have suggested [  70  ]  that the dis-
tance between adhesion signals in the range 58–73 nm is a 
universal length scale for integrin clustering and activation. 
This suggests that the design of adhesive surfaces mimicking 
integrin clustering and the following formation of focal 
adhesions must be performed in the nanometer regime, [  43  ]  
more specifi cally in the range of 5–200 nm. [  70  ]  So far, there 
is a limited number of methods that allows this high resolu-
tion, and this explains why the understanding of focal adhe-
sion and the signalling it evokes has been constricted to the 
micrometer scale, and in recent years, to submicrometer 
patches. Keeping in mind the irregular surfaces of polymers, 
these techniques are even more restricted for polymer sur-
faces. However, this “disadvantage” of polymer surfaces can 
be used to design nanostructured surfaces. Properties of the 
polymer macromolecules, such as their mobility or ability to 
self-assemble into lamellar, cylindrical, or spherical nanodo-
mains with dimensions from a few nanometers to more than 
100 nm, [  71  ]  has been already used. For example, Grifi th and 
co-workers [  72  ]  have used a very elegant strategy to design 
comb-shaped copolymers comprising a poly(methyl methacry-
late) (PMMA) backbone with short poly(ethylene oxide) 
PEO side chains (six to nine ethylene oxide units) to present 
the ligand Gly-Arg-Gly-Asp-Ser-Pro-Lys (GRGDSPK) 
on the material surface. The hydrophobic PMMA portion 
establishes a stable surface fi lm in an aqueous environment, 
whereas the hydrophilic PEO side chains are extended to the 
water–polymer interface to present adhesion peptides as well 
as to prevent nonspecifi c protein adsorption ( Figure    9  ). In 
such a manner, they have designed different RGD peptide 
cluster sizes. The overall RGD surface density can be tai-
lored by blending with a polymer without ligand. The authors 
report that ligand clustering increased cell adhesion strength 
for a certain ligand density. Additionally, cells reinforced their 
integrin linkages to withstand stronger detachment force in a 
manner that depended on ligand clustering.  

 In a similar approach, Maheshwari et al. [  73  ]  functionalized 
PEG star polymers with an average of 1, 5, and 9 Tyr-Gly-
Arg-Gly-Asp (YGRGD) peptides per star ( Figure    10  ). These 

    Figure  8 .     Morphology of cells on structured surfaces. A) Confocal laser 
microscopy image of fi broblast on Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP)-
coupled stripe. B) Fluorescence light microscopy image of a fi broblast 
bridging the Au-ODT stripe and adhering on Gly-Arg-Gly-Asp-Ser (GRGDS)-
functionalized areas (vinculin staining for focal contacts in red, actin 
fi lament labeling with phalloidin in green, staining of nuclei with DAPI in 
blue). C,D) Cells cultured for 4 (C) and 48 h (D) on GRGDS-functionalized 
structured surfaces (actin fi lament labeling with phalloidin-Oregon 
Green 488, staining of nuclei with DAPI in blue). Scale bars are 
A,B) 10  µ m and C,D) 20  µ m. Reprinted from with permission. [  66  ]  
Copyright 2008, Elsevier.  
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star polymers were mixed with blank stars and immobilized to 
achieve different overall RGD surface densities. As a result, 
a signifi cantly higher fraction of fi broblasts showed higher 
shear stress resistance and exhibited well-formed stress fi bers 
and focal contacts when the ligand was present in a clustered 
versus a random individual format.  

 Other techniques for patterning chemical clues at the 
nanoscale include nanoimprint lithography, [  74  ]  dip-pen nano-
lithography (DPN), [  50  ]  particle lithography, and polymer-
assisted templating. [  3  ]  Recently, an alternative method, which 
uses a soft elastomeric tip array, rather than tips mounted on 
individual cantilevers, to deliver inks to a surface in a “direct 
write” manner was proposed. [  75  ]  This method, termed polymer 
pen lithography, merges the feature-size control of DPN with 
the large-area capability of contact printing. Moreover, fea-
tures on the nanometer, micrometer, and macroscopic length 
scales can be formed with the same tip array.    

 4. Smart Textures 
 Responsive or smart polymers exhibit sharp and revers-

ible conformational changes with small variations in distinct 
external signals, such as temperature, pH, ionic strength, or 
electrical fi elds. [  76  ]  Stimuli-responsive surfaces can be pro-
duced by attaching/grafting these kinds of materials onto 
appropriate substrates. On that basis, smart textures, where 

the topographical, chemical, or biomolecular cues given to 
the cells can be controlled and changed by a given stimulus, 
would be of major relevance. For example, it has been pro-
posed to form smart hydrogels on surfaces in specifi c patterns 
that can be used for selective protein adhesion, cell adhesion, 
and immobilization of drugs or other bioactive agents. [  77  ]  

 The combination of patterning and smart response has 
been applied to the so-called “cell sheet engineering.” Such 
technology has been proposed to construct ideal transplant-
able tissues composed exclusively of cells. [  78  ]  Initially, Okano 
and co-workers proposed temperature-responsive cell cul-
ture polystyrene substrates prepared by the grafting of ther-
moresponsive polymers, such as poly( N -isopropylacrylamide) 
(PNIPAAm), onto these surfaces, which allow the culture 
of confl uent cell monolayers at 37  ° C, and their recovery as 
single cell sheets when the temperature is below the lower 
critical solubilization temperature (LCST) of PNIPAAm. 
More recently, they prepared micropatterned thermorespon-
sive surfaces by photolithographic techniques, [  79  ]  in order 
to establish a construction method for 3D tissues with cap-
illary networks. These surfaces exhibited both PNIPAAm 
and non-adhesive polyacrylamide (PAAm) domains, and at 
37 ° C the endothelial cells selectively adhered to the micro-
patterned PNIPAAm domains. Stratifi ed tissue equivalents 
were constructed by layering fi broblast monolayers sheets 
with micropatterned endothelial cell sheets harvested from 
the above-mentioned micropatterned surfaces. This resulted 
in the self-organization of capillary-like networks after a 
fi ve-day culture period. Another proposed approach was the 
grafting of PNIPAAm onto substrates that already exhibited 
micropatterns such as ridges and grooves. [  80  ]  They found that 
most of the seeded endothelial cells were deposited within the 
grooves immediately after seeding, but they started to move 
towards the top of the ridges within about 2 h, and fi nally, 
selectively adhered to the ridges. On the control substrates, 
i.e., without PNIPAAm, endothelial cells randomly adhered 
to both the ridges and grooves of the patterned substrates, 
suggesting that the presence of a thick layer of PNIPAAm 
within the grooves plays a signifi cant role in preventing cell 
adhesion. An interesting feature is that after 2–3 weeks of 
culture at 37  ° C, the endothelial cells show capillary-like 
tube formation on these thermoresponsive microtextured 
substrates. Therefore, these distinct approaches to develop 
thermoresponsive patterns are very promising for providing 
more insights into cell–cell communications and angiogenesis 
in reconstructed, 3D environments, as well for the fabrication 
of tissues with complex, multicellular architecture. 

 Also, with the aim of fabricating complicated 3D tissues, 
novel micropatterned dual thermoresponsive surfaces that 
enable the culture and recovery of patterned heterotopic 
cell sheets were proposed. [  81  ]  Two types of thermorespon-
sive polymers exhibiting different LCSTs, PNIPAAm, and 
 n -butylmethacrylate (BMA)- co -grafted PNIPAAm, were 
micropatterned using electron beam polymerization. The 
hydrophilic/hydrophobic changes exhibited by these surfaces 
as a function of temperature allowed the selective adhesion 
and growth of rat primary hepatocytes and bovine carotid 
endothelial cells. At 27  ° C, the hepatocytes only adhered 
to the hydrophobic poly(NIPAAm- co -BMA). When the 

    Figure  10 .     Schematic illustration of star polymers presenting RGD 
ligands for cell adhesion (based on results in the literature [  73  ] ).  

    Figure  9 .     A schematic presentation of peptide-comb structure at the 
polymer-water interface (based on results in the literature [  72  ] ).  
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temperature increased to 37  ° C, the sequential seeding of 
endothelial cells allowed exclusive adhesion to the hydropho-
bized PNIPAAm regions, resulting in patterned co-cultures. 
The co-cultured and patterned cell sheets could be recovered 
when the temperature is low enough to allow the hydration 
of both polymer-grafted domains (in this case at 20  ° C). These 
cell sheets can be combined with other co-culture cell sheets, 
and ultimately, could provide a new technology to regenerate 
complex organs such as liver and kidneys. 

 Although the methods employed by Okano and 
co-workers to obtain patterned cell sheets, provided 
suffi cient reproducibility and resolution, they were more time-
consuming or complex than desired. In order to overcome 
these features, they recently used microcontact printing to 
produce fi bronectin micropatterns directly onto commercially 
available thermoresponsive PNIPAAm culture dishes. [  82  ]  
Patterns with different sizes and shapes in the ranges of 
20–500  µ m were successfully fabricated with a cheaper and 
more straightforward methodology. Primary rat hepatocytes 
seeded on these patterned surfaces, in a serum-free medium, 
attached only to the fi bronectin domains. [  82    b]  Endothelial 
cells were then seeded on the dishes, and it was observed 
that they attach onto the intervals between the hepato-
cytes; that is, a micropatterned co-culture of hepatocytes and 
endothelial cells was successfully achieved. [  82    b]  Moreover, 
all the cells were harvested as a single micropatterned cell 
sheet and transferred onto new dishes. Okano et al. already 
showed that it is possible to obtain cell sheet constructs with 
fi ve layers, where the viability of the transferred cells and the 
adequate organization of the functional cell–cell junctions 
were demonstrated. [  79  ]  As a result, this new approach could 
be undoubtedly very promising to fabricate thick cell sheet 
constructs with the complex tissue-like microstructure. 

 The proper function of many tissues depends critically on 
the structural organization of the cells and ECM. Okano et al. 
showed that micropatterned, thermoresponsive polysty-
rene substrates can also be used to generate cell sheets with 
defi ned ECM/cell organization. [  83  ]  The patterns consisted of 
parallel grooves 5  µ m in depth, 50  µ m wide, and spaced 50  µ m 
apart. Vascular smooth muscle cells cultured on these sub-
strates produced sheets consisting of cells that exhibited 
strong alignment in the direction of the grooves. The authors 
found that there is an optimum range of PNIPAAm graft 
density (45–50%) that has to be used in order to obtain these 
cell sheets. The sheets could be easily transferred from pat-
terned to nonpatterned substrates without the loss of tissue 
organization. Although this work was introduced within the 
framework of developing a tissue engineered vascular graft 
there are many tissue engineering (TE) applications where 
this approach could be potentially applicable. For instance, as 
the cardiac wall comprises multiple layers of highly aligned 
cardiac muscle, such sheets could be used in cardiac TE for 
infarct repair. Skeletal muscle engineering would also ben-
efi t from such an aligned construct. Parallel groove patterns 
are suitable for blood vessel and muscle applications, but of 
course, other distinct and more complex patterns could be 
used, depending on the application. 

 Aligned cell sheets were also developed by Dang and 
Leong. [  84  ]  In this work, aligned nanofi bers composed of 

thermoresponsive hydroxybutyl chitosan were electrospun 
to create a scaffold for the production of this type of cell 
sheets. The median fi ber diameter was 436 nm, and their 
alignment created repetitively spaced nanometer-scale fea-
tures at the scaffold surface. Human mesenchymal stem cells 
(hMSC) cultured on these surfaces presented alignment and 
elongation in both the cell body and nucleus. Besides these 
morphological changes, topographical features induced 
the expression of genes indicative of myogenic induc-
tion of hMSC cultured in proliferative, nondifferentiating 
medium. The thermoresponsive character of the polymer 
used allowed its dissolution from the cell/scaffold construct 
without disruption of the cytoskeletal structure and cell–
cell interactions. Bioactive components, such as natural 
matrix components and growth factors, could be incorpo-
rated into the fi bers during fabrication in order to obtain a 
surface with biochemical cues, which could enhance cellular 
function. This strategy could create, after dissolution of the 
scaffold, a cell sheet tailored with the desired levels of cell 
maturation and tissue response to the given biochemical 
and topographical cues. We believe that the introduction of 
topographical cues, alone or combined with chemical and 
biomolecular signals, in order to create aligned cell sheets 
may have a tremendous impact in engineering tissue con-
structs in the future. 

 Smart textured surfaces can also be used to control 
and trigger the occurrence of biomineralization in bio-
degradable substrates. [  85  ]  In this case, temperature was 
used as the external stimulus. The principle was based 
on the change of the conformational features of PNI-
PAAm chains across the LCST, synthesized over a bio-
active composite substrate by using plasma activation. 
By patterning the modifi cation of the surface, it was 
possible [  85  ]  to combine temperature and spatial con-
trol of biomimetic apatite formation. This was achieved 
by just exposing some regions of the substrate surface 
to the plasma treatment, allowing the insertion of PNI-
PAAm in specifi cally desired areas. It was shown [  86  ]  that 
apatite-coated surfaces enable the attachment, growth, and 
expression of osteogenic genes in osteoblastlike cells. Thus, 
apatite-patterned surfaces, such as the ones developed in 
the above-mentioned work, could be used in fundamental 
studies on differentiation, adhesion, proliferation, and cell–
cell signaling of bone-related cells. These surfaces could also 
be used in fundamental co-culture studies involving bone 
cells and other kind of cells such as endothelial cells, which 
could be useful in bone tissue engineering applications. Of 
course, the selective activation of the surface could be per-
formed using other techniques (e.g., photolithography). 

 Other thermoresponsive polymers may be used instead 
of PNIPAAm. For example, smart thin coatings using a 
recombinant elastinlike polymer (ELP) containing RGD 
sequences were fabricated through simple deposition of the 
ELP dissolved in aqueous-based solutions onto chitosan 
membranes. [  87  ]  It was shown that the conformational changes 
suffered by the ELP at its inverse temperature transition 
modifi ed the topography at the nanoscale and the wettability 
of the polymeric substrate, which could be potentially used to 
control cell adhesion and protein adsorption.   
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 5. Future Trends 
 Distinct methods and strategies to tailor polymeric sub-

strates with topographical, chemical, and biomolecular sig-
nals have been discussed in this review. From the extensive 
work developed by many researchers, it is evident that the 
majority of the studies have been performed on 2D surfaces, 
mainly due to the limitations of fabrication techniques. Addi-
tional and continuing advances in micro- and nanofabrica-
tion, as well as in other technologies, are under development. 
It is expected that by applying these technologies, it would be 
possible to translate the advanced 2D models into 3D struc-
tures that could more effi ciently mimic the in vivo environ-
ment. Important outcomes are also expected from the fast 
developing area of smart surfaces responsive to different 
stimuli. These kinds of surfaces will be of great importance 
as they will help us understand cell behavior in a dynamic 
environment, similar to the in vivo environment. Finally, a 
major challenge will be to integrate the distinct signals, i.e., 
topographical, chemical, and biomolecular, in order to obtain 
highly defi ned surfaces that will allow precise mimicking of 
the timing and metabolic course of naturally occurring proc-
esses involved in cell survival and development.  
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