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ABSTRACT

Mammalian cells in the traditional 2D culture lack the complexity of 3D tissue architecture as well as the cell‑cell 
or cell‑extracellular matrix (ECM) interactions, which are present in the body. Still they are one of the most accessible 
and popular models used in biomedical research. Simultaneously, the understanding of various cell interactions in the 
body brings a valuable source of knowledge for the continuous improvement of several research areas including new 
biocompatible materials, tissue regeneration attempts, devices of the Lab-on-a-Chip type or cell-based biosensors 
for different applications. In order to meet the needs of cell culture improvement and a better understanding of the 
physiological cell interactions, within years different cellular surface modifications with biomolecules or chemicals 
have been introduced. These modifications play an important role in the regulation of several processes in cells such 
as adhesion, proliferation, differentiation, interaction and signalling.

In this review, we have described the typical surface modifications used for the cell culture of different skin cells 
with a brief specification of the mechanism of cell adhesion. The skin cells like keratinocytes, fibroblasts, melanocytes, 
but also cancer cells (especially melanoma cells) are the perfect models for studying adhesion mechanisms in vitro due 
to their mutual physiological interaction in the skin tissue.
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INTRODUCTION
The main skin cell types present in the epidermis are 

keratinocytes (main component), melanocytes (producing 
melanin), the Langerhans cells (dendritic cells of the immune 
system) and the Merkel cells (cells of the nervous system). In case 
of the dermis, the main cells are fibroblasts (responsible to produce  
growth factors) and mast cells (cells of the immune system), as well  

 
as for hypodermis - adipocytes (cells forming the adipose tissue) 
[1,2]. Due to the nature of this tissue as a continuous structure, the 
interactions present between several skin cell types.

Well-known fact for example, each melanocyte binds with a 
specified group of keratinocytes through the adhesion molecule 
E-cadherin to transfer melanosomes (granules of melanin), which 
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are required for protecting the keratinocytes’ nucleus from the 
solar radiation [3]. The cessation of the E-cadherin expression 
breaks the control that keratinocytes have over melanocytes. In 
consequence, the alteration in favour of the N-cadherin appearance 
occurs during the epithelial-mesenchymal transition, which is 
typically observed in melanoma skin cancers. With this cadherin-
switch the transformed melanocytes gain a new ability to interact 
with fibroblasts, endothelial cells or themselves. The freshly 
occurring interactions are beneficial for the cancerous cells due to 
the production of several growth factors by fibroblasts that induce 
melanoma cell proliferation and migration [4].

Adherent cells can be cultured on a variety of surfaces like flat 
materials (typically polystyrene or glass surfaces; seldom metals 
such as titanium, zirconium or gold)[5,6] and in 3D structures 
(scaffolds from polyesters, or nanoporous materials), which are 
important in skin reconstructions by tissue engineering [7,8]. 
The most common surface-dependent modification is the usage 
of proteins found in the extracellular matrix, several polymeric 
materials or chemicals with precisely selected functional groups 
[9,10]. By introducing a proper growth surface modification, the 
regulation of various important cellular processes like adhesion, 
proliferation and differentiation can be controlled [11]. The surface 
type influences strongly the dynamic process of the cells’ adhesion 
due to the fact that it is the result of specific interactions occurring 
between molecules on the cell surface and their respective ligands. 
The surface receptors belong to five major classes: integrins, the 
immunoglobulin superfamily (Ig-CAMs), cadherins, selectins and 
the hyaluronan receptor CD44 [12]. Adhesion occurs not only 
between the cells and the surface but also between the adjacent 
cells (cell-cell adhesion). Cell adhesion can also be a source of 
specific signals created during the interaction with the growth 
factor receptors. Due to different adhesive interactions of cells 
with modified surfaces, the cells’ phenotype can also be regulated 
or altered [13]. The resistance of cells to shape changes, stretching 
during movement or their ability to transport cytoplasmic elements 
depend on the cells’ cytoskeleton. The concentration and structure 
of individual components of the cytoskeleton (microtubules, actin 
filaments and intermediate filaments) also determine the cells’ 
mechanical response to the environment and facilitate the cell-cell 
and cell-surface interactions [14,15]. Therefore, the cytoskeleton 
dynamics as well as the growth regulation depend to some extent 
on the interactions associated with the term cell adhesion [13].

DISCUSSION
The frequently used surface modification with the extracellular 

matrix proteins facilitates the attachment of cells, by recalling the 
natural environment present in tissues. ECM is a group of proteins 
that contain the Arg-Gly-Asp (RGD) sequence to which the cell 
transmembrane integrin receptors bind [6,16]. Examples of these 
proteins include collagen (COL), fibronectin (FN), laminin (LM) and 
vitronectin (VTN) [17]. There are several identified heterodimers of 
integrins responsible for the adhesion of cells to the ECM proteins. 
The α1β1, α2β1 and α3β1 integrins interact with collagen, whereas 
α4β1, α5β1, αvβ3, αIIbβ3 and αvβ5 integrins bind to fibronectin, 
and also α1β1, α2β1, α3β1, αvβ3 and αIIbβ3 interact with laminin 
[18,19]. Normal cells interact with the ECM in a carefully controlled 
process that allows them to integrate [20]. If detached from the 
extracellular matrix, normal cells are enclosed in the G1 phase 
of the cell cycle. Due to the loss of activity of the cyclinE/cdk2 
complex, they undergo apoptosis [13]. On the other hand, during 
cancer transformation the binding of the integrin receptor to COL-I, 

FN or VTN may lead to the matrix metalloproteinases (MMPs) 
production and their activation. The degradation of ECM proteins 
by the activated MMPs also promotes the release of the growth 
factors, cytokines and proteases into the environment. The growth 
of normal cells is inhibited and the transformed cells, in which 
integrin-mediated signaling pathways are disturbed, acquire the 
ability to grow in suspension and survive to invade other parts of 
the body [20]. 

The loss of these interactions, due to the disturbances in adhesion 
molecule functions (e.g. N-CAM), may result in the uncontrolled 
cancer cell proliferation [13]. Moreover, surface modification with 
type I collagen can regulate various proliferative and survival 
signaling pathways of melanoma including the ephrinA1/EphA2 
pathways [19]. However, metastatic melanoma cells reveal more 
diverse adhesion properties (from not adherent to highly adherent) 
to ECM proteins in comparison with the primary melanoma cells 
[21]. Surface modification with fibronectin may also significantly 
influence the melanoma cells’ elastic properties like the resistance 
to deformation measured by the atomic force microscopy (AFM) 
[22]. With fibronectin adsorption onto surfaces, two protein 
states were identified: one with a more active conformation on the 
hydrophilic surface and the other less active on the hydrophobic. 
In case of hydrophobic materials, the hydrophobic interactions 
are stronger which leads to the rearrangement of the secondary 
structure of FN. Consequently, fewer fibroblasts have bound and 
spread on hydrophobic and more on the hydrophilic surfaces. In 
addition to wettability, functional groups and surface charges also 
affect protein adsorption, and thus cell adhesion [23]. 

The analogic type of surface modification is provided by the 
use of Matrigel, the mixture consisting of various concentrations 
of ECM proteins, which has been extracted from Engelbreth-Holm-
Swarm tumors. Its use should allow reconstituting the basement 
membrane. However, Matrigel is not a well-defined matrix and 
because of that it can be responsible for the differences in the 
experimental results [24]. Moreover, the RGD peptide sequence 
alone can be covalently attached to several surfaces and scaffolds. 
The amino acid order in the peptide is important as confirmed by 
the study of fibroblast adhesion and their spreading on surfaces 
modified with analogical sequences. The RGD (Arg-Gly-Asp) 
sequence partially inoculated in the interpenetrating networks of 
the acrylic acid copolymer and polyethylene glycol (PEG) promoted 
fibroblast spreading in contrast to the polymer films containing 
RDG (Arg-Asp-Gly) or RGE (Arg-Gly-Glu) sequence motif. Similarly, 
hydrogels made of PEG containing RGD promoted the spread 
of fibroblasts, whereas those containing RDG did not [25]. The 
weakness of these modifications can relate to a possibility of the 
ECM degradation due to microenvironmental changes (e.g. pH) or 
the protein digestion by the bound cells [26].

Using the ECM coating for cell seeding is also quite popular 
in several procedures of the skin cell isolation from the tissue. 
Especially in case, when the tissue fragment was exposed to the 
enzymatic digestion or the mechanical disaggregation [7,27,28]. 
However, the surface modification for improving cell adhesion 
can be performed for several types of materials, not only glass or 
polystyrene. For the tissue regeneration attempts, biodegradable 
synthetic polymers (like polylactide, polycaprolactone or 
polylactide-co-glycolide (PLGA)) can be formed into nanofibers 
by the electrospinning process. They provide stable mechanical 
support for cells, but at the same time these polymers are unable 
to provide sufficient support for cellular adhesion, which is why 
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surface modification with ECM proteins is required. For example, 
the fibrin coating significantly improved the attachment, spreading 
and proliferation of fibroblasts, whereas collagen coating had 
a positive influence on the behavior of keratinocytes. This is 
why the nanofibrous membranes with protein nanocoating are 
considered as promising constructions of the skin substitute 
[29]. Similar observations were performed with the COL and FN 
surface modification of the nanoporous anodic alumina (NAA) 
and porous silicon (PSi). These structural biomaterials after their 
functionalization with ECM proteins have good adhesive properties 
for cells [8]. 

Following the cell adhesion process on different surfaces in 
real-time is possible by means of advanced methods like the quartz 
crystal microbalance with the dissipation monitoring (QCM-D) 
[18,30]. Not only does this method provide information about the 
changes in the frequency shift connected with the increase of the 
mass bound to the surface of the sensor, but also of the viscoelastic 
changes of the newly created layer [31]. However, for experiments 
on cell adhesion the surface of the sensor (typically gold) has to be 
pre-coated with the studied protein before the measurement starts 
[32]. For example, with the QCM-D method significant differences 
in the adhesion of melanoma cells were investigated on the FN 
and VTN pre-coated sensors. The cells have attached strongly to 
the vitronectin coating and after 1.5 hours the rearrangement in 
the cells began, whereas in case of laminin coating the observed 
changes in the frequency shift were probably connected with the 
partial degradation of LM by cells [33]. 

Another possibility for the modification of various surfaces is 
the application of chemical reagents including cationic polyamino 
acids like poly(lysine) (PL), poly(ornithine) (PO), poly(arginine) 
and poly(ethylenimine) (PEI). These positively charged polymers 
facilitate cell adhesion through the attraction of the negatively 
charged cell membrane. They are usually deposited from 0.01% 
solution to the modified surface and depending on their properties 
like chirality (e.g. poly-L-lysine (PLL), poly-D-lysine (PDL)) and 
molecular weight they may have different modes of actions and 
toxicity towards various cell types [26]. The optimization of 
the cell culture conditions is a very important issue concerning 
these coatings because of their effect on the cell proliferation 
rate, attachment, morphology and also the cellular cytoskeleton 
rearrangement [34]. This type of surface modification is rather 
resistant to degradation, however, cell types that secrete proteases 
are able to digest poly-L-lysine more easily than poly-D-lysine [26].

Metal surfaces like gold can be coated with polystyrene (0.5% 
PS solution in toluene) and the following exposure of the PS surface 
to the ultraviolet light increases its wettability facilitating cell 
adhesion [35,36]. To increase the cell adsorption to the PS surface, 
the optional sulfonation with the concentrated sulfuric acid can be 
performed, which increases the number of charged groups on the 
surface [37]. Another method of PS modification to increase cell 
adhesion is to treat the surface with chromic acid, which leads to 
the formation of aldehyde or carboxyl groups on the PS surface [38]. 
Common gold modifications are also those performed with the use 
of the self-assembling monolayers (SAMs) like thiols and siloxanes. 
This can be made either through the covalent conjugation or by the 
physical adsorption of these compounds to gold. In practice, SAM 
preparation usually involves a direct immersion of a metal to be 
modified in a diluted solution of a suitable modifying compound 
(e.g. gold in a thiol solution). Through this method layers of small 
thickness (about 1-3 nm) are obtained [39]. Thiol-containing 

polyethylene glycol (thiol-PEG) coating is believed to be non-toxic 
for cells [40] and at the same time effective at limiting non-specific 
adsorption of proteins to gold surfaces [41]. 

Such anti-fouling behavior is mainly due to the steric 
repulsion between hydrated neutral PEG chains and proteins 
[23]. Polydimethylsiloxane (PDMS) has a number of features and 
properties that allow its use for the construction of Lab-on-a Chip 
microsystems in which adherent cells can be grown and treated. 
These include biocompatibility, high gas permeability ensuring 
oxygen delivery to the cells in microchannels, transparency as 
well as stability over a wide range of temperatures [42]. The 
ability of cell interaction with PDMS is determined by the surface 
properties such as the chemical composition of the obtained layer, 
its hydrophobicity or hydrophilicity, as well as the topography 
and stiffness of the material. Furthermore, the parameters for the 
surface modification with PDMS must be properly selected due to 
the fact that different substratum stiffness (0.75 MPa - 2.92 MPa) 
significantly influences the cell morphology and its proliferation 
rate [43]. These parameters are the incubation time, temperature 
and compound concentration. Also, parameters related to the cell 
culture on these surfaces (e.g. culture time, the composition of the 
culture medium) are important in each cell adhesion experiment. 

CONCLUSION
The type of growth surface has a crucial effect on the cells’ 

binding to the substrate, due to the fact that it may force cells to 
change the adhesion mechanism. With the surface modification, 
it is possible to control the behavior of the cells, to increase the 
adhesion of one type of cell and limit the growth of the other 
types of cells. However, it is also desirable that the applied surface 
modification would simplify the binding of the cells to the surface 
and generally enable their good spreading. Some of the crucial 
parameters before surface modification which should be considered 
are the composition, orientation, hydrophilicity and viscoelasticity 
of the selected material for cell adhesion. Therefore, the biophysical 
characteristics of the living cell interaction with modified surfaces 
brings much useful information, especially in the context of several 
diseases including cancer.
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