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Abstract  

The interaction of cells with polymers is important for their potential applications in medicine and 
various areas of biotechnology. Their physico-chemical surface properties strongly influence the cell 
morphology, adhesion and growth. Physical and chemical properties of pristine and modified 
polyethylene (PE) films were studied. PE was modified by Ar plasma (0–400 s, 2.0 W) and than 
grafted with amino acid (glycine). Structural and morphological changes of polymer were studied by 
goniometry and Rutherford back-scattering (RBS). The interaction of these samples with vascular 
smooth muscle cell (VSMC) from the rat aorta was studied. Number and morphology of the adhered 
and proliferated cell on the pristine and modified PE was studied in vitro method. It was found that 
wetting angle of the modified films decreased with exposure time. Experiments in vitro indicated 
that the adhesion and proliferation of VSMC is increasing function of degradation time and glycine 
grafting. 

Introduction 

Study of materials with potential applications in medicine, information technologies and other fields 
is topical in present polymer chemistry [1]. Polymers find applications in tissue engineering as 
materials suitable for tissue reconstruction or as substrates for cultivation of cells skin coverage. For 
these applications the polymer surface can be tailored and its surface morphology, wettability and 
affinity to living cells can be changed in required manner [2]. 
 One of the techniques of modification of polymer surface is exposure to plasma discharge. 
The plasma treatment initiate complex changes of polymer physico-chemical properties, the 
character of which depends on working gas composition, exposure time and discharge power [3,4]. 
Plasma discharge initiates cleavage of macromolecular chains or cross-linking. The plasma 
modified polymer surface exhibits increased chemical activity, due to presence of free radicals and 
unsaturated bonds, and it can easily be grafted with suitable agents [5,6]. By the grafting new 
functional groups or molecules are permanently bonded on the polymer surface [7]. 
 In this study the polyethylene (PE) is modified in Ar plasma and subsequently grafted with 
glycine. The formation of oxidized structures is examined by RBS technique and surface wettability 
by goniometry. The modified PE is used as a carrier for cultivation of smooth muscle cells (VSMC), 
the adhesion and proliferation of which is studied by standard techniques.  
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Experimental 

Experiments were performed on oriented polyethylene (PE, supplied by Granitol Ltd., CR), in the 
form of 40 µm thick foils. High density polyethylene (HDPE, ρ=0.951 g cm−3) and low density 
polyethylene (LDPE, ρ=0.922 g cm−3) were studied. The samples were modified in Ar plasma, 
exposure times were from 0 to 400 s. Discharge power was 1.7 W and the treatment was 
accomplished at room temperature. Modified PE was grafted with water solution of glycine (12 h, 
RT, 2 wt.%). Since the PE modified in plasma exhibits partial solubility in water parallel, control 
experiment was accomplished in which PE samples were etched in deionized water at RT for 12 
hours. 
 Surface wettability was measured by goniometry. Contact angle (with error ±5%) was 
measured with distilled water at RT at 5 positions. Total content of oxygen and its concentration 
depth profile in pristine and modified PE was determined by Rutherford Back Scattering (RBS) 
method. Analyses were performed with 2.0 MeV He+ ions from NPI Van de Graaff accelerator at 
NPI. He+ ions scattered the laboratory scattering angle of 170°. The oxygen concentration profiles 
were obtained before and after 24 hour water etching.  
 Number and morphology of the adhered and proliferated vascular smooth muscle cell 
(VSMC) on the pristine and modified PE was studied in vitro. Polymer samples were sterilized for 1 
hour in ethanol before cell cultivation. VSMC were seeded on the samples with density 30000 cells 
per cm-2 into1.5 ml of Dulbecco´s modification of Eagle´s minimal essential medium (DMEM) 
containing 10 % of fetal bovine serum. Cells were cultivated at 37°C and 5% content of CO2. Cells 
adhesion was determined after 24 hours and cell proliferation after 2nd, 5th a 7th days after seeding. 
Cells were rinsed in phosphate-buffered saline (PBS), fixed in 70% ethanol and colored with 
hematoxylin and eosin. The cell membranes were colored with Texas Red colour and colour 
Hoechst were used for decorating of cell nuclei. The number of cells in the samples grafted with 
glycine and cultivated for 5 and 7 days was too high and different techniques had to be used for the 
determination of cell number. The cells were rinsed by PBS, released with trypsin-EDTA solution 
and counted in Cell Viability Analyzer (VI-cell XR, Beckman Coulter). 
 

Results and discussion 

The Ar plasma discharge causes cleavage of C-C and 
C-H bonds at exposed PE surface [8], rearrangement 
of modified macromolecules and molecular fragments 
and oxidation the PE surface layer [9]. These changes 
lead to changes in the PE surface morphology and 
wettability. The plasma modified surface exhibit 
increased chemical activity and it can be grafted with 
various agents [7].  
 The dependence of the contact angle on the 
plasma exposure time is shown in Fig.1. It is evident 
that the contact angle decreases with exposure time. 
Contact angle from HDPE is lower that from LDPE. 
The decline is faster for HDPE possibly due to higher 
content of new, oxidized structures [9]. Decline in the 
contact angle observed on water etched samples is 
probably due to dissolution of oxidized structures from 
the surface of plasma modified PE. Contact angles on 
the samples grafted with glycine are lower that those of 
the samples modified only with plasma. Since the 
glycine contains a polar group, this result proves 
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Fig. 1 Dependence of the contact angle 
on the plasma exposure time for pristine, 
plasma and plasma/glycin modified 
HDPE and LDPE. 
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glycine binding at the surface of plasma modified 
PE. The changes in contact angle may be affected 
also by changes in PE surface morphology. In 
previous experiments it was shown that, after the 
plasma treatment, the surface roughness of HDPE is 
higher that that of LDPE [9]. This may be due to the 
fact that during the plasma treatment PE amorphous 
regions are preferentially degraded followed by 
crystalline ones [10]. 
 Plasma treatment leads to creation of free 
radicals [8] and an oxidation either from ambient 
atmosphere in reaction tank or later by air. 
Concentration depth profile of oxygen modified 
LDPE and HDPE was determined from RBS 
measurement. The oxygen content in plasma 
modified LDPE is higher (1,64 at.%) than in plasma 
modified and water etched LDPE (0,49 at.%). This 
may be explained by removal of a part of modified 
surface layer containing oxidized structures by etching. On the oxygen depth profile (Fig.2) from 
plasma modified LDPE an oxygen concentration maximum is seen at 20 nm depth. After etching 
the very surface layer of PE is removed and surface concentration increases. It could be due to 
binding of -COOH groups onto free radicals in the surface layer [8]. Concentration of oxygen in 
plasma modified and glycine grafted 
samples is comparable with that 
observed in plasma modified samples at 
the depth of 50 nm. 
 Adhesion and proliferation of 
cells on both PE species was followed 
microscopically. For the sake of clarity, 
the proliferation of VSCM cells on 
pristine HDPE and LDPE is shown in 
Figs.3 A, B, the proliferation on plasma 
modified HDPE and LDPE in Figs 3C, 
D and on plasma modified and glycine 
grafted HDPE and LDPE in Figs. 3E, F. 
It is evident that the plasma 
modification enhances homogeneity of 
proliferating cells on both PE species. 
The subsequent grafting increases both 
homogeneity and proliferation, the 
effect being more pronounced on 
LDPE.  In Fig. 4 the dependence 
of the cell number on the time of 
plasma treatment for plasma treated and 
plasma treated and grafted samples are 
shown. The plasma treatment leads to 
an increase of the number of adhering 
cells in comparison with pristine PE. 
The cell number is higher on LDPE 
probably due to higher oxygen content 
in the polymer surface layer. On both 
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Fig. 2 Oxygen concentration depth profile of 
plasma, water and plasma/glycine modified 
LDPE. 
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Fig. 3 The photographs show proliferation of VSMC (after 
48 h) on pristine HDPE (A) and LDPE (B), plasma 
modified HDPE (C) and LDPE (D) and plasma/glycine 
modified HDPE (E) and LDPE (F).  
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polymer species the glycine grafting shows a 
positive effect on cell proliferation. 

Conclusion 

The plasma treatment leads to changes in the PE 
surface morphology (surface wettability), the 
changes being more pronounced on HDPE. 
Modification by plasma discharge itself and 
subsequent glycine grafting result in contact 
angle decline. Plasma modification of both, 
HDPE and LDPE and subsequent glycine 
grafting enhance adhesion and proliferation of 
VSCM cells. 
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Abstract: High-density polyethylene (PE) foils were modified by an Ar+ plasma discharge 
and subsequent grafting with biomolecules, namely glycine (Gly), polyethylene glycol 
(PEG), bovine serum albumin (BSA), colloidal carbon particles (C) or BSA and C  
(BSA + C). As revealed by atomic force microscopy (AFM), goniometry and Rutherford 
Backscattering Spectroscopy (RBS), the surface chemical structure and surface 
morphology of PE changed dramatically after plasma treatment. The contact angle 
decreased for the samples treated by plasma, mainly in relation to the formation of oxygen 
structures during plasma irradiation. A further decrease in the contact angle was obvious 
after glycine and PEG grafting. The increase in oxygen concentration after glycine and 
PEG grafting proved that the two molecules were chemically linked to the plasma-
activated surface. Plasma treatment led to ablation of the PE surface layer, thus the surface 
morphology was changed and the surface roughness was increased. The materials were 
then seeded with vascular smooth muscle cells (VSMC) derived from rat aorta and 
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incubated in a DMEM medium with fetal bovine serum. Generally, the cells adhered and 
grew better on modified rather than on unmodified PE samples. Immunofluorescence 
showed that focal adhesion plaques containing talin, vinculin and paxillin were most 
apparent in cells on PE grafted with PEG or BSA + C, and the fibres containing α-actin,  
β-actin or SM1 and SM2 myosins were thicker, more numerous and more brightly stained 
in the cells on all modified PE samples than on pristine PE. An enzyme-linked 
immunosorbent assay (ELISA) revealed increased concentrations of focal adhesion 
proteins talin and vinculin and also a cytoskeletal protein β-actin in cells on PE modified 
with BSA + C. A contractile protein α-actin was increased in cells on PE grafted with PEG 
or Gly. These results showed that PE activated with plasma and subsequently grafted with 
bioactive molecules and colloidal C particles, especially with PEG and BSA + C, promotes 
the adhesion, proliferation and phenotypic maturation of VSMC. 

Keywords: plasma irradiation; bioactivity; biocompatibility; tissue engineering and 
reconstruction 

 

1. Introduction 
 
Synthetic polymers, such as polyethylene, polystyrene, polyurethane, polytetrafluoroethylene and 

polyethyleneterephthalate, are commonly used in various industrial applications, as well as in 
biotechnology and medicine. These materials not only serve as growth supports for cell cultures in 
vitro, but can also be used for constructing replacements for various tissues or organs, e.g.,  
non-resorbable or semi-resorbable vascular prostheses, artificial heart valves, bone and joint 
replacements, and implants for plastic surgery (for reviews, see [1–3]).  

Materials designed for the construction of body implants must be biocompatible, i.e., matching the 
mechanical properties of the replaced tissue and not acting as cytotoxic, mutagenic or immunogenic. 
Biocompatible materials can also behave as bioinert, i.e., not promoting cell adhesion and 
proliferation. For example, such types of materials have been applied in the construction of artificial 
eye lenses and in articular surfaces of joint prostheses, i.e., implants requiring transparency or 
smoothness, and thus completely cell-free surfaces. Bioinert materials have also been used for 
fabricating polymeric vascular prostheses in order to prevent adhesion and activation of thrombocytes 
and immunocompetent cells on the inner surface of these grafts (for reviews, see [2,4]).  

An alternative and more advanced approach, widely accepted in recent tissue engineering, is to 
create surfaces that support colonization with cells and good integration of a replacement with the 
surrounding tissues of the patient’s organism. This concept is used e.g., for constructing bone 
prostheses that will persist in the patient’s organism for many years, and is being developed for the 
creation of bioartificial replacements of blood vessels, liver, pancreas and even nervous system tissue. 
In these replacements, the artificial materials have a similar function as the natural extracellular 
matrix, and they serve as templates for regeneration of the damaged tissue. For example, in vascular 
tissue engineering, such a material should enable reconstruction of the tunica intima, formed by a 
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confluent layer of endothelial cells, and also reconstruction of the tunica media containing vascular 
smooth muscle cells. For such purposes, advanced artificial materials cannot merely be passively 
tolerated by cells, but should act as bioactive or biomimetic, i.e., inducing the required cell responses 
in a controllable manner (for reviews, see [2–4]). 

The cell-material interaction is strongly dependent on the physical and chemical properties of the 
material surface. The main properties decisive for colonization of a material with cells are polarity, 
wettability, electrical charge, roughness and topography. No less important is the presence of various 
chemical functional groups and biomolecules on the surface of these materials (for reviews, see [4,5]). 

Unfortunately, many potential materials for the construction of tissue replacements have properties 
that are not so appropriate for integration with the surrounding tissues, and they need further 
modification in order to enhance their attractiveness for cell colonization and new tissue formation. 
The synthetic polymers mentioned above are a typical example. In their pristine state, these materials 
are characterized by relatively high hydrophobicity, i.e., the water drop contact angle on their surface 
is higher than 90° (for reviews, see [4,5]).  

There are various ways of modifying the surfaces of polymers to make them convenient for cell 
adhesion. For this purpose, the surfaces have been exposed to ultraviolet (UV) irradiation [6,7], to a 
beam of various ions (e.g., oxygen, nitrogen, noble gases or halogens for biological applications  
[1–3,8]) or to a plasma discharge [9–12]. For more pronounced changes in the physicochemical 
properties of the modified surface, some of these processes can be realised in a gas atmosphere, e.g., in 
acetylene or ammonia [6,7,13]. These modifications change the stability, roughness, morphology, 
mechanical properties and chemical composition of the polymer surface by creating chemical 
functional groups containing oxygen or nitrogen, e.g., carbonyl, carboxyl or amine groups, on the 
surface of the material. These groups increase the surface wettability, support the adsorption of cell 
adhesion-mediating extracellular matrix proteins in an appropriate geometrical conformation and 
stimulate cell adhesion and growth [1–3,7]. 

An alternative and more exact approach for polymer surface modification can be to graft the 
polymer surfaces directly with various biomolecules, e.g., with amino-acids, oligopeptides or protein 
molecules, which can influence the cell behavior in a more controllable manner. This grafting occurs 
spontaneously by exposing the material to biological environments, such as solutions of various 
biomolecules, blood, intercellular liquid or cell culture media, immediately after plasma activation. 
The biomolecules then bind to radicals created on the polymer surface by plasma activation [11,12]. 

Therefore, in this study, high-density polyethylene, a model material for potential biomedical use, 
was modified by an Ar+ plasma discharge and subsequent grafting of glycine (Gly), bovine serum 
albumin (BSA), polyethyleneglycol (PEG), colloidal carbon particles (C) or BSA + C. The aim of 
these modifications was to create surfaces attractive for cell colonization. On the modified polymer, 
we evaluated the adhesion, proliferation and phenotypic maturation of vascular smooth muscle cells in 
cultures derived from rat aorta. 
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2. Results and Discussion  
 
2.1. Physicochemical Properties of Polymer Samples 
 

It is well known that chemical structure and surface morphology have a significant effect on surface 
wettability [12,14,15], which in turn may affect adhesion and proliferation of living cells [12,14]. The 
contact angle, as a measure of surface wettability, is shown in Figure 1 for pristine PE, plasma treated 
PE and plasma-treated and biomolecule-grafted samples. The contact angle decreases for samples 
treated by plasma, which is mainly related to the formation of oxygen structures during plasma-
irradiation [16]. Obviously, the oxygen from the ambient residual atmosphere interacts with the plasma 
activated PE surface, and creates various oxidized structures. Creation of carbonyl, carboxyl and ester 
groups on plasma-treated PE was proven earlier in similar experiments [17,18]. A further decrease in 
the contact angle is obvious after glycine and PEG grafting, where the hydrophilicity of the sample 
increases in comparison to PE treated only with plasma. This finding supports the idea that the polar 
molecules (Gly, PEG) are linked to the activated PE chain [14]. By contrast, after BSA, C and  
BSA + C grafting, the values of the contact angle were higher than after plasma treatment, but lower 
than in the case of pristine PE. In our previous studies, covalent grafting of the mentioned molecules to 
the polymer surface was proved by the decrease in the concentration of radicals and double bonds on 
the modified polymer surface [19,20]. 

 
Figure 1. The contact angle of pristine PE (PE), plasma-treated PE (PE/pl), PE plasma-
treated and then grafted with glycine (PE/pl/Gly), PEG (PE/pl/PEG), BSA (PE/pl/BSA),  
C (PE/pl/C) or BSA + C (PE/pl/BSA + C). 
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The presence of oxygen in the surface layer of the plasma-treated PE was examined using the RBS 
method. The oxygen depth concentration profile on the polymer surface is shown in Figure 2 for 
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plasma-treated PE, plasma-treated PE immersed in water, and plasma-treated PE grafted with glycine. 
Water-treating experiments were performed because all the biomolecules and C were grafted from a 
water solution, and then the samples were exposed to a water-based cell culture environment. Thus, it 
was necessary to know what influence the water has on the plasma-treated PE surface. It is apparent 
that oxygen is present not only on the very surface of the sample, but also in the near surface layer 
about 50 nm in thickness. The oxygen concentration reached its maximum at a depth of about 20 nm, 
and then decreased to the bulk. The presence of oxygen beneath the PE surface may indicate an inward 
diffusion of oxygen, which could be facilitated by the structure of the PE surface altered by the 
preceding plasma treatment. The results given in Figure 2 indicate that water-treating of plasma-
treated PE leads to a dramatic decrease in oxygen concentration in the PE surface layer, caused by 
dissolution in water of the polymer macromolecules, degraded by plasma irradiation [21]. On the other 
hand, the increase in oxygen concentration after glycine grafting proves that this amino-acid was 
chemically linked to the plasma-activated surface [12]. The oxygen concentration in plasma-treated 
PE, the plasma-treated and water-immersed sample, and the plasma-treated and PEG-grafted sample is 
shown in Table 1. Similarly as in Figure 2, it is evident that the oxygen concentration decreases after 
water-treating. After PEG grafting, however, the oxygen concentration increases compared to the 
water-etched sample, which proves that there is chemical linking of the oxygen compound on the 
activated polymer chain. In pristine PE, no oxygen content was detected by RBS measurement. Also 
pristine PE exposed to water, PEG or Gly was oxygen-free. There are no radicals and double bonds on 
a pristine PE surface, and therefore it is not possible to graft PEG and Gly to this material. 

 
Figure 2. Depth concentration profile of oxygen, determined from RBS measurement, on 
the sample exposed to plasma discharge (PE/plasma), plasma-treated sample immersed in 
water (PE/plasma/H2O) and plasma-treated sample grafted with glycine (PE/plasma/Gly). 
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Table 1. Surface oxygen concentration determined from RBS measurement in plasma-
treated PE (PE/plasma), plasma-treated and water-immersed PE (PE/plasma/H2O), and 
plasma-treated PE then grafted with PEG (PE/plasma/PEG). 

Sample O concentration (1016 at cm-2) 
PE/plasma 2.63 

PE/plasma/H2O 1.23 
PE/plasma/PEG 2.19 

 

Figure 3. AFM images of pristine PE (A), plasma-treated PE (B), PE treated with plasma 
and immersed in water (C), PE treated with plasma and grafted with glycine (D), PEG (E), 
BSA (F), colloidal carbon particles (G) or BSA + C (H). Ra is a parameter of measured 
surface roughness in nm. 

 

 

 

 

 

 

 

 

 

 

 
The surface morphology of pristine PE and PE exposed to a plasma discharge and then etched or 

grafted was examined using the AFM method (Figure 3). Plasma treatment led to ablation of the PE 
surface layer [17,18]. As a result, the surface morphology changed dramatically and the nanoscale 
surface roughness increased. Also a lamellar structure appeared on the PE surface, which could be due 
to the different ablation rates of the amorphous and crystalline phases [21]. Further changes in the 
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surface morphology and a decrease in the surface roughness occurred after exposure of the samples to 
a water environment. These changes were probably due to preferential etching of short molecular 
fragments formed by the plasma treatment [18]. Figure 3 also demonstrates changes in the surface 
morphology and a further increase in surface roughness after grafting the plasma-activated PE with 
glycine, PEG, BSA and BSA + C. Interestingly, when we compare the water-treated samples and the 
samples grafted by molecules of very different molecule weights (i.e., glycine vs. PEG), the increase in 
material surface roughness does not depend on the molecular weight of the grafted molecule. 

 
2.2. Initial Adhesion of VSMC on Polymer Samples 
 

On day 1 after seeding, the numbers of initially adhered cells on all PE samples, including those 
unmodified, ranged between 9,340 ± 740 to 13,310 ± 1,430 cells/cm², while on the control PS, only 
7,060 ± 770 cells/cm² were found. The highest cell numbers, significantly higher than those on PS, 
were found on PE grafted with PEG (13,310 ± 1,430 cells/cm²), C (12,280 ± 1,070 cells/cm²) and Gly 
(12,130 ± 1,130 cells/cm², Figure 4A). This was a favourable result, because tissue culture polystyrene 
(i.e., PS usually modified by a glow discharge, i.e., a similar technique as the plasma-irradiation used 
in our study) is considered as an ideal material for cell adhesion and proliferation. However, it is 
generally known that irradiation of polymers with a plasma discharge improves cell adhesion and 
growth. This beneficial effect has been attributed to the creation of oxygen-containing functional 
groups on the polymer surface. Fourier Transform Infrared Spectroscopy (FTIR) has indicated the 
presence of peroxide, ester, carbonyl, carboxyl, hydroxyl and amide groups, as well as excessive 
double bonds in polyethylene modified with a plasma discharge [21]. Also in this study, RBS proved 
an increase in oxygen concentration in PE after plasma treatment and plasma treatment followed by 
grafting Gly or PEG molecules, i.e., donors of additional oxygen-containing groups (Table 1, Figure 
2). These groups are known to increase surface wettability and improve the adsorption of cell 
adhesion-mediating extracellular matrix molecules (e.g., vitronectin, fibronectin) from the serum of the 
culture medium. These molecules are adsorbed in an appropriate and flexible spatial conformation, 
enabling good accessibility of specific sites on these molecules (e.g., RGD-containing oligopeptides) 
by cell adhesion receptors, such as integrins (for a review, see [2,4,5]). A similar effect has been 
described for nanostructured surfaces [22]. Therefore, from this point of view, the nanostructured 
surfaces act synergetically with oxygen-containing and wettable surfaces. As revealed by AFM, the 
nanoscale surface roughness of PE in our study became more apparent after plasma irradiation, and 
was also retained in a water environment and after grafting the polymer with biomolecules and C 
(Figure 3).  

 
2.3. Spreading of VSMC on Polymer Samples 
 

The cells on the modified PE samples were better spread, i.e., adhering by a larger cell-material 
projected area, than on pristine PE (Figure 4B, C). On the 1st day after seeding, the largest spreading 
areas were found in cells adhering to the polystyrene dishes (546 ± 90 µm²), and PE grafted with BSA 
(453 ± 47 µm²), C (390 ± 53 µm²) or PEG (354 ± 32 µm²), whereas on non-modified PE the value was 
only 187 ± 29 µm². On day 2 after seeding, the largest cell spreading area was again achieved on the 
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polystyrene dishes (1440 ± 137 µm²) and on PE grafted with PEG (993 ± 52 µm²), compared to only 
492 ± 42 µm² in VSMC on pristine PE. Also in our earlier studies, PE in its pristine  
non-modified form proved to be a substrate not very suitable for cell adhesion and spreading [8,11,14]. 
This behaviour of pristine PE can be attributed to its relatively high hydrophobicity, characterized by a 
water drop contact angle of almost 100° (Figure 1) compared with 102.5 ± 2.3° found in our earlier 
study [21], and also to the lack of oxygen-containing groups. 

 
Figure 4. The number of initially adhered cells (A) and the size of the cell spreading area 
(B, C) of rat aortic smooth muscle cells in cultures on non-modified PE (Pristine), PE 
irradiated with plasma (Plasma), PE irradiated with plasma and grafted with glycine (Gly), 
polyethyleneglycol (PEG) bovine serum albumin (BSA), colloidal carbon particles (C) or 
bovine serum albumin and C (BSA + C). As a reference material, a tissue culture 
polystyrene dish (PS dish) was used.  
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Means ± S.E.M. from 3 samples, each measured for 50 times (A) or from 72 to 142 cells for each 
experimental group (C, D). ANOVA, Student-Newman-Keuls method. Statistical significance:  
*, #: p ≤ 0.05 compared to the value on pristine PE and polystyrene dish, respectively. 

 
2.4. Proliferation of VSMC on Polymer Samples 

 
Despite a lower number of initially adhered cells on PS, on day 2 after seeding, the cells on PS were 

in the exponential phase of growth, while the cells on most PE samples still remained in the lag phase 
(except plasma-irradiated PE and PE grafted with BSA + C, Figure 5). As a result, the cell number on 
PS (15,370 ± 2,240 cells/cm²) became significantly higher than that on non-modified PE  
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(8,240 ± 1,500 cells/cm²) and similar to the values found on all modified PE samples. Among these, 
the highest cell population densities were obtained on PE irradiated with plasma  
(17,650 ± 2,080 cells/cm²) and subsequently grafted with BSA and C (15,660 ± 1,690 cells/cm²), and 
these values were significantly higher than that on pristine PE (Figure 6A). 

 
Figure 5. Growth dynamics of rat aortic smooth muscle cells in cultures on non-modified 
PE (Pristine), PE irradiated with plasma (Plasma), PE irradiated with plasma and grafted 
with glycine (Gly), polyethyleneglycol (PEG) bovine serum albumin (BSA), colloidal 
carbon particles (C) or bovine serum albumin and C (BSA + C). As a reference material, a 
tissue culture polystyrene dish (PS dish) was used.  
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Means from three samples for each experimental group and time interval (each sample measured 
for 50 times). 

 
On day 5 after seeding, the highest cell numbers were obtained on samples modified with PEG 

(285,000 ± 35,000 cells/cm2), C (265,000 ± 14,000 cells/cm2), BSA (256,000 ± 40,000 cells/cm2) and 
BSA + C (236,000 ± 19,000 cells/cm2). On PE grafted with PEG, the cell number was even 
significantly higher than that on PS (171,000 ± 23,000 cells/cm2). The lowest number of cells persisted 
on pure PE (104,000 ± 19,000 cells/cm², Figure 6B).  

On day 7, the cell numbers on PE grafted with PEG (442,000 ± 24,000 cells/cm2) and Gly  
(436,000 ± 24,000 cells/cm2) became significantly higher, not only in comparison with pristine PE 
(299,000 ± 23,000 cells/cm2), but also in comparison with PE modified only with plasma irradiation 
(235,000 ± 20,000 cells/cm2). Also on PE grafted with C and BSA + C, the cell numbers were 
significantly higher than on plasma-irradiated PE. On the latter sample, the cell number was 
significantly lower than that found on polystyrene culture dishes (440,000 ± 135,000 cells/cm²;  
Figure 6C). As documented by the growth curves, from day 5 to 7, the cells on the plasma-modified 
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samples entered the stationary phase, i.e., did not significantly change their number (Figsures 5, 6B, C). 
A usual explanation for such cell behaviour is that confluence of the cells is attained and their growth 
ceases due to contact inhibition. However, as mentioned above, the cells in other materials were able 
to continue their growth, though more slowly. VSMC are able to form multilayered regions in vitro, 
referred to as “hills” [22], thus they become contact-inhibited at relatively high population densities. 
Another explanation for the cessation of VSMC growth on the plasma-modified PE could be that the 
plasma irradiation did not sufficiently increase the wettability of PE, which still remained lower than 
that of the cell culture polystyrene. The contact angle of traditional tissue culture polystyrene has been 
reported to range between 55.8° and 63.5° [24], while the plasma-irradiated PE in our study reached a 
higher value of about 70° (Figure 1). The concentration of oxygen, which is also supportive for cell 
adhesion and proliferation, was 17.2 % in tissue culture PS as measured by the Electron Spectroscopy 
for Chemical Analysis (ESCA) [24], whereas in plasma-treated PE, it was only about 0.5 at.% 
immediately on the polymer surface (which enters into contact with adsorbed proteins and attached 
cells), and about 1.7 at a depth of 10-20 nm (Figure 2). As mentioned above, the exposure of plasma-
treated PE to a water environment used for grafting biomolecules (and also for cell cultivation), caused 
a further decrease in the oxygen content in the surface layer of the polymer. Last but not least, plasma 
modification is known to create radicals on the polymer surface [21]; for reviews, see [5,12], which 
can damage the cells and thus they can hamper the process of cell adhesion and proliferation.  
 

Figure 6. Proliferation activity of rat aortic smooth muscle cells measured by cell numbers 
achieved on day 2 (A), 5 (B) and 7 (C) after seeding on non-modified PE (Pristine), PE 
irradiated with plasma (Plasma), PE irradiated with plasma and grafted with glycine (Gly), 
polyethyleneglycol (PEG) bovine serum albumin (BSA), colloidal carbon particles (C) or 
bovine serum albumin and C (BSA + C). As a reference material, a tissue culture 
polystyrene dish (PS dish) was used.  
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Figure 6. Cont. 

B. Cell number, day 5
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Means ± S.E.M. from three samples for each experimental group, each measured for 50 times. 
ANOVA, Student-Newman-Keuls method. Statistical significance: *, #, $: p ≤ 0.05 compared to the 
value on pristine PE, polystyrene dish and PE irradiated with plasma, respectively. 

 
On the other hand, the radicals present on the surface of plasma-irradiated polymers can be 

efficiently used for grafting biomolecules. The results of this study proved that grafting PE with 
biomolecules, such as glycine, PEG, BSA and/or carbon particles, can create surfaces which are 
suitable for the adhesion and growth of VSMC. On all grafted samples, the cells were able to create 
confluent layers at the end of the experiment, i.e., on day 7 after seeding (Figure 7). All modified PE 
samples seemed not to have any considerable cytotoxic effects, as suggested by the numbers of viable 
cells determined by the ViCell Analyser, which ranged between 73 and 97%. The number of viable 
cells increased from day 1 to day 7 of cultivation, which suggests that the cells were damaged by 
trypsinization and the counting procedure rather than by exposure to the modified PE samples.   

 
Figure 7. Morphology of rat aortic smooth muscle cells on day 5 after seeding on pristine 
PE (A), tissue culture polystyrene dish (B), PE irradiated with Ar+ plasma (C), PE 
irradiated with plasma and grafted with glycine (D), polyethyleneglycol (E) bovine serum 
albumin (F), colloidal carbon particles (G) or bovine serum albumin and C (H). 
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Figure 7. Cont. 
 

   
 

   
Cell membrane and cytoplasm stained with Texas Red C2-maleimide (red fluorescence), cell nuclei 
with Hoechst #33342 (blue fluorescence). Olympus IX 51 microscope, DP 70 digital camera, obj. 
20×, bar = 200 µm. 

 
The increase in the cell number and the size of the cell spreading area from day 1 to 7 was usually 

well-apparent on PE samples grafted with PEG or BSA. In other studies, however, both PEG and BSA 
have often been reported to be non-adhesive for cells and have even been used for constructing inert 
cell non-adhesive surfaces (for a review, see [25]). The anti-adhesive action of PEG is based on its 
very high hydrophilia and the mobility of its chain, which hamper stable adsorption of the proteins that 
mediate cell adhesion. However, at the same time, the anti-adhesive action of PEG is dependent on its 
concentration on the polymer surface and on the length of its chain. In our earlier studies performed on 
copolymers of poly(DL-lactide) (PDLLA) and PEG, the negative effect of PEG on the adhesion and 
proliferation of VSMC was most pronounced at intermediate concentrations of the PEG phase on the 
surface of the polymeric film (33-45 wt.%) and also at an intermediate length  
(m.w. 11,000) of the PEG chains. Both lower and higher concentrations (i.e., 5 to 18 wt.% and  
70 wt.%, respectively) and lengths (m.w. 5,000 and 23,800, respectively) permitted the attachment, 
spreading and formation of vinculin-containing focal adhesion plaques in VSMCs to an extent 
comparable to that observed on pure PDLLA and standard cell culture substrates, such as polystyrene 
dishes or microscopic glass coverslips [25,26]. Also the PEG chains used in the present study were 
rather long, having a molecular weight of 20,000.  

As for BSA, this protein cannot be directly bound by cells. However, it has been reported to 
promote the adsorption of vitronectin and fibronectin in advantageous spatial conformations, 
supporting the accessibility of these molecules by cell adhesion receptors [27,28]. These molecules can 
be adsorbed over the albumin from the serum of the culture medium, and also synthesized and 
deposited by VSMCs themselves. When adsorbed on albumin, these molecules promote cell adhesion 
even if their concentrations are too low to support cell attachment alone [29].  
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The cell adhesion and proliferation on PE grafted with BSA was often improved after additional 
grafting of C. In our earlier studies, and also in studies by other authors, enrichment of cell adhesion 
substrate with carbon, e.g., after ion irradiation [2,30], coating with amorphous carbon [31] or by 
deposition of carbon nanoparticles [32] (for a review, see [5]) often resulted in enhanced adhesion and 
growth of cells in cultures on these materials.  

Grafting with glycine also improved the cell colonization of PE in the present study. This amino 
acid is a component of RGD-containing oligopeptides, which act as ligands for cell adhesion receptors. 
Although Gly alone cannot directly bind these receptors, it provides the grafted polymer surface with 
additional oxygen-containing groups and positively charged amine groups, which improve the 
adsorption of cell adhesion-mediating molecules from the serum of the culture medium [6,13,33].  
 
2.5. Distribution and Concentration of Molecular Markers of Adhesion and Maturation in VSMCs 

 
In accordance with the data obtained on the cell number and the cell spreading area, 

immunofluorescence staining revealed that focal adhesion plaques containing talin, vinculin and 
paxillin were generally better developed in cells on modified PE samples, particularly those grafted 
with PEG and BSA + C, than in cells on pristine PE samples (Figure 8). ELISA showed that the cells 
on PE modified with PEG or BSA + C contained higher concentrations of talin, a protein associated 
with integrin adhesion receptors (about twice compared to pristine PE and about 1.5 times compared to 
PE modified only by plasma irradiation, Table 2). The concentration of vinculin, another protein of 
focal adhesion plaques associated with cell adhesion receptors, in cells on PE with BSA + C was 
almost 1.9 and 1.7 times higher than in cells on pristine PE and PS dishes, respectively (Table 2). The 
concentration of focal adhesion protein paxillin was similar in cells on all studied samples. However, 
the concentration of β-actin, a protein of the cytoplasmic cytoskeleton associated with focal adhesions 
and thus an important marker of cell adhesion and spreading, was increased by 1.7 to 2 times in cells 
grown on PE modified with PEG, BSA, C and BSA + C compared to cells on PS dishes (Table 2).  

Figure 8. Immunofluorescence staining of talin, an integrin-associated protein of focal 
adhesion plaques, in rat aortic smooth muscle cells on day 5 after seeding on pristine PE 
(A), a reference material represented by a microscopic glass coverslip (B), PE irradiated 
with plasma (C), PE irradiated with plasma and grafted with glycine (D), 
polyethyleneglycol (E) bovine serum albumin (F), colloidal carbon particles (G) or bovine 
serum albumin and C (H). 
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Figure 8. Cont. 
 

   
 

   
Leica confocal laser scanning microscope (TCS SP2, Germany), obj. 100x, bar = 30 µm. 

 
Immunofluorescence also revealed that fibres containing cytoskeletal protein β-actin, and 

particularly α-actin or SM1 and SM2 myosins, i.e., markers of phenotypic maturation of VSMCs 
toward a more differentiated contractile phenotype [22,34], were thicker, more numerous and more 
brightly stained in cells on all modified PE samples than on pristine PE (Figure 9). The concentration 
of α-actin, measured by ELISA per mg of protein, was significantly increased in cells on the polymer 
grafted with PEG (by about 1.4 times compared to polystyrene and plasma-modified PE) or with Gly 
(1.3 times compared to PS, Table 2). The highest average concentration of SM1 and SM2 myosins was 
found in cells growing on PE with PEG (128% of the value found on pristine PE), but this difference 
did not reach statistical significance (Table 2). The concentration of α-actinin, a protein associated 
with α-actin filaments, was the highest in cells cultured on plasma-modified PE. In these samples, it 
was even significantly higher than in cells on other modified samples, namely with Gly (1.6 times), 
PEG (1.5 times) and BSA (2.5 times, Table 2).  

It should be pointed out that the conventional ELISA applied in this study measured the total 
numbers of the investigated molecules in the cells, i.e., not only those bound in focal adhesion plaques 
or cytoskeletal and contractile fibres, but also those present in cytoplasm and organelles, such as the 
Golgi complex. Selective (and thus more precise) quantification of the investigated molecules in the 
specific adhesive, cytoskeletal and contractile structures could be achieved by more specialized 
approaches, e.g., by using antibodies against phosphorylated antigens or by extraction of molecules 
non-bound in the membrane or cytoplasmatic cytoskeleton by detergents, such as Triton [35,36]. 
Nevertheless, the results of this study show that activation of PE with plasma and subsequent grafting 
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with bioactive molecules and atoms stimulates the molecular mechanism, leading to enhanced 
adhesion and maturation of vascular smooth muscle cells in cultures on these materials.  

 
Table 2. Concentration of focal adhesion, cytoskeletal and contractile proteins in rat aortic 
smooth muscle cells in 7-day-old cultures on pristine PE (Pristine), PE activated with 
plasma (Plasma), PE grafted with glycine (Gly), polyethylene glycol (PEG), bovine serum 
albumin (BSA), colloidal carbon particles (C) or BSA with C (BSA + C), and tissue 
culture polystyrene dish (PS dish).  

Protein/PE 

modification 
Talin Vinculin Paxillin α-Actinin β-Actin α-Actin 

SM1 

SM2 

myosins 

Pristine 100 ± 9 100 ± 14 100 ± 28 100 ± 15 100 ± 8 100 ± 4 100 ± 16 

Plasma 134 ± 12 154 ± 17 98 ± 2 129 ± 28 77 ± 10 91 ± 10 69 ± 18 

Gly 109 ± 12 140 ± 18 136 ± 23 50 ± 8$ 68 ± 3 119 ± 6C, * 78 ± 15 

PEG 202 ± 16#, $ 123 ± 8 152 ± 30 52 ± 10$ 107 ± 8* 123 ± 6$, C, * 128 ± 14 

BSA 127 ± 10 151 ± 13 143 ± 27 37 ± 9$ 95 ± 7* 115 ± 7 73 ± 17 

C 112 ± 4 133 ± 9 104 ± 15 89 ± 8 111 ± 17* 87 ± 3 87 ± 16 

BSA + C 201 ± 14#, * 185 ± 14#, * 114 ± 18 72 ± 12 110 ± 12* 111 ± 7 108 ± 13 

PS dish 155 ± 29 113 ± 12 175 ± 37 93 ± 7 55 ± 9 89 ± 10 103 ± 16 

Measured by ELISA per mg of protein. Means ± S.E.M. from three to seven experiments, each 
performed in duplicate or in triplicate. Absorbance values were normalized to the values obtained 
in cell samples from pristine PE, i.e., given as a percentage of the values on pristine PE. ANOVA, 
Student-Newman-Keuls method. Statistical significance: #, $, C, *: p ≤ 0.05 compared to the value on 
pristine PE, PE irradiated with plasma, PE irradiated with plasma and exposed to colloidal C 
particles, and polystyrene culture dish, respectively. 

 
Figure 9. Immunofluorescence staining of contractile protein alpha-actin in rat aortic 
smooth muscle cells on day 5 after seeding on pristine PE (A), reference materials 
represented by a microscopic glass coverslip (B), a standard cell culture polystyrene dish 
(C), PE irradiated with plasma (D), PE irradiated with plasma and grafted with glycine (E), 
polyethyleneglycol (F), bovine serum albumin (G), colloidal carbon particles (H) or bovine 
serum albumin and C (I). 
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Figure 9. Cont.  
 

   
 

   
Olympus IX 51 microscope, DP 70 digital camera, obj. 100× (A, B, D-I) or 40× (C).  
Bar = 20 µm (A, B, D-I) or 100 µm (C). 

 
3. Experimental Section  
 
3.1. Preparation of the Polymer Samples 
 

The experiments were carried out on high-density polyethylene foils (HDPE, PE) of the Microten 
M*S type (thickness 0.04 mm, density 0.951 g.cm-3, melt flow index 0.14 g/10 minutes), purchased 
from Granitol a.s., Moravsky Beroun, Czech Republic. The foils were cut into circular samples (2 cm 
in diameter) using a metallic perforator. The samples were then modified by an Ar+ plasma discharge 
(gas purity 99.997%) using a Balzers SCD 050 device. The time of exposure was 50 seconds, and the 
discharge power was 1.7 W. Immediately after plasma modification, the samples were immersed in 
water solutions of glycine (Gly; Merck, Darmstadt, Germany, product No. 104201), bovine serum 
albumin (BSA; Sigma-Aldrich, Germany, product No. A9418) or polyethyleneglycol (PEG; Merck, 
Darmstadt, Germany, product No. 817018, m.w. 20,000). Some plasma-treated samples and samples 
grafted with BSA were exposed to a suspension of colloidal carbon particles (C; Spezial Schwartz 4, 
Degussa AG, Germany) [37]. Each substance was used in a concentration of 2 wt.%, and the time of 
immersion was 12 hours at room temperature (RT).  

 
3.2. Evaluation of the Physical and Chemical Properties of the Polymer Samples 
 

Surface wettability was measured by goniometry, i.e., the static (sessile) water drop contact angle 
method. It was shown that the contact angle of PE (exposed to plasma discharge) depends on the time 
elapsed from the moment of exposure [21]. Therefore, in this study, the contact angle on the plasma-
modified and grafted samples was measured 20 days after the modification. The measurements of the 
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advancing water contact angles (error ± 5%) were performed in 10 different positions at room 
temperature on the Surface Energy Evaluation System (Advex Instruments, Czech Republic) [21,31].  

The concentration and depth concentration profile of oxygen in the modified PE surface layer was 
proven by Rutherford Backscattering Spectroscopy (RBS). The RBS analysis was performed in a 
vacuum target chamber with 2.72 MeV He+ ions. The elemental depth profiles in the inspected 
polymeric samples were determined with typical depth resolution less than 10 nm, and with an 
accessible depth of a few μm. The RBS spectra were evaluated by the GISA3.99 code [12]. The 
typical RBS detection limit is 0.1 at.% for oxygen. 

The surface morphology and roughness of the pristine and modified samples were examined by the 
AFM technique, using a VEECO CP II device working in tapping mode. We used an RTESPA-CP Si 
probe, with spring constant 20-80 N/m. By repeated measurements of the same region (1 × 1 µm), it 
was proven that the surface morphology did not change after three consecutive scans. The mean 
roughness value (Ra) represents the arithmetic average of the deviations from the centre plane of  
the sample.  
 
3.3. Cell Source and Culture Conditions 
 

For an evaluation of cell number, morphology and immunofluorescence staining, each modified 
round sample (2 cm in diameter) was cut into four smaller samples. For semiquantification of cell 
adhesion and differentiation-indicating molecules by an enzyme-linked immunofluorescence assay 
(ELISA), the samples were used in whole. Both smaller and bigger samples were sterilized with 70% 
ethanol for one hour and inserted into 24-well and 6-well plates (TPP, Switzerland; well diameter  
1.5 cm and 3.5 cm, respectively), and air-dried for 12 hours in a sterile environment to prevent 
possible negative effects of alcohol on the cells. After drying, the samples were fixed to the bottom of 
the culture wells by plastic rings (inner area 0.38 cm2 and 4.91 cm2 for smaller and bigger samples, 
respectively) in order to prevent the samples floating in the cell culture media. After that, the samples 
were seeded with smooth muscle cells derived from rat aorta by an explantation method (passage 3, 
17,000 cm²; [2,3]). The cells were cultivated in 1.5 mL Dulbecco’s Modified Eagle Minimum 
Essential Medium (Sigma, U.S.A.) supplemented with 10% foetal bovine serum (Sebak GmbH, 
Aidenbach, Germany) for 1, 2, 5 or 7 days (temperature of 37 °C, humidified atmosphere of 5% of 
CO2 in the air). For each experimental group and time interval, four smaller samples were used. 
ELISA was performed on day 7 only, and 6 samples were used for each experimental group. 

 
3.4. Evaluation of the Cell Number and Morphology 
 

On days 1, 2, 5 and 7 after seeding, the cells on the smaller polymer samples were rinsed in 
phosphate-buffered saline (PBS). The cells on one sample for each experimental group and time 
interval were fixed by 70% cold ethanol (−20 °C) and stained with a combination of fluorescent 
membrane dye Texas Red C2-maleimide (Molecular Probes, Invitrogen, Cat. No.T6008; concentration 
20 ng/mL in PBS) and a nuclear dye Hoechst # 33342 (Sigma, U.S.A.; 5 µg/mL in PBS). The number, 
morphology and distribution of cells on the sample surface were then evaluated on pictures taken 
under an Olympus IX 51 microscope using an Olympus DP 70 digital camera. The pictures taken on 
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days 1 and 2 after seeding were also used for measuring the size of the cell spreading area, using Atlas 
software (Tescan Ltd., Czech Republic).  

The three remaining samples were the main material for evaluation of the cell number. The cells 
were rinsed by PBS, released with trypsin-EDTA solution (Sigma, Cat. No. T4174; incubation five 
minutes at 37 °C) and counted in a Cell Viability Analyzer (VI-cell XR, Beckman Coulter). During 
cell counting, this instrument performs an automatic analysis of the number of viable and dead cells, 
based on a trypan blue exclusion test.  

 
3.5. Immunofluorescence Staining  
 

On day 7 after seeding, the cells were rinsed twice in PSB, fixed with cold 70% ethanol (−20 °C,  
15 min) and pre-treated with 1% bovine serum albumin in PBS containing 0.05% Triton X-100 
(Sigma) for 20 minutes at room temperature in order to block non-specific binding sites and 
permeabilize the cell membrane. Next, the cells were incubated with primary antibodies against 
several molecular markers of adhesion and phenotypic maturation of VSMC, namely integrin-
associated focal adhesion proteins talin, vinculin and paxillin, actin-binding protein alpha-actinin, 
cytoskeletal protein beta-actin and contractile proteins alpha-actin and SM1 and SM2 myosins  
(Table 3).  

 
Table 3. Primary antibodies used for immunofluorescence staining (Immf.) and Enzyme-
Linked Immunosorbent Assay (ELISA) of markers of adhesion and phenotypic maturation 
of VSMCs. 

Antibody against Developed in, type Company, Cat. No. Dilution Incubation 

Chicken talin Mouse, monoclonal 
Sigma a  

T 3287 

Immf.: 1:200 

ELISA: 1:500 

Immf.: Overnight, 4 °C 

ELISA: 60 min, RT c 

Human vinculin 
Mouse,  

monoclonal 

Sigma a  

V9131 

Immf.: 1:200 

ELISA: 1:400 

Immf.: Overnight, 4 °C 

ELISA: 60 min, RT c 

Recombinant human 

paxilin 

Rabbit 

polyclonal 

Chemicon b  

P1093 

Immf.: 1:200 

ELISA: 1:400 

Immf.: Overnight, 4 °C 

ELISA: 60 min, RT c 

Chicken α-actinin 
Rabbit, 

polyclonal 

Sigma a 

A2543 

Immf.: 1:200 

ELISA: 1:500 

Immf.: Overnight, 4 °C 

ELISA: 60 min, RT c 

Synthetic peptide of α-

smooth muscle actin 

Mouse,  

monoclonal 

Sigma a  

A2547 

Immf.: 1:200 

ELISA: 1:400 

Immf.: Overnight, 4 °C 

ELISA: 60 min, RT c 

Synthetic peptide of β-

actin 

Mouse,  

monoclonal 

Sigma a  

A 5441 

Immf.: 1:200 

ELISA: 1:400 

Immf.: Overnight, 4 °C 

ELISA: 60 min, RT c 

Human smooth muscle 

myosin SM1 and SM2 

Mouse,  

monoclonal 

Sigma a 

M7786 

Immf.: 1:200 

ELISA: 1:500 

Immf.: Overnight, 4 °C 

ELISA: 60 min, RT c 
a Sigma, St. Louis, MO, USA.; Czech Dealer: Sigma-Aldrich S.R.O., Prague, Czech Republic. 
b Chemicon International Inc., Temecula, CA, USA.; Czech dealer: Scintilla S.R.O., Jihlava, Czech 
Republic. 
c Room temperature (RT). 
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The antibodies were diluted in PBS to concentrations of 1:200 and applied overnight at 4 °C. After 
rinsing with PBS, the secondary antibodies (dilution 1:400) were added for 1 hour at room 
temperature. These antibodies were goat anti-mouse or goat anti-rabbit F(ab')2 fragments of IgG  
(H + L), both conjugated with Alexa Fluor® 488 and purchased from Molecular Probes, Invitrogen 
(Cat. No. A11017 and A11070, respectively). The cells were then rinsed twice in PBS, mounted under 
microscopic glass coverslips in a Gel/Mount permanent fluorescence-preserving aqueous mounting 
medium (Biomeda Corporation, Foster City, CA, U.S.A.), and evaluated under a Leica confocal 
microscope (TCS SP2, Germany; obj. HCX PL APO CS 100.0x1.40 OIL) and an Olympus IX 51 
microscope (obj. 100x), using an Olympus DP 70 digital camera [2].  
 
3.6. Enzyme-Linked Immunosorbent Assay (ELISA)  
 

The concentration of the adhesion and differentiation molecules was measured semiquantitatively 
using an enzyme-linked immunosorbent assay (ELISA) in homogenized cells per mg of protein. On 
day 7 after seeding, the cells were rinsed with PBS, released with a trypsin-EDTA solution (Sigma, 
Cat. No. T4174, incubation for 5 minutes at 37 °C) and counted in a Cell Viability Analyzer (Vi-Cell 
XR, Beckman Coulter). Trypsinized cells were resuspended in PBS, centrifuged, resuspended in 
distilled and deionized water (106 cells in 200 µL), and kept in a freezer at −70 °C overnight. The cells 
were then homogenized by ultrasonication for 10 seconds in a Bandelin Sonoplus HD 3080 sonicator 
(BANDELIN electronic GmbH & Co.), and the total protein content was measured using a modified 
method originally developed by Lowry [38]; modified by [2,39]. Aliquots of the cell homogenates 
corresponding to 1-50 μg of protein in 50 μL of water were adsorbed on 96-well microtiter plates 
(Maxisorp, Nunc) at 4 °C overnight. After washing twice with PBS (100 μL/well), the non-specific 
binding sites were blocked by 0.02% gelatin in PBS (100 μL/well, 60 minutes) and then treated by 1% 
Tween (Sigma, Cat. No. P1379; 100 μL/well, 20 minutes). The primary antibodies, the same as for 
immunofluorescence (Table 3), were diluted in PBS (1:200 to 1:500) and applied for 60 minutes at 
room temperature (50 μL/well). Secondary antibodies, i.e., goat anti-mouse IgG Fab specific (dilution 
1:1000), or goat anti-rabbit IgG whole molecule (dilution 1:1000), both conjugated with peroxidase 
and purchased from Sigma (Cat. No. A3682 and A0545, respectively), were applied for 45 minutes at 
room temperature (50 μL/well). This step was followed by a double washing in PBS and 
orthophenylendiamine reaction (Sigma, Cat. No. P1526, concentration 2.76 mM) using 0.05% H2O2 in 
0.1 M phosphate buffer (pH 6.0, dark place, 100 μL/well). The reaction was stopped after  
10–30 minutes by 2M H2SO4 (50 μL/well), and the absorbance was measured at 490 and 690 nm by a 
Versa Max Microplate Reader (Molecular Devices Corporation, Sunnyvale, California, USA). The 
absorbance of the cell samples taken from the modified PE foils was given as a percentage of the value 
obtained in cells on the pure PE [2,39].  
 
3.7. Statistics 
 

The quantitative results were presented as mean ±S.E.M. (Standard Error of Mean). Statistical 
analyses were performed using SigmaStat (Jandel Corp., USA). Multiple comparison procedures were 
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made by the One Way Analysis of Variance (ANOVA), Student-Newman-Keuls method. P values 
equal to or less than 0.05 were considered significant. 
 
4. Conclusions  
 

Modifications of PE samples with a plasma discharge and subsequent grafting with biomolecules 
enhanced the colonization of PE with numerous and well-spread vascular smooth muscle cells with 
numerous talin- and vinculin-containing focal adhesion plaques. As suggested by the more numerous 
and thicker filaments containing a contractile protein alpha-actin, and also by the higher concentration 
of this protein per mg of protein, the cells on the modified polymers, particularly those grafted with 
PEG or Gly, also showed a higher level of phenotypic maturation. The beneficial effect of the plasma 
discharge could be attributed to the formation of oxygen-containing structures in the polyethylene 
surface layer, increased material wettability and changes in the surface morphology. Oxygen was 
present not only on the very surface of the sample, but also in the underlying surface layer about  
50 nm in thickness. However, water-treating of plasma-irradiated PE led to a decrease in oxygen 
concentration in the surface layer, due to dissolution of plasma-degraded macromolecules in water. On 
the other hand, ablation of the surface layer by plasma-irradiation resulted in changes in the polymer 
surface morphology, and in an increase in the surface nanoscale roughness, which is considered to 
promote cell adhesion and growth. As indicated by grafting the polymer with glycine and PEG, the 
increase in surface roughness did not depend on the molecular weight of the grafted molecules. 
Grafting biomolecules (Gly, PEG, BSA) and colloidal C particles further increased the attractiveness 
of PE for VSMC colonization. As demonstrated on PE grafted with Gly and PEG, these biomolecules 
further increased the oxygen concentration in the material surface and the surface wettability. The 
supportive effect of biomolecules on cell colonization was most apparent on the polymer modified by 
PEG and BSA + C. 
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a b s t r a c t

Polyethylene (PE) was irradiated with inert Ar plasma, and the chemically active PE surface was grafted
with Au nanoparticles. The composition and the structure of the modified PE surface were studied using
X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering spectroscopy (RBS). Changes in
the surface wettability were determined from the contact angle measured in a reflection goniometer.
The changes in the surface roughness and morphology were followed by atomic force microscopy
(AFM). The modified PE samples were seeded with rat vascular smooth muscle cells (VSMC) or mouse
NIH 3T3 fibroblasts, and their adhesion and proliferation were studied. We found that plasma discharge
and Au grafting lead to dramatic changes in the surface morphology and roughness of PE. The Au nano-
particles were found not only on the sample surface, but also in the sample interior up to the depth of
about 100 nm. In addition, plasma modification of the PE surface, followed with grafting Au-nanoparti-
cles, significantly increased the attractiveness of the PE surface for the adhesion and growth of VSMC,
and particularly for mouse embryonic 3T3 fibroblasts.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Polymers have been often applied in different fields for their
excellent bulk properties (e.g. low density, flexibility, mechanical
and electrical strength, and chemical resistance). In some in-
stances, however, the inert nature of most polymer surfaces cre-
ates challenges for the adjustment of their properties for a
desired application. Hence, an additional modification of polymer
surface is required to achieve desired surface properties (e.g. better
cell adhesion, increased bioactivity), while maintaining the poly-
mer bulk characteristics [1–3].

A common approach to tailoring surface properties of polymer
materials is exposition to a plasma discharge, by which the poly-
mer surface chemistry and morphology can be changed. Plasma
treatment has become an important industrial process for the
modification of polymer surfaces [3,4]. Plasma constituents, elec-
trons, ions and radicals interact with the polymer surface and
modify its chemical and physical properties. The plasma treat-
ment of polymers leads to the creation of new chemical groups

[4], branching and crosslinking of the macromolecules, and
formation of low molecular weight oxidized (LMWO) structures
[5–7]. The oxygen-containing groups, created by plasma treat-
ment, render the material surface more wettable, which supports
the adsorption of physiological extracellular matrix (ECM) mole-
cules in a flexible and reorganisable form. This form enhances
the accessibility of oligopeptidic ligands in these molecules for
cell adhesion receptors [8–11]. Another interesting property of
the modified polymers is the formation of conjugated double
bonds between the carbon atoms; from this follows increasing
of electrical conductivity of the material. It has been shown that
this has positive effects on the adhesion, growth and maturation
of various cell types, including vascular smooth muscle and endo-
thelial cells [9,12]. Also, under some specific conditions plasma
etching takes place, leading to surface ablation [1,2] and to alter-
ation of the polymer surface morphology [13,14]. The changes in
morphology and wettability of the polymer surface [13] may
strongly influence the cell-substrate interaction [15]. Unsaturated
chemical bonds and radicals created by plasma treatment
[13,16,17] can be utilized for the grafting of new chemical func-
tional groups, atoms and molecules [18,19] and in this way, to
create nanostructured surfaces with new functionalities.
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The nanostructure of the material surface (irregularities smaller
than 100 nm) is considered to mimic the topography of the cell
membrane, as well as the architecture of ECM molecules [20]. It
is known that cell adhesion to artificial materials is mediated by
ECM molecules spontaneously adsorbed to the material surface
from biological fluids.

Various materials have been used for constructing nanostruc-
tured surfaces (e.g. polymers [21], ceramics, metals [20,22] and
combinations of these materials). However, among metallic mate-
rials, gold, including its nano-sized forms, has shown no cytotoxic-
ity in vitro and in vivo [23]. The non-toxicity of gold is related to its
well-known stability, non-reactivity and bioinertness. For exam-
ple, gold nanoparticles have often been conjugated with antibodies
[24].

In this work, the hypothesis is that gold nanoparticles may also
serve as building blocks for creating artificial bioinspired nano-
structured surfaces for tissue engineering. Thus, our newly con-
structed surfaces will advantageously combine several features,
which will enhance synergetically the attractiveness of the mate-
rial surface for cell colonization: nanostructure, appropriate chem-
ical composition, wettability, electrical charge and conductivity.
Therefore, this study was focused on the modification of polyethyl-
ene in inert Ar plasma. In addition, the possibility of grafting the
chemically activated polymer surface with Au nanoparticles was
investigated by the XPS and RBS methods. Changes in surface prop-
erties of the substrate, such as wettability, roughness and mor-
phology, were also studied using goniometry and AFM,
respectively. Finally, the adhesion and proliferation of VSMC in cul-
tures derived from the rat aorta, as well as mouse fibroblasts of the
line 3T3, were evaluated on the modified surfaces.

2. Experimental

2.1. Materials, plasma modification and grafting

Oriented, high density polyethylene (HDPE, density
0.951 g cm�3) in the form of 40 lm thick foils (supplied by Granitol
Ltd., Czech Republic) was used in the present experiments. The
samples were modified in diode plasma discharge on Balzers SCD
050 device for 0–400 s, using DC Ar plasma (gas purity was
99.997%, power 1.8 W, Ar flow approx. 0.3 l s�1, pressure of
10 Pa, electrode distance of 50 mm and its area 48 cm2, chamber
volume ca 1000 cm3, plasma volume 240 cm3). The activated sur-
face of PE was grafted for 12 h into freshly prepared colloid solu-
tion of Au nanoparticles. The colloid solution was prepared by
citrate reduction of K[AuCl4] (for detail see [25]). The average
diameter of the spherically shaped nanoparticles was ca 12 nm
(as determined by TEM). The decrease of Au concentration on
‘‘grafted” PE surface suspends for the samples immersed for 5 h,
the Au concentration on the sample surface being constant. The ex-
cess of non-bound Au nanoparticles was removed by immersion of
the sample into ‘‘fresh” water for 12 h.

2.2. Measurement techniques

Properties of the samples modified by plasma treatment and
grafting with Au nanoparticles were studied using various analyt-
ical methods. The presence of Au in the modified surface layer was
proved by X-ray photoelectron spectroscopy (XPS), and by Ruther-
ford backscattering spectroscopy (RBS). An Omicron Nanotechnol-
ogy ESCAProbeP spectrometer was used to measure photoelectron
spectra (XPS). The exposed and analyzed area had a dimension of
2 � 3 mm2. The X-ray source was monochromated at 1486.7 eV,
with a step size of 0.05 eV; the take off angle was 0� with respect
to surface normal. Characteristic O1s, C1s, N1s and Au4f peaks

were searched. The spectra evaluation was carried out by CasaXPS
software. The RBS analysis was performed in a vacuum target
chamber with 2.72 MeV He+ ions. Elemental depth profiles in the
inspected polymeric samples were determined with the typical
depth resolution less than 10 nm and accessible depth of a few
lm. The RBS spectra were evaluated by the GISA3.99 code [26].
The typical RBS detection limit is 0.01 at.% for Au.

Surface wettability was measured by goniometry, i.e. the static
(sessile) water drop contact angle method. It was shown that the
contact angle of PE (exposed to plasma discharge) depends on
the time elapsed from the moment of the exposure [13,27]. In this
experiment, the contact angle on the plasma-modified Au-grafted
samples was measured 20 days after the modification. The mea-
surements of the advancing water contact angles (error ±5%) were
performed in 10 different positions at room temperature on the
Surface Energy Evaluation System (Advex Instruments, Czech
Republic) [13,28].

Surface morphology and roughness of pristine and modified
samples were examined by the AFM technique using a VEECO CP
II device working in tapping mode. A Si probe RTESPA-CP, with
the spring constant 20–80 N/m, was used. By repeated measure-
ments of the same region (1 � 1 lm) it was proved that the surface
morphology did not change after five consecutive scans. The mean
roughness value (Ra) represents the arithmetic average of the devi-
ations from the centre plane of the sample.

2.3. Cell culture, adhesion and proliferation

For cell culture experiments, the polymer samples were steril-
ized for 1 h in ethanol (70%), air-dried, inserted into 24-well plates
(TPP, Switzerland; well diameter 1.5 cm) and seeded with vascular
smooth muscle cells (VSMC) derived from the rat aorta by an
explantation method [9,29,30]. VSMC were seeded on the samples
with the density of 30.000 cells/well (i.e. 17.000 cells/cm2) into
1.5 ml of Dulbeccós modified Eaglés Minimum Essential Medium
(DMEM; Sigma, USA, Cat. No. D5648), containing 10% fetal bovine
serum (FBS; Sebak GmbH, Aidenbach, Germany) and gentamicin
(40 lg/ml, LEK, Ljubljana, Slovenia). Cells were cultivated at 37 �C
in a humidified air atmosphere containing 5% of CO2.

The number and morphology of initially adhered cells was eval-
uated 24 h after seeding. The cell proliferation activity was esti-
mated from the increase in cell numbers achieved on the 2nd,
5th, 7th days after seeding. The cells were rinsed in phosphate-buf-
fered saline (PBS) and fixed in 70% ethanol. The cell membranes
and cytoplasmic proteins were stained with Texas Red C2-malei-
mide (Molecular Probes, Invitrogen, Cat. No. T6008; 20 ng/ml),
and the cell nuclei were visualized by the dye Hoechst # 33342
(Sigma, USA; 5 lg/ml). The number and morphology of cells on
the sample surface were then evaluated on microphotographs ta-
ken under an Olympus IX 51 microscope (obj. 20x; visualized area
of 0.136 mm2), equipped with an Olympus DP 70 digital camera.
The number of cells was determined using the image analysis soft-
ware LUCIA. For each experimental group and time interval, 20
independent measurements were performed.

Mouse embryonic fibroblasts (NIH 3T3) were used as a second
model cell line. Their attachment and proliferation in vitro was
similarly evaluated as described above for VSMC. The adhered cells
were counted 24 h after seeding, and the numbers of proliferating
cells were determined 3 and 5 days post-inoculation. The NIH 3T3
were seeded in a density of 11,000 cells/cm2 of polymer (sterilized
as described above). Cells were cultivated in DMEM with 10% of
FBS, 1% MEM vitamins solution and antibiotics (10,000 U/ml peni-
cillin G, 10 mg/ml streptomycin sulfate, 25 lg/ml amphotericin B)
at 37 �C in a humidified air atmosphere with 5% CO2. Cells were
rinsed twice with preheated phosphate-buffered saline (PBS), with
a pH of 7.4, and then fixed for 20 min in 1 ml 4% formaldehyde
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solution in PBS. Cell membranes were stained for 10 min with
1 lg/ml Tetramethylrhodamine isothiocyanate (TRITC) Phalloidine
(Sigma, USA) solution in PBS, and the nuclei were visualized with
0.5 lg/ml DAPI (Sigma, USA) solution in PBS at room temperature
(for 5 min). The unbound dye was removed by two rinses of PBS.
The number and morphology of stained cells on the tested surface
were then evaluated by fluorescence microscope Olympus IX 81,
using a QuickPhoto digital camera 2.1. All images were acquired
with 100� magnification to achieve the largest possible viewing
field (0.15 � 0.20 mm). The average numbers of the cells were cal-
culated from 20 independent measurements for each sample.

3. Results and discussion

3.1. Plasma modification and surface properties

Surface morphology of pristine PE and PE exposed to plasma
discharge was examined using the AFM method (see Fig. 1). The
plasma treatment led to an ablation of the PE surface layer [29].
As a result, the surface morphology was changed dramatically
and surface roughness was increased. Also a lamellar structure ap-
peared on the PE surface which could be due to the different abla-
tion rates of amorphous and crystalline phases [13]. Observed
changes might also have been due to the preferential removal of
oxidized low mass degradation products from the PE surface
[30,31].

Further changes in the surface morphology and a decrease in
the surface roughness occured after exposure of the samples to a
water environment, the changes being probably due to preferential
etching of short molecular fragments formed by the plasma treat-

ment [32]. Fig. 1 also demonstrates changes in the surface mor-
phology and further decrease of the surface roughness after
grafting the plasma-activated and water-etched polymer surface
with Au nanoparticles.

The presence of oxygen and nitrogen on the surface of the
plasma treated and gold grafted PE was examined using the
XPS method. The presence of oxygen on the polymer surface is
seen from the XPS spectrum shown in Fig. 2 (O1s peak). Obvi-
ously, the oxygen from ambient residual atmosphere interacted
with the plasma-activated PE surface, and created different oxi-
dized structures. Creation of carbonyl, carboxyl and ester groups
on the plasma-treated PE was proven earlier in similar experi-
ments [29,33]. Also, the Au4f peak was clearly seen indicating
the presence of Au atoms on the surface of the gold grafted
PE. The presence of gold was also proved by RBS measurement
(see Fig. 3). One can see that Au particles are present not only
on the very surface of the PE, but also in the near surface layer
of about 100 nm thick and that the gold concentration decreases
from the surface to the bulk. The presence of gold particles be-
neath the PE surface may indicate an inward diffusion of gold
particles, which could be facilitated by the structure of the PE
surface altered by the preceding plasma treatment. The penetra-
tion of Au particles could be supported by the fact, that the AFM
results do not show any large Au agglomerates on the surface.
The depth of Au evidence is much higher than RBS depth reso-
lution. The simultaneously measured oxygen profiles presented
in our previous work [16] exhibit the same behavior as Au pro-
files, oxygen decorates the plasma modified layer. The measure-
ment of the sheet resistance proved that the grafted Au particles
did not create a continuous coverage of the PE surface.

Fig. 1. AFM images of pristine PE (PE), PE treated with plasma for 150 s (PE/plasma), the same but subsequently etched by water (PE/plasma/H2O) and grafted with Au
nanoparticles (PE/plasma/H2O/Au). Ra is the measured surface roughness in nm.
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It is well known that chemical structure and surface morphol-
ogy significantly affect surface wettability [18,19], which in turn
may affect adhesion and proliferation of living cells [18,19]. The
contact angle, as a measure of the surface wettability, is shown
in Fig. 4 in dependence on the plasma exposure time for plasma
treated and gold grafted samples. The dependence is rather com-
plicated but similar for both sample types. For exposure times up
to 50 s, the contact angle decreases from that measured on pristine
PE to a minimum. Then the contact angle increases and for the
samples exposed to the plasma discharge (for the times above
200 s), the contact angle exceeds that for pristine PE. A similar
dependence is observed on the plasma treated and gold grafted
samples, but the increase of the contact angle is slower and the
contact angle remains below that on pristine PE. It may therefore
be concluded that short time exposures to plasma discharge result
in a rapid growth of hydrophilicity which can further be increased
by the gold grafting. For longer exposure times, however, the
hydrophilicity diminishes and finally the samples become
hydrophobic.

3.2. Cells adhesion and proliferation

The cell-material interaction was studied and compared on
pristine PE, PE exposed to Ar plasma and plasma-activated samples
grafted with Au nanoparticles. Fig. 5 demonstrates growth curves
of VSMC in cultures on these groups of samples. It is apparent that
the number of initially adhered VSMC is similar in all three groups
of PE samples, i.e. this parameter is not influenced by treatment
with plasma or plasma/Au grafting. However, both PE modifica-
tions enhanced the proliferation activity of VSMC. Two days after
seeding, the number of VSMC on both types of modified PE samples
was higher than that on pristine PE samples. This difference
showed increasing tendency in the following days of cultivation.
On days 5 and 7 after seeding, the cell numbers were significantly
higher on modified PE samples, especially those grafted with Au
nanoparticles. On the latter samples, the cell population density
was approximately 4 times higher than the value on pristine PE.

Fig. 2. XPS spectrum of the plasma treated and with Au nanoparticles grafted PE.
The O1s, C1s, N1s and Au4f peaks are clearly seen. In the inset, the enlarged region
of the Au4f peak is shown.
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The higher proliferation activity of VSMC on modified PE sam-
ples can be explained by the oxidation of the polymer surface after
the plasma treatment, resulting in the increase in the surface wet-
tability (at least in the samples treated for 50 s). This increase was
well apparent especially in samples grafted with Au nanoparticles,
where the samples were wettable after all times of exposure to
plasma (see Fig. 4). It is believed that hydrophilic surfaces adsorb
the cell adhesion-mediating molecules (such as vitronectin or
fibronectin present in the serum supplement of cell culture media)
in a more physiological conformation, which supports the accessi-
bility of specific amino acid sequences (e.g. RGD) in these mole-
cules to cell adhesion receptors (e.g. integrins) [8–12]. Receptor-
mediated adhesion and appropriate cell spreading on the adhesion
substrate are prerequisites for proliferation capability in all types
of anchorage-dependent cells, including VSMC (for a review, see
[34,35]).

Other factors influencing the growth activity of cells is the sur-
face roughness and morphology of the adhesion substrate. Both
plasma treatment and Au grafting created nano-scale irregularities
on the material surface. The surface nano-roughness acts synerget-
ically with the surface wettability, i.e. by improving the geometri-
cal conformation of adsorbed ECM molecules, and thus a better
exposure of active sites on these molecules to the cell adhesion
receptors [20–22]. Also the shape of the irregularities on the mate-
rial surface is important for its colonization with cells [34,35]. After
grafting with the Au nanoparticles, the surface irregularities on

plasma-treated PE lost their conical shape and sharpness and be-
come rounded and filiform (Fig. 1), which supported better spread-
ing of cells (Fig. 6) and their subsequent proliferation activity.

As suggested above, not only the number of cells but also their
spreading, shape and the homogeneity of their distribution on the
material surface are important indicators of the cell growth activ-
ity. Although the numbers of VSMC on day 1 after seeding on pris-
tine and modified PE were similar, these cells markedly differed in
their morphology. As shown in Fig. 6, the cells on the pristine PE
were mostly rounded, while the cells on plasma treated and espe-
cially on Au-grafted samples were spread by a significantly larger
cell-material contact area, which most probably stimulated their
subsequent proliferation activity. In addition, these cells were
more homogeneously distributed on the material surface. On day
5 after seeding, the entire surface of the plasma-irradiated and
Au-grafted PE is homogeneously covered with a confluent and
dense VSMC layer, whereas the cells on the pristine PE formed is-
lands irregularly distributed on the material surface.

In addition to VSMC, the interaction of modified PE with NIH
3T3 fibroblasts was studied. The shapes and distribution of the
NIH 3T3 cells on variously treated supports are documented in
Fig. 7. The obtained data strongly argues that surfaces modified
either by plasma or plasma/Au are significantly more suitable for
the cell adhesion than the pristine PE, as markedly higher numbers
of cells were attached to the modified samples 24 h after inocula-
tion. Moreover, they had a typically elongated shape without any

Fig. 6. The photographs of VSMC adhered (1st day) and grown (5th day) on pristine PE (PE), PE treated for 150 s with plasma (PE/plasma) and subsequently grafted with Au
nanoparticles (PE/plasma/Au).
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visible granulation, suggesting their good physiological state. This
correlates well with their rapid proliferation on both plasma and
plasma/Au treated surfaces (on day 3 after seeding). Fig. 7 also
shows good homogeneity documented by the growth on the trea-
ted surfaces. The NIH 3T3 cells reached 100% confluence during

four days of cultivation when seeded in suggested ratio, i.e. �104

cells/cm2 (not shown). As the NIH 3T3 cells overgrew the surface
within four days, only 1 and 3 day periods were evaluated. Strik-
ingly (and in contrast to VSMC), the pristine PE was absolutely
inappropriate support material for the cultivation of NIH 3T3 cells,
as they very poorly adhered to this material and exhibited very
limited proliferation during the first three days (Fig. 8 - left column
and Fig. 7 upper panels). Moreover, granulation of the cytoplasm
and apparent loss of the cell-material contact were observed after
five days of cells cultivation on the pristine PE when virtually all
the cells detached into the growth medium (data not shown). In
summary, the NIH 3T3 cells required plasma modification for their
attachment, and application of Au slightly supported both their
attachment and growth (compare columns 2 and 3 in the Fig. 8).

It can be concluded that the plasma treatment of PE enhances
the adherence of both tested cell types. However, this effect is far
more dramatic for NIH 3T3 cells. On the contrary, the Au grafting
exhibits a moderate positive effect on the NIH 3T3 proliferation
whilst it almost doubled the proliferation capacity of VSMC.

4. Conclusion

The results can be summarized as follows:

� treatment of PE in the plasma discharge leads to dramatic
changes in the surface morphology and surface roughness, fur-
ther morphological changes and decrease in the surface rough-

Fig. 7. The photographs of 3T3 cells adhered (1st day) and grown (3rd day) on pristine PE (PE), PE treated for 150 s with plasma (PE/plasma) and subsequently grafted with Au
nanoparticles (PE/plasma /Au).
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ness occur after exposure of the sample to water, which lead to
etching and removal of short polymer chains created by the
material degradation in plasma;

� during interaction of plasma-activated PE with Au nanoparticles,
these nanoparticles are grafted on the material surface, which is
manifested by an increase in its wettability and changes in its
morphology and roughness, Au nanoparticles are found not only
on the material surface but also within the near surface layer
(about 100 nm thick);

� the plasma treatment of the polymer, and particularly the pres-
ence of Au nanoparticles, had a positive influence on spreading,
proliferation activity and homogeneity of the distribution of
VSMC on the material surface;

� the positive effect of plasma treatment of PE on the adhesion of
NIH 3T3 fibroblasts was even more pronounced, although their
following proliferation was stimulated only moderately;

� nevertheless, as a final result, the modification of PE with
plasma and grafting Au nanoparticles significantly increases
the attractiveness of this polymer for colonization with VSMC
and NIH 3T3 fibroblasts.
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[17] V. Kotál, V. Švorčík, P. Slepička, O. Bláhová, P. Šutta, V. Hnatowicz, Plasma Proc.

Polym. 4 (2007) 69.
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[25] P. Řezanka, K. Záruba, V. Král, Tetrahedron Lett. 49 (2008) 6448.
[26] J. Saarilahti, E. Rauhala, Nucl. Instr. and Meth. B 64 (1992) 734.
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L. Bačáková b, V. Hnatowicz c and V. Švorčík a
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Abstract
Polyethylene (PE) was modified by an Ar plasma. The plasma-activated PE surface was grafted with
poly(ethylene glycol) (PEG, molecular weight 300 and 20 000). The depth profiles of the oxygen in the
modified PE samples were determined using Rutherford Backscattering Spectroscopy (RBS). The changes
in the surface wettability were examined by goniometry, and Atomic Force Microscopy (AFM) was used
to determine the surface roughness and morphology. The modified PE samples were seeded with rat vascu-
lar smooth muscle cells (VSMCs) and their adhesion and proliferation was studied. The plasma treatment
and the subsequent PEG grafting leads to dramatic changes in the PE surface morphology, roughness and
wettability. The PEG grafting of the plasma-treated PE does not increase VSMC adhesion but it results in
dramatic increase of VSMC proliferation.
© Koninklijke Brill NV, Leiden, 2010
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1. Introduction

The performance of polymeric materials relies largely on the properties of their
surfaces. Most polymers have hydrophobic, chemically inert surface which may
present a serious problem in their applications requiring adhesion, coating, etc.
[1–3].
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For many medical and biological applications (tissue engineering, cell culture
substrates and cell bio-chips) the interaction of biological cells with the substrate is
of crucial importance [4]. The interaction of living cells with materials is strongly
dependent on physical and chemical properties of material surface. The main prop-
erties decisive for the colonization of a material with cells are its polarity, wettabil-
ity, electrical charge, roughness and topography [5–10]. Important may also be the
presence of various chemical functional groups and biomolecules on the material
surface [5, 6].

There are various ways of modifying the surfaces of the polymers to make them
more suitable for cell cultivation. A modified polymer surface exhibits increased
chemical reactivity, due to presence of free radicals and unsaturated bonds, and it
can easily be grafted with suitable agents. For this purpose, the surfaces have been
exposed to ultraviolet (UV) irradiation [7, 11], to beams of various ions (e.g., oxy-
gen, nitrogen, noble gases, or halogens) for biological applications [12, 13] or to a
plasma discharge [14–18]. For more pronounced changes in the physico-chemical
properties of the modified surface, some of these processes are realised in a gas
atmosphere, e.g., in acetylene or ammonia [7, 11]. These modifications change the
stability, roughness, morphology, mechanical properties and chemical composition
of the polymer surface due to creation of functional chemical groups containing
oxygen or nitrogen, like carbonyl, carboxyl or amine groups, on the surface of the
material [19–23]. These groups increase the surface wettability, support the ad-
sorption of cell adhesion-mediating extracellular matrix proteins in an appropriate
geometrical conformation and stimulate cell adhesion and growth [7, 12].

In this study high density polyethylene (PE) was modified by Ar plasma and
subsequently grafted with poly(ethylene glycol) (PEG). The morphological, struc-
tural and compositional changes were characterized by different techniques: AFM
(surface morphology, roughness), RBS (oxygen depth profile), goniometry (contact
angle). The cell adhesion and proliferation on the modified polymers was studied
by cultivation of rat vascular smooth muscle cells (VSMCs).

2. Experimental

2.1. Materials and Modification

Oriented high density polyethylene (PE, density 0.951 g/cm3) in the form 40 µm
thick foils (supplied by Granitol Ltd., Czech Republic) was used. The samples were
modified in Ar plasma discharge in a Balzers SCD 050 device. Exposure time was
50, 150 and 400 s, discharge power was 2 W and gas purity was 99.997%. Imme-
diately after plasma treatment, the plasma activated PE was grafted by immersion
to an aqueous solution (24 h, room temperature, 2 wt%) of poly(ethylene glycol)
(PEG, molecular weight (M) 300 and 20 000 g/mol). Grafting is a chemical bond-
ing of new structures on modified polymer surface [24]. The non-bound PEG was
removed by immersion of the samples into distilled water for 24 h.
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2.2. Characterization of Modified PE

Surface wettability was measured by goniometry, i.e., the static (sessile) water drop
contact angle method. It was shown earlier that the contact angle of PE (exposed to
plasma discharge) depends on the time elapsed from the moment of exposure [19].
In this experiment, the contact angle on the plasma-modified and grafted samples
was measured over 54 days. Advancing water contact angles (error ± 5%) were
measured at 10 different positions at room temperature using the Surface Energy
Evaluation System (Advex Instruments, Czech Republic) [19, 27].

The concentration depth profile of oxygen in the modified PE surface layer (after
plasma treatment and PEG grafting) was determined by Rutherford Backscattering
Spectroscopy (RBS). The RBS analysis was performed in a vacuum chamber with
2.72 MeV He+ ions. Elemental depth profiles in the inspected samples were deter-
mined with the typical depth resolution less than 10 nm and an accessible depth of
a few µm. The RBS spectra were evaluated by the GISA3.99 code [18]. The typical
RBS detection limit is 0.1 at% for oxygen with an experimental error ±7%.

Surface morphology and roughness of the pristine and modified samples were
determined using a VEECO CP II AFM working in the tapping mode. A Si probe,
RTESPA-CP, with a spring constant 20-80 N/m was used. By repeated measure-
ments in the same region (1 µm × 1 µm) it was shown that the surface morphology
did not change after three consecutive scans. The roughness value (Ra) represents
the arithmetic average of the deviations from the centre plane of the sample.

2.3. Cell Culture, Adhesion and Proliferation

The adhesion and proliferation of vascular smooth muscle cells (VSMCs) on pris-
tine and modified PE substrates were investigated in vitro. Polymer samples were
sterilized for 1 h in ethanol (70%) before cell cultivation. The samples were inserted
into 24-well polystyrene multidishes (TPP, Switzerland; diameter 15 mm). Each
sample was treated with 1.5 ml of Dulbecco’s modification of Eagle’s Minimum
Essential Medium (DMEM, Sigma) containing 10% of fetal bovine serum (FBS,
Sebak GmbH, Aidenbach, Germany) and 17 000 VSMCs per cm−2. Cells were cul-
tivated at 37◦C in a humidified air atmosphere containing 5% of CO2. The adhered
cells were counted 24 hours after seeding, and cell proliferation was determined on
2nd and 7th day after seeding. Cells were rinsed in phosphate-buffered saline (PBS),
fixed in 70% ethanol and colored with Texas Red C2 maleimide, which conjugates
with the cell membrane and cytoplasmatic proteins. Cell nuclei were visualized by
Hoechst #33342 dye. The number and morphology of cells were then evaluated
from pictures taken with an Olympus IX 51 microscope using an Olympus DP 70
digital camera.

The numbers of viable and dead cells was evaluated by automated counting in
a ViCell XR analyzer (Beckman Coulter, USA) after they had been detached by a
trypsin–EDTA solution (Sigma, USA, Cat. No T4174) in PBS for 10 min at 37◦C.
This automated analysis involved evaluation of cell viability by staining with trypan
blue, which penetrated through the membrane of damaged and nonviable cells. As
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revealed by trypan blue exclusion test performed automatically during cell count-
ing in the cell viability analyser (ViCell, Beckman), the percentage of viable cells
among cells detached from both PEG surfaces was relatively high, ranging from
about 76 to 85%. It can be supposed that this percentage in the native culture be-
fore the cell detachment was even higher, and the cells were additionally damaged
by trypsinization, resuspension in buffer and other procedures associated with the
measurement in the ViCell Analyser.

3. Results and Discussion

3.1. Surface Properties of Modified PE

Treatment in the plasma discharge leads to cleavage of macromolecular chains,
creation of free radicals and double bonds. Reaction with oxygen from ambient at-
mosphere in the reaction chamber or after exposing the samples to the atmosphere
results in generation of various oxygen-containing structures which, in turn, in-
crease surface wettability [19, 20]. The enhanced wettability is known to facilitate
cell adhesion [7, 11, 18]. Contact angle as a function of time elapsed from the
plasma treatment (aging) is shown in Fig. 1 for the samples exposed to the plasma
discharge for 50, 150 and 400 s. Contact angle decreases dramatically after the
plasma treatment and the decrease is inversely proportional to the exposure time.
After about 5 days of aging the contact angle starts to increase and after some time
(about 20 days) it reaches a saturated value [19]. Restoration of the contact angle
is obviously connected with a rearrangement of degraded macromolecules on the
plasma-treated PE surface in air [26–28]. On the contrary, contact angle measure-
ments in water immersed samples lead to the conclusion that the surface polarity
of the polymer increases continuously with time of water contact. This is attributed
to the appearance at the surface of polar groups, initially ‘buried’ in the bulk of the
polymer [29]. Reconstruction of the polymer surface may be ascribed to two stages:
water adsorption, accompanied by diffusion into the bulk phase, and reorientation
of the surface polar groups [30]. All biological experiments were done after sample
aging time of 20 days or longer.

Dependence of the contact angle on the aging time for plasma-modified PE and
plasma-modified PE and subsequently grafted with PEG (molecular weights 300
and 20 000) is shown in Fig. 2. Pronounced decrease of the contact angle after PEG
grafting seen for both molecular weights indicates binding of oxygen-rich com-
pounds onto the activated PE surface [7]. Saturated value of restored contact angle
was achieved after about 25 days of aging when the reorientation of the oxygen-
containing structures was completed [27, 28]. More pronounced decrease of the
contact angle is observed for higher molecular weight PEG (M = 20 000) due to
higher oxygen content in this PEG species.

Concentration depth profiles of oxygen from plasma-treated PE, plasma-treated
and immediately immersed into distilled water (water etched PE) and plasma-
treated and subsequently PEG-grafted PE, obtained from RBS measurements, are
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Figure 1. Dependence of the contact angle of the plasma-modified PE on the aging time. Plasma
exposure times were 50, 150 and 400 s.

shown in Fig. 3. Some of the samples were etched in water since the subsequent
biological experiments are carried out in a physiological solution, so that the inter-
action of the plasma-modified PE with water is of crucial importance. The max-
imum oxygen concentration is observed on the plasma-treated PE. Water etching
results in a decrease of the oxygen concentration in the surface layer. This decrease
indicates dissolution of a part of the oxidized structures or low molecular weight
fragments [19, 26]. An increase of the oxygen concentration after the PEG grafting
shows chemical binding of a part of PEG molecules on the surface of the plasma-
modified PE. This increase of oxygen concentration does not explicitly prove PEG
grafting on plasma-modified PE. In our previous work aminoacids were grafted
onto PE degraded surface. In case of such reaction the decrease of radicals and
double bonds and increase of oxygen concentration in surface layer occurred [6].
Therefore, based on our already published results we assumed that grafting occured
also in case of PEG.

Surface morphology is well known to affect the interaction of cells with poly-
mers [11, 18, 27]. AFM images of pristine, plasma-treated, plasma-treated and
water-etched, and plasma-treated and subsequently grafted with PEG with differ-
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Figure 2. Dependence on the aging time of the contact angle of PE plasma modified for 400 s (0)
and PE plasma modified and subsequently grafted with PEG. The molecular weights of PEG were
M = 300 and 20 000.

ent molecular weights PE samples are shown in Fig. 4. Plasma treatment results in
increased surface roughness and leads to exposure of PE lamellar structure. This
phenomenon is a typical demonstration of plasma stimulated ablation of PE [9].
After water etching (Fig. 4(c)) the morphology changes due to dissolution of low
molecular weight degradation products [19]. Subsequent PEG grafting leads to a
change in surface roughness and, regardless of PEG molecular weight, to a de-
crease in surface roughness (Fig. 4(d, e)). While the grafting with PEG of molecular
weight M = 300 preserves PE lamellar structure, the grafting with PEG of mole-
cular weight M = 20 000 results in significant change of the morphology and in
creation of branched star-like formations (Fig. 4(e)). This might be a clear 2D PEG
crystallization process [31].

3.2. Cell Adhesion and Proliferation

Adhesion and proliferation of rat VSMCs was studied on pristine PE, PE modi-
fied by plasma discharge for 50, 150 and 400 s and on PE modified by plasma
discharge and subsequently grafted with PEG (M = 300 and 20 000). The anti-
adhesive action of PEG is due to its very high hydrophilicity and mobility of its
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Figure 3. Oxygen concentration depth profiles of the plasma-treated PE (400 s, PE/plasma), PE
plasma treated and immersed into distilled water (water etched) (PE/plasma/H2O), PE plasma treated
and subsequently grafted with PEG (molecular weight M = 20 000, PE/plasma/PEG).

chains, which hamper stable adsorption of the proteins that mediate cell adhesion.
However, at the same time, the anti-adhesive action of PEG is strongly dependent
on its concentration on the polymer surface and on the length of its chain [32].
For comparison, the same procedures were applied to tissue culture polystyrene
(TCPS). All experiments were performed in vitro. Total number of adhered (after
1 day cultivation) and proliferated (after 2 and 7 days of cultivation) cells is shown
in Fig. 5. During the first 24 h the cells adhere very well on pristine PE and PE
modified by plasma discharge. Lowest adhesion was observed on the PE grafted
with PEG (M = 300). Higher adhesion was found on the PE grafted with PEG
(M = 20 000) and on the TCPS. The situation changes 2 days after seeding. While
the cell proliferation on pristine and plasma-modified PE is minimal, much higher
proliferation is observed on the PEG-grafted PE. Dramatic increase of proliferating
cells is observed on grafted samples 7 days after seeding. Much more cells grow on
the samples grafted with PEG of higher molecular weight.

In Fig. 6 are shown images of adhered and proliferated VSMCs observed after
7 days of cultivation. Cells on pristine PE and PE modififed by plasma discharge
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Figure 4. AFM images of pristine PE (a), plasma-treated PE (400 s) (b), PE plasma treated and
immersed into distilled water (water etched) (c), PE plasma treated and subsequently grafted with
PEG (molecular weight M = 300, d) and PEG (molecular weight M = 20 000, e).

are homogeneously spread over the sample area. After 7 days, the cells are still well
spread but their distribution is not homogeneous and cells agregates appear. On the
contrary, on the plasma-modified and PEG-grafted PE a dense and homogeneous
cell coverage is observed after 7 days of cultivation, in spite of the fact then grafting
did not affect initial cell adhesion.

Similarly, the PEG chains used in the present study were either short (M = 300)
or long (M = 20 000), and good adhesion and growth of cells on the such PEG-
modified surfaces were observed. In addition, the PEG chains in the present study
were probably attached to the plasma-modified PE through several sites on one
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Figure 5. Dependence of the number of VSMCs on the cultivation time (1st, 2nd and 7th day) for
pristine PE (PE), PE plasma modified for 50, 150 and 400 s (PE/plasma/50–400) and subsequently
grafted with PEG (molecular weight M = 300, PE/plasma/50–400/300) and PEG (molecular weight
M = 20 000, PE/plasma/50–400/20 000) and tissue culture polystyrene (TCPS).

PEG chain, and not only through the chain end, which hampered mobility of the
PEG chain but did not prevent the protein adsorption and cell colonization. What is
more, the oxygen-containing groups present in the PEG molecules might enhance
the colonization of the material by VSMCs as indicated by the highest final cell
number on PEG-grafted PE on day 7 after seeding.

4. Conclusion

The properties of the plasma-modified and PEG-grafted PE were investigated and
the bioactivity of modified PE was studied with VSMCs in in vitro experiments.
Plasma treatment leads to a rapid decrease of contact angle and corresponding in-
crease of the PE surface polarity and wettability. Sample aging results in surface
relaxation and restoration of the contact angle which achieves a saturated value after
about 20 days of aging when reorientation of polar structures in the modified sur-
face layer is completed. With increasing time of exposure to the plasma discharge
the wettability of the modified PE decreases. Grafting with PEG leads to additional
dramatic reduction of the contact angle. With decreasing chain length of PEG the
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Figure 6. Photographs of VSMCs adhered (1st day) and proliferated (7th day) on pristine PE (PE), PE
plasma treated for 50 s (PE/plasma) and subsequently grafted with PEG (molecular weight M = 300,
PE/plasma/PEG 300) and PEG (molecular weight M = 20 000, PE/plasma/PEG 20 000).
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polarity of the grafted PE decreases. Presence of oxygen-containing groups in the
surface layer of the plasma-modified PE and subsequently grafted with PEG was
evidenced by the RBS technique. Plasma treatment increases surface roughness of
PE and exposes its lamellar structure.

The surface roughness of the plasma-modified PE is reduced by the etching
in water. Grafting with short PEG chains preserves the PE lamellar structure but
grafting with longer PEG chains produces branched star-like formations on the PE
surface. The biological in vitro experiments with VSMCs show that PEG grafting
does not increase cell adhesion but it increases dramatically cell proliferation.
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H. Gbelcová, S. Rimpelová and A. Macková, Nucl. Instrum. Meth. Phys. Res. B 267, 1904 (2009).
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The interaction of cells and tissues with artificial materials designed for applications in biotechnologies and in
medicine is governed by the physical and chemical properties of the material surface. There is optimal cell
adhesion to moderately hydrophilic and positively charged substrates, due to the adsorption of cell adhesion-
mediating molecules (e.g. vitronectin, fibronectin) in an advantageous geometrical conformation, which
makes specific sites on these molecules (e.g. specific amino acid sequences) accessible to cell adhesion
receptors (e.g. integrins). Highly hydrophilic surfaces prevent the adsorption of proteins, or these molecules
are bound very weakly. On highly hydrophobic materials, however, proteins are adsorbed in rigid and
denatured forms, hampering cell adhesion. The wettability of the material surface, particularly in synthetic
polymers, can be effectively regulated by physical treatments, e.g. by irradiation with ions, plasma or UV light.
The irradiation-activated material surface can be functionalized by various biomolecules and nanoparticles,
and this further enhances its attractiveness for cells and its effectiveness in regulating cell functions. Another
important factor for cell–material interaction is surface roughness and surface topography. Nanostructured
substrates (i.e. substrates with irregularities smaller than 100 nm), are generally considered to be beneficial
for cell adhesion and growth, while microstructured substrates behave more controversially (e.g. they can
hamper cell spreading and proliferation but they enhance cell differentiation, particularly in osteogenic cells).
A factor which has been relatively less investigated, but which is essential for cell–material interaction, is
material deformability. Highly soft and deformable substrates cannot resist the tractional forces generated by
cells during cell adhesion, and cells are not able to attach, spread and survive on suchmaterials. Local variation
in the physical and chemical properties of the material surface can be advantageously used for constructing
patterned surfaces. Micropatterned surfaces enable regionally selective cell adhesion and directed growth,
which can be utilized in tissue engineering, in constructing microarrays and in biosensorics. Nanopatterned
surfaces are an effective tool for manipulating the type, number, spacing and distribution of ligands for cell
adhesion receptors on the material surface. As a consequence, these surfaces are able to control the size,
shape, distribution and maturity of focal adhesion plaques on cells, and thus cell adhesion, proliferation,
differentiation and other cell functions.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, artificial materials, particularly synthetic polymers,
have been of growing importance in various biomedical technologies,
including tissue engineering and transplantation medicine. However, for
the constructionof advancedbioartificial tissues andorgans, thematerials
should not just be passively tolerated by the cells (as often happened
in the “classical” materials of earlier generations) but should actively
promote specific cell responses in a controllable manner. In other words,
artificial cell carriers should act as analogs of the natural extracellular
matrix (ECM), i.e. they should regulate the extent and strength of cell
adhesion through the binding between cell adhesion receptors (e.g.
integrins) and active parts of ECM molecules (e.g. specific amino acid
sequences such as Arg-Gly-Asp, Bacakova et al., 2007a).

The extent and the strength of cell adhesion then play a decisive role
in regulating the subsequent cell proliferation activity and switching
between the proliferation and differentiation program in the cells.
Anchorage-dependent cells do not divide (and evenundergo apoptosis)
without previous extension on the growth substrate— cell proliferation
activity is therefore usually reported to correlate positively with cell
flattening. However, this is true only to a certain degree— themaximum
proliferation capacity as well as maximummigration speed is achieved
at the intermediate extent of cell spreading and adhesion strength. Cells
with very large adhesion areas with numerous and large focal adhesion
plaques, containing increased levels of specific cell adhesion molecules
and associated proteins (paxillin, talin, vinculin, tensin), are usually
morequiescent concerningmigration andproliferation, andmore active
in theexpressionof differentiationmarkers (MannandWest, 2002; for a
review, see Bacakova and Svorcik, 2008; Bacakova et al., 2004).

The extent and strength of cell adhesion, and subsequent cell
proliferation and differentiation, depend strongly on the physical and
chemical properties of the biomaterial surface. Therefore, in this
review, based mainly on our results obtained in the course of more
than 10 years of research on biomaterials, the effects of the following
factors on the adhesion, proliferation and phenotypic maturation of
cells colonizing artificial materials are discussed:

• material surface chemistry, surface energy and wettability, and
changes in these parameters, e.g. on synthetic polymersmodified by
ion-, ultraviolet light and plasma irradiation,

• the electrical charge and conductivity of the material surface,
• surface roughness and morphology,
• rigidity and deformability of the cell adhesion substrate,
• micropatterning the material surface with cell-adhesive and non-
adhesive domains,

• nanopatterning and grafting the material surface (creation of
adhesive nanodomainsmanipulating the assembly of focal adhesion
plaques on cells).

It can be supposed that in most materials currently used for
constructing tissue replacements, these factors have a common (univer-
sal) influence on the cell behavior, irrespective ofmaterial type. In various
cell types, some common reactions to the basic physical and chemical
properties of the adhesion substrate can also be expected. This review
therefore focuses on common relations between the physico-chemical
propertiesofmaterial surfaceandcell behavior. Specificmaterials areonly
used as examples to demonstrate these relations. Specific materials (e.g.
natural andsyntheticpolymers,metals, ceramics, carbon-basedmaterials,

composite materials and their specific organic and inorganic coatings)
and specific types of tissue replacements (e.g. vascular prostheses, bone
implants) have been discussed in several review articles and book
chapters that we have published earlier (Bacakova and Svorcik, 2008;
Bacakova et al., 2004, 2008, 2011; Parizeket al., 2011;Vagaska et al., 2010;
Vandrovcova and Bacakova, 2011).

2. Chemistry, energy, polarity, wettability and zeta potential of the
material surface

It has been shown repeatedly that cell adhesion to an artificial
material depends strongly on the physico-chemical properties of the
material surface, e.g. its chemical composition, energy, polarity and
wettability. The chemical composition of the material surface is an
important factor determining the surface energy, polarity, wettability
and zeta potential, and consequently the character of the cell–
material interaction. For example, the presence of oxygen-containing
chemical functional groups increases the energy, polarity and
wettability of the material surface, and supports the adhesion and
growth of cells on this surface (Bacakova et al., 1996; Detrait et al.,
1998; Feng et al., 2003; Kubova et al., 2007; Svorcik et al., 1995a,b).

The surface energy of amaterial is defined as the amount of energyper
area required to reversibly create an infinitesimally small unit surface
(Zhuang and Hansen, 2009). Surface energy quantifies the disruption of
the intermolecular bonds that occur when a surface is created. In the
physics of solids, surfaces must be intrinsically less energetically
favorable than the bulk of a material, otherwise there would be a
driving force for surfaces to be created, removing the bulk of the
material, e.g. by a sublimation process. Surface energymay therefore be
defined as the excess energy at the surface of amaterial compared to the
bulk. The surface energy which can be converted into work has been
referred to as “free surface energy” (also known as “free enthalpy”,
“available energy”or “affinity” in chemical systems). Free surfaceenergy
can be analyzed into polar and nonpolar (i.e. dispersive) components
using the Owens–Wendt–Kaeble equation:

Wa = γL cosθ + 1ð Þ = 2 γLDγSD
� �1=2 + 2 γLPγSP

� �1=2
;

where γLD and γLP are the dispersive and polar components of the liquid
surface tension, andγSD andγSP are thedispersive andpolar components
of the solid surface free energy, respectively (Youssef et al., 2001).

The dispersive component of surface energy results from molecular
interaction due to London forces. These forces are part of the van der
Waals forces and represent the weak intermolecular forces arising
from quantum-induced instantaneous polarization multipoles in
molecules. These forces can therefore act between molecules without
permanent multipole moments. London forces are exhibited by
nonpolar molecules because of the correlated movements of the
electrons in interacting molecules. The polar component of surface
energy comprises all other interactions due to non-London forces.
Polar molecules interact through dipole–dipole intermolecular forces
and hydrogen bonds. Molecular polarity is dependent on the
difference in electronegativity between the atoms in a compound
and the asymmetry of the structure of the compound. For example, a
molecule of water is polar because of the unequal sharing of its
electrons in a “bent” structure, whereas methane is considered non-
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polar because the carbon shares the electrons with the hydrogen
atoms almost uniformly.

The material surface energy, including its polar and non-polar
components, can be calculated from the contact angle measured
between the material surface and liquids of various polarity, e.g.
benzyl alcohol, diiodomethane, glycerol or water (Youssef et al.,
2001). Polar liquids are well spread on polar surfaces, i.e. they have a
low contact angle. A low contact angle between the material and
water indicate good spreading of water on the material surface, i.e.
hydrophilicity of the material, while a high water contact angle is a
sign of the hydrophobicity of the material surface. Thus, hydrophilic
surfaces are characterized by a high polar component of the surface
energy.

The hydrophilicity or hydrophobicity of thematerial surface can be
further characterized by its zeta- (ζ-) potential. The determination of
the ζ-potential on planar samples is based on the measurement of the
dependence of streaming current I on pressure p. The ζ-potential is
calculated from the relation

ζ =
dI
dp ⋅

η
ε⋅ ε0 ⋅

L
A
;

where dI/dp is the slope of I vs. p dependence; η and ε are the viscosity
and the dielectric constant of the electrolyte, respectively; ε0 is the
vacuum permittivity; L and A are the length and the cross-section of
the measuring channel (Svorcik et al., 2010a). The zeta-potential has
been determined for pristine thermoplastic polymers (high-density
polyethylene (PE), polytetrafluoroethylene (PTFE), polystyrene (PS),
polyethyleneterephthalate (PET) and polypropylene (PP) and poly-
mers treated in plasma (Reznickova et al., 2011; Slepicka et al., 2010;
Svorcik et al., 2010b). The zeta-potential of pristine polymers
increases in the order PTFEbPP≈PETbPEbPS. Its value is affected
by several factors, e.g. surface morphology, chemical composition and
the polarity of the polymer surface. It is therefore slightly surprising
that the zeta-potential of polar PET and non-polar PP are comparable.
A possible explanation can be found in an earlier study (Kotal et al.,
2007), where it was revealed that in pristine PET most of oxygen-
containingmolecular segments are oriented toward the polymer bulk,
and thus the first atomic layer on the material surface is effectively
depleted of oxygen. Due to this phenomenon, pristine PET with a
reduced surface concentration of oxygen and PP behave in the same
manner. This can also be seen from the similar contact angle values.
Plasma treatment results in a dramatic increase in the zeta-potential,
and its values increase in the order PTFEbPPbPSbPETbPE.

Synthetic polymers used in biotechnologies and in medicine are
usually too hydrophobic in their pristine unmodified state (a water
drop contact angle of about 100° or more), thus they cannot ensure
sufficient cellular colonization. It is generally known that cell adhesion
to artificial materials is mediated by molecules of extracellular or
provisional matrix, e.g. fibronectin, vitronectin, collagen, laminin or
fibrin, which are spontaneously adsorbed to the materials from the
culture media, blood and other body fluids, or are deposited by the
cells themselves. If the material is too hydrophobic, these molecules
are adsorbed in a denatured and rigid state. Their geometrical
conformation is inappropriate for binding to cells, because specific
sites on these molecules (e.g. RGD-containing oligopeptides) are less
accessible to cell adhesion receptors, e.g. integrins (Fig. 1). As was
shown above, polymer surfaces can be efficiently rendered more
wettable by physical methods, e.g. by irradiation by ions, plasma or
ultraviolet light. These methods are safer than chemical methods, e.g.
etching the polymer surface by treatment in acids or hydroxides. They
are not associated with potential retention of cytotoxic chemicals and
their subsequent release from the material (Bacakova et al., 2000a,b,
2001a; Heitz et al., 2003; Kasálková et al., 2007; for a review, see
Bacakova and Svorcik, 2008; Bacakova et al., 2004).

For ion irradiation, high-energy ions are formed in an ion source,
separated in a magnetic field, and accelerated in an electric field. The
material is placed in an implanter chamber and is irradiated at room
temperature with an ion beam of defined energy (30–150 keV), dose
(1012–1017 ions/cm2) and current (under 50 nA/cm2 to avoid heat
degradation of polymers). For biological purposes, ions of oxygen,
nitrogen, the halogens, rare (noble) gases or non-toxic metals (e.g. Ti,
Au) have usually been applied. Depending on their molecular weight
and energy, the ions can either be released from the material
immediately after implantation, or retained in it. The polymer surface
can bemodified to a depth of about 10 nm–100 μm. Ion bombardment
leads to cleavage of C―C and C―H bonds, which results in splitting of
macromolecules and polymer dehydrogenation. Due to polymer
dehydrogenation, the content of carbon in the modified layer is
relatively increased, which is often reported as “carbonisation”. This
relative carbon-enrichment is observed especially at higher ion doses,
and is accompanied by a darker color and lower transparency of the
polymer. Carbon atoms form graphitic structures with conjugated
double bonds, which enhance the electrical conductivity of the
polymer. The degradation products of polymer macromolecules also
react with the oxygen present in the ambient atmosphere in the
implanter chamber and create oxidized structures, e.g. carbonyl,
carboxyl and ester groups, which increase the polymer surface
polarity and wettability (Bacakova et al., 1996, 2000a,b, 2001a;
Svorcik et al., 1995a,b). Similar modifications of the polymer surface
were also observed after it was irradiated with ultraviolet light
generated by an excimer lamp (Heitz et al., 2003; Mikulikova et al.,
2005; Svorcik et al., 2004) or irradiated with plasma (Kasalkova et al.,
2007; Parizek et al., 2006, 2007, 2009).

Oxygen-containing groups increase the polar component of the
surface free energy of the polymer surface, making this surface more
wettable, stickier and more susceptible to adsorption of adhesion-
mediating ECM proteins, e.g. vitronectin, fibronectin, collagen or
laminin. At the same time, the adsorption of cell non-adhesive
molecules, e.g. albumin, is attenuated because these molecules prefer
to bind to less oxygenated and more hydrophobic surfaces (Bacakova
et al., 1996; Svorcik et al., 1995a; for a review, see Bacakova et al.,
2004; Lim et al., 2007a; Liu et al., 2007). In our earlier study, the
intensity of fluorescence of collagen IV (i.e. an important component
of cell basal laminae supporting cell adhesion) conjugated with a
fluorescence marker Oregon Green 488, was increased on polyethyl-
ene samples irradiated with O or C ions (Bacakova et al., 2001a). On
the other hand, on some hydrophilic materials, e.g. surfaces formed by
plasma polymerization of acrylic acids, the absolute amount of cell
adhesion-mediating ECM molecules was lower than on more
hydrophobic surfaces created from octadiene (Filova et al., 2009a).
Nevertheless, the cells adhered in higher numbers to more hydro-
philic materials and were spread over a larger area. An explanation for
these results may be that what is important is not only the absolute
amount, but also the spatial conformation of the adsorbed molecules
that mediate cell adhesion. On wettable surfaces, these molecules are
adsorbed in a more flexible form, which allows them to be
reorganized by the cells and thus provides access for cell adhesion
receptors to the adhesionmotifs on thesemolecules. A high amount of
adsorbed protein could even be disadvantageous for cell adhesion,
due to denaturing of the proteins. For example, model globular
proteins (hen egg lysozyme, ribonuclease A, and insulin dimer) were
adsorbed to nonpolar hydrophobic surfaces, created by functionaliza-
tion of self-assembled monolayers with non-polar –CH3 and –CF3
groups, in higher concentrations than to polar hydrophilic surfaces
with PEG, –OH, or –CONH2 groups. However, the high protein
concentration led to significant interprotein and protein–surface
interactions. In addition, nonpolar surfaces allowed protein unfolding
by reducing the unfolding free energy barriers. As a result, a rigid
adsorbed layer of proteins was formed on hydrophobic surfaces.
However, on polar hydrophilic surfaces, the proteins adsorb in low
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concentrations, and their interprotein interactions were not significant;
therefore they adsorbed in their native state (Anand et al., 2010).
Corresponding resultswere also obtained on the cell adhesion-mediating
protein fibronectin. On functionalized self-assembled monolayers, the

amount of adsorbed fibronectin decreased in the following order of
functionalities: NH2NCH3NCOOHNOH, while the adhesion of MC3T3-E1
osteoblast-like cells, mediated by α5β1 integrin adhesion receptors,
increased in a similar order, i.e. CH3bNH2=COOHbOH, which can be
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explained by changes in the geometrical conformation of fibronectin
(Keselowsky et al., 2003).

However, there is optimal cell adhesion only to moderately
hydrophilic surfaces. On highly hydrophilic surfaces, cell attachment
and spreading is limited or completely disabled. Highly hydrophilic
surfaces are known to bind the adsorbed cell adhesion-mediating
molecules with relatively weak forces, which could lead to the detach-
ment of these molecules especially at later culture intervals, when they
bind a large number of cells. For example, in our studies performed on
oxygen-terminated nanocrystalline diamond surfaces (contact angle
about 20–35°), human osteoblast-like MG 63 cells in 5- and 7-day-old
cultures, when these cells formed a confluent layer, showed a higher
tendency to spontaneous detachment from the adhesion substrate
(Grausova et al., 2008a, 2009a,b). However, on H-terminated nanocrys-
talline diamond surfaces (contact angle about 85–90°, highly confluent
layers of MG 63 cells on day 7 after seeding adhered firmly without
considerable cell loss (Kopecek et al., 2008). Moreover, extremely
hydrophilic oxygen-terminated nanostructured diamond surfaces
(contact angle b2°) almost completely resisted the adhesion of human
mesenchymal stem cells derived from the bone marrow, whereas less
hydrophilic nanodiamond surfaces (contact angle 86°) provided good
support for the attachment, spreading and growth of these cells (Clem
et al., 2008). Highly hydrophilic surfaces, made of a block copolymer of
poly DL-lactide (PDLLA) and polyethylene oxide (PEO), resisted the
adhesion and spreading of rat aortic smoothmuscle cells in our studies,
and were used as a non-adhesive background for the attachment of
GRGDS sequences, i.e. synthetic fibronectin-derived ligands for integrin
adhesion receptors in defined concentrations (Bacakova et al., 2007a;
Fig. 2). Moreover, in this copolymer, high hydrophilicity was coupled
with high mobility of PEO chains tethered from the material surface,
which did not allow stable adsorption of cell adhesion-mediating ECM
molecules and cell adhesion. This bioinertness of the PDLLA–PEO
copolymer depended on the length and concentration of the PEO chains
on thematerial surface, andwas optimal at amolecularweight of PEO of
11,000 and at a concentration of 33% (Bacakova et al., 2007a). At both
lower and higher molecular weight of PEO (5000 and 24,800), and at
lower and higher concentration of PEO chains (5 to 18% and 40 to 70%),
PDLLA–PEO copolymers allowed protein adsorption and cell adhesion,
though the number of adhering cells, their spreading and subsequent
growth were usually lower than on non-modified PDLLA (Filova et al.,
2004).

3. Grafting of modified polymers

The reactive sites formed in a polymer during its irradiation (e.g.
irradiation by ions, plasma or ultraviolet light), such as radicals,
conjugated double bonds between carbon atoms and oxygen-
containing groups, can be used for grafting various molecules and
nanoparticles which further modulate the effects of polymer
irradiation on cell adhesion, growth, phenotypic maturation and
functioning (Fig. 3). These biomolecules and nanoparticles include
glycine, alanine and leucine (Svorcik et al., 2004), RGD-containing
adhesion oligopeptides (Rockova-Hlavackova et al., 2004), bovine
serum albumin, polyethylene glycol, colloidal carbon particles

(Kasalkova et al., 2010; Parizek et al., 2009) and gold nanoparticles
(Svorcik et al., 2009, 2010c).

In our recent study, polyethylene (PE) and polystyrene (PS) were
modified by Ar+ plasma. The plasma is able to exert four major effects:
(i) surface cleaning, (ii) surface ablation or etching, (iii) surface cross-
linking, and (iv) modification of the surface chemical structure. Plasma
treatment leads to cleavage of C―C and C―H bonds. This results in
splitting of macromolecules, and free radicals and conjugated double
bonds are generated on the polymer chain. The degradation products of
macromolecules also react with the oxygen present in the ambient
atmosphere in the chamber and create oxidized structures, e.g. carbonyl,
carboxyl and ester groups,which increase the polarity andwettability of
the polymer surface (Kasalkova et al., 2007; Parizek et al., 2009).
Oxidized degradation products are produced on the polymer surface,
contributing to increased hydrophilicity (wettability) of the plasma
treated polymers. Faster ablation of the amorphous phase was also
reported for high density PE. Preferential ablation of PE results in the
creation of lamellar structures reflecting the arrangement of the
molecular chains on the PE surface (Svorcik et al., 2006). In PS with a
lower crystalline fraction, the tiny, sharp formations appearing after
plasma treatment may represent low molecular, oxidized structures
(LMWOS) (Reznickova et al., 2011). The pristine polymers that were
investigatedexhibit very different surfacemorphology and roughness. It
was found that under plasma treatment the polymers are ablated and
their surface morphology and roughness are changed dramatically; the
zeta potential increases dramatically, too (Reznickova et al., 2011).

The surface of the plasma-activated polymers was grafted with
polyethylene glycol (PEG). The changes in the surfacewettability (contact
angle) of the modified polymers were examined by goniometry. Atomic
force microscopy (AFM) was used to determine the surface roughness
and morphology, and electrokinetical analysis (zeta-potential) charac-
terized the surface chemistry of the modified polymers. Plasma
treatment and subsequent PEG grafting led to dramatic changes in the
surface morphology, roughness and wettability of the polymer. The
plasma-treated andPEG-graftedpolymerswere seededwith rat vascular
smooth muscle cells (VSMC), and their adhesion and proliferation were
studied. Biological tests, performed in vitro, showed increased adhesion
and proliferation of cells on modified polymers. Grafting with PEG
increased cell proliferation, especially on PS. Cell proliferation was
shown to be an increasing function of PEGmolecular weight (Svorcik et
al., in press).

In another study, polyethylene was irradiated with Ar+ plasma,
and the chemically active PE surface was grafted with Au nanopar-
ticles. The composition and the structure of the modified PE surface
were studied using X-ray photoelectron spectroscopy (XPS) and
Rutherford backscattering spectroscopy (RBS). The changes in surface
wettability were determined from the contact angle measured in a
reflection goniometer. The changes in the surface roughness and
morphology were observed by AFM. The modified PE samples were
seeded with VSMC or mouse NIH 3T3 fibroblasts, and their adhesion
and proliferation were studied. It was found that plasma discharge
and Au grafting led to dramatic changes in the surface morphology
and roughness of PE. Au nanoparticles were found not only on the
sample surface, but also in the sample interior up to a depth of about
100 nm. In addition, plasma modification of the PE surface, followed

Fig. 1. A: Scheme of the adsorption of a cell adhesion-mediating protein to a hydrophobic material surface. The protein is adsorbed in a denatured and rigid form, and thus specific
amino acid sequences in its molecule, which serve as ligands for the adhesion receptors, are non-accessible (or only to a limited extent accessible) for these receptors. The receptors
cannot then cluster into focal adhesion plaques and associate with other structural and signalling proteins, such as paxillin, talin, vinculin, alpha-actinin and actin cytoskeleton. B: On
moderately hydrophilic surfaces, the protein is adsorbed in a more physiological, flexible and reorganizable form, and the oligopeptidic ligands (usually in a loop-like conformation)
are well accessible by a “pocket-like” structure of adhesion receptors (integrins). The receptors then cluster into focal adhesion plaques and communicate with other focal adhesion
proteins and the actin cytoskeleton. C-F: Immunofluorescence staining of talin (C, D) and alpha-actin (E, F) in rat aortic smooth muscle cells on day 5 after seeding on hydrophobic
unmodified high-density polyethylene (sessile water drop contact angle almost 100°; C, E) and moderately hydrophilic polyethylene irradiated with plasma and grafted with
polyethylene glycol (contact angle ~60°, D, F). Note that on hydrophobic surfaces, the cells adhere in lower numbers, are less spread and assemble only faint talin-containing focal
adhesion plaques and alpha-actin-containing fibers. On hydrophilic surfaces, the cell population density is much higher, the cells are better spread and assemble well-apparent talin
focal adhesion plaques and alpha-actin fibers. Leica confocal laser scanningmicroscope (TCS SP2, Germany), obj. 100×, bar= 30 μm(Parizek et al., 2009; Kanchanawong et al., 2010).
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by grafting Au nanoparticles, significantly increased the attractiveness
of the PE surface for the adhesion and growth of VSMC, and
particularly for mouse embryonic 3T3 fibroblasts (Svorcik et al.,
2009; Fig. 4).

4. Electrical charge and conductivity of the cell adhesion substrate

The electrical charge and conductivity of the material surface are
also important factors for its colonizationwith cells. It has been shown

Fig. 2. A: Scheme of the adsorption of a cell adhesion-mediating protein to an extremely hydrophilic surface. This surface does not allow protein adsorption at all, or the adsorption is
weak and unstable, thus the proteins cannot provide an adequately firm anchor for the adhering cells. Although the adhesion ligands in the protein molecule are accessible for cell
adhesion receptors, these receptors cannot form focal adhesion plaques and associate with paxillin, talin, vinculin, alpha-actinin and actin. B: A similar situation on an extremely
deformable material: although the proteins can be stably adsorbed on its surface, and the adhesion oligopeptides can be accessible for cell adhesion receptors, the material collapses
under the tractional forces produced by the adhering cells. As a result, the cells are not able to assemble focal adhesion plaques and an actin cytoskeleton. C-F: Formation of focal
adhesion plaques in rat aortic smooth muscle cells seeded on materials of various hydrophilicity and deformability. A PDLLA-PEO copolymer with a highly hydrophilic and mobile
surface (contact angle less than 30°; C) or a soft polyacrylamide gel (modulus of elasticity 1 kPa; D) do not allow cell spreading and formation of focal adhesion plaques, even if the gel
was preadsorbed with collagen. However, on pure PDLLA without hydrophilic and mobile PEO chains (contact angle ~70°; E), and also on a hard polyacrylamide gel (modulus of
elasticity 40kPa; F), the cells are well spread and assemble large and numerous focal adhesion plaques. Focal adhesion plaques were detected by immunofluorescence staining of
vinculin (C, E) or by transfection of cells with a gene construct encoding paxillin and green fluorescence protein (D, F). C, E: epifluorescence Opton microscope (Axioplan, Germany)
equipped with a DSC-F707 digital camera (Sony Corporation, Tokyo, Japan), bar=100 µm. D, F: epifluorescence Nikonmicroscope, CCD camera, Image Pro Plus 3.0 software, bar=20
µm (Bacakova et al., 2007a; Engler et al., 2004).
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repeatedly that there is better cell adhesion to positively charged
surfaces than to negatively charged surfaces. The reason is that cell
adhesion-mediating ECMmolecules are negatively charged, thus they
adsorb preferentially to positively charged surfaces. In accordance
with this idea, the stromal cells in cultures derived from rat bone
marrow adhered in significantly higher densities to hydrogels based
on 2-hydroxyethyl methacrylate (HEMA) bearing positively charged
chemical functional groups (e.g. NH4

+) than to negatively charged
hydrogel surfaces (Lesny et al., 2006). In our earlier studies performed
on polytetrafluoroethylene irradiated with ultraviolet light in a
reactive NH3 atmosphere, the positively chargeable amine groups
formed on the material surface also acted synergetically with oxygen-
containing groups in stimulating adhesion and growth of rat aortic
smooth muscle cells, mouse 3T3 fibroblasts, human umbilical vein
endothelial cells and human embryonic kidney cells (Heitz et al.,
2003; Mikulikova et al., 2005; Parizek et al., 2007).

Like on surfaces with different wettability, also on surfaces with a
different electrical charge, the spatial orientation and the biofunction-
ality of the adsorbed cell adhesion-promoting ECM proteins is more
important than the absolute number of these molecules. On self-
assembled monolayers of alkanethiols terminated with positively
charged –NH2 group or negatively charged –COOH group, the amount
of ECM protein osteopontin adsorbed to both surfaces was similar, but

there is a much higher number and a much greater spreading area of
bovine aortic endothelial cells on the –NH2 surface than on the –COOH
surface. These results suggested that the orientationand thegeometrical
conformation of osteopontin was more favorable for cell adhesion and
spreading on a positively charged –NH2 surface than on a negatively
charged –COOH surface (Liu et al., 2005). Similarly, on surfaces
patterned with positively and negatively charged microdomains, rat
calvarial osteoblasts flattened better on positively charged surfaces, and
mineralized tissue was also preferentially localized on positively
charged regions. This cell behavior was probably mediated by a more
advantageous geometrical conformation of vitronectin and fibronectin
on positively charged surfaces (for a review, see Anselme, 2000).
However, the negative charge reduced the cell–material adhesion, and
also the cell-to-cell adhesion, as observed in starfish embryonic cells in
situ (Masui et al., 2002) or between endothelial cells and platelets
(Stoltz et al., 1999).

Interestingly, negatively charged –COOH groups display a dual
effect on cell–material adhesion. As relatively highly polar groups,
–COOH groups can modulate the material surface wettability to values
suitable for cell adhesion (Bet et al., 2003). In addition, –COOH groups
allow grafting of various biomolecules supporting cell adhesion and
growth, such as epidermal growth factor, collagen IV and chondroitin
sulfate (von Recum et al., 1999). In our earlier studies, there was also

Fig. 3. Scheme of polymer surface activation (R=radical). A: the polymer was modified by plasma, the surface of the activated polymers was grafted with polyethylene glycol, and
then the surface was seeded with rat vascular smooth muscle cells (VSMC; Svorcik et al., in press); B: the polymer surface was modified by plasma, grafted by dithiol and Au nano-
particles, and seeded with VSMC (Svorcik et al., 2009).
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higher colonization of a copolymer of poly(DL-lactic acid) and poly
(ethylene oxide) with rat aortic smooth muscle cells on carboxylated
PEO than on non-carboxylated PEO (Bacakova et al., 2003, 2007a).
However, the introduction of negatively charged carboxyl groups to the
adhesion substrate reduced the adhesion of human erythroleukemia
cells on type I collagen matrices in vitro (Bet et al., 2003). Carboxyl
groups on a copolymer of hydroxyethyl methacrylate and sodium
methacrylate reduced the adhesion and spreading and fusion of
macrophages (Smetana et al., 1993). However, in another study, a
negative charge of chemically modified films of bovine collagen did not
dramatically alter the attachment of endothelial cells and fibroblasts
(Tiller et al., 2001).

Sulphonate groups are amore typical example than –COOH groups of
negatively chargedgroups suppressing cell adhesion. Pendant sulphonate
groups have been used for constructing anticoagulant blood-contacting

surfaces repulsive for blood components (Lee et al., 2002; Park et al.,
2002).

In connection with the irradiation of polymers with ions, UV light or
plasma, unsaturated carbon atoms may also react with each other to
form long carbon chains with conjugated double bonds which provide
higher electrical conductivity of the polymer surface (Bacakova et al.,
1996; Svorcik et al., 1995a). Higher electrical conductivity was also
achieved on polymers chemically dopedwith carbon black, and this was
one of the factors stimulating adhesion and growth of rat aortic smooth
muscle cells on these surfaces (Svorcik et al., 1995b), on polylactide
mixed with carbon nanotubes (Supronowicz et al., 2002) and on boron-
doped nanocrystalline diamond films (Kromka et al., 2010). An
important consideration is that electrically conductive materials
improve the cell performance even without active electrical stimulation
of cells. However, cell colonization and functions are further enhanced

Fig. 4.Morphology of rat vascular smooth muscle cells adhered (1st day) and grown (5th day) on pristine polyethylene (PE), PE treated for 150 seconds with Ar+ plasma (PE/plasma)
and subsequently grafted with Au nanoparticles (PE/plasma/Au). Cells stained with Texas Red C2-maleimide and Hoechst #33342. Olympus IX 51 microscope, DP 70 digital camera,
obj. 20× (left column) or 10× (right column), bar=200 µm (Svorcik et al., 2009).
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by stimulating cells with an electrical current and an electromagnetic
field in special chambers or bioreactors. This stimulation leads to the
activation of phospholipase C-coupled cell surface receptors, inositol
triphosphate-dependent intracellular processes and influx of Ca2+ ions
through mechanically operated stretch-activated cationic channels in
the cell membrane. The increased cytosolic Ca2+ is then the starting
point for signaling pathways targeting specific genes regulating cell
growth, differentiation and specific functions (Khatib et al., 2004; Sun
et al., 2007). Cell–substrate adhesion, mediated by integrin receptors,
the function of which is calcium-dependent, is also affected by electrical
stimulation (Sun et al., 2007). Both electrical and electromagnetic
stimulation increased the proliferation of osteoblasts, as well as
switching between a proliferation program and a differentiation
programin these cells,manifestedbyhigher synthesis of ECMmolecules,
such as osteocalcin, collagen I and decorin, activity of alkaline
phosphatase and calcium deposition (Fassina et al., 2007; Khatib et al.,
2004; Sun et al., 2007; Tsai et al., 2007). Cardiomyocytes in cultures
exposed to a pulsed electrical field generated by a cardiostimulator
contained troponin I, a marker of differentiation of this cell type, a well
developed contractile apparatus, and they contracted synchronously
with the electrical pulses (Karp et al., 2006). Neuronal cells in cultures on
electrically conductive substrates, e.g. layers or scaffolds containing
carbon nanotubes, showed increased electrical signal transfer and
synaptic stimulation, especially when stimulated by an electrical field
(Lovat et al., 2005;Malarkey andParpura, 2007;Mazzatenta et al., 2007).

5. Material surface roughness and morphology

Several degrees or grades of surface roughness can be distinguished
according to the scale of the irregularities of thematerial surface. Surface
macroroughness is characterized by irregularities distinguishable by
the human eye, i.e. from at least 100 μm to millimeters or more in size.
Microscale surface roughness can be defined by irregularities from 1 to
100 μm, submicron surface roughness from 100 nm to 1 μm, and
nanoroughness is specified by irregularities less than 100 nm (Price
et al., 2004; Webster et al., 2000a,b, for a review, see Bacakova et al.,
2007b, 2008; Vagaska et al., 2010). Each type of surface roughness has a
specific influence on the behavior of the implant and also on the adhering
cells.

Macroroughness seems to be favorable, because the relatively large
irregularities maymechanically enhance the anchorage of the implant
in the surrounding bone tissue. At the same time, the irregularities are
too large to be felt by the cells (i.e. the cells can have enough space to
spread on the irregularities or between them; thus macroroughness
usually does not restrict cell adhesion and spreading.

Surface microroughness is a more controversial factor affecting the
behavior of cells on artificial materials. The cells typically studied on
these materials, i.e. anchorage-dependent mammalian cells of various
tissues and organs, including vascular tissue or bone, are usually
between 10 μm and 50 μm in diameter, if they are in suspension,
where they acquire a rounded shape. When adhered and spread on
the material surface, their spreading area can reach from several
hundreds to several thousands of μm2. Thus, these cells are inherently
sensitive to the microtopography of their environment, and many
studies have reported that microroughness significantly affected the
cell response to the material (for a review, see Stevens and George,
2005). Some studies have reported a positive influence of surface
microroughness on cell adhesion, growth and maturation, whereas in
other studies this influence has been considered negative.

As for the positive effects, microporous surfaces of titanium dental
implants increased the spreading of rat osteoblasts in primary
cultures derived from rat calvarial bones (Sammons et al., 2005).
Human osteoblast-like MG 63 cells, grown on Ti substrates with
microscale surface roughness, exhibited a more differentiated
phenotype, characterized by increased alkaline phosphatase activity
and osteocalcin, and generated an osteogenic microenvironment

through higher production of prostaglandin E2 (PGE2) and transform-
ing growth factor β1 (TGF-β1). These stimulatory effects of the surface
microtopography were further enhanced by higher surface energy
and wettability, as well as the addition of 1,25-dihydroxyvitamin D3

[1α,25(OH)2D3] (Zhao et al., 2005). Conversely, surface microrough-
ness enhanced the responses of osteoblasts to 1,25-dihydroxyvitamin
D3, and 17β-estradiol, and these response were probably mediated by
β1-integrins (Boyan et al., 2003; Lohmann et al., 2000; Wang et al.,
2006). The stimulatory effects of bone morphogenetic protein-2
(BMP-2) and dexamethasone on the production of mineralized bone
extracellular matrix, closely resembling natural physiological bone
matrix, were also enhanced on surfaces with microscale roughness,
whereas on flat surfaces, represented e.g. by plastic culture dishes, the
matrix mineralization exhibited a dystrophic character (Boyan et al.,
2002). On Ti–6Al–4V alloy, widely used for constructing artificial joint
prostheses and other bone implants, MG 63 cells showed increased
expression (i.e. increased RNA synthesis) of genes for mitogen-
activated kinase ERK2 and cytoskeletal protein β-actin (Kim et al.,
2005). In immature preosteoblastic cells, represented by human
embryonic palatal mesenchymal cells, the microtopography of the
adhesion substrate induced expression of genes encoding Runx2,
osteocalcin and alkaline phosphatase, which are signs of the
acquisition of osteoblast phenotype by these cells (Schneider et al.,
2004). At the same time, increasing surfacemicroroughness reduced the
activity of osteoclasts, and thus bone resorption (Lossdörfer et al., 2004).

There are also several examples of negative effects of surface
microroughness on material colonization with cells. On a Ti–6Al–4V
alloy, the number of MG 63 cells was significantly lower on a surface
with microscale roughness than on smoother surfaces with submicron
roughness. In addition, the cells on the rougher surface were
incompletely spread, i.e. they adopted an irregular, elongated shape
with many processes extending out, whereas the cells on smoother
surfaces were well-flattened and covered the material surface homo-
geneously. On rough surfaces, the cells proliferated more slowly and
reached lower cell population densities (Kim et al., 2005). Similarly, on
alumina-blasted Ti with surface microroughness, the osteoblasts (in
cultures obtained from the endosteum surface of the bone marrow
cavity in mice) did not spread completely, and their proliferation rate,
viability and activity of alkaline phosphatase were diminished in
comparison with flatter surfaces (Sader et al., 2005). Other authors
have also reported a lower cell number on microstructured surfaces
thanonflat surfaces (Boyanet al., 2002; Lohmannet al., 2000). Similarly,
in our studies performed on composite materials containing carbon
matrix reinforced with carbon fibers (so-called carbon fiber-reinforced
carbon composites, CFRC), the surface microroughness, due to the
prominence of the carbon fibers over the carbon matrix, decreased the
number of attachedMG 63 cells and vascular smoothmuscle cells, their
spreading and also their proliferation activity. In MG 63 cells, the
formation of vinculin-containing focal adhesion plaques and the
proliferation activity were also lower than on polished composites
with surface roughness on the submicron scale (Bacakova et al., 2001b;
Stary et al., 2003a,b).

However, the mechanism of this dual effect of surface microrough-
ness on cell colonization still remains unclear. As several authors have
pointed out, this is especially due to the lack of a systematic study of this
factor (Stevens andGeorge, 2005; Zhaoet al., 2006). This problemcanbe
directly related to the problem of defining surface roughness. The most
widely used parameter for characterizing surface roughness is Ra, i.e.
the average peak-to-valley height. However, this measure does not give
any record of the type of surface topography, for example the spacing
between the irregularities, their different shapes, e.g. pyramids, cones,
ridges, grooves, round pores, the curvature of the valleys, and especially
the sharpness of the peaks on thematerial surface, which could hamper
cell adhesion and spreading (Bacakova et al., 2001b, 2004; Zhao et al.,
2006). It is therefore difficult to compare the data from different
research groups. The cell behavior on rough surfaces is also dependent
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on other physical and chemical properties of these surfaces, e.g. surface
energy and wettability. For example, on microstructured surfaces
created on silicone substrates by laser irradiation, poor adhesion and
spreadingofNIH/3T3fibroblasts onhighly rough surfaceswas improved
by increasing the wettability of the material surface (Ranella et al.,
2010).

Submicron-scale roughness of thematerial surface also exerted dual
effects on cell adhesion, growth, viability and maturation, though the
positive influences usually prevailed. For example, the number of MG
63 cells on titanium disks with submicron surface roughness (Ra of
700 and 400 nm) reached lower values than on the flatter nanos-
tructures (Ra=60 nm), and had a less spread, elongated morphology
(Zhao et al., 2006). However, the cells on disks with submicron surface
roughness produced more PGE2 and TGF-β1, i.e. factors promoting
osteoblastic activity, and more osteocalcin, a calcium-binding ECM
glycoprotein considered as an important marker of osteogenic cell
differentiation (Zhao et al., 2006). In our studies performed on
nanocrystalline diamond layers with a nanostructure and a hierar-
chically organized submicron-nanostructure, bovine pulmonary ar-
tery endothelial cells of the line CPAE reacted more sensitively to the
material surface roughness than bone-derived MG 63 cells. The
numbers of MG 63 cells were similar on both types of surfaces,
whereas the number of CPAE cells was significantly lower on the
surfacewith submicron scale roughness. A possible explanation is that
the spreading of CPAE cells, which are relatively large and have a flat
polygonal morphology, on the micro–nano NCD, and their subsequent
growth, may be hampered by the micro-sized surface irregularities
(Grausova et al., 2008a).

Nanoscale roughness of thematerial surface has been unambiguously
considered as a desirable factor that has a positive influence on the
adhesion, growth and maturation of cells. The reason is that the
nanostructure of a material resembles the nanoarchitecture of the
natural ECM, e.g. its organization into nanofibers, nanocrystals, nano-
sized folds of ECM molecules, etc. On nanostructured surfaces, the cell
adhesion-mediating ECMmolecules therefore adsorb in an appropriate
geometrical orientation which gives cell adhesion receptors access to
specific sites in ECMmolecules, such as amino acid sequences like Arg-
Gly-Asp (RGD), which serve as ligands for these receptors (Price et al.,
2004; Webster et al., 2000a,b; for a review, see Bacakova et al., 2008).
From this point of view, surface nanoroughness can be considered to act
synergetically with the moderate hydrophilicity of the material surface
described above. This also promotes the adsorption of cell adhesion-
mediating molecules in bioactive physiological conformations. One of
these factors can enhance or even compensate the effect of the other
factor. On surfaces with the same nanoscale roughness but different
wettability, the cell colonization and function was higher on more
wettable surfaces. Conversely, on surfaces of the same wettability, the
cell performance was better on nanostructured surfaces. For example,
on three types of TiO2 films (i.e. anatase, rutile and amorphous TiO2)
with surface irregularities of similar size (8 to 10 nm) but with different
surfacewettability, the adhesion, spreading, proliferation and activity of
alkaline phosphatase in primary rat calvarial osteoblasts cultured on
thesefilmswas higher onmoderatelywettable anatase surfaces (sessile
water drop contact angle ~60°) than on rutile and amorphous TiO2

surfaces with contact angle ~90° (He et al., 2008). The second example
includes our earlier study performed on a terpolymer of polytetra-
fluoroethylene, polyvinyldifluoride and polypropylene. This material
was relatively highly hydrophobic (contact angle about 100°; Table 1),
and its flat surfaces allowed almost no cell adhesion and growth.
However, the surface nanostructure of this substrate, obtained by
mixing the terpolymer with carbon nanotubes, compensated the high
hydrophobicity of this material, probably by keeping the adsorbed cell
adhesion-mediating ECM molecules in a more appropriate spatial
conformation for binding with the cell adhesion receptors. As a result,
the terpolymer–nanotube compositesmarkedly improved the adhesion
and spreading of MG 63 cells, and increased the concentration of talin

and vinculin in these cells, measured by the enzymatic immunosorbent
assay (ELISA) per mg of protein (Bacakova et al., 2007b, 2008; Fig. 5).
Similar behavior of MG 63 cells was observed on hydrophobic fullerene
C60 films, which promoted the adhesion and growth ofMG63 cells in an
extent similar to that observed on the control tissue culture polystyrene
dishes (Grausova et al., 2008b, 2009c; Vandrovcova et al., 2008; Fig. 6).

Moreover, nanostructured surfaces are believed to promote prefer-
ential adhesion of osteoblasts over other cell types, such as fibroblasts,
chondrocytes and smooth muscle cells. This has been explained by the
preferential adsorption of vitronectin on nanostructured surfaces, due to
its relatively small and linear molecule (15 nm in length) in comparison
with other larger and more complicated ECM proteins, e.g. laminin, the
configuration of which is cruciform and 70 nm both in length and in
width (Price et al., 2003, 2004; Webster et al., 2000a,b). Another
mechanism of the preferential adsorption of vitronectin, described on
nanophase alumina, involves decreased adsorption of apolipoprotein A-I
and/or increased adsorption of calcium to this material (Webster et al.,
2001).

Vitronectin is then preferentially recognized by osteoblasts. This is
mediated by heparan sulfate proteoglycan molecules on the cell
membrane of osteoblasts,which recognize specific amino acid sequences,
e.g. Lys-Arg-Ser-Arg (KRSR), in the heparin-binding domain of vitronec-
tin. Another way is to bind RGD-containing oligopeptides in the
vitronectin molecule by integrin receptors on osteoblasts (Dee et al.,
1998; Webster et al., 2001). Thus, nanostructured surfaces could lower
the risk of fibrous encapsulation of a bone implant and to enhance the
integration of the implant with the surrounding bone tissue (Price et al.,
2004). In accordance with this assumption, the adhesion, proliferation
and phenotypic maturation of osteoblasts (measured by the synthesis of
alkaline phosphatase and deposition of calcium-containingminerals), i.e.
events which are important for the formation of regenerated bone tissue
on the implant, were significantly greater on nanophase alumina, titania
and hydroxyapatite (grain size less than 100 μm) than on conventional
ceramics (grain size more than 100 μm; Webster et al., 2000a,b).
Similarly, the osteogenic differentiation of rat bone marrow stromal
cells, measured by the expression of genes for osteocalcin, osteopontin,
osteonectin, collagen I and Runx2, was enhanced on nanostructured
surfaces (created by the deposition of viral nanoparticles on glass slides)
in comparison with conventional flat tissue culture polystyrene dishes
(Kaur et al., 2008). Collagen nanofibers fabricated by electrospinning and
collagen-coated P(L-lactic acid)-co-poly(ε-caprolactone) electrospun
nanofibers were more efficient for adhesion of human bone marrow
mesenchymal stem cells than collagen films cast on microscopic glass
coverslips (Chan et al., 2009). On thin sheets of nanofibrous poly(L-lactic
acid) (PLLA) matrix, mouse osteoblast MC3T3-E1 precursor cells
exhibited an enhanced osteoblast differentiation phenotype, manifested
by higher bone sialoprotein gene expression and significantly higher
alkaline phosphatase activity than the cells on flat PLLA films (Hu et al.,
2008).

Despite the preferential colonization of nanostructured surfaces by
osteogenic cells, adhesion and growth was also stimulated in other cell

Table 1
Sessile water drop contact angle and nanoscale surface roughness of the unmodified
terpolymer of polytetrafluoroethylene, polyvinyldifluoride and polypropylene (0 wt.%)
and terpolymer samples mixed with 2 wt.% or 4 wt.% of single-wall carbon nanohorns
(SWCNH).

Concentration SWCNH 0 wt.% 2 wt.% 4 wt.%

Contact angle (°) 100±1.6 104.5±0.7 * 105.2±0.7 **
Ra (nm) 30±2.6 101.0±8.7 ** 150±13.0 ***

Ra is the average deviation of the roughness profile from the mean line. Measured using
the DSA 10Mk2 automatic drop shape analysis system, Kruss, Germany (contact angle)
and AFM (Ra). Mean±SEM (Standard Error of Mean) from 6–10 measurements
(contact angle) and 3 measurements (Ra). ANOVA, Student–Newman–Keuls method.
Statistical significance: * p≤0.05, ** p≤0.01 and *** p≤0.001 compared to the values
for the pure terpolymer.
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types by these surfaces. On nanostructured poly(lactic-co-glycolic acid)
(PLGA), designed for engineering bioartificial vascular grafts, the numbers
of initially adhering rat vascular endothelial and smoothmuscle cells, their
proliferation activity and final population densities were higher than on
conventional flat PLGA (Miller et al., 2004). Similar results were also
obtained for ovine bladder smoothmuscle cells (Thapa et al., 2003). This is
probably because vitronectin (spontaneously adsorbedon thebiomaterial
surface) is bound by cells not only through the heparin-binding domain,
but also through the RGD-containing oligopeptides in the vitronectin
molecule, recognized by many cell types (Raimondo et al., 2010).

In addition, thematerial nanostructureminimizes the potential risk of
the immunogenicity and inflammatory response of the material. The
secretion of proinflammatory cytokines and chemokines, such as
granulocyte colony stimulating factor (G-CSF), interferon gamma
(INF-γ), macrophage inflammatory protein-1alpha (MIP-1α), tumor
necrosis factor-alpha (TNF-α) or factor “regulatedupon activationnormal
T cell-expressed and presumably secreted” (RANTES) was more attenu-
ated in macrophages cultured on nanofibrous PLLA scaffolds than in cells
on microfibrous PLLA scaffolds and planar PLLA films (Saino et al., 2011).

6. Rigidity and deformability of the adhesion substrate

The rigidity and flexibility of the adhesion substrate is usually taken
into account to a lesser extent than the material chemistry, wettability
and other physicochemical properties, though the mechanics of the
adhesion substrate play a crucial role in the formation of cell–substrate
adhesion complexes, assembly of the actin cytoskeleton, cell spreading,
survival, growth activity and also the direction of the cell differentiation.

In our earlier study (Engler et al., 2004), the behavior of rat vascular
smooth muscle cells (line A7r5) differed strongly on matrices of the
same chemical composition (i.e. polyacrylamide gels covalently bound
with collagen) but of different elasticity. On soft polyacrylamide gels
(modulus of elasticity E=1 kPa), most of A7r5 smooth muscle cells
were not able to form detectable cell–material adhesion complexes as
well as actin cytoskeleton, and thus remained rounded, non-spread and
became non-viable (Fig. 2). Similar results were also obtained on
collagen gel (E=2.7 kPa; Engler et al., 2004). An explanation is that
extremely soft matrices do not allow a balance to be established
between the cell tractional forces and the resistance of ECM to these
forces, which is necessary for the assembly of functional cell–matrix
adhesion complexes, actin cytoskeleton and cell spreading (Huang et al.,
1998; Wang et al., 2001). Madin–Darby canine kidney (MDCK) cells in
cultures on soft collagen gels down-regulated several signaling and
structural proteins of focal adhesion complexes, such as focal adhesion
kinase, talin, paxillin and p130Cas. This was due to the reduction of
protein synthesis and the activation of proteases, such as calpain, and
these processes were mediated by alpha2beta1 integrins, i.e. receptors
for collagen on the cell membrane and thus the first detectors of matrix
elasticity (Wang et al., 2003).

From this point of view, a certain analogy can be observed between
extremely soft and extremely hydrophilic substrates for cell adhesion.
Highly hydrophilic matrices do not allow stable adsorption of cell
adhesion-mediating proteins, which are bound very weakly. Similar
to extremely soft matrices, these proteins cannot resist the tractional
forces produced by cells. They detach from the substrate and do not
allow cell spreading. This effect of extreme hydrophilicity is further

Fig. 5. Immunofluorescence staining of β-actin in human osteoblast-like MG 63 cells on day 3 after seeding on a pure terpolymer of polytetrafluoroethylene, polyvinyldifluoride and
polypropylene (A), terpolymer mixed with 4 wt.% of single-wall carbon nanohorns (B) and a cell culture polystyrene dish (C). Olympus IX 51 microscope, DP 70 digital camera, obj.
20, bar=100 µm. D: Concentration of focal adhesion proteins talin and vinculin in MG 63 cells on day 8 after seeding on pure terpolymer (TER), terpolymer mixed with 4 wt.% of
single-wall carbon nanohorns (SWCNH), and a cell culture polystyrene dish (PS). Measured by ELISA per mg of protein; the absorbance values of cells from themodified terpolymers
were expressed in % of the values obtained from the control cells grown on the unmodified terpolymer. Mean±S.E.M. (Standard Error of Mean) from 4 measurements, ANOVA,
Student-Newman-Keuls method. Statistical significance: TER, PS: p≤0.05 compared to the corresponding values on the pure terpolymer and tissue culture polystyrene, respectively
(Bacakova et al., 2007b, 2008).
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potentiated by the mobility of the material surface, e.g. if this surface
is formed by a brush of flexible polymeric chains, e.g. PEO chains
(Bacakova et al., 2007a), which further increase the mechanical
instability of the material surface (Fig. 2).

Stiffer matrices are therefore better tolerated by cells than
extremely soft and irreversibly deformable substrates. Accordingly,
harder polyacrylamide gels (E=8 kPa) in our study promoted the
assembly of focal adhesion plaques (Fig. 2), the formation of an actin
cytoskeleton, and the spreading of A7r5 smooth muscle cells into a
polygonal shape (Engler et al., 2004). In addition, on matrices with an
elasticity gradient, the cells migrated from the softer regions to the
stiffer regions, and the migration speed increased with substrate
stiffness, even if the modulus of elasticity of all these matrices was in
the range allowing cell spreading, i.e. from 10 to 400 kPa microelastic
gradient hydrogels based on photocurable styrenated gelatin (Kidoaki
and Matsuda, 2008), and from 500 to 2000 kPa in polydimethylsilox-
ane substrates (Tzvetkova-Chevolleau et al., 2008).

A very important finding is that the stiffness of the cell adhesion
substrate is a decisive factor directing cell differentiation towards a
certain phenotype. On very soft polyacrylamide gels (E=0.1–1 kPa),
mimicking the mechanical properties of soft brain tissue, human
mesenchymal stem cells (MSCs) differentiated towards the neuronal
phenotype, which was manifested by expression and upregulation of
neuron-specific cytoskeletal markers such as nestin, β3 tubulin,
neurofilament light chain (NFL) and an adhesion protein NCAM, as
well as the formation of axon-like extensions of cells. On harder gels
(E=8 to 17 kPa), mimicking muscle tissue, MSCs acquired a myogenic
phenotype, manifested by upregulation of myogenic factors such as
MyoD. Finally, the stiffest matrices (E=25 to 40 kPa) were osteogenic,
as demonstrated by upregulation of the osteocalcin and transcriptional
factor CBFα1 in MSC cells (Engler et al., 2006; for a review, see Rehfeldt
et al., 2007).

Treatment with blebbistatin, an inhibitor of nonmuscle myosin II
(NMM II) ATPase activity revealed that the lineage specification was
mediated by one or all NMM II isoforms (A, B and C), involved in
tensioning cortical actin structures, linked to focal adhesions. This
pathway can ensure force transmission from inside the cell to the elastic
matrix, as well as sensing the matrix elasticity that drives the lineage
specification. It can be speculated that as the matrix stiffness increases,
the cell alters its nonmuscle myosin expression in order to generate
greater forces on its actin cytoskeleton, which would be necessary to
deform a stiffer matrix. Accordingly, NMM II staining was diffuse on soft
matrices. On moderately stiff matrices, myosin striations emerge that
have an appearance described as premyofibrillar structures in cells
differentiating toward myoblasts. In addition, stiff substrates promote
focal adhesion growth and elongation, as well as increased expression of
focal adhesion components, including paxillin, nonmuscle alpha-actinin,
filamin, talin, and focal adhesion kinase. Stiffer matrices therefore
produce stiffer and increasingly tensed cells (Engler et al., 2006, for a
review, see Rehfeldt et al., 2007).

The stiffness of the adhesion substrate is even more important than
humoral factors in driving the lineage specification. These factors,which
are present e.g. in commercially available cell differentiation media,
were not able to reprogramMSCs that are precommitted forweeks on a
given matrix for differentiation towards a certain phenotype. However,
the matrix stiffness can control the availability and the efficacy of
various soluble factors regulating cell behavior. For example, transform-
ing growth factors β (TGF-βs) are matrix-associating protein growth
factors that form complexes with matrix proteins such as fibrillin,
proteoglycans and fibronectin. If the cell adhesion matrix was too soft
(less than 5 kPa), the tension generated by myofibroblasts resulted in
deformation of the matrix without opening the TGF-β reservoir and
releasing the factor. In addition, irrespective of the actual presence of
TGF-β, cells on very soft matrices lost their actin fibers and thus

Fig. 6. Morphology of human osteoblast-like MG 63 cells in 7-day-old cultures on fullerene C60 layers 505±43 nm in thickness (A) or 1090±8 nm in thickness (B), a microscopic
glass coverslip (C), which served as a substrate for fullerene deposition, and a standard cell culture polystyrene dish (D). Native cultures, Olympus IX 51 microscope, DP 70 digital
camera, obj. 20×, bar=200 µm (Grausova et al., 2009c).
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generated weaker forces on the matrix, which further decreased the
possibility of releasing the growth factors from thematrix reservoirs. In
contrast, on stiff matrices (more than 10 kPa), the cell-generated
tensionmet resistance from thematrix, which led to deformation of the
TGF-β reservoir and to the release of this factor. Both matrix stiffness
and TGF-β supported the synthesis of actin in myofibroblasts, main-
taining their phenotype andmaking them evenmore contractile (Wells
and Discher, 2008).

The cell response to various therapeutic drugs is also dependent on
matrix stiffness. MSCs adhered to moderately stiff gels (elastic
modulus approx from 10 to 30 kPa) by an intermediate cell spreading
area, and showed relatively high proliferation activity. Thus, these
cells were more sensitive to the antiproliferative drug Mitomycin C
than well-spread cells on highly stiff matrices such as glass, where the
cell proliferation activity was primarily attenuated by high adhesion
strength. Conversely, cycloheximide, a protein synthesis inhibitor,
was more efficient on well-spread cells on very stiff matrices. These
cells markedly decreased their spreading area, due to blockage of the
upregulation or de novo synthesis of proteins involved in cell
adhesion and spreading (for a review, see Rehfeldt et al., 2007).

Proper adjustment of rigidity and deformability is also important
for creating fibrin matrices, which are widely used in tissue
engineering, e.g. for coating the inner surface of synthetic polymeric
vascular grafts in order to accelerate their endothelialisation, as a
component of scaffolds for bone tissue engineering (for a review, see
Filova et al., 2009b) or for delivering various types of cells, including
mesenchymal stem cells or chondrocytes, to the sites of a tissue injury
(Bensaid et al., 2003; Rampichova et al., 2010). The mechanical
properties of fibrin can be controlled by the concentration of
thrombin, i.e. a serine protease that converts soluble fibrinogen into
insoluble strands of fibrin. The architecture of fibrin prepared from
low levels of thrombin is more branched and less porous than
networks from high concentrations of thrombin. Fibrin is branched
through so-called trimolecular or equilateral junctions of fibrin fibrils
that enhance fibrin clot elasticity. Junctions of another kind, referred
to as tetramolecular or bilateral, confer strength and rigidity to
network fibers (Blombäck et al., 1994; Mosesson et al., 2001). In fibrin
matrices used as a delivery vehicle for human mesenchymal stem
cells, satisfactory gel rigidity, good cell spreading and maximal cell
proliferation were obtained when the scaffolds were prepared at a
concentration of 18 mg/ml of fibrinogen and 100 IU of thrombin. A
further increase in thrombin concentration decreased the viability of
the cells (Bensaid et al., 2003). The mechanical properties of fibrin can
be further improved by prolonging its degradation time and reducing
its shrinkage. Fibrin degradation can be slowed down by adding
aprotinin, an inhibitor of plasmin, or ε-aminocaproic acid, an inhibitor
of fibrinolysis, into the cultivation medium (Grassl et al., 2003).
Shrinkage can be reduced by chemical or mechanical fixation of the
gel, e.g. using poly-L-lysine or attaching the gel to a harder material,
such as a polystyrene plate. Gel fixation, on the one hand, and
shrinkage forces, on the other, can lead to mechanical stress in the
tissue, which may induce collagen synthesis and in turn improve the
mechanical properties of the scaffold (Jockenhoevel et al., 2001).

7. Micropatterning of the material surface

Micropatterned surfaces are material surfaces containing micro-
domains with different chemical and physical properties, e.g.
chemical composition, wettability, electrical charge or topography.
These surfaces are a suitable tool for all applications in which
regionally selective adhesion of cells, controlled cell spreading,
directed migration and growth, specific spatial organization of cells,
induction of their differentiation and functioning, preferential
adhesion and growth of certain cell types, interaction and cooperation
of various cell types, and also temporal control of these events are
required. These applications involve tissue engineering and various

other biotechnologies, such as cell microarrays for use in advanced
genomics, proteomics, drug discovery or construction of biosensors
(for a review, see Falconnet et al., 2006).

Micropatterned surfaces have been prepared using a wide range of
methods. “Classical” approaches involve soft lithography (e.g. micro-
contact printing andmicrofluidic patterning), photolithography, plasma
polymerization, photoimmobilization of photoreactive molecules, and
stencil-assisted patterning, which uses flexible polymeric or stiff metal-
based masks with through-holes of a desired size, shape and
distribution. Interesting novel technologies make use of jet patterning,
where commercially available computer printers can be adapted to
create chemical patterns by jetting chemical or biological molecules or
even cells on to the material surface. Another advanced technology is
laser-guidedwritingwith cells,which allows the cells to be displaced, to
bepropelled along a light path, and enables clusters of cells to be created
on a target surface. This technology has the potential to create patterns
composed of various cell types and thus to engineer heterogeneous
tissues. In addition, laser-guided writing benefits from much better
resolution (about 1 μm) than for the ink-jet method (about 100 μm),
and thus enables a higher degree of spatial organization. This non-
contact patterning method is potentially suited for building up
successive layers of cells to create three-dimensional networks of cells
and a new tissue (for a review, see Falconnet et al., 2006). Other high-
resolution strategies include a scanning type of lithography, where the
surface is directly activated through a microscope objective and a
mercury lamp, e.g. using scanning near-field optical microscopy
(SNOM) (H'dhili et al., 2003; Richards and Cacialli, 2004; for a review,
see Falconnet et al., 2006), and maskless liquid-crystal-display
projection photolithography, which enables rapid prototyping of cell
micropatterning (Itoga et al., 2006).

A widely used technique is engineering micropatterned surfaces by
varying the material surface roughness and topography, i.e. creating
hollows and prominences of various sizes, shapes, spacing and
distribution, such as grooves and ridges, pits, pillars, boxes, cylinders
or honeycombs (Boateng et al., 2003; Gao et al., 2008; Hamilton and
Brunette, 2007; Yamamoto et al., 2007; for a review, see Grausova et al.,
2008b, 2009c).

As for the history of micropatterning, it was originally developed for
applications in microelectronics, e.g. for constructing semiconductors
(Britland et al., 1992; for a review, see Falconnet et al., 2006). A marked
expansion of micropatterning technology into the biological disciplines
started in the early 1990s, when surfaces patterned with highly
hydrophilic domains non-adhesive for cells and less hydrophilic
domainspromoting adhesion andgrowthof bovinevascular endothelial
cells were created by photolithography (Matsuda et al., 1990).
Conversely, domains that are non-adhesive for cells can be based on
highly hydrophobic polymers, whereas cell-adhesive domains are
moderately hydrophilic. Patterned surfaces of this type were used for
the potential construction of a bioartificial liver, where hepatocytes
growing on moderately hydrophilic and collagen-functionalized rows
can be sandwiched between two micropatterned surfaces, and the
hydrophobic cell-free grooves would form transport channels for fluid
flow and for nutrient and waste exchange (Bhatia et al., 1994).

In our studies, cell-adhesive hydrophilicmicrodomainswere created
by plasma polymerization of acrylic acid (AA), and hydrophobic cell
repulsive areas were created by polymerization of 1,7 octadiene (OD;
Filova et al., 2009a). The surfaces were then tested with four cell types,
namely rat vascular smooth muscle cells (VSMC), bovine endothelial
cells (EC), mesenchymal stem cells (MSC) derived from the pig bone
marrow, and human skeletal muscle cells (HSKMC). All cell types
adhered and grew preferentially on the strip-like AA domains, but the
degree of this selectivity depended on cell type and on time of
cultivation. On day 1 after seeding, the average percentage of cells
adhering to AA domains decreased in the following order: MSCN
(98.0%)NHKSMC (93.6%)NEC (85.3%)NVSMC (84.5%). However, in the
following days, some cells initially adhering to the hydrophobic OD
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domainswere able to grow, andother cellswere able tomigrate to these
domains and to span them. Thus, onday 7 after seeding the selectivity of
the cell colonization of AA domains decreased. The most apparent
decrease was observed in HKSMC and VSMC, where the cell number on
AA domains was reduced to 55.0% and 63.3%, whereas in EC and
especially in MSC the number of cells on AA domains still remained
relatively high (73.5% and even 90.0%, respectively). Nevertheless, the
VSMC and HKSMC on AA were more differentiated toward the
contractile phenotype. The enzyme-linked immunosorbent assay
(ELISA) revealed a significantly higher concentration (measured per
mg of protein) of alpha-actin in VSMC on AA, and immunofluorescence
showed a better developed alpha-actin cytoskeleton inHSKMC growing
on AA. Accordingly, immunofluorescence staining of von Willebrand
factor showed more apparent Weibel–Palade bodies in EC on AA
domains (Fig. 7), which can be considered as a sign of endothelial cell
maturation. Similarly, the MSC growing on AA had a better developed
beta-actin cytoskeleton, i.e. an important structure participating in cell
adhesion, spreading, migration and growth, and contained a higher
concentration of this protein. Conversely, the adhesion and spreading of
MSC on hydrophobic OD surfaces was very low, and these cells
contained a higher concentration of the hyaluronan receptor CD44, i.e.
a molecule mediating cell–cell adhesion, which was probably a
mechanism compensating the low cell–material adhesion (Filová et
al., 2009a).

Another approach for creating cell–adhesive microdomains with
appropriate hydrophilicity, used in our earlier studies, was irradiation
of synthetic polymers with ions or ultraviolet light through metallic
contact masks with circular openings (Mikulikova et al., 2005; Parizek
et al., 2006). For ion irradiation, Ar+ ions were used, and adhesive
domains 25, 50, 75 or 100 μm in diameter (center-to-center distance
of 200 μm) were created. The selectivity of the adhesion of vascular

smooth muscle cells (VSMC) derived from rat aorta depended on the
size of the domain, being most apparent on microdomains with the
highest diameter, i.e. 100 μm. This selectivity also depended on the
intensity of modification, i.e. a combination of the Ar+ ion energy (15
or 150 keV) and the ion dose (from 3×1012 to 1015 ions/cm2).

At lower energy of 15 keV, the selectivity of cell adhesionwas greatest
at higher ion doses. For example, at an ion dose of 3×1014 ions/cm2, the
percentage of VSMC adhering to themicrodomains (100 μm in diameter)
on day 2 after seeding reached the highest value of 76% (though these
microdomains occupied less than 20% of the polymer surface).
Conversely, at a higher ion energy of 150 keV, the selectivity of cell
adhesion reached its maximum at the lowest ion dose (80% at a dose of
3×1012 Ar+ ions/cm2) (Fig. 8). As mentioned above, cell adhesion to
irradiated polymers is supported by the oxygen-containing chemical
functional groups that appear on these surfaces. At lower ion energies,
polymer degradation and the subsequent formation of oxygenated
groups requires more ions, whereas at higher ion energies higher ion
dosesmay cause a secondarydegradationof these groups (Bacakovaet al.,
1996, 2000a,b, 2001a; Parizek et al., 2006).

In addition, the behavior of VSMC on polyethylene micropatterned
using irradiationwith Ar ions in our studies depended on the cell seeding
density. At lower densities, ranging from 2500 to 10,000 cells/cm2, the
domains had a theoretical chance to be occupied by at most 1 to 4 cells,
because 1 cm2 of the polymer surface contained 2500 microdomains,
irrespective of their diameter. Under these conditions, the cells on the
microdomainswerewell-spread andpolygonal,whereas the cells on the
adjacent non-modified polymer were often rounded or spindle-shaped.
In addition, the VSMC on ion-irradiated domains displayed well-
developed focal adhesion plaques containing beta1 and alphav integrins,
talin and vinculin, and were filled with a rich filamentous alpha-actin
cytoskeleton (alpha-actin is a marker of VSMC differentiation towards

Fig. 7. Bovine pulmonary artery endothelial cells (line CPAE) and rat aortic smooth muscle cells (VSMC) in cultures on surfaces micropatterned with stripe-like domains of
hydrophilic acrylic acid and hydrophobic 1,7-octadiene. A, B: native cultures of CPAE (A) and VSMC (B) 6 hours after seeding; C, D: Immunofluorescence staining of cell
differentiation markers on day 5 after seeding, i.e. von Willebrand factor in endothelial cells (C) and alpha-actin in smooth muscle cells (D). Note that both cell types adhere and
differentiate preferentially on acrylic acid domains (arrows). Olympus IX 51 microscope, DP 70 digital camera. Bar=200µm (A, B) or 100µm (C, D) (Filova et al., 2009a).
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the contractile phenotype). On the non-irradiated part of the polymers,
all mentioned molecules were usually distributed homogeneously, i.e.
they did not form well-apparent specific assemblies. These differences
increasedwith increasing size of the domain. However, at higher seeding
densitiesof 15,000 to 30,000 cells/cm2, eachdomain could receive 6 to 12
cells, and this number was in reality even higher, because the cells tried
to adhere preferentially to the domains. As a result, the domains were
relatively “crowded”, and the cell spreading area was smaller than the
cell spreading area on the all-surface-modified polymer, or even smaller
than on the non-modified polymer among the microdomains. On the
microdomains, theVSMCoften formedmultilayers alreadyonday2 after
seeding, and this tendency increased with the time of cultivation.
Probably for this reason, the concentration ofmolecules engaged in cell–
matrix adhesion, such as integrins alphav and beta1, as well as the
integrin-associated protein talin, did not increase significantly in these
cells (measured on days 4 to 7 after seeding by ELISA per mg of protein)
in comparison with VSMC on the fully modified or even non-modified
polyethylene. On the other hand, the concentration of VE-cadherins, i.e.
molecules mediating intercellular contacts, as well as vinculin, associ-
ated with both types of receptors mediating cell–cell and cell–matrix
adhesion, was increased in the cells onmicrodomains. Nevertheless, the
concentrations of alpha-actin aswell as SM1 andSM2myosins, important
markers of VSMC differentiation, were increased in these cells.
Immunofluorescence showed that the cells in the upper layer of the
multilayered regions contained the best developed and brightest alpha-
actin and myosin-containing filaments.

In addition, the clusters of VSMC were not only confined to the
modified spots but were extended for relatively long distances to the
neighborhood, and were able to span the unmodified polymer regions
between the domains. Similar behavior was also observed in human
umbilical endothelial cells (HUVECs, Fig. 9), human embryonic kidney
cells (HEK) and VSMC cultured on domains created on polytetra-
fluoroethylene by ultraviolet light in a reactive NH3 atmosphere
(Mikulikova et al., 2005; Parizek et al., 2006).

As was suggested above, preferential colonization of the domains
by cells also depended on the cultivation time. Immediately after
seeding, due to gravitation, the cells were randomly distributed and
covered the entire surface of the polymer homogeneously. However,
during the 1st day after seeding, cell spreading was observed
preferentially on the irradiated domains. Among the domains, the
cells often remained rounded, weakly attached to the material surface
and prone to spontaneous detachment, especially while the culture
was being handled (mild shaking, medium removal, rinsing and
staining cells, etc.) In the case of VSMC, preferential cell adhesion and
growth on ion-irradiated domains usually increased during the 1st

week of cultivation, whereas at later culture intervals the cells showed
a great tendency to span the domains and to colonize the entire
polymer surface homogeneously (Parizek et al., 2006; Fig. 10).

Finally, preferential colonizationof the irradiateddomainsdepended
on the cell type. VSMC reacted more sensitively than bovine pulmonary
artery endothelial cells of the line CPAE to the ion-irradiated domains.
This may be due to higher adaptation of the highly passaged line cells
(more than 100passages) to the in vitro condition than in low-passaged
VSMC (passage 3), and thus their lower sensitivity to the physical and
chemical properties of the cultivation substrate. On the other hand,
other cell lines, derived from humans, i.e. HUVEC and HEK, showed
higher selectivity of adhesion to UV-irradiated microdomains than rat
VSMC,whichweremore prone to extend from themicrodomains and to
span the non-irradiated regions between them (Fig. 11). On micro-
domains created on polyethylene terephthalate by UV irradiation in an
acetylene atmosphere, HUVEC cells showed a strong preference for
colonizing these domains, whereas VSMC were homogeneously
distributed over the entire polymer surface (Kubova et al., 2007; Parizek
et al., 2006). Different responses of various cell types were also shown
on surfaces patterned by manipulating the surface roughness and
topography, e.g. on polydimethylsiloxane substrates patterned with
grooves with lateral dimensions of 2–10 μm and depths of 50–200 nm.
Three cell types, namely human foreskin fibroblasts (FCs), human
coronary artery endothelial cells (ECs) and human coronary artery
smooth muscle cells (SMCs) in cultures on these substrates were
elongated in parallel to the grooves and migrated along them, but this
behavior was most pronounced in FCs. For these cells, the minimum
groove depth to induce the orientation response and change in cell
shape was 50 nm, while for ECs and SMCs, about two times deeper
grooves were required (Biela et al., 2009).

Another interesting and novel generation of patterned surfaces,
based on changes between surface hydrophobia and hydrophilicity, is
formed by thermoresponsive polymers. These “smart” polymers, based
e.g. on a poly(N-isopropylacrylamide) backbone with n-butyl methac-
rylate side chains, are capable of a reversible transition from
hydrophilicity to hydrophobia when their temperature is lowered by
a few degrees, and thus they can temporally control their colonization
with cells. In the form of continuous surfaces, thermoresponsive
polymers can be used for engineering and harvesting cell sheets to
treat a wide range of diseases, from corneal dysfunction to oesophageal
cancer, tracheal resection, and cardiac failure (Yang et al., 2007).
Surfaces patterned with thermoresponsive polymers can be used for
engineering spatially more complicated tissues, such as vascular
networks (Hatakeyama et al., 2007; for a review, see Falconnet et al.,
2006).

In other patterned surfaces developed in our studies, surface
hydrophobicity was combined with engineering the surface roughness

Fig. 8. Number of rat aortic smooth muscle cells on adhesive domains created in
polyethylene by irradiation with Ar+ ions of energy 15keV (A) or 150keV (B). Doses
from 3×1012 to 3×1014 ions/cm2, day 5 after seeding. Mean±S.E.M. (Standard Error of
Mean) from 5 to 8 independent samples for each experimental group and ion dose.
Student-Newman-Keuls method. Statistical significance: *, #: p≤0.05 compared to the
group irradiated with the lowest dose of 3×1014 ions/cm2 and compared to the
previous group, respectively (Parizek et al., 2006).
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and topography. These surfaces were created by depositing fullerenes
C60 on microscopic glass coverslips through metallic masks with
rectangular openings (128 μm per 98 μm). Depending on the temper-
ature and the time of the deposition, the fullerenes formed bulge-like
prominences of various heights. When seeded with human osteoblast-
like MG 63 cells, the surfaces with lower prominences (128±8 nm and
238±3 nm) were almost homogeneously covered with cells. On
surfaces with higher prominences of 326±5 nm, the cells tended to
adhere and grow preferentially in the grooves among the prominences.
This selectivity became fully apparent on surfaces with the highest
prominences of 1043±57 nm, and increased further with time of
cultivation. Although the grooves among the prominences occupied
only approximately 41% of the surface, they contained from 80% to 98%
of the cells on surfaces with the highest prominences, and the cell
population density in the grooves was about 5 to 57 times higher than
on the bulges (Bacakova et al., 2008; Grausova et al., 2008b, 2009c;
Fig. 12). In other studies, preferential growth of bone-derived cells has
been observed in grooves, pits and other types of hollows created on
various polymeric and metallic materials applicable for constructing
bone and dental implants (Hamilton and Brunette, 2007; for a review,
see Grausova et al., 2008b, 2009c). However, the cells were also able to
colonize the prominences on these surfaces, represented e.g. by ridges
or pillars, although these prominences were usually much higher (i.e.
several micrometers or even tens of μm) than those on the thick
micropatterned fullerene layers in our present study (only about 1 μm).
On our fullerene C60 layers, the MG 63 cells were not able to “climb up”
relatively low prominences only about 1 μm in height, even at a
relatively late culture interval of 7 day after seeding. Thismaybedue to a
synergetic action of hydrophobia and other physicochemical properties

of the fullerene bulges less appropriate for cell adhesion, such as their
steep rise and the tendency of spherical ball-like fullerene C60molecules
to diffuse out of the prominences towards the grooves (Grausova et al.,
2008b, 2009c). Preferential growth ofMG63 cells in the grooves among
the prominences was also observed on microstructured hybrid Ti/C60
films, as well as on pure Ti films (Vacik et al., 2010; Vandrovcova et al.,
2008).

An interesting feature of micropatterned surfaces is that the cell
functions on them are often enhanced in comparison with flat non-
patterned materials. For example, vascular endothelial cells were
more active in cell–material adhesion. Porcine aortic endothelial cells
1 h after seeding on poly(epsilon-caprolactone) films micropatterned
with honeycomb-shaped pores showed three times higher expression
of focal adhesion kinase autophosphorylated at the tyrosine residue
(pFAK) than cells on a corresponding unpatterned film. This indicates
that the signaling mediated by the binding between fibronectin
(adsorbed preferentially on the pore edges) and the integrin adhesion
receptors on cells was more highly activated on the patterned film
than on the control flat film (Yamamoto et al., 2007).

There was also higher retention of endothelial cells subjected to
shear stress on micropatterned surfaces. On surfaces microstructured
with hollows and prominences, e.g. grooves and ridges, the EC were
hidden in the hollows; in addition, themicroroughness of these surfaces
changed the hydrodynamics on the surface and thus decreased the local
shear stress.Whenpolyurethane, i.e. a polymer suitable for construction
of vascular prostheses, was microtextured with arrays of parallel
channels 95 μm in width and 32 μm in depth, the average local shear
stress in the channels was significantly lowered, and the retention of
endothelial cells was markedly improved from 58% on non-patterned

Fig. 9. The effect of cell seeding density on the selectivity of adhesion of human umbilical vein endothelial cells (HUVEC, line EA.hy926) to spots at the PTFE surface created by 20min
exposure to irradiation with a 172 nm Xe2*-lamp through ametallic mask (diameter of holes 100 µm, centre-to-centre distance 300 µm) in 5mbar NH3. The images were taken 3 days
after cell seeding with an initial density of 6 500 cells/cm2 (A), 13 000 cells/cm2 (B), 21 000 cells/cm2 (C) and 32 000 cells/cm2 (D). Inverted phase-contrast microscope (Zeiss,
Germany) equipped with a CCD-camera (PCO-sensicam, Kelheim, Germany); bar=300µm (Mikulikova et al., 2005).
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surfaces to 92% (Daxini et al., 2006). In addition, studies combining
surfaces patterned with stripes bearing endothelial cells and unidirec-
tional shear stress (acting in parallel or perpendicular to these stripes)
showed that the surface pattern is more important for the shape,
orientation, direction of migration and cytoskeletal organization than
exogenousmechanical stimulation (Lin andHelmke, 2008; Vartanian et
al., 2008). Similar results were also obtained in endothelial cells (lines
HUVEC and CPAE) on PLLA surfaces patterned with grooves and
submicron- andmicron-scale ridges from 350 nm to 1750 nm in width.
The highest cell adhesion strength (measured by the resistance of the
cells to detachment by shear stress) was found on the surface of ridges
700 nm in width and grooves 350 nm in width for both HUVEC and
CPAE cells. This was attributed to (i) contact guidance along the groove
direction,which lowered the shear stress applied to the cell surface, and
(ii) clustered focal adhesions, which increased the strength of the cell–
substrate binding (Hwang et al., 2010).

Preferential adhesion of a certain cell type over other types can
also be induced by micropatterned surfaces. For example, a major
drawback in culturing cardiac myocytes is overproliferation of
fibroblasts, present physiologically in the cardiac tissue, and thus
contaminating the isolatedmyocyte suspension. Patterning of silicone
surfaces with vertically oriented cylindrical prominences attenuated
the attachment and growth of fibroblasts, while the proportion of
cardiomyocytes was increased. This approach made it possible to
avoid pharmacological intervention with cytostatins, such as cytosine
β-D-arabino-furanoside, which can induce apoptosis in many cell
types. At the same time, the physiological cooperation between the
myocytes and fibroblasts necessary for the appropriate development,
maturation and function of cardiomyocytes was preserved (Boateng
et al., 2003).

Micropatterned surfaces can also help to establish communication
and cooperation between different cell types, which is necessary for

Fig. 10. The effect of cultivation time on the selectivity of adhesion of rat aortic smooth muscle cells to spots at the surface of polyethylene foils, created by irradiation with Ar+ ions
(energy 150keV, dose 1013ions/cm2) through ametallic mask with holes 100 µm in diameter and center-to-center distance 200 µm. The cell seeding density was 17,000 cells/cm2. A,
B: day 1 after seeding; C, D: day 5 after seeding, E, F: day 7 after seeding. Stained with hematoxylin-eosin, Olympus IX 51 microscope, DP 70 digital camera. A, C, E: Obj. 4×, bar 1mm
(A), 2mm (C, E); B, D, F: obj. 10×, bar 200µm (A), 500µm (D, F) (Parizek et al., 2006).
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successful construction of all bioartificial tissues and organs. For
example, the interaction between hepatocytes and Kupffer cells
needed for the construction of a bioartificial liver was established on
polystyrene culture plates coated with bovine serum albumin and
patterned with collagen islands through polydimethylsiloxane sten-
cils (Zinchenko and Coger, 2005).

An interesting issue is the use of surfaces micropatterned with
adhesive islands of various sizes for switching between proliferation/

apoptosis and proliferation/differentiation programs by variations in
the size of the cell spreading area. For example, human capillary
endothelial cells cultured on fibronectin-coated islands larger than
1500 μm2 spread and progressed through the cell cycle, whereas cells
restricted to areas smaller than 500 μm2 failed to extend and underwent
apoptosis. The cells thatwere prevented from spreadingwere grown in a
medium containing soluble growth factors and exhibited normal
activation of the mitogen-activated kinase (ERK1/ERK2) growth signal-
ing pathway. However, these cells failed to increase cyclin D1 protein
levels, to progress through the G1 phase of the cell cycle and enter the S
phase (Huang et al., 1998). Conversely, if the vascular endothelial cells
were extended for some minimum time (approx. 12–15 h) on the
adhesion substrate, and then trypsinised, they synthesized DNA even if
they were round and in suspension. This was because the extension on
the adhesion substrate enabled them to pass the restriction point
between the G1 and S phases of the cell cycle (Ingber et al., 1995). These
results suggested that geometrical control of the cell cycle progression is
more important than biochemical control, which alone is not sufficient.
During cell spreading, the actin cytoskeleton (which associates the
integrin receptors, clustered in focal adhesion plaques, with the nuclear
membrane) generates tension, leading to enlargement of the nuclear
volume, chromatin decondensation and thus increased accessibility of
DNA to the replication machinery (Dike et al., 1999; Huang et al., 1998;
Roca-Cusachs et al., 2008).

The formation of capillary-like structures, which can be considered
as a specific form of the endothelial cell differentiation and vascular
tissue formation, was also induced by the size of the adhesive
domains. Human microvascular endothelial cells cultured on sub-
strates micropatterned with 10-μm-wide lines of fibronectin formed
extensive cell–cell contacts and spread to approximately 1000 μm2.
Within 72 h, the cells shut off both growth and apoptosis programs
and formed tubular structures containing a central lumen. At the same
time, the cells cultured on wider (30 μm) lines also formed cell–cell
contacts and aligned their actin cytoskeleton, but these cells spread to
larger areas (2200 μm2), proliferated, and did not form tubes (Dike
et al., 1999). Similarly, endothelial cells isolated from bovine aorta
were induced to form tubular capillary-like structures on 50-μm-wide
stripes functionalized with the oligopeptide Arg-Gly-Asp-Ser (RGDS),
a ligand for integrin cell adhesion receptors, but not on wider stripes
(Moon et al., 2009). The formation of capillary-like structures was also
induced on gelatin or chitosan patterned with grooves, in which the
selective adhesion and growth of human microvascular endothelial
cells was ensured by microcontact printing the plateau regions
between the grooves with cell adhesion-resistant polyethyleneglycol-
L-polylactic acid (PEG/PLA) (Gao et al., 2008). As mentioned above,
the use of surfaces patterned with domains made of thermorespon-
sive polymers would enable the release of capillary-like structures
from the material and their use for engineering three-dimensional
tissues (Hatakeyama et al., 2007).

8. Nanopatterning of the material surface

The physicochemical properties of the material surface, e.g. its
chemical composition, wettability, electrical charge or topography, can
bevariednot only on amicroscale level but alsoon ananoscale level. The
principles for creating nanopatterned surfaces are similar to those used
for surface micropatterning — lithographical methods (e.g. scanning
probe, electron beam, ion beam, colloidal and imprint lithography), self-
assembly of molecules (for a review, see Kim et al., 2010; Schmidt and
Healy, 2009), stencil-assisted patterning (Sanz et al., 2010), deposition
of nanoparticles or grafting biomolecules, particularly oligopeptidic
ligands for cell adhesion receptors (Bacakova et al., 2007a; Cavalcanti-
Adam et al., 2007; Maheshwari et al., 2000; Mann and West, 2002).

Nanopatterned surfaces have been designed for several biomedical
applications, e.g. construction of biosensors (Schmidt and Healy, 2009),
controlled drug delivery (Stern et al., 2009) and for capturing

Fig. 11. The effect of cell type on the selectivity of cell to spots at the PTFE surface
created by 20 min exposure to irradiation with a 172 nm Xe2*-lamp in 5 mbar NH3. The
modification was performed through a metallic mask with holes 100 µm in diameter
and centre-to-centre distance 300 µm (A). The material was seeded with human
umbilical vein endothelial cells (HUVEC, line EA.hy926; B) or rat aortic smooth muscle
cells (C) at similar seeding densities (21 000 and 17 000 cells/cm2, respectively). Day 3
after seeding. Note that the endothelial cells grow almost selectively on the domains,
while the smooth muscle cells overlap the domains and span the unmodified regions
among them. A: Fluorescence microscopic image of the modified spots at the PTFE
surface (excitation wavelength 513nm, exposure 3 s); B: Inverted phase-contrast
microscope (Zeiss, Germany) equipped with a CCD-camera (PCO-sensicam, Kelheim,
Germany), C: cells stained with hematoxylin-eosin, Olympus IX 51 microscope, DP 70
digital camera. Bar=300µm (Mikulikova et al., 2005; Parizek et al., 2006).
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endothelial progenitor cells (EPCs) in order to endothelialise vascular
prostheses (Alobaid et al., 2006). Another broad and important
application is for controlling cell behavior, e.g. regionally-selective
adhesion of various cell types, spreading, survival, proliferation activity
and differentiation of cells. This cell behavior can be regulated by
manipulating the type,number, spacing and distributionof ligands for cell
adhesion receptors on the material surface. As for the type, some
oligopeptidic ligands for cell adhesion receptors are preferentially or
specifically recognized by certain cell types. For example, the amino acid
sequence REDV is preferentially recognized by vascular endothelial
cells, while the sequences VAPG and KRSR are bound specifically by
vascular smoothmuscle cells and osteoblasts, respectively (for a review,
see Bacakova and Svorcik, 2008; Bacakova et al., 2004). As for the
number of adhesion ligands, in a study by Mann and West (2002),
performed on glass slides grafted with adhesion peptides RGDS,
KQAGDV and VAPG, the migration and proliferation activity of vascular
smooth muscle cells decreased with increasing concentration of the
adhesion ligands, which ranged from 0.2 nmol/cm2 to 2 nmol/cm2. For
optimum migration and proliferation activity of VSMC, much lower
concentrations were probably needed. For example, on surfaces
modified with a related RGD-containing adhesion oligopeptide, i.e.
GRGDSY, themaximumproliferation activity offibroblastswasachieved
at a ligand concentration of approx. 1.33 pmol/cm2 (Neff et al., 1999). As
for the spacing of the adhesion ligands, a minimum distance of 58 nm
between RGD peptides (bound via thiol group and an alkane spacer on
gold nanoparticles deposited on glass coverslips) was required for full
spreading of rat REF 52 fibroblasts, including stability andmaturation of
focal adhesion plaques on these cells (Cavalcanti-Adam et al., 2007). A
key role in controlling the cell behavior onmaterial surfaces is played by
the spatial distribution of the adhesion ligands. For example, on surfaces
endowed with oligopeptide YGRGD (tethered from glass coverslips via

polyethylene oxide chains against a cell non-adhesive background),
clustering of these ligands was required for complete spreading and
migration of murine NR6 fibroblasts, including the formation of focal
adhesion plaques and the assembly of an actin cytoskeleton in these
cells. In addition, all these events, and also the adhesion strength
(measuredby the resistance of the cell todetachment fromtheadhesion
substrate by centrifugation) correlated positively with the number of
oligopeptides per cluster, which was 5 and 9 (Maheshwari et al., 2000).

Nanopatterned surfaces can also regulate the maturity of cell–
matrix adhesions. On the above-mentioned surfaces with non-
clustered YGRGD ligands, the focal adhesions almost completely
lacked vinculin, i.e. a structural protein stabilizing focal adhesions
(Maheshwari et al., 2000). A similar result was obtained on surfaces
with a relatively long spacing between RGD ligands, i.e. 108 nm,
compared to surfaces with interligand distances of 58 nm (Cavalcanti-
Adam et al., 2007). In addition, the focal adhesions in cells on a 108-
nm-spaced pattern contained lower levels of zyxin, i.e. another
marker of more mature focal adhesions, which is recruited to these
sites when mechanical stress is applied to the cells (Cavalcanti-Adam
et al., 2007). Another interesting example is provided by polycarbon-
ate disks with highly ordered nanopits homogeneously distributed
over the material surface in a square or hexagonal configuration. On
these substrates, the number and the length of the fibrillar adhesions,
i.e. the most mature stage of focal adhesion plaques (see paragraph 9)
on primary human osteoblasts (HOB) was significantly reduced in
comparison with surfaces with a slightly disordered (near-square)
distribution of the nanopits. Ordered arrays of nanopits reduced
cellular spreading and induced an elongated cellular phenotype,
indicative of increased motility, while a near-square nanopit
configuration induced HOB spreading and more mature organization
of the actin cytoskeleton (Biggs et al., 2007). Further studies by this

Fig. 12. Human osteoblast-likeMG 63 cells on day 7 after seeding on fullerene layersmicropatternedwith prominences 128±8nm in height (A), 238±3nm in height (B), 326±5nm in
height (C) or1043±57nminheight (D). Stainedwith LIVE/DEADviability/cytotoxicity kit.Olympus IX51microscope,DP70digital camera, obj. 20×,bar=200µm(Bacakovaet al., 2008b;
Grausova et al., 2008b, 2009b).
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group of authors revealed that a near-square distribution of the
nanopits is also capable of inducing osteogenic differentiation in
human osteoprogenitor cells with similar efficiency as dexametha-
sone and ascorbate treatment. The switch from proliferation to
differentiation in osteoprogenitor cells is most probably driven by
signaling through the extracellular signal-regulated kinase (ERK1/2).
This pathway is related to cell adhesion, includes the focal adhesion
kinase, and is involved in mechanotransduction via integrin signaling
(Kantawong et al., 2009).

In general, the cell behavior on nanopatterned surfaces can be
regulated by the orientation, and also by the shape and size of the
nanoscale irregularities on the material surface. The orientation of the
nanofibers in nanofibrous scaffolds, i.e. random or aligned, modulated
the adhesion, spreading, shape and cytoskeletal organization of
various cell types (Lim et al., 2010; Meng et al., 2010). For example,
in our experiments focused on constructing bioartificial heart valves,
the valve interstitial cells (VIC) cultured on randomly oriented
polyamid nanofibers were flat and polygonal, and their alpha-actin-
containing filaments were arranged randomly, forming a mesh-like
structure. However, on nanofibers aligned in parallel, the cells were
spindle-shaped, oriented along the fibers, and their alpha-actin-
containing filaments were arranged in parallel with the long axis of
the cells (Filova et al., 2009c; Fig. 13A and B).

The cell proliferation, differentiation, phenotypic maturation and
functioning were usually better on aligned nanofibers than on
randomly oriented nanofibers or on unpatterned flat surfaces.
Composite nanofibers of multiwalled carbon nanotubes and polyure-
thane aligned in parallel stimulated proliferation and collagen

secretion in human umbilical vein endothelial cells (HUVECs). At
the same time, they preserved the anticoagulant function of HUVECs,
manifested by a low secretion of plasminogen activator inhibitor-1
(PAI-1) and tissue factor (Meng et al., 2010). In cultures of rat bone
marrow stromal cells on PLLA nanofibers, the calcium content on
fibers aligned in parallel was significantly higher than that of
randomly oriented fibers (Ma et al., 2011). Collagen I secreted by
dural fibroblasts cultured on poly(ε-caprolactone) nanofibrous scaf-
folds exhibited a high degree of organization on radially aligned fibers
and a haphazard distribution on scaffolds of random fibers (Xie et al.,
2010). In neural stem cells derived from rat hippocampus and
cultured on aligned polycaprolactone fibers, a higher fraction of cells
exhibited markers of neuronal differentiation (e.g. neuron-specific
class III beta-tubulin Tuj 1) after stimulation with retinoic acid than
cells on randomly distributed fibers (Lim et al., 2010). Primary
hepatocytes in cultures on type-I collagen-coated PLLA aligned
nanofibers developed multicellular aggregates more quickly than on
tissue culture plastic with type-I collagen, and also onmeshes of type-
I collagen-coated PLLA random nanofibers. On aligned nanofibers, the
cells also showed a higher functional expression in terms of albumin
secretion, urea synthesis and phase I and II (CYP1A and UGT)
metabolic enzyme activity (Feng et al., 2010).

The better performance of cells on aligned nanofibers is a typical
example of morphological and then biochemical control of the cell
behavior by the adhesion substrate. Aligned nanofibers guide the cells
to be elongated along the major fiber axis. The elongated cell shape
then stimulates specific biochemical pathways of extracellular signal
transduction, such as the canonical Wnt/β-catenin pathway or

Fig. 13. Morphology of valve interstitial cells (VIC) in cultures on polyamide nanofibers oriented randomly (A) or in parallel (B), and bovine pulmonary artery endothelial cells of the line
CPAE in cultures onfibrin coatedwith laminin (C), or onfibrin coatedwith collagen I (D). A, B: immunofluorescence of alpha-actin, day 3 after seeding; C,D: stainingwith hematoxylin and
eosin, day 1 after seeding. A, B: Leica SP2 confocal microscope, obj. ×63, zoom×3, scale bar=10 μm; C, D: Olympus IX 51microscope, DP 70 digital camera, obj. ×20, scale bar=100 μm.
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activation of Rho and Rac/Cdc42. In the canonical Wnt/β-catenin
pathway, the extracellular signal is transmited to the cell nucleus by
β-catenin, which is able to enter the nucleus and interact with TCF/LEF
family transcription factors (i.e. transcription factors TCF7, TCF7L1,
TCF7L2 and lymphoid enhancer-binding factor-1, LEF1) to promote
specific gene expression (Lim et al., 2010). After activation of Rho and
Rac/Cdc42 (which are small GTPases regulating gene transcription,
actin reorganization, cell migration and growth in response to various
extracellular signals, such as growth factors, hormones and chemoat-
tractants in the ECM), the signal is relayed to the nucleus by the MAP
kinase pathway (Meng et al., 2010).

Other interesting results on cell guidance by nanofibrous struc-
tures were obtained on fibrin nanofibers, prepared on polystyrene
dishes by in vitro simulation of the physiological hemocoagulation
process (Filova et al., 2009b) and seeded with rat aortic smooth
muscle cells. On fibrin coated with laminin, where the nanofibrous
network was relatively fine, the cells were polygonal or spindle-
shaped, while on fibrin coated with collagen I, where the nanofibers
were relatively thick and formed a 3D-like network, the cells
developed abundant extensions whichwere arborised in the direction
of the fibers (Fig. 13C and D).

Generally, the nanofibrous shape of nanoscale irregularities on the
material surface is considered to be more advantageous for cell
performance than other types of irregularities. On composite films
produced from chitosan/poly-L-lysine blend solutions with fiber-like
surface morphologies, the spreading, assembly of actin cytoskeleton,
proliferation, expression of osteocalcin and mineralization of MC3T3-
E1 cells were more pronounced than in cells on chitosan/poly-L-lysine
films with particle- or granule-like irregularities (Zheng et al., 2009).
An explanation is that nanofibrous structures bear a better resemblance
than other types of nanoscale irregularities to the natural ECM, which is
often fibrous in character, e.g. collagen. A possible mechanism through
which the nanofibers promote osteogenic cell differentiation is the
RhoA-Rock signaling pathway (Hu et al., 2008).

The size of the nanoscale irregularities on the material surface can
also manipulate cell behavior. For example, the attachment and
spreading of human fetal osteoblastic cells (hFOB), the expression of
αv-integrins in these cells, the synthesis of focal adhesion protein
paxillin, as well as the colocalization of paxillin with cytoskeletal actin
stress fibers, focal adhesion kinase (FAK) and phosphorylated FAK
(pY397), were greater on polymeric surfaces with shallower pits (14
and 29 nm) than on surfaces with deeper pits (45 nm) (Lim et al.,
2007a). Similarly, in an older study performed by the same group on
polymeric surfaces with nanoislands 11, 38 and 85 nm in height, the
proliferation of hFOB cells and also their osteogenic differentiation,
measured by the activity of alkaline phosphatase, correlated inversely
with the height of the nanoisland (Lim et al., 2005). On the other hand,
the metabolic activity of human osteoblast-like SAOS-2 cells in
cultures on nanocrystalline diamond films, measured by the activity
of cellular dehydrogenases, increased with increasing surface rough-
ness (the root mean square roughness, RMS, i.e. a parameter
measured by atomic force microscopy and similar to Ra, was in the
range from 11 nm to 39 nm; Kalbacova et al., 2007).

Specific cell behavior onnanopatterned surfaceswas also inducedby
the surface chemistry of the nanodomains. Planar gold surfaces were
patterned by dip pen nanolithography to produce arrays of nanodots
(diameter 70 nm, spacing from 140 to 1000 nm) terminated with
methyl, hydroxyl, carboxyl and amino groups. Human mesenchymal
stem cells (MSCs) in cultures on –CH3-terminated nanodotsmaintained
an undifferentiated phenotype, whereas on nanoarrays functionalized
with –OH and –COOH groups, MSCs differentiated toward a chondro-
genic phenotype (manifested by the production of collagen II and
aggrecan), andonnanoarrays functionalizedwith–NH2groups, the cells
differentiated into osteoblasts (manifested by positive immunocyto-
chemical staining for osteocalcin, osteoblast-specific transcription factor
CBFA1, and positive von Kossa staining for mineralized tissue). The

mechanisms for regulating these differentiation pathways by surface
chemistry have not yet been fully elucidated, but they probably involve
differences in the material surface energy, in protein adsorption and in
the formation andmorphologyof focal adhesionplaques in the adhering
cells (Curran et al., 2010).

9. Correlation between cell adhesion, proliferation
and differentiation

It is well known that anchorage-dependent cells do not divide
without previous extension on the growth substrate, and can even
undergo anoikis, i.e. a specific type of apoptosis caused by adhesion
deprivation (Straface et al., 1999). Therefore, in the first phase of cell
spreading, the size of the spreading area correlates positively with the
cell proliferation activity (Chen et al., 1997, 1998, 1999; Dike et al.,
1999; Huang and Ingber, 2000; Huang et al., 1998; Ingber et al., 1995;
Thomas et al., 1999; for a review, see Bacakova and Svorcik, 2008;
Bacakova et al., 2004).

Cell spreading stimulates cell proliferation by at least two mecha-
nisms, i.e. biochemical and mechanical pathways (Chen et al., 1998;
Huang et al., 1998; Huang and Ingber, 2000; Ingber et al., 1995). Both
mechanisms start by adsorbing cell adhesion-mediatingmolecules from
biological fluids to the material surface and binding the active sites in
these molecules with cell adhesion receptors, which involve integrin
and non-integrin (e.g. proteoglycan-based) adhesion molecules. Occu-
pation of adhesion receptors by their ligands leads to clustering of these
receptors into specific domains called “adhesion plaques” or “adhesion
sites”, where the receptors communicatewith numerous structural and
signaling proteins, through which they are associated with the actin
cytoskeleton (Bacakova et al., 2004).

The biochemical mechanism then continues by activating the
signaling component of the adhesion plaques, e.g. focal adhesion kinase
(FAK) and other tyrosine kinases (Src, PYK2, Csk, Abl) as well as other
intracellular signaling pathways also used by growth factor receptors,
e.g. mitogen-activated protein (MAP) kinases, such as ERK 1 and 2, or
serine/threonine kinases, such as ILK or PKC (Avraham et al., 2003;
Dwivedi et al., 2008; Huang et al., 1998; Katz et al., 2000; Liu et al., 2002;
Zaidel-Bar et al., 2007; Zamir and Geiger, 2001; Zhao et al., 2001). These
events result in transition of the cell from the G0 phase to the G1 phase
and from theG1phase to the S phase of the cell cycle, DNA synthesis and
cell division. Themechanical cell growth control mechanism is based on
changes in the tension of the actin cytoskeleton. The actin fibers are
anchored to the structural component of the adhesion sites (e.g. talin,
vinculin, paxillin, alpha-actinin, tensin), also called “the membrane
cytoskeleton”. At the same time, these fibers are associated with the
nuclear membrane, the membranes of the cellular organelles, and also
with various enzymes (Ingber et al., 1995). The increasing tension of the
cytoskeletal fibers during cell spreading can stimulate cell proliferation by
nuclear expansion, enlarging the nuclear pores, increasing the nuclear
export and DNA synthesis, and also by changes in the synthesis and
transportation of various extranuclear cell cycle-regulating factors
(Assoian and Klein, 2008; Huang et al., 1998; Huang and Ingber, 2000;
Ingber et al., 1995). In addition, the expansion of the nuclear volume leads
to chromatin decondensation, and thus increased accessibility of DNA to
the replication machinery (Dike et al., 1999; Huang et al., 1998; Roca-
Cusachs et al., 2008).

The dependence between cell spreading and cell proliferation,
described above, is not linear. The increased spreading, formation of
adhesion plaques and assembly of the actin cytoskeleton stimulates
cell proliferation only to a certain degree. In our earlier studies
performed on rat aortic smooth muscle cells cultured on ion-
implanted polymers, a large cell spreading area, large and numerous
adhesion plaques, a higher concentration of integrin receptors and
structural proteins of the adhesion plaques, e.g. paxillin, talin and
vinculin, higher resistance of cells to both spontaneous and
proteolytic enzyme-mediated detachment from the adhesion

759L. Bacakova et al. / Biotechnology Advances 29 (2011) 739–767



substrate and well-developed actin cytoskeleton was often associated
with slower cell proliferation (measured by doubling time, 3H
thymidine and bromodeoxyuridine incorporation) in comparison
with cells on pristine polymers. At the same time, these cells
contained a higher concentration of alpha-actin as well as SM1 and
SM2 myosins, i.e. important markers of the maturation of vascular
smooth muscle cells toward the contractile phenotype (Bacakova et
al., 1996, 2000a, 2001a). Similar results were also obtained in rat
aortic smooth muscle cells of the line A7r5 in cultures on
polyacrylamide gels of various elasticity and collagen concentrations
(Engler et al., 2004). Data from some other authors also suggests that
the proliferation capacity and migration speed of various cell types,
e.g. smooth muscle cells, endothelial cells, fibroblasts and mesenchy-
mal stem cells, grown on various substrates, is highest at intermediate
adhesion strength, while high adhesion capacity is associated rather
with quiescence and maturation of cells (DiMilla et al., 1993;
Fernandez et al., 1993; Lesny et al., 2006; Mann and West, 2002;
Mann et al., 2001; Palecek et al., 1997; Podesta et al., 1997; for a
review, see Bacakova and Svorcik, 2008; Bacakova et al., 2004). In
addition, the induction of a larger cell spreading area, increased
number and size of adhesion plaques, increased concentration of
integrins and structural proteins, e.g. paxillin, talin, vinculin and
alpha-actinin, at these sites, accompanied by the formation of thick
bundles of actin fibers, is the basic mechanism of the action of a wide
spectrum of antiproliferative, antimigratory and cell differentiation-
inducing drugs and natural molecules, such as dimethyl sulphoxide

(Lampugnani et al., 1987), retinoic acid and synthetic retinoid
mofarotene (Helige et al., 2004; Leung et al., 1992), lipoxygenase
inhibitor baicalein (Hsieh et al., 2007), nerve growth factor (Rhee et
al., 2000) and transforming growth factor β1 (Tian and Philips, 2003).
The tumor suppressor p16/CDKN2A/INK4a gene, frequently mutated
in high-grade gliomas, suppresses cell proliferation primarily through
inhibition of cell-cycle progression in the G1 phase, which is
associated with large and flattened cytoplasm, increased formation
of cytoplasmic actin-stress fibers and vinculin accumulation in the
adhesion plaques (Noguchi et al., 2001).

In other words, mitotically active cells typically lack well-formed
adhesion plaques as well as long, thick and numerous actin fibers,
because these structures would hamper the partial detachment of the
cells from their adhesion substrate and the reorganization of the
cytoskeleton required for mitosis (Yamaguchi et al., 1997; for a
review, see Bacakova et al., 2004).

An interesting issue which remains to be fully and systematically
elucidated is the correlation of the switch between the proliferation
and differentiation programs and the maturation status of the
adhesion plaques. Zaidel-Bar et al. (2007) systemized the cell–matrix
adhesion structures into the following three types: less mature “focal
complexes”, which drive cell spreading and migration, more mature
“focal adhesions”, mediating robust adhesion of the cell to the
extracellular matrix, and the most mature structures called “fibrillar
adhesions”, which are involved in matrix remodeling (Table 2,
Fig. 14). These adhesion types differ in their morphology, chemical

Fig. 14. Examples of various maturation stages of cell–matrix adhesions: focal complexes (A), focal adhesions (B) and fibrillar adhesions (C) in human osteoblast-like MG 63 cells
cultured on a composite material containing 15 wt.% of hydroxyapatite nanoparticles (A), porcine valve interstitial cells cultured on microscopic glass coverslips (B) and bovine
pulmonary artery endothelial cells of the line CPAE grown on fibrin gel (C). Immunofluorescence staining against vinculin (A, C) and talin (B), day 3 after seeding. Pictures were taken
in a Leica SP2 confocal microscope, obj. 20×, water immersion (A, C); zoom ×4 (A) and zoom ×6 (C), or an Olympus IX 51 microscope with a DP 70 digital camera, obj. ×100, oil
immersion (B). Scale bar: 30 μm (A), 20 μm (B) or 25 μm (C).

Table 2
Types and characteristics of cell-matrix adhesion structures.

↓

↑

↑

Turnover

↓

↑

↑

FAK content

↓

↑

↑

Phosphorylation (Pax)

Fibrillar adhesion

Focal adhesion

Focal complex

Parameter /adhesion type

Central part

Towards central part

Periphery

Localization and relation to
actin and myosin fibres

α5β1
Tensin
Fibrillar
fibronectin

αvβ3
Talin
Vinculin
Zyxin

αvβ3

Presence of other 
molecules
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composition, localization on the cell membrane, turnover and also
their association with specific ECM and cytoskeletal molecules.

Focal complexes are dot-like in shape, localized on the periphery
(often on the lamellipodia) of cells which are starting to spread and
migrate on their adhesion substrate. They contain relatively high
levels of focal adhesion kinase (FAK) and other tyrosine kinases, such
as Src, and phosphorylated paxillin. Similar phosphorylation of
paxillin on both tyrosine and serine residues also occurs after
stimulation of cells with growth factors (Zaidel-Bar et al., 2007). In
vascular endothelial cells or mouse embryonic fibroblasts growing on
fibronectin substrates, these complexes contained preferentially
integrin αvβ3 rather than other integrin types involved in cell-
fibronectin adhesion (Zaidel-Bar et al., 2007). In murine osteoblastic
MC3T3-E1 cells, overexpression of αvβ3-integrin increased the
proliferation of these cells, whereas their differentiation was retarded,
as indicated by lower activity of alkaline phosphatase, lower
expression of osteocalcin, type I collagen, bone sialoprotein as well
as lower matrix mineralization (Cheng et al., 2001). In vascular
smooth muscle cells, the αvβ3-integrin adhesion molecule was
associated with their proliferative, atherogenic and less differentiated
phenotype (Hoshiga et al., 1995; Sajid et al., 2003; Srivatsa et al.,
1997; Stoufer et al., 1998). The fibrilogenesis of fibrinogen localized
beneath these sites is impaired. Intracellularly, the focal complexes
are in connection with newly forming short actin and myosin fibers
localized at the cell periphery. The turnover of the focal complexes is
very quick; the duration of these structures is less than one minute
(Zaidel-Bar et al., 2007; Table 2, Fig. 14).

Focal adhesions are localized not only at the cell periphery. They
alsomove towards the central part of the cells. They are larger than focal
adhesion complexes, and are shaped in the form of short and thick
streaks. The phosphorylation status of paxillin and the recruitment of
FAK in these structures are still high, but lower than in focal complexes.
Focal adhesions associate with considerably longer actin and myosin
fibers localized not only peripherally, but also close to the perinuclear
region of cells. Focal adhesions still contain integrin αvβ3, associated
with cell proliferation, and the cells are active in migration. However,
these adhesions have a relatively high content of talin and vinculin, and
fibronectin fibrillogenesis starts below these sites. The turnover of focal
adhesions is slower than in focal complexes, taking about 8.5 min (Zamir
and Geiger, 2001; Zamir et al., 1999, 2000; Zaidel-Bar et al., 2007). The
formation of focal adhesions was also supported by disruption of
microtubules. In Swiss 3T3 cells, the disruption of microtubules by
nocodazole or vinblastine induced a rapid assembly of focal adhesions
and microfilament bundles, tyrosine phosphorylation of FAK and
paxillin, and subsequent enhancement of DNA synthesis without the

addition of external growth factors (Bershadsky et al., 1996) (Table 2,
Fig. 14).

Fibrillar adhesions have the morphology of long thin streaks and
are localized in the central region of cells. The paxillin in these sites is
not phosphorylated, and the content of FAK is very low. In comparison
with focal complexes and focal adhesions, the content of paxillin, talin
and vinculin in these sites is relatively low, and the sites contain
predominantly tensin. Cells with fibrillar adhesions contain thick
bundles of actin and myosin fibers filling the entire volume of the
cells, but these adhesions colocalize rather with thinner fibers
crossing the actin and myosin bundles in the central parts of the
cells. In cells adhering to fibronectin substrates, the fibrillar adhesions
contain predominantly integrin α5β1. Integrins with a β1 chain
(including integrin αvβ1), have often been reported to be associated
with lower proliferation activity and cell maturation (Dahm and
Bowers, 1998; Lourenço et al., 2007; Wilson, 2007). In addition, the
fibrillogenesis in the fibronectin matrix located beneath fibrillar
adhesions is very high. The turnover of fibrillar adhesions is relatively
slow, and they are stable for 42 min. The development of fibrillar
adhesions is supported by 3D matrices and dynamic cell cultivation.
These properties of these adhesions are close to those of cell–matrix
adhesions under physiological in vivo conditions, while focal
complexes and focal adhesions are typical features for the classical
static two-dimensional cell culture system (Danen et al., 2002;
Esteban-Barragan et al., 2002; Katz et al., 2000; Zamir and Geiger,
2001; Zamir et al., 1999, 2000; Zaidel-Bar et al., 2007; Table 2, Fig. 14).

10. Control of cell proliferation and differentiation in
tissue engineering

The switch betweenproliferation anddifferentiation and its precise
control and timing are desirable in tissue engineering applications. In
these applications, the construction of vascular replacements deserves
special attention, especially if vascular smooth muscle cells are
introduced in these grafts. Excessive migratory and proliferation
activity of vascular smooth muscle cells (VSMC) can result in stenosis
and occlusion of the lumen of vascular prostheses, especially those of
small caliber (Bordenave et al., 2005; Heise et al., 2006; Ishii et al.,
2008; Zilla et al., 2007). In addition, the proliferating VSMC usually
express a higher number of surface adhesion molecules of the
immunoglobulin and selectin superfamilies, which bind platelets
and cells of the immune systems, such as leucocytes, lymphocytes,
monocytes and macrophages (Bacakova et al., 2001a,b, 2002). VSMC
have therefore often been considered an undesirable component of
these prostheses, which should be excluded from artificial vascular

Fig. 15. Rat aortic smoothmuscle cells in cultures on tissue culture polystyrene in the presence of a pure polyestermesh (A) and a sirolimus-releasing polyestermesh (B) on day 2 after adding
themeshes. Stainedwith a LIVE/DEAD viability/cytotoxicity kit (Invitrogen). Living cells with active esterases are stained in green, while dead cells with permeable cytoplasmicmembrane are
stained in red. Olympusmicroscope IX 51, DP 70 digital camera, obj. ×20, scale bar=200 μm. Note that in the presence of sirolimus, the cells are alive but they are apparently less numerous,
i.e., they are less active in proliferation (Filova et al., 2011).
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grafts. There have been several approaches to achieve this goal. The
first was to create a bioinert surface not allowing attachment,
spreading and subsequent growth of cells, such as VSMC, or adhesion
and activation of thrombocytes and immunocompetent cells. Howev-
er, in this case, the artificial blood vessel replacements act as passive,
non-living and thus non-physiological conduits for blood. In addition,
these conduits gradually lose their bioinertness with time, and thus
their durability in the patient's organism. The inertness of clinically
used vascular prostheses toward cell adhesion is usually based on high
hydrophobia of the material used for their construction, e.g. polyeth-
ylene terephthalate or polytetrafluoroethylene (Bordenave et al.,
2005; Chlupac et al., 2009; Deutsch et al., 1997). However, these
materials adsorb proteins, though in a less appropriate spectrum and
spatial orientation, and thus they can support some minimal cell
adhesion, which could increase with time due to biochemically active
biological environments, the mechanical stress provided by blood
flow, and, in the case of knitted or woven prostheses, also the
penetration of blood material inside the graft wall. Similarly,
extremely hydrophilic surfaces, also used in vascular tissue engineer-
ing, such as surfaces based on polyethylene oxide (PEO), polyethylene
glycol (PEG), triblock copolymer of PEG-b-poly(propylene glycol)
(PPG)-b-PEG triblock copolymer (Pluronic) or polyrotaxanes (Ko et al.,
2001; Lee et al., 2002; Park et al., 2002), could undergo wear and
increase their permissiveness for protein adsorption and cell adhesion.
Other approaches used for inhibiting adhesion and growth of VSMC
and adhesion and activation of platelets involved modifying the
prostheses with albumin, i.e. a serum protein non-adhesive for cells
(Kang et al., 1997), heparin and heparin-like molecules (Lee et al.,
2002) or other drugs exerting anticoagulant effects and/or antimi-
gratory and antiproliferative effects on VSMC. These drugs include
hirudin (Heise et al., 2006), dipyridamole (Aldenhoff et al., 2001),
antiangiogenic agents (Shigematsu et al., 2001), inhibitors of CDK2
kinase (Brooks et al., 1997), sirolimus (Filova et al., 2011; Ishii et al.,
2008) and paclitaxel (Lim et al., 2007b). These drugs can be
incorporated directly into the prosthesis wall or can be delivered
through drug-eluting stents (Lee et al., 2008), catheters and
perivascular collars (Filova et al., 2011; for a review, see Sriram and
Patterson, 2001). Systemic administration of antiproliferative drugs
(Ilkay et al., 2006; for a review, see Sriram and Patterson, 2001),
radiation therapy (Tepe et al., 2005; Zhang et al., 2007), photodynamic
therapy (Heckenkamp et al., 2007) and gene therapy (Hayashi et al.,
2000; Qian et al., 2006) have also been used or developed to suppress
VSMC proliferation on artificial vascular replacements (Fig. 15).

A more physiological approach to the prevention of restenosis of
artificial vascular prostheses involves lining the inner surface of these
grafts with a confluent, mature, semipermeable and quiescent endo-
thelial cell layer. A layer of this type is considered the best way of
preventing thrombus formation as well as the adhesion and activation
of immunocompetent cells. Mature endothelial cells also synthesize
heparin-like glycosaminoglycans, preventing excessive proliferation of
VSMC and maintaining these cells in a quiescent, differentiated and
contractile state. Because of these beneficial effects of endothelium, the
artificial materials for potential use in vascular transplantation are
developed to be attractivemainly for endothelial cells, and a lot of work
has beendone to understand themechanisms that control the adhesion,
growth and function of this cell type, as well as ways to obtain it by
differentiation of progenitor stem cells (Alobaid et al., 2006; Bacakova
et al., 2000b; Bordenave et al., 2005; Chlupac et al., 2009; Deutsch et al.,
1997; Greisler et al., 1991; Meinhart et al., 2005; Punshon et al., 2008;
Zilla et al., 2007).

Under certain conditions, which promote cell maturation and
differentiated function, VSMC could also act beneficially in vascular
prostheses, and there is no need to exclude them from the list of artificial
vascular replacements. VSMC are physiological, and are the most
numerous component of the natural vascular wall, thus their presence
in an advanced bioartificial vascular wall is reasonable and necessary.

Quiescent and highly differentiated VSMC with a contractile phenotype
support the endothelialisationof artificial vascular prostheses andcanalso
perform their contractile function. VSMC could also participate in the
gradual removal of bioresorbable components of artificial vascular
prostheses, replacing these molecules with natural ECM (Campbell and
Campbell, 1995; Deutsch et al., 1997; for a review, see Bacakova et al.,
2001a, 2004). Therefore, fromthis point of view, thegoal of vascular tissue
engineering should lie in reconstructing both the tunica intima and the
media on an artificial growth support (polymeric carrier). These
autologous VSMC could be derived e.g. from subcutaneous veins,
expanded in cell culture conditions and seeded on the prostheses before
a planned surgery. The VSMC could be also differentiated from
mesenchymal stem cells, e.g. those taken from the bone marrow, or
other progenitor cells.

A cardinal question is: How to differentiate the VSMC and keep them
in a non-proliferative, contractile phenotype? Physiological control of cell
growth and differentiation involves the following considerations: soluble
factorsphysiologically present in theblood (or in the serumsupplementof
the culturemedium) or synthesized in an autocrinemanner in the cells of
the vascular wall (e.g. growth factors like PDGF, EGF, FGF, various
hormones such as steroids, catecholamines, angiotensin, heparin). The
second consideration is the regulation of growth and differentiation by
intercellular contacts. If the physicochemical surface properties of ion-
implanted and other modified polymers in our experiments enabled the

Fig. 16. Concentration of alpha-actin (A) and SM1 and SM2 myosins (B), i.e. markers of
vascular smooth muscle cell differentiation towards the contractile phenotype, in rat
aortic smooth muscle cells in 4-day-old cultures on pristine polyethylene and
polyethylene modified by irradiation with O+ or C+ ions (energy 30 keV, doses from
1013 to 1015 ions/cm2). Measured by enzymatic immunosorbent assay (ELISA) per mg of
protein, absorbances expressed as a % of the values obtained on pristine non-modified PE.
Mean±SEM from 4 to 6 experiments, Student t-test for unpaired data, *pb0.05, **pb0.01,
***pb0.001 compared to the values on pristine polyethylene.
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attachment of VSMC at high initial densities near confluence, i.e. if the
intercellular contacts were established very soon, the cells then
proliferated only moderately and contained a higher concentration of
markers of VSMC differentiation, such as alpha-actin and SM myosins
(Bacakova et al., 2000a, 2001a; Fig. 16). Similarly, in vascular endothelial
cells, theestablishmentof intercellular contacts,mediatedbyVE-cadherin,
between a cell and two ormore of its neighboring cells decreased the cell
proliferation (Gray et al., 2008).

The third important approach for inducing a switch from
proliferation to a differentiation program involves manipulating the
cell–matrix adhesion. This involves cell adhesionwithmany integrin or
other adhesion receptors of an appropriate type, associated with cell
differentiation, and also the formation of a large number of mature
cell–matrix adhesion sites. This intensive cell–matrix interaction
requires the engagement of a large portion of the cell membrane,
which can be achieved not only by extensive cell spreading on 2D
surfaces but mainly in a 3D culture system. The differentiation
program induced by the intensive cell–matrix contact in a 3D
environment can be further potentiated by dynamic cultivation
conditions, namely mechanical stimulation of VSMC by cyclic strain
(Cevallos et al., 2006; Riha et al., 2007; Shimizu et al., 2008).

11. Conclusion

Artificial materials have become more and more important cell
carriers for tissue engineering and tissue replacement. Like natural ECM,
they regulate the gene expression in cells, and as a consequence, the
adhesion, viability, proliferation and differentiation of the cells. Cell
attachmentand spreading is strongly influencedby thephysicochemical
properties of the material surface, namely its chemical composition,
surface energy, polarity, wettability, roughness, topography and
mechanical properties. The extent and the strength of the cell adhesion
then control further cell behavior, such as the decision between
apoptosis and survival or a switch between a proliferation program
and a differentiation program. Cell adhesion to artificial materials is
usuallymediated by spontaneous adsorption of ECMmolecules, and the
spectrum, the amount and the geometrical conformation of these
molecules depend on the physical and chemical properties of the
material surface. However, in more advanced cell carriers, the surface
can be endowed with synthetic ECM-derived ligands for cell adhesion
receptors of defined types, concentration, spacing and distribution,
which regulate the formation, character andmaturationof cell–material
contacts and the further cell performance. In addition, the cell behavior
in bioartificial tissue replacements can be further modulated by loading
the material with various drugs, which can be released under control,
and also by exposing the cell–material construct to dynamic conditions
and appropriate mechanical stress.
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a b s t r a c t

Autologous vein grafts are often used for treating damaged vessels, e.g. arteriovenous fistulas or arterial
bypass conduits. Veins have a different histological structure from arteries, which often leads to intimal
hyperplasia and graft restenosis. The aim of this study was to develop a perivascular sirolimus-delivery
system that would release the antiproliferative drug sirolimus in a controlled manner. Polyester Mesh
I was coated with purasorb, i.e. a copolymer of l-lactide and �-caprolactone, with dissolved sirolimus;
Mesh II was coated with two copolymer layers; the layer with dissolved sirolimus was overlaid with pure
purasorb. This arrangement allowed sirolimus to be released for 6 and 4 weeks, for Mesh I and Mesh II,
respectively. Mesh II released sirolimus more homogeneously, without the initial burst effect during the
first week. However, the cumulative release curve was steeper at later time points than the curve for
Mesh I. Both meshes inhibited proliferation of rat vascular smooth muscle cells during 14-day culture
in vitro and preserved excellent cell viability. Newly developed sirolimus-releasing perivascular meshes
are promising devices for preventing autologous graft restenosis.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Damage or stenosis of a vessel caused either by injury or by
some pathological processes, e.g. atherosclerosis and thrombosis,
must often be treated by replacing the vessel with an autologous
graft, mostly vein. Four-year patency of an autologous saphenous
vein was achieved in 40–70% of treated patients (Taylor et al., 1990;
Conklin et al., 2002). Intimal thickening, however, often occurs in
veins used as arteriovenous fistulas or arterial bypass conduits,
due to the different structure of the vein wall and the arterial
wall. In addition, the layer of endothelial cells (EC) in the auto-
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logous graft is often damaged during surgery. The restoration of
a new EC lining usually lasts several weeks, which results in rela-
tively long-term direct exposure of vascular smooth muscle cells
(VSMC) to the blood stream. Platelets and macrophages from the
blood start to adhere to the denuded luminal surface of the graft,
which is followed by platelet aggregation and release of growth and
migratory-promoting factors from these cells (Liuzzo et al., 2005).
Growth factors released from platelets, EC, and VSMC, e.g. PDGF,
stimulate phenotypic modulation of VSMC from contractile to syn-
thetic phenotype, which is characterised by excessive proliferation
and migration of VSMC, and their extracellular matrix production.
This results in intimal hyperplasia and graft stenosis (Liuzzo et al.,
2005).

Drug-eluting stents were the first local anti-proliferative
drug-delivery systems introduced in interventional cardiology.
Commercially available stents (e.g. BX VelocityTM, CypherTM,
Cordis, Johnson & Johnson) and also newly developed sirolimus-
eluting stents have been proved to reduce neo-intimal formation
in vessels (Mehilli et al., 2008). The restenosis rate was reduced
from 20–30% to 1–3% after 1 year (Morice et al., 2002). Drug-eluting
stents, however, cause increased mechanical strain on a vessel or
damage to the endothelium and thrombosis (Colombo and Iakovou,

0378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2010.11.005



Author's personal copy

E. Filova et al. / International Journal of Pharmaceutics 404 (2011) 94–101 95

2004). The damaged vein graft is re-endothelialized within se-
veral weeks after implantation. During this time an anti-
proliferative drug should be released from a suitable drug delivery
system.

Mechanical strain on the endothelium can be avoided by stent-
free drug-delivery systems, e.g. periadventitial or perivascular
films, gels, or cuffs. These systems can be advantageously based
on a degradable synthetic polymer loaded with a drug, which is
continuously released during the polymer degradation. This degra-
dation is usually hydrolytic and not mediated by cells, thus the
system can be spontaneously removed from the patient’s organ-
ism. However, the kinetics of both polymer degradation and drug
release should be adjusted to the period necessary for regenera-
tion of endothelial cell layer damaged by the surgery; i.e. at least
a few weeks. From this point of view, promising results have been
obtained with PEG-Cys-NO hydrogels loaded with S-nitrosothiols,
i.e. nitric oxide precursors. When applied perivascularly, these
hydrogels generated NO for up to 50 days and inhibited VSMC pro-
liferation, while the proliferation of endothelial cells was increased.
This system also inhibited platelet adhesion in vitro and reduced
neointima formation in a rat carotid balloon injury model at 14
days by approximately 80% compared to controls (Lipke and West,
2005). However, nitric oxide precursors, although some of them
occur naturally in vivo, have not yet been approved for clinical use.

Another drug with antiproliferative effects, which is widely used
in current clinical practice, is sirolimus, also known as rapamycin.
Sirolimus is a macrocyclic lactone antibiotic produced by Strep-
tomyces hygroscopicus, often used as an antiproliferative agent in
drug-eluting intravascular stents. Sirolimus binds to the FK binding
protein complex (FKBP12), which subsequently binds to the mam-
malian target of rapamycin (mTOR) (Daemen and Serruys, 2007).
Interaction with mTOR prevents phosphorylation of p70S6 kinase,
4E-BP1, and indirectly also of other proteins involved in transcrip-
tion, translation, and cell cycle control and progression (Vignot
et al., 2005). Sirolimus exhibited a dose-dependent reduction in
intimal hyperplasia using 60–200 �g sirolimus-coated stents in the
rabbit model. In the porcine model, sirolimus-eluting stents, and
stents releasing both sirolimus and dexamethasone reduced the
neointimal area compared to bare metal stents after 28 days. This
resulted in a 50% decrease of in-stent restenosis (Suzuki et al., 2001).

Sirolimus has also been tested for its potential use in a
perivascular drug delivery system. Non-constrictive perivascular
poly(�-caprolactone) (PCL) cuffs releasing paclitaxel or rapamycin
allowed dose-dependent sustained drug release for 3 weeks. Their
application reduced intimal thickening of the treated femoral arter-
ies by 75% and 76%, respectively (Pires et al., 2005). Pluronic gel
containing 200 �g of sirolimus reduced intimal hyperplasia by 41%
after 6 weeks (Schachner et al., 2004). Films made of poly(lactic-co-
glycolic acid) (PLGA) and PLGA blended with methoxypolyethylene
glycol (MePEG) loaded with paclitaxel and wrapped around the
injured carotid artery degraded after 28 days in rats (Jackson
et al., 2004). Owen et al. (2010) investigated injectable terpoly-
mer ReGel made of, i.e. poly(lactic-co-glycolic acid)–polyethylene
glycol–poly(lactic-co-glycolic acid) (PLGA–PEG–PLGA) containing
sirolimus (2.5 mg/ml in 2 ml of gel) either in the form of a suspen-
sion or a solution in vivo on pigs. However, in this case, the gel had to
be replenished with the drug at 1, 2, and 3 weeks post-operatively.
In addition, most of the above-mentioned systems were based on
materials with relatively weak mechanical properties, requiring
special handling (manipulation) during the surgical procedure or
prone to move away from the desired therapeutic position.

The aim of the study was to develop a periadventitial drug
delivery system consisting of a polyester silk mesh, coated with
a degradable copolymer purasorb loaded with sirolimus. The
polyester mesh was expected to give a stable mechanical support
to the sirolimus-releasing system, to facilitate and accelerate wrap-

ping the system around the vascular graft, and to prevent migration
of the system out of the periadventitial position. The release of
sirolimus onto aqueous and non-aqueous media was then mea-
sured by UHPLC, and the antiproliferative effects of the system were
tested in cultures of rat aortic smooth muscle cells.

2. Materials and methods

2.1. Materials

A knitted polyester silk mesh (CHS 50, PES Mesh) was obtained
from VUP Joint-Stock Company, Brno, CR. Purasorb PLC 7015, a
grade copolymer of l-lactide and �-caprolactone (70/30 molar ratio,
inherent viscosity midpoint of 1.5 dl/g; semicrystalline, without
residual monomers) was purchased from PURAC Biomaterials. Ace-
tonitrile (ACN; 99.95%, Biosolve), methanol (99.95%, Chromapur
GG) and dichlormethane (min. 99%, Chromapur GG) were pur-
chased from Chromservis (Prague, Czech Republic). HPLC grade
water was prepared by Milli-Q reverse osmosis Millipore (USA).
Sirolimus (Rapamycin from Streptomyces, Cat. No. R0395) was
obtained from Sigma–Aldrich (Germany).

2.2. Sample preparation

2.2.1. Mesh impregnation
The mesh is made from yarns. A yarn of about 90 �m across

is formed by polyester fibres 17.5 �m in diameter. Purasorb pe-
netrated into the gaps among the fibres in the yarn during mesh
coating. The solutions used for the coating were as follows:
solution 1: 5.2 mg of sirolimus, 36.4 mg of purasorb in 1 ml of
chlorbenzen–ethanol (1.75:1 v/v); solution 2: 10.4 mg of sirolimus,
36.4 mg of purasorb in 1 ml of chlorbenzen–ethanol (1.75:1 v/v);
solution 3: 36.4 mg of purasorb in 1 ml chlorbenzen–ethanol (1.75:1
v/v).

2.2.2. Homogeneous coating of Mesh I
The mesh was dip-coated with solution 1 and dried (30 min), and

then coated quantitatively (i.e. with the whole remaining amount of
the solution) for the second time with solution 1 and then dried. The
impregnated mesh contained 0.14 mg sirolimus homogeneously
distributed in 0.98 mg purasorb per 1 cm2.

2.2.3. Gradient coating of Mesh II
The polyester mesh was dip-coated with solution 2 and dried

(30 min), and then quantitatively overlaid with solution 3 and dried.
The total amount of 0.14 mg sirolimus in 0.98 mg purasorb per
1 cm2 in the impregnated mesh was the same as that after homoge-
neous coating; however, the sirolimus concentration was expected
to be higher inside the yarns than near their surface.

2.2.4. Purasorb Mesh
The polyester mesh was coated with solution 3 and dried, and

then overlaid with solution 3 and dried. This mesh was coated with
sirolimus-free purasorb, and served as a reference sample.

2.3. Sample incubation

Mesh I and Mesh II were cut into pieces 0.5 cm2 and 1 cm2 in
area, and were incubated in 5 ml of phosphate-buffered saline (PBS)
per cm2 of the mesh at 37 ◦C on a shaker. The PBS was changed daily.
For the analyses, the samples were removed after 0, 1, 4, 7, 9, 11,
14, 17, 21, 28, 35, and 42 days of incubation in PBS. For each time
interval, 3–8 samples of the mesh were used.
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2.4. Stability of sirolimus

The stability of sirolimus in PBS was assessed at 37 ◦C, −20 ◦C,
and −75 ◦C at two concentrations of 50 and 750 ng/ml after 0, 24,
48 and 168 h. The samples were 100 times pre-concentrated by
extraction to methanol using solid phase extraction (HLB OASIS
3cc, Waters) and were analyzed by Ultra High Performance Liquid
Chromatography (UHPLC).

The stability of sirolimus in methanol was assessed at 25 ◦C and
−75 ◦C at three concentration levels 0.125, 5.0, and 75.0 �g/ml. The
samples stored at 25 ◦C and −20 ◦C were analyzed after 0, 2, 24, and
48 h, whereas the samples stored at −75 ◦C were analyzed after 0,
2, 24, 48 h, and 5, 15, 30, and 60 days.

The stability of sirolimus in dichlormethane was assessed at
25 ◦C at three concentration levels 0.125, 5.0, and 75.0 �g/ml after
0, 5, 10, and 30 min.

2.5. Sirolimus extraction and UHPLC analysis

After incubation of Mesh I and Mesh II in PBS buffer, the meshes
were removed and dried at room temperature. Three mililiters of
dichlormethane were added to the mesh for 10 min in order to wash
purasorb and sirolimus out of the mesh. The mesh was removed
and dichlormethane was evaporated to dryness. Sirolimus was then
reconstituted in 1 ml of methanol, centrifuged 5 min at 13,000 rpm
in order to eliminate undissolved purasorb, and the supernatant
was immediately analyzed. If the sirolimus concentration during
the incubation experiment reached a limit of quantification (LOQ),
sirolimus was reconstituted in 0.1 ml of methanol, and the obtained
amount of sirolimus was divided by 10. Analyses were performed
on the Acquity UHPLC system (Waters) equipped with a 2996
PDA detector operating in the range from 194 to 600 nm. Chro-
matograms of sirolimus analyses were extracted and subsequently
quantified at 278 nm. The data was processed using Empower 2
software (Waters).

Samples were injected on a Waters BEH C18 column
(50 mm × 2.1 mm I.D., particle size 1.7 �m); the mobile phase con-
sisted of solvent A, 10% ACN, and solvent B, ACN; linear gradient
elution (min/%B): 0/60, 1.5/100, 2/100; flow rate, 0.4 ml min−1; col-
umn temperature, 50 ◦C; injection volume, 5 �l. Each analysis was
followed by an equilibration step (0.5 min).

2.6. Calculation of the remaining weight of sirolimus

The remaining weight of sirolimus on meshes X (�g/cm2) was
calculated as follows:

X = CUHPLC × 3.97
m

(1)

where CUHPLC (�g ml−1) represents the concentration of sirolimus
extracted from one piece of mesh and measured by UHPLC, m rep-
resents the weight of analyzed piece of sirolimus and purasorb-free
mesh measured after extraction (see Section 2.5), and constant
3.97 represents the weight of 1 cm2 of sirolimus and purasorb-free
mesh.

2.7. Partial validation of the sirolimus UHPLC method

The sirolimus quantification method was partially validated.
The calibration curve over the linear range from 3.125 to
100 �g ml−1 was determined using methanol solutions of sirolimus
at concentration levels of 100.0, 50.0, 25.0, 12.5, 6.3, and
3.1 �g ml−1. LOQ was determined as the lowest point of the ca-
libration curves with precision (expressed as relative standard
deviation, RSD%) less than 20% and accuracy of 80–120% in six
replicates.

2.8. Scanning electron microscopy

The pure PES Mesh and Mesh I were used without any processing
and after 2 and 6 weeks of incubation in PBS at 37 ◦C and drying in
a vacuum oven. The samples coated with 2 nm platinum in an SCD
050 Sputter Coater (Balzers Union AG, Balzers, Liechtenstein) were
observed using a QuantaTM Scanning Electron Microscope 200F (FEI
Czech Republic, s.r.o.).

2.9. Size-exclusion chromatography

The samples of Purasorb Mesh were incubated in PBS at 37 ◦C
for 0, 2, 4, and 6 weeks. In addition, the originally purchased
polymer purasorb was evaluated without any incubation. The
molar mass distribution of purasorb dissolved at a concentration
of 2 mg/ml in tetrahydrofuran (THF) and dimethylformamid (DMF)
(10:1) was measured by size-exclusion chromatography (SEC) in
THF/DMF carried out on a Waters SEC modular system using cou-
pled PLgel 103 Å, 10 �m (7.5 mm × 600 mm), and PLgel MIXED C
(7.5 mm × 600 mm) columns (Polymer Laboratories, Ltd.) with a
Waters 410 RI detector.

2.10. Cells and culture conditions

Polyester meshes (PES Mesh), meshes coated with purasorb
(Purasorb Mesh) and meshes coated with purasorb mixed with
sirolimus (Mesh I and Mesh II) were sterilized by ethylene oxide.
After sterilization, the samples were stored in a vacuum oven
at 35 ◦C for 4 weeks in order to remove the rest of organic sol-
vents used during preparation. Polystyrene dishes (24-well test
plate, TPP, Switzerland; well diameter 1.5 cm) were seeded with
VSMC derived from the intima-media complex of the thoracic aorta
of 8-week-old male Wistar SPF rats by the explantation method
(Bačáková et al., 2002), and were used in passage 5–10. VSMC were
seeded at an initial number of 16,000 cells/well (i.e. population den-
sity of about 9000 cells/cm2) into 1.5 ml Dulbecco-modified Eagle
Minimum Essential Medium (DMEM; Sigma, St. Louis, MO, U.S.A.;
Cat. No. D5648), supplemented with 10% of fetal bovine serum
(FBS; Sebak GmbH, Aidenbach, Germany) and 40 �g/ml of gentam-
icin (LEK, Ljubljana, Slovenia). Twenty-four hours after cell seeding,
the samples (PES Mesh or Purasorb Mesh or Mesh I or Mesh II,
each 1 cm2) were added into the wells of the culture plates. Pure
polystyrene (PS) without added meshes was used as a control. The
cells were cultured for zero, two, seven and 14 days after adding
the meshes at 37 ◦C in a humidified air atmosphere containing 5%
of CO2. For each experimental group and time interval, 3 samples
were used.

2.11. Cell viability and number

Cell viability was measured using a LIVE-DEAD Viabi-
lity/Cytotoxicity Kit (Invitrogen). VSMC were washed with PBS,
and incubated with calcein AM (1 �M) and ethidium homodimer-1
(2 �M) for 15 min. The number of living cells (stained green) and
dead cells (stained red) were counted from micrographs that were
taken under an Olympus IX 71 epifluorescence microscope with
a DP 71 digital camera. For each sample and time interval, 30–45
homogenously distributed microscopic fields were used.

2.12. Statistical analysis

The quantitative data was presented as mean ± SEM (standard
error of mean) or mean ± RSD (relative standard deviation, Table 1).
The statistical analyses were performed using SigmaStat (Jandel
Corporation, U.S.A.). Multiple comparison procedures were made
by the ANOVA, Student–Newman–Keuls method. The value p ≤ 0.05
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Fig. 1. Chromatogram of sirolimus after incubation at 37 ◦C for 24 h in PBS and methanol (the concentration of sirolimus was 25 �g/ml). Chromatographic conditions: UPLC
column Acquity BEH C18 (50 mm × 2.1 mm I.D., particle size 1.7 �m); mobile phase A, 10% acetonitrile, and B, acetonitrile; linear gradient elution (min/%B): 0/60, 1.5/100,
2/100; flow rate 0.4 ml min−1; column temperature, 50 ◦C; injection volume, 5 �l; UV max 278 nm; retention time of sirolimus 1.48 min.

was considered significant. For statistical evaluation of the cumu-
lative release of sirolimus we used STATGRAPHICS Centurion XV
software (StatPoint, U.S.A.) and the statistical literature (ČSN ISO
2602). The confidence intervals for the estimated mean values and
the confidence limits for the plot of the fitted models were calcu-
lated at a confidence level of 95%.

3. Results

3.1. Partial validation of the sirolimus UHPLC method

The original rapid UHPLC method for determining sirolimus
was developed; for the parameters, see Section 2.5. Under the
conditions that were developed, baseline separation of sirolimus
without any interference was obtained. The sirolimus peak reten-
tion time was 1.48 min (see Fig. 1). The calibration curve was linear
with regression equations of y = 3.32 × 104 + 3.49 × 104 and deter-
mination coefficient of 0.999. LOQ was determined as 3.125 with
�g ml−1 with precision (RSD) of 2.2% and accuracy of 102.4% (n = 6).
The recovery of the extraction method was 101.1% with RSD of
8.6%.

Table 1
Stability of sirolimus dissolved in PBS at 37 ◦C, −20 ◦C, and −75 ◦C. Residues of
sirolimus (%) are presented as the mean of the measured concentrations ± L; where
L represents the confidence interval (95%) and was calculated as follows: L = R × Kn ,
where R is the difference between the lowest and highest measured concentration,
Kn is constant for n replicates at a confidence level of 95%; n = 4 and K4 = 0.72.

Temperature Time (h) Residue of sirolimus (%) for relevant concentrations

50 (ng/ml) 750 (ng/ml)

0 100 (%) 100 (%)
37 ◦C 24 20.9 ± 7.5 26.5 ± 4.1

48 12.5 ± 5.2 8.5 ± 2.6
168 (Under detection limit) (Under detection limit)

−20 ◦C 24 45.6 ± 4.8 67.8 ± 5.2
48 21.0 ± 8.2 39.1 ± 4.8

168 (Under detection limit) (Under detection limit)

−75 ◦C 24 44.6 ± 4.7 72.2 ± 5.6
48 27.0 ± 6.5 71.5 ± 5.3

168 26.8 ± 6.6 69.2 ± 5.1

3.2. Stability of sirolimus in water and methanol

It was found out that sirolimus is not stable in aqueous media
including PBS (Fig. 1 and Table 1). Table 1 shows that after 24 h
in PBS, sirolimus degraded by more than 70%. It was therefore

Fig. 2. Accumulated release of sirolimus from the coated polyester meshes, i.e. Mesh
I and Mesh II. The data is presented as the means ± SEM, blue curves represent two-
sided confidence intervals (at a confidence level of 95%). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. Micrographs of the PES Mesh (A), Mesh I before incubation in PBS (B), Mesh I after 2 weeks (C), and 6 weeks (D) of incubation in PBS, taken under scanning electron
microscopy, magn. 2000×, 30.0 kV.

not possible to determine sirolimus released into PBS directly.
Instead, the sirolimus retained in the mesh was assayed, and
the amount of released sirolimus was calculated. For this pur-
pose, an investigation was made of the stability of methanol and
dichlormethane, which were used for extracting sirolimus from the
meshes. The methanol solution of sirolimus at 25 ◦C is stable for 2
days, which is sufficient for the sample preparation and analysis.
This solution is stable at −75 ◦C for 60 days, which enables stor-
age of sirolimus stock solutions (data not shown). Dichlormethane
was found to be suitable for extraction of sirolimus, because
sirolimus in dichlormethane is stable for at least 30 min (data not
shown).

3.3. Cumulative release of sirolimus from Mesh I and Mesh II

Mesh I consisted of PES Mesh coated with purasorb layer
with homogenously dissolved sirolimus. Mesh II was PES Mesh
coated with sirolimus-containing purasorb with a higher con-
centration of sirolimus, and on top there was a layer of pure
purasorb. This arrangement of the drug-delivery systems sub-
stantially influenced the sirolimus release. Mesh I released the
entire amount of sirolimus after 6 weeks, Mesh II after 4 weeks
of incubation in PBS (Fig. 2). As regression models, Square root-
Y logarithmic-X [4.57331 + 1.52937 × ln(day)]2 and Square root-X
[−16.4822 + 23.2462 × sqrt(day)] were used for Mesh I and Mesh
II, respectively; the correlations obtained were 0.9627 and 0.9712
for Mesh I and Mesh II, respectively. An initial burst of sirolimus
release from Mesh I was observed during the first week of its incu-
bation. On day 11, however, the percentage of released sirolimus
was equal for both meshes, i.e. 67.7% and 65.5% for Meshes I and
II, respectively. Mesh II released sirolimus more homogeneously,
without the initial burst effect during the first week, but the curve

was steeper at later time points than for Mesh I. This shortened the
time needed for total sirolimus release from Mesh II to 4 weeks.

3.4. Scanning electron microscopy

A copolymer film was found on the surface of the fibres, and it
also bridges gaps between the fibres. Erosion of the film was visible
after 2 weeks of incubation with PBS. A broken film was observed
after 6 weeks.

3.5. Molecular weight

The molecular weight of purasorb from the Purasorb Meshes
after 2, 4, and 6 weeks of incubation in PBS was similar to its weight
before incubation (Fig. 4). The values of Mw 117,250 and Mn 85,000
were determined for the original polymer supplied by PURAC. Pura-

Fig. 4. Chromatogram of purasorb after 0 (red), 4 (blue) and 6 (green) weeks of incu-
bation in phosphate-buffered saline at 37 ◦C. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Number and viability of vascular smooth muscle cells on a pure polystyrene
culture dish (PS), on PS with a polyester mesh (PES Mesh), a purasorb-coated PES
Mesh (Purasorb Mesh) or a sirolimus-containing PES Mesh (Mesh I) on day 0, 2, 7 and
14 after adding the meshes into the cultures. p-Value <0.05 is considered significant
in comparison with the sample of the same number and the day of culture.

sorb solutions obtained by soaking coated meshes in THF/DMF were
analyzed in the same way by SEC. No differences in the molecular
mass distribution were observed in the samples of originally sup-
plied purasorb, polymer dissolved from intact coated meshes, and
polymer dissolved from coated meshes incubated with PBS for 1, 2,
4, and 6 weeks in PBS and then dried.

3.6. Cell number and viability

The viability of VSMC was in the range of 86.2–99.4%, and this
viability was similar on Mesh I and Mesh II and on the control sam-
ples (Figs. 5 and 6). Sirolimus eluted from Mesh I in an in vitro
experiment significantly reduced the VSMC number on day 2, 7,
and 14. The reduction in the VSMC number was by 21.8%, 28.7%,
and 24.8% compared to PS on day 2, 7, and 14, respectively. For
Mesh II, VSMC proliferation was reduced by 67.6%, 76.1%, and 60.1%
compared to PS on day 2, 7, and 14 after adding the meshes, respec-
tively.

4. Discussion

Local drug delivery is assumed to have a substantial effect on
preventing vascular restenosis without causing systemic adverse
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Fig. 6. Number and viability of vascular smooth muscle cells on a pure polystyrene
culture dish (PS), on PS with a polyester mesh (PES Mesh), a purasorb-coated PES
Mesh (Purasorb Mesh) or a sirolimus-containing PES Mesh (Mesh II) on day 0, 2, 7 and
14 after adding the meshes into the culture. p-Value <0.05 is considered significant
in comparison with the sample of the same number and the day of culture.

reactions (Pires et al., 2005). It prevents drug degradation before
reaching the target, and assures excellent uptake of the drug by
the tissue (Golomb et al., 1996). However, a long-term follow-up
of antiproliferative drug-eluting intravascular stents, containing,
e.g. paclitaxel, sirolimus, or tacrolimus, revealed a wide range of
adverse reactions, caused by mechanical and biochemical damage
to the vascular wall by the stent. These reactions involved particu-
larly damage to the endothelium, increased platelet aggregation
and a thrombogenic response, the presence of focal remnants
of residual fibrin deposition, induced apoptosis of VSMC, and
insufficient reduction of neointimal hyperplasia at 90 and 180
days in animals, when the drug was completely eluted from the
stent (Suzuki et al., 2001). Other important complications are
inflammation of the vessel wall and local hypersensitivity reac-
tion against the polymer coating the stent. High-molecular weight
PLLA (320,000 Da) used as a coating of the tantalum stent caused
lower neo-intimal inflammatory response compared to the low-
molecular weight PLLA (80,000 Da) coating (Lincoff et al., 1997). The
presence of stents in the vascular lumen often leads to impaired
healing of endothelium accompanied by an excessive risk of late
thrombosis.

On the other hand, a perivascular wrap prevents mechanical
damage to the endothelium layer. The risk of late thrombosis
caused by sirolimus released from the perivascular delivery system
can be minimized by the distance of the sirolimus source from the
endothelial cell layer, and by limiting the time of sirolimus release
to the several weeks that are needed for re-endothelialization of the
graft. However, in earlier studies, the drug carriers for the perivas-
cular drug delivery system were often constructed in the form of a
gel, which allowed them to move (migrate) away from the desired
therapeutic position (Owen et al., 2010).

We have developed a perivascular drug delivery system based
on a relatively mechanically strong polyester mesh, which is
expected to be stably wrapped around the vascular graft. In addi-
tion, the mechanical support provided by the meshes can prevent
distension of the autologous vein graft placed into arterial posi-
tion, reduces the increased vessel wall stress and in turn leads to
inhibition of VSMC proliferation (Mehta et al., 1998).

This mesh is coated with a degradable copolymer of l-lactide and
�-caprolactone (i.e. purasorb) containing sirolimus. Release from
degradable matrices is usually triphasic, contains an initial burst
release, a diffusional phase, and a degradation-controlled phase
(Venkatraman and Boey, 2007). The kinetics of the drug release
depends on the physical and chemical properties of the drug, the
choice of a degradable polymer or copolymer, and their arrange-
ment into polymer bilayers or multilayers with and without the
drug, and also barriers (Finkelstein et al., 2003).

The degradation of polycaprolactone is within the order of 2–3
years, which is a much slower rate than that of PLA (Gunatillake
and Adhikari, 2003). The rate of degradation of polyesters, such
as polyglycolide, polylactide, and polycaprolactone, is preferably
caused by access of water to the ester bond. Water rapidly
plasticizes these polymers, and this in turn leads to mecha-
nical distortion, cracking, pitting and fissure of the polymer in
an uncontrolled way (Vert et al., 1994). Paclitaxel release from
PLGA/methoxypolyethylene glycol (PLGA/MePEG) films was very
slow, with less than 5% of the encapsulated drug being released
over 2 weeks. The addition of 30% diblock copolymer composed
of PDLLA-block-MePEG to paclitaxel-loaded PLGA films caused a
substantial increase (five- to eight-fold) in the release rate of pacli-
taxel. The water soluble diblock copolymer seemed to enhance the
hydrophilicity of the matrix, water uptake, the formation of water-
filled channels throughout the matrix, and greatly increased the
paclitaxel release rates (Jackson et al., 2004).

The copolymer used in the study, i.e. copolymer of l-lactide
and �-caprolactone (70/30) was of a relatively high Mw, i.e.
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117,250 g/mol. After 2 weeks (Fig. 3) and 4 weeks (not shown)
of incubation in PBS, we observed only small erosion changes in
the copolymer coating; cracks appeared after 6 weeks. No changes
in molar mass distribution observable by SEC indicated that there
was no hydrolytic degradation of the purasorb polymer chains.
Thus, sirolimus was released from the polymer matrix by diffu-
sion rather than by polymer degradation. Mesh I released the total
amount of sirolimus after 6 weeks, and Mesh II after 4 weeks. From
Mesh I, there was substantial release of the drug in the first week
of incubation, while the sirolimus release from Mesh II was more
homogenous, without an initial burst release of the drug (Fig. 2).
The difference in the kinetics of sirolimus release was caused by
the different coating of the two meshes. Mesh I was coated with
a homogeneous layer containing sirolimus. Mesh II contained the
first layer which was twice as concentrated as that in the Mesh I,
and the second upper layer composed of pure copolymer. The upper
layer prevented an initial burst effect of sirolimus from Mesh II, due
to gradual sirolimus diffusion through the pure copolymer. A sim-
ilar arrangement, which prevented an initial burst drug release,
was used in a study on bilayer rapamycin-eluting stents, coated
with two different PLGA layers (Pan et al., 2009). The first PLGA
layer (95 kDa, 85/15) contained a substantial amount of the drug
(316 �g), while the upper layer was composed of PLGA of low Mw

(20 kDa, 75/25) and contained only a small portion of rapamycin
(30 �g).

The release of sirolimus differed according to the composition
and arrangement of the two matrices. The sirolimus release from
Mesh II, being completed after 4 weeks, was faster than the 6-week
release from Mesh I. This may have been caused by a higher con-
centration of sirolimus in the first (i.e. bottom) layer of the Mesh
II coating, which may have created a high concentration gradient
of sirolimus, supporting drug diffusion into the upper layer and its
release. In other studies, the complete drug release has varied, being
observed after 15, 28, or even 90 days (Venkatraman and Boey,
2007; Hausleiter et al., 2005; Pires et al., 2005). Perivascular poly(�-
caprolactone) (PCL) cuff released all paclitaxel or rapamycin after
3 weeks (Pires et al., 2005). Films made of poly(lactic-co-glycolic
acid) (PLGA) and PLGA blended with methoxypolyethylene glycol
(MePEG) loaded with paclitaxel used as perivascular wraps released
only 5–20% of the drug after 30 days (Jackson et al., 2004).

Both Mesh I and Mesh II inhibited growth of VSMC in cul-
ture for 14 days, although the Mesh II reduced VSMC proliferation
more apparently (Figs. 4 and 5). This correlates positively on with
the kinetics of sirolimus release, as the same amount of drug
(140 �g/cm2) in the Mesh II is released in a shorter time inter-
val of 4 weeks. However, the Mesh I has been releasing sirolimus
for 6 weeks which can be useful for in vivo studies in the future.
In addition, as indicated by staining of VSMC by LIVE-DEAD Via-
bility/Cytotoxicity Kit, the growth of VSMC was inhibited without
significant death of these cells, which can be considered as a
favourable effect preserving the physiological functions of VSMC,
particularly their contractility. On the contrary, treatment with
the rapamycin-eluting Pluronic gel, applied into the perivascu-
lar spaces of the grafted vein in mice, was associated with an
increased apoptosis rate in the vascular wall, including the tunica
media (Schachner et al., 2004). However, in this case, the dose of
rapamycin was higher than in our system (i.e. 140 �g/cm2 of the
mesh), amounting to 200 �g per 0.1 ml of the gel.

In clinically used CypherTM stents, the total load of sirolimus
is in the range of 70–300 �g (Venkatraman and Boey, 2007). Two
profiles of drug release from stents have been prepared: fast release
profile released the total amount of sirolimus (i.e. 140 �g/cm2) in
15 days, and slow release that needed 90 days for the release of the
drug. In our study, we used the same concentration of sirolimus per
cm2 in both Mesh I and Mesh II). Bare microporous metal stents
without polymer coating were loaded with three concentrations

of sirolimus, i.e. 138, 313, and 479 �g/mm2. Complete release was
found after 4 weeks with 66% of drug released in the first week
(Hausleiter et al., 2005).

A significantly higher amount of sirolimus (2.5 mg/ml in 2 ml
of gel) was used in the injectable terpolymer ReGel made of
poly(lactic-co-glycolic acid)–polyethylene glycol–poly(lactic-co-
glycolic acid) (PLGA–PEG–PLGA) (Owen et al., 2010). An in vitro
study showed that 65–80% of the drug was released by day 14. For
in vivo application, the gel should be replenished at 1, 2, and 3 weeks
post-operatively. Mean sirolimus concentrations in all tissue sec-
tions analyzed at 1 week were found to be below 3 ng/mg of tissue,
and were lower at this early time point than the experimentally
determined concentration that was required to inhibit the prolif-
eration of cultured smooth muscle cells by 50% (IC50 = 5 ng/ml).

5. Conclusions

We developed a perivacular system for controlled delivery of
antiproliferative drug sirolimus. The perivascular delivery sys-
tem is intended for wrapping a vein graft after its implantation
into an arterial position. The system is based on polyester mesh
coated with copolymer of l-lactide and �-caprolactone with dis-
solved sirolimus. Two similar formulations of the system were
able to release sirolimus within 4 or 6 weeks. The concentrations
of sirolimus released from both meshes inhibited proliferation
of smooth muscle cells in culture for 14 days. The perivascular
sirolimus-delivery system seems to be promising for prevention
of intimal hyperplasia and graft restenosis.
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Summary 

Autologous vein grafts used as aortocoronary bypasses are often 

prone to intimal hyperplasia, which results in stenosis and 

occlusion of the vein. The aim of this study was to prevent 

intimal hyperplasia using a newly developed perivascular system 

with sustained release of sirolimus. This system of controlled 

drug release consists of a polyester mesh coated with a 

copolymer of L-lactic acid and ε-caprolactone that releases 

sirolimus. The mesh is intended for wrapping around the vein 

graft during surgery. The mesh releasing sirolimus was implanted 

in periadventitial position onto arteria carotis communis of 

rabbits, and neointimal hyperplasia was then assessed. We found 

that implanted sirolimus-releasing meshes reduced intima 

thickness by 47±10 % compared to a vein graft after 3 weeks. 

The pure polyester mesh decreased vein intima thickness by 

35±9 %. Thus, our periadventitial system for controlled release 

of sirolimus prevented the development of intimal hyperplasia in 

autologous vein grafts in vivo in rabbits. A perivascularly applied 

mesh releasing sirolimus is a promising device for preventing 

stenosis of autologous vein grafts. 
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 Autologous saphenous vein is widely used as a 
conduit to solve the problem of stenosis or occlusion of 
the coronary and femoral arteries due to atherosclerotic 
lesions. The surgical outcome of these procedures has 
improved remarkably thanks to the use of alternative 
conduits (e.g. autologous arterial grafts, artificial 
synthetic grafts), but the saphenous vein is still used in 
coronary artery bypass grafting (CABG) and 
infrainguinal bypass graft surgery (Motwani and Topol 
1998). The long-term patency of the vein graft likely 
depends on adequate adaptation into the arterial vascular 
system as well as relative moderation in the development 
of intimal hyperplasia. Neointimal hyperplasia, which 
develops immediately after grafting, is the most 
important early change in the grafted vein. Remodelling 
of autologous vessels after bypass surgery is 
characterised by damage to the endothelial cell layer and 
exposure of vascular smooth muscle cells (VSMC) on the 
luminal surface, which causes adhesion and aggregation 
of platelets, adhesion of monocytes, activation of 
migration and proliferation of VSMC, and also the 
attachment of regenerating endothelial cells (EC). In 
order to prevent autologous vascular graft remodelling, it 
is essential to support the endothelialization process, and 
to reduce the proliferation of VSMC. 
 Endothelialization of the graft is completed 
within several weeks after surgery (Liuzzo et al. 2005). 
Stents are usually inserted into autologous graft stenosis 
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to solve the graft lumen patency. In order to prevent 
VSMC proliferation and graft restenosis, antiproliferative 
drug-eluting stents have been developed, such as 
sirolimus-eluting stents (CypherTM, Cordis J&J, NJ), 
and paclitaxel-eluting stents (Colombo and Iakovou 
2004).  
 Another way to influence neointimal formation 
is by an access from the adventitial surface of the grafted 
vessel. Periadventitial delivery of drugs from matrices 
placed adjacent to implanted grafts has been successfully 
used in animal models. Sirolimus was selected because 
previous studies had confirmed the ability of the drug to 
prevent neointimal hyperplasia with respect to its release 
kinetics, effective dosage, and safety in clinical practice 
(Schachner et al. 2004, Suzuki et al. 2001). 
 In our previous in vitro study, a periadventitial 
system of sustained release of sirolimus was developed 
(Filova et al. 2011). The system was constructed in the 
form of a polyester mesh (PES mesh) coated with 
copolymer of poly(L-lactic acid) and poly(ε-caprolactone) 
with dissolved sirolimus (Fig. 1). We observed relatively 
quick release of sirolimus from the mesh into the 
phosphate-buffered saline; 68±6 % of sirolimus was 
released within 11 days (Filova et al. 2011). Both the mesh 
and the copolymer ensured appropriate mechanical 
properties of the sheet, especially its strength, firmness, 
and the flexibility necessary for handling and the ability to 
be sutured. The results showed that the periadventitial 
copolymer-based system assured sustained release of 
antiproliferative drug sirolimus for 6 weeks. Sustained 
release of sirolimus suppresses VSMC proliferation for the 
time necessary for re-endothelialisation of the graft. This 
should reduce autologous graft remodelling and the need 
for subsequent treatment.  
 Wrapping the autologous graft with our 
polymeric sirolimus-releasing system ensures that the 
endothelial cell layer will be affected less than in the case 
of intravascular stents tightly touching the endothelium. 
Wrapping the vessel also can prevent mechanical strain 
on the graft induced by the stent (Jeremy et al. 2004). In 
addition, positive effects of external wall support on 
reducing vessel wall stress and inhibition of neointimal 
proliferation can be expected (Krejca et al. 2002). 
 The aim of this study was to evaluate the 
dynamics of the intimal changes in interposed external 
jugular vein grafts after three weeks. We hypothesize that 
this periadventitial sirolimus-releasing system wrapped 
around the autotransplanted vein will be a suitable option 
for positively influencing intimal hyperplasia and the 

patency of the vein graft.  
 A polyester mesh (PES mesh) (CHS 50, VUP 
Joint-Stock Company, Brno, bursting strength 138.0 N, 
EN 12332-1 standard) was coated with a solution 
containing 5.2 mg of sirolimus (Rapamycin, Sigma-
Aldrich, Germany), 36.4 mg of purasorb (Purasorb PLC 
7015, a copolymer of L-lactic acid and ε-caprolactone, 
PURAC biomaterials) in 1 ml of chlorbenzen – ethanol 
(1.75:1 v/v); and dried. Then it was coated for a second 
time with the same solution and dried. The resulting 
impregnated mesh contained 0.14 mg sirolimus per cm2. 
The dry mesh was sterilised with ethylene oxide.  
 Eighteen male Giant Chinchilla rabbits (3.0-3.5 
kg) were used in the experiments. Each experimental 
group included 4 to 8 animals, and the following 
experimental groups were tested: animals with an 
autologous graft (6 animals), animals with an autologous 
graft wrapped with a pure polyester mesh (4 animals), 
and animals with an autologous graft wrapped with the 
sirolimus-releasing mesh (8 animals). A rabbit model was 
used in the study as the mesh structure and mesh density 
were appropriate for the size of a rabbit jugular vein. 
Before surgery, the animals were anaesthetized using an 
intramuscular injection with ketamine hydrochloride 
(30.0 mg/kg). Anaesthesia was maintained with a mask 
and inhaled isoflurane (2.5-3.0 %). Heparin (300 IU/kg) 
was administered intravenously to the animals. The 
operative procedure was performed using an aseptic 
technique. The right external jugular vein and the right 
common carotid artery were exposed. The vein bypass 
grafts were constructed using an anastomotic cuff 
technique and were implanted to the common carotid 
artery (Jiang et al. 2004). Finally, either a pure PES mesh 
or a sirolimus-releasing mesh was wrapped around the 
vein graft and fixed by polypropylene suture 8/0 on the 
side. Non-wrapped autologous grafts were used as control 
samples. The animals were euthanized 3 weeks after 
implantation.  
 The explanted grafts were fixed in 10 % 
formalin, embedded in paraffin, cut into 3-4 µm sections 
and stained with Van Gieson with elastica. The thickness 
of the intima was calculated from 32-84 measurements 
per rabbit using the MeasureStackLines plug-in module 
of Ellipse Software (ViDiTo Systems, Slovakia). The 
data is presented as mean ± S.E.M. (Standard Error of 
Mean). One-way ANOVA and Scheffe’s method of 
multiple comparison were used for the statistical analysis; 
the effect of drug presence was tested. A value of p<0.05 
was considered to be significant.  
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Fig. 1. The polyester mesh was passed through a solution of sirolimus, 5.2 mg, and purasorb, 36.4 mg, in 1 ml chlorbenzen – ethanol 
(1.75:1 v/v) and slowly dried in ethanol vapours. 
 
 

 
 
Fig. 2. An autologous vein graft (A), an autologous vein graft wrapped with a PES mesh (B), and  an autologous vein graft wrapped 
with a PES mesh releasing sirolimus (C) after 3 weeks of implantation in rabbits, staining van Gieson and elastica, Olympus IX 51 
microscope, objective × 4, DP 70 digital camera, scale bar = 500 µm. 
 
 

 Histological staining revealed the presence of 
either a PES mesh or a sirolimus-releasing mesh in vein 
adventitia (Fig. 2), probably due to the graft expansion. 
The intima thickness in the controlled autologous grafts 
was 16.8±0.9 µm, in the autologous grafts wrapped with 
the pure PES mesh it was 11.0±0.4 µm, and in the 
autologous grafts wrapped with sirolimus-releasing mesh 
it was 8.9±0.2 µm. The decrease in intima thickness when 
the vein graft was wrapped with a pure PES mesh or a 
sirolimus-releasing mesh was by 35±10 % or 47±9 %, 
respectively, compared to the autologous vein graft after 
three weeks; the difference was significant with a value 
of p<0.001 (Fig. 2). Sirolimus-releasing meshes had a 
significantly (p<0.05) stronger effect on reducing intimal 
hyperplasia than a pure PES mesh. No oblitering thrombi 
were found in any of the animals.  
 The copolymer purasorb loaded with sirolimus 
released sirolimus for several weeks to the vein graft 
tissue. We assume that the thickness of the vessel wall 

was low enough to enable diffusion of sirolimus into the 
tunica media to inhibit VSMC proliferation. Sirolimus 
penetration may also be supported by its hydrophobicity. 
A reduction of intimal hyperplasia dependent on the 
sirolimus dose was observed for stents containing 60-
200 µg of sirolimus (Suzuki et al. 2001). The effective 
concentration of sirolimus necessary for inhibiting 
VSMC proliferation is relatively low (from ng/ml to 
μg/ml, Owen et al. 2010), allowing us to load the 
polymer with an amount of the drug sufficient for long-
term release.  
 Our present study confirmed the hypothesis 
about the synergistic effect of a PES mesh and sirolimus 
on vein wall remodelling. The polyester periadventitial 
mesh probably worked in the same way as the external 
elastic membrane of the native arterial vessels, allowing 
them to withstand higher pressures in arterial circulation. 
While the release of sirolimus reduces intimal hyperplasia 
for a period of several weeks after implantation of the 
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sirolimus-releasing PES mesh, the favourable elastic 
effect of the PES mesh itself can proceed even after the 
entire sirolimus load has been released. 
 It can be concluded that we created a unique 
periadventitial system with controlled release of 
antiproliferative drug sirolimus that reduced intimal 
hyperplasia in a rabbit model. This sirolimus-delivery 
system combines the positive effect of mechanical 
support from the wrap with the effect of the 
antiproliferative action of sirolimus. This system 
therefore represents a promising approach for preventing 
neointimal hyperplasia of vein grafts interposed into the 
arterial bed.  
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Summary 

This review summarizes recent trends in the construction of 

bioartificial vascular replacements, i.e. hybrid grafts containing 

synthetic polymeric scaffolds and cells. In these advanced 

replacements, vascular smooth muscle cells (VSMC) should be 

considered as a physiological component, although it is known 

that activation of the migration and proliferation of VSMC plays 

an important role in the onset and development of vascular 

diseases, and also in restenosis of currently used vascular grafts. 

Therefore, in novel bioartificial vascular grafts, VSMCs should be 

kept in quiescent mature contractile phenotype. This can be 

achieved by (1) appropriate physical and chemical properties of 

the material, such as its chemical composition, polarity, 

wettability, surface roughness and topography, electrical charge 

and conductivity, functionalization with biomolecules and 

mechanical properties, (2) appropriate cell culture conditions, 

such as composition of cell culture media and dynamic load, 

namely cyclic strain, and (3) the presence of a confluent, mature, 

semipermeable, non-thrombogenic and non-immunogenic 

endothelial cell (EC) barrier, covering the luminal surface of the 

graft and separating the VSMCs from the blood. Both VSMCs and 

ECs can also be differentiated from stem and progenitor cells of 

various sources. In the case of degradable scaffolds, the material 

will gradually be removed by the cells and will be replaced by 

their own new extracellular matrix. Thus, the material component 

in advanced blood vessel substitutes acts as a temporary scaffold 

that promotes regeneration of the damaged vascular tissue. 
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Introduction 
 
Aim of the review 
 This review article summarizes our 20-year 
experience in studying the role of vascular smooth 
muscle cells in physiology and pathophysiology of blood 
vessels, and also the interaction of these cells with 
materials developed for constructing bioartificial vascular 
replacements. The main mechanisms of blood vessel 
damage, especially those related to VSMC, are briefly 
explained, and then the review concentrates on current 
and future ways of replacing irreversibly damaged blood 
vessels. As bioartificial vascular grafts contain material 
and cellular components, both these components, i.e. 
synthetic polymeric materials (including their surface 
modifications) and potential cell sources are observed. 
Mechanisms of the cell-material interaction and methods 
for studying these processes are also analyzed. 
 
Blood vessel damage 
 Cardiovascular diseases, such as atherosclerosis 
and hypertension, are often associated with irreversible 
damage of the vessel and loss of its function. These 
diseases are relatively widespread in our population, and 
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are serious risk factors with a marked influence on length 
and quality of life. Vascular smooth muscle cells 
(VSMC) play an important role in the mechanism of 
atherosclerotic plaque formation and in vessel thickening 
during hypertension. These disorders are initiated through 
mechanical damage to the endothelial cell lining of blood 
vessels, evoked mainly by non-physiologically high 
blood pressure, and also through biochemical damage to 
the endothelial cell layer due to civilization stress (e.g., 
increased level of cholesterol or glucose, smoking, etc.). 
The permeability of the endothelial cell layer then 
increases, and molecules not occurring inside the vessel 
under physiological conditions penetrate inside it. These 
molecules include particularly the platelet-derived growth 
factor (PDGF), which is chemotactic and mitogenic for 
VSMCs. PDGF-like molecules can be produced by 
VSMCs by an autocrine manner under pathological 
conditions (Bačáková-Řeřábková 1990). Other proteins 
present in the blood, such as albumin, fibronectin and 
vitronectin, can also permeate to the vessel wall and 
change the qualitative composition of the vascular 
extracellular matrix (ECM). Both endothelium and 
VSMCs respond to vessel wall damage by immune 
activation, manifested by synthesis of imunoglobulin and 
selectin adhesion molecules, such as intercellular 
adhesion molecule-1 (ICAM-1), vascular adhesion 
molecule-1 (VCAM-1) or endothelial-leukocyte adhesion 
molecule-1 (ELAM-1), and by the presence of these 
molecules on the cell surface (Bačáková et al. 2000a,b, 
2002). These molecules act as receptors for cells of the 
immune system, such as leukocytes, lymphocytes, 
macrophages and mast cells. The role of mast cells in 
pathology of the vessel wall has often been 
underestimated, although it has been reported that in a 
pathologically changed vessel wall the ratio between mast 
cells and VSMC, i.e. the most numerous cell component 
of the vascular wall, can reach 1:5 (Rohatgi et al. 2009, 
Maxová et al. 2010). Inflammatory cells then penetrate 
into the vessel wall, release proteolytic enzymes, disrupt 
and oxidize the ECM, and thus activate migration and 
growth of VSMCs (Bačáková et al. 1997, 1999, 2002). In 
addition, the inflammatory cells produce cytokines, for 
example interleukins or tumor necrosis factors (TNF). 
Similarly to PDGF, these agents stimulate the VSMCs to 
change their phenotype from contractile to synthetic, 
which is referred to as phenotypic modulation (Hedin and 
Thyberg 1987, Campbell and Campbell 1995, Orr et al. 
2009). This modulation is characterized particularly by 
loss of specific isoforms of contractile proteins, such as 

alpha-actin and SM1- and SM2-myosins, and 
accumulation of cell organelles involved in 
proteosynthesis, such as endoplasmic reticulum, 
ribosomes or Golgi complex (Fager et al. 1989, Suzuki et 
al. 2010). Phenotypically modulated VSMCs are prone to 
hyperplastic and hypertrophic cell growth, migration into 
the tunica intima, production of osteopontin, i.e. a 
calcium-binding glycoprotein (Orr et al. 2009). They thus 
markedly participate in remodeling the vessel wall and in 
the creation of atherosclerotic plaques. Atherosclerosis is 
treated conservatively by a specific low-fat diet, 
following a healthy life style and the use of medicines, 
e.g. statins. However, severely and irreversibly damaged 
vessels must be replaced with autologous or artificial 
substitutes (for a review, see Chlupáč et al. 2009). 
 
Bioartificial vascular substitutes 
 In modern tissue engineering, perfect blood 
vessel replacements can be based either completely on 
biological material, i.e. extracellular matrix and cells 
(totally-engineered blood vessels; for a review, see 
Chlupáč et al. 2009), or can be characterized as 
bioartificial, i.e. consisting of synthetic scaffolds and 
cells. Optimal artificial scaffolds are constructed as a 
three-dimensional porous or fibrous tubular structure. The 
wall of this tubular scaffold is assigned for ingrowth of 
VSMCs, which will form a contractile multilayer, and 
also for ingrowth of nourishing capillaries (i.e., vasa 
vasorum) and nerve fibres. The luminal surface of the 
tubular construct is designed to be colonized by 
endothelial cells, which are expected to form a 
continuous, phenotypically mature, and thus 
semipermeable, non-imunnogenic and non-thrombogenic 
layer. This layer also helps to maintain the underlying 
VSMCs in quiescent contractile phenotype, e.g. by 
synthesis of sulfated and heparin-like 
glycosaminoglycans (Bačáková et al. 2000b, 2004, 
Filová et al. 2009a, Bačáková and Švorčík 2008). 
 An important characteristic of artificial scaffolds 
in advanced bioartificial vessel substitutes is that they are 
not only passively tolerated by cells (as was the case for 
earlier generations of vessel and other tissue 
replacements), but that they mimic functions of the 
natural ECM. This means that the synthetic material 
regulates the extent and the strength of cell adhesion, cell 
growth activity, cell differentiation and maturation to a 
desired phenotype. Resorbable materials (often synthetic 
polymers) have been considered as ideal substrates for 
scaffold fabrication, because these matrices can gradually 
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be replaced by cells and their newly formed natural 
extracellular matrix. In other words, in the concept of 
advanced tissue engineering, synthetic materials do not 
act as permanent vascular substitutes, but as temporary 
supportive structures stimulating regeneration of a 
defective vessel (Bačáková et al. 2004, 2007, Bačáková 
and Švorčík 2008).  
 However, experiments in laboratory animals 
have shown that degradable synthetic polymers often 
have insufficient mechanical qualities (Greisler et al. 
1991), which can lead to the formation of an aneurysm on 
the vascular replacements or a rupture of the replacement. 
Relatively fast degradation of the polymer and slow 
regeneration of new vascular tissue also contribute to the 
insufficiency of the mechanical properties of vascular 
replacements based on degradable polymers. Resorbable 
polymers often used in tissue engineering, such as 
polylactides, polyglycolides, polycaprolactones and their 
copolymers, usually degrade within weeks or months, 
whereas for human vessel reconstruction, especially for 
older people with other intercurrent diseases, the 
degradation time should rather be several years. 
Therefore, even in advanced tissue engineering 
approaches, there has been a certain “renaissance” of 
biostable polymers in vascular wall reconstruction, or 
semi-degradable materials containing both resorbable and 
biostable polymeric components have been considered 
for this purpose (Greisler et al. 1991, Xue and Greisler 
2003). 
 Differentiated autologous endothelial and 
smooth muscle cells, isolated from the patient’s 
subcutaneous veins before the planned surgery, have 
usually been considered for use as the cell component of 
blood vessel replacements. These cells can be further 
expanded under in vitro conditions and seeded on to 
synthetic scaffolds. After phenotypic maturation of the 
cells, which can achieved in a dynamic cultivation 
system, this construct can be implanted into the patient’s 
organism. Ideally, it can be expected that the synthetic 
scaffold will gradually be resorbed and replaced by newly 
regenerated functional vascular tissue (Bačáková et al. 
2003, 2004, 2007, Bačáková and Švorčík 2008). 
However, differentiated cells may be available in limited 
quantities, and their growth activity can also be low. For 
these cases, attempts have been made to differentiate 
vascular cells from stem or progenitor cells, e.g. those 
present in bone marrow, blood, fat tissue, or skeletal 
muscle satellite cells are used (for a review, see Chlupáč 
et al. 2009, Filová et al. 2009b, Suzuki et al. 2010). The 

desirable cell phenotype can be achieved by an 
appropriate composition of the culture medium, and also 
by the physicochemical properties and the bioactivity of 
the synthetic scaffolds. 
 
Currently used vascular substitutes 
 The tissue engineering approaches mentioned 
above, although promising for the future, still remain 
rather on a theoretical level, i.e., they have been applied 
in experiments in vitro or on laboratory animals. 
Autologous vessels are still considered as vascular 
substitutes of the highest quality – a classic example is an 
aortocoronary bypass created from subcutaneous veins of 
the lower limbs or from a. thoracica interna. However, 
this approach also has some limits, such as the 
availability of an appropriate healthy vessel for creating 
the substitute. As mentioned above, in our civilized 
society there are considerable numbers of people, 
especially those of older age, who suffer from vascular 
diseases including atherosclerosis. In addition, even 
healthy vessels are usually available only in limited 
quantities (for a review, see Chlupáč et al. 2009). Other 
serious problems are the burden to the patient due to 
additional surgery, donor site morbidity, and in the case 
of implantation of a vein into an arterial position, also 
limited adaptation of the vein tissue to higher mechanic 
requirements. This maladaptation is often manifested by 
activated migration, proliferation and synthesis activity of 
smooth muscle cells, i.e. effects that, together with 
endothelial layer damage and thrombus formation, lead to 
restenosis and failure of autologous vessel substitutes. It 
is also possible to use allogenous or even xenogenous 
substitutes from healthy donor organisms, but this 
approach is associated with the risk of immune rejection 
of the implant, and also the risk of pathogen transmission 
(Kakikis et al. 2005). 
 In the case of damaged vessels larger than 6 mm 
in diameter, artificial substitutes created from routinely 
available synthetic polymers, such as polyethylene 
terephthalate (PET) or expanded polytetrafluoroethylene 
(ePTFE), are currently used in clinical practice. These 
substitutes have relatively good mechanical properties 
and are resistant to stress due to the bloodstream. 
However, their potential for long-term durability and 
physiological function in the patient’s organism is limited 
(Xue and Geisler 2003). These replacements have 
physical and chemical properties that are less appropriate 
for colonization with cells. Firstly, they are hydrophobic. 
This is the main factor limiting cell adhesion and thus 
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hampering the desired reconstruction of a continuous and 
mature endothelial cell layer, which is considered to be 
the best anti-thrombogenic surface. In large diameter 
vascular replacements, a missing endothelial cell layer is 
not a factor markedly limiting long-term patency, because 
quick blood flow prevents the adhesion of thrombocytes 
and other blood cells to the prosthesis (for a review, see 
Chlupáč et al. 2009). However, in small diameter vessel 
replacements, the blood flow is slower, and thus 
thrombocytes and other blood components, including the 
cells of the immune system, can be accumulated here, and 
this can lead to stenosis or total obliteration of the 
artificial vessel. After implantation of the prosthesis the 
patients are therefore reliant for the rest of their lives on 
anticoagulant treatment, which can have negative side 
effects on their organism (for a review, see Chlupáč et al. 
2009). Thus, in the case of small-diameter vascular 
replacements, there is a particularly important need for 
bioartificial vascular prostheses with a mature continuous 
layer of anti-thrombogenic endothelium. 
 Reconstruction of the endothelial cell layer has 
been at the centre of interest in all innovations of 
polymeric vascular replacements, while VSMCs have 
usually been excluded from these replacements due to the 
risk of their excessive proliferation and vessel restenosis 
(Chlupáč et al. 2009). However, VSMCs are the most 
numerous cell types in the natural vessel wall, and a 
contractile layer of these cells is a physiological 
component of this wall. For this reason, the tunica media 
containing VSMCs should also be reconstructed in 
advanced vascular replacements. The character of the 
synthetic material in these replacements, and also the cell 
culture environment used for preparing the cell-material 
construct, should direct VSMCs from the synthetic 
phenotype, which is usual in conventional cell culture 
systems, to maturation towards quiescent contractile 
phenotype (Bačáková et al. 2004, Bačáková and Švorčík 
2008, Chlupáč et al. 2009). 
 
Synthetic polymers for reconstructing blood 
vessels 
 
Polymers for clinically and experimentally used vascular 
replacements 
 The vascular replacements used in current 
clinical practice are based on polyethylene terephthalate 
(PET) or polytetrafluoroethylene (PTFE). Polyurethane 
has been applied for constructing hemodialysis access 
grafts (for a review, see Chlupáč et al. 2009). In the 

experimental field, biostable polymers, such as 
polypropylene and polyethylene (PE), and also 
degradable polymers, such as polylactides, 
polyglycolides, polycaprolactone and their copolymers, 
have been used for creating cell carriers or prostheses 
tested in vitro or in laboratory animals (Bačáková et al. 
1996, 2001a, 2004, 2007, Chlupáč et al. 2009). 
 Our studies have usually focused on the 
interaction of vascular endothelial and smooth muscle 
cells with PET, PTFE or PE. PET, also known under the 
trade name Dacron, is a thermoplastic polymer belonging 
to the polyester group, developed by polycondensation, 
where the catalyst is phthalic acid. This polymer is 
hydrophobic (advancing water drop contact angle about 
90°; van Bilsen et al. 2008). For vascular replacement 
construction purposes it is used mostly in fibrous form 
(knitted or woven), mimicking the architecture of the 
natural vessel. This fibrous structure can serve as a 
scaffold for colonization with cells (endothelial cells on 
the luminal surface of the prosthesis and VSMCs inside 
its wall), and will allow a certain degree of transmural 
tissue ingrowth, such as capillaries and connective tissue. 
A disadvantage of this type of vascular prosthesis, 
particularly if knitted, is its permeability for blood, which 
has been prevented by impregnation with proteins such as 
albumin, collagen or gelatine (Marois et al. 1996; for a 
review, see Chlupáč et al. 2009). Glutaraldehyde or 
formaldehyde used for crosslinking these proteins may 
persist in the prosthesis and have cytotoxic effects (You 
et al. 2010, for a review, see Filová et al. 2009b). 
Therefore, in our studies, knitted PET prostheses have 
been impregnated with a copolymer poly(glycolide–L–
lactide) or with a terpolymer poly(glycolide–L–lactide–
(ε)caprolactone). This approach has not only reduced 
their permeability, but has also enhanced their 
attractiveness for endothelial cells by flattening the 
relatively rough inner surface and increasing its 
wettability. Cell colonization has further been supported 
by coating the luminal surface of PET prostheses with 
fibrin, laminin and collagen type I in combination with 
laminin, fibronectin or fibrin (Chlupáč et al. 2006, 2008). 
 PTFE is known under the trade names Teflon or 
Goretex. It is a thermoplastic fluorinated polymer with a 
high oxygen index (i.e., a parameter of the flammability 
of the material), which means that this material is 
relatively resistant to fire and high temperatures (Cullis 
and Hirschler 1983). From a clinical point of view, PTFE 
is a more biostable material than PET, i.e. it is less prone 
to deterioration in biological environments, and has low 
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reactivity towards blood elements. For fabricating 
vascular prostheses, expanded PTFE is used, i.e. with a 
porous structure created by a special manufacture 
technology based on heating, stretching and extruding the 
material. The mechanical properties of PTFE are highly 
suitable for constructing vascular replacements (Guidoin 
et al. 1993). However, similarly to PET, PTFE in its 
unmodified state is also highly hydrophobic, and this is a 
limiting factor for cell adhesion and for potential 
construction of bioartificial vascular prostheses based on 
PTFE scaffolds (Heitz et al. 2003, Chlupáč et al. 2009). 
 Polyethylene (PE) has been used as a model 
material because of its good availability, low cost and 
relatively easy processing by methods commonly used for 
polymer surface modification. It is biostable and resistant 
to deterioration by water, frost and various chemicals. PE 
has been classified into several different categories based 
mostly on its density and branching. The most frequently-
used types of PE are ultra-high molecular weight 
polyethylene (UHMWPE), used as a component for total 
joint replacements and spine implants, low density 
polyethylene (LDPE, density 0.922 g/cm3), and high 
density polyethylene (HDPE, density 0.951 g/cm3) 
(Švorčík et al. 2006). 
 Concerning its physical and chemical properties, 
LDPE has a slightly lower water drop contact angle of 
98°, while HDPE has a contact angle of 102°. This 
difference in the contact angles between LDPE and 
HDPE is relatively small; thus both polymers are 
considered to be highly hydrophobic. However the two 
polymers differ from each other more markedly in their 
structure. HDPE has linear chains, whereas LDPE is 
branched (Hameed and Hussain 2004, Ducháček 2006). 
These differences could explain, at least partly, the higher 
adhesion and growth of VSMCs on LDPE observed in 
our studies, although the cell colonization was relatively 
low on both types of PE. Similarly to PET and PTFE, PE 
in its pristine unmodified state is not optimal for scaffolds 
for vascular tissue engineering, due to its bioinertness 
(Švorčík et al. 1995, 2006, 2009, Bačáková et al. 2001a, 
Walachová et al. 2002, Kasálková et al. 2008, 2010, 
Pařízek et al. 2009). 
 
Polymer modification methodology 
 Modifications are made to the polymers used in 
our studies in order to change their physical and chemical 
surface properties, such as polarity, wettability, chemical 
composition (presence of oxygen-containing chemical 
functional groups, free radicals, carbon content, etc.), 

surface roughness and topography. These characteristics 
of the polymer surface are the key factors controlling 
spontaneous adsorption of extracellular matrix (ECM) 
molecules from biological fluids such as culture medium 
or blood. These characteristics determine the type of 
adsorbed molecules – for example, vitronectin, 
fibronectin and collagen are adsorbed preferentially on 
wettable surfaces, while albumin is absorbed 
preferentially on hydrophobic surfaces. The quantity, 
geometrical conformation and flexibility of cell adhesion-
mediating molecules are also influenced by the physical 
and chemical properties of the material surface, and by 
the consequent availability of specific sites on ECM 
molecules for cell adhesion receptors, which direct the 
subsequent cell behavior, e.g. their adhesion, spreading, 
migration, proliferation, differentiation, viability and 
other cell functions (Bačáková et al. 2004, Bačáková and 
Švorčík 2008). 
 A range of physical and chemical modifications 
have been used to create a bioactive surface attractive for 
cell colonization. For example, in our earlier studies, 
polymers were irradiated with ultraviolet light (UV), ions 
or plasma irradiation, and some of them were 
subsequently grafted with various biomolecules or 
nanoparticles attached to newly-developed binding sites 
on the activated polymer. 
 UV light irradiation is a relatively simple and 
easily available method for changing the physical and 
chemical surface properties of synthetic polymers in 
order to enhance their bioactivity. In our studies 
performed in collaboration with the Department of 
Applied Physics, Institute of Experimental Physics, 
Johannes-Kepler-University, Linz, UV light was 
generated using a Heraeus-Noblelight Xe2 lamp (Hanau, 
Germany; centre wavelength of 172 nm, spectral 
bandwidth about 16 nm, intensity about 22 mW/cm2). 
The exposure time ranged from 5 to 30 min (Heitz et al. 
2003, Mikulíková et al. 2005, Bačáková and Švorčík 
2008). In our earlier studies, this method was used to 
modify the surfaces of PTFE (Heitz et al. 2003, 
Mikulíková et al. 2005) or PET foils (Kubová et al. 
2007). Polymer modification by UV light has usually 
been performed homogeneously on the entire polymer 
surface. However, it is also possible to achieve irradiated 
micro-domains of various sizes, shapes, distances and 
distributions on the polymer surface in order to guide 
regionally-selective cell adhesion and growth. For this 
purpose, we used metallic (e.g. nickel) contact masks 
with gaps ranging in diameter from several micrometres 
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to hundreds of micrometres. The spacing between the 
gaps was usually hundreds of micrometres or even 
millimetres, in order to avoid possible bridging of the 
unexposed regions by cells, especially by VSMCs. 
Compared to other cell types, such as the vascular 
endothelial cells or human embryonic kidney (HEK) cells 
also used in our studies, VSMCs were more active in 
migration and growth, and thus also in overlapping the 
irradiated domains and spanning the unmodified polymer 
regions. The selectivity of cell adhesion on the irradiated 
domains was also influenced by the time of exposure to 
UV light, cell seeding density and the time of cell 
cultivation (Mikulíková et al. 2005, Pařízek et al. 2009, 
Bačáková et al. 2009; Fig. 1). 
 As mentioned above, the purpose of irradiating 
synthetic polymers is to convert their surfaces, which are 

rather bioinert in their pristine unmodified state, to 
bioactive surfaces promoting cell colonization. UV light 
irradiation induces degradation of polymer chains and the 
release of some atoms, namely hydrogen or fluorine in 
PTFE, from the polymer, and the creation of radicals. 
These radicals react with air oxygen, leading to the 
formation of oxygen-containing functional chemical 
groups on the polymer surface (Heitz et al. 2003, 
Mikulíková et al. 2005, Bačáková and Švorčík 2008). 
Afterwards these groups enhance the polymer polarity 
and wettability, and in this way they have a favorable 
influence on the adsorption of cell adhesion-mediating 
ECM molecules. These molecules, including particularly 
fibronectin, vitronectin, collagen or laminin, are present 
in biological fluids such as standard serum-supplemented 
cell culture media, blood or extracellular fluid, and are 

 
Fig. 1. Effects of time of exposure to UV light, cell type, and time of cultivation on cell adhesion to UV-irradiated domains created on 
PTFE through a nickel mask with round openings (diameter 100 μm, center-to-center distance 300 µm) in an ammonia atmosphere. 
A, B: Rat aortic smooth muscle cells on day 1 after seeding on PTFE irradiated for 10 min and 20 min, respectively. C, D: Human 
umbilical vein endothelial EA.hy926 cells and rat aortic smooth muscle cells, respectively, on day 3 after seeding on PTFE irradiated by
UV light for 20 min. B, D: Rat aortic smooth muscle cells on PTFE irradiated for 20 min on day 1 and day 3 after seeding, respectively.
The cells were stained with hematoxylin-eosin and photographed under an Olympus IX 50 microscope using a DP 70 digital camera,
except in the case of B, where the cells are native and are photographed using a phase-contrast microscope (Zeiss, Germany) with a 
CCD-camera (PCO-Sensicam, Kelheim, Germany). Bar = 200 µm. 
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also synthesized and deposited by cells colonizing the 
polymer (for a review, see Bačáková et al. 2001a, 2004, 
Bačáková and Švorčík 2008). 
 Changes in the polymers induced by UV 
irradiation can be further intensified by irradiation in 
reactive atmospheres, such as NH3 (Heitz et al. 2003, 
Mikulíková et al. 2005) or acetylene (Kubová et al. 
2007). In our experiments, the most positive effect on cell 
adhesion was observed when the polymers were 
irradiated in an NH3 atmosphere. When PTFE was 
irradiated with UV light in this atmosphere, fluorine 
atoms were substituted with C-H, C=O and particularly 
C-NH2 groups. It is well known that amino groups not 
only enhance the wettability of a material but also 
provide its positive charge. This has favorable effects on 
the adsorption of cell adhesion mediating proteins (Heitz 
et al. 2003, Mikulíková et al. 2005, Liu et al. 2007; for a 
review, see Bačáková and Švorčík 2008). 
 Ion irradiation of polymers, also known as ion 
implantation, is based on similar principles as UV light 
irradiation. This method was originally developed for 
technical purposes, for example for incorporating metal 
ions into materials designed for electronics (Fink et al. 
2004, Macková et al. 2006, Švorčík and Hnatowicz 
2007). Using this method, various materials can also be 
enriched with various ions for biological purposes; for 
example, calcium can be implanted into materials for 
bone replacements (Nayab et al. 2007). In our studies, we 
have focused on modifying synthetic polymers, such as 
polyethylene, polystyrene and polypropylene, with gas 
ions considered as biocompatible, namely oxygen and 
carbon ions, halogens, such as fluorine, or inert gases, 
such as argon (Švorčík et al. 1993, 1995, Bačáková et al. 
1996, 2000a,b, 2001a, Walachová et al. 2002, Švorčík 
and Hnatowicz 2007). During ion bombardment of the 
polymer, these ions are not retained in the polymer 
structure (or only minimally, usually below the limit 
detectable by available methods; Bačáková et al. 2000a, 
2001a). However, the ions cause changes in the polymer 
leading to its oxidation and subsequent enhancement of 
its polarity and wettability. As in the case of UV light 
irradiation, the polymer chains are degraded, various 
atoms are released, radicals are formed and they react 
with oxygen. These processes take place already in the 
implantation chamber, where the vacuum is not absolute 
(the pressure of the residual air is about 10-4 Pa), and 
continue after exposition of the irradiated material to the 
air atmosphere. Chemical functional groups containing 
oxygen (i.e., carbonyl, carboxyl, hydroxyl, ether or ester 

groups) are exposed on the polymer surface, enhance its 
polarity and wettability and promote the adsorption of 
cell adhesion-mediating molecules in appropriate 
geometrical conformations, which enable the specific 
amino acid sequences in the molecules to be reached by 
cell adhesion receptors (Bačáková et al. 2000a,b, 2001a). 
 As for the energy and dosage of ions, the surface 
of the samples used in our experiments was bombarded 
by ions of energies from 15 to 150 keV and of doses from 
1012 to 1015 ions/cm2. Higher ion energies and doses in 
this range (i.e., 150 keV combined with 5x1014 or 1015 
ions/cm2) resulted in an interesting effect, referred to as 
“relative carbonization” of the polymer. This means that 
during intensive irradiation of the polymer, the release of 
non-carbon atoms from the polymer prevailed over 
binding new atoms from the ambient atmosphere. As a 
result, the content of non-carbon atoms in the polymer 
decreased markedly and carbon relatively outweighed the 
other atoms, although its absolute content remained 
unchanged. In addition, conjugated double bonds arose 
between carbon atoms, and the polymer became 
electrically conductive – its electrical resistivity was able 
to decrease by as many as 15 orders of magnitude. This 
newly established electrical conductivity also 
significantly supported colonization of the polymer with 
cells (Švorčík et al. 1995, Bačáková et al. 1996, 2000a,b, 
2001a). It is known that the electrical conductivity of 
other types of materials, too, enhances cell adhesion and 
growth, even without active electrical stimulation of the 
cells (Jeong et al. 2008, Mihardja et al. 2008, Bettinger et 
al. 2009). 
 Similarly as in the case of UV light irradiation, 
ion irradiation can also be performed through contact 
metal masks in order to create microdomains adhesive for 
cells (Pařízek et al. 2009). 
 Plasma irradiation of polymers is another 
important technology for changing the physicochemical 
properties of the polymer surface in a similar way as by 
the use of UV light irradiation or ion irradiation. In our 
studies we used a Balzer SCD 050 device, where the 
polymers, mainly polyethylene, were irradiated with Ar+ 
plasma for various time intervals ranging from tens to 
hundreds of seconds (usually 50-400 s). The Ar+ plasma 
discharge activated the polymer surface by creating 
reactive radicals, oxygen-containing chemical functional 
groups and groups with double bonds (Kasálková et al. 
2008, 2010, Švorčík and Hnatowicz 2008). These active 
sites were grafted with various biologically active 
molecules, such as amino acids (glycine, arginine), 
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proteins (albumin, fibronectin), other synthetic polymers 
(polyethylene glycol), and even carbon or gold (Pařízek 
et al. 2009, Švorčík et al. 2009, Kasálková et al. 2010). 
These elements can be grafted to the activated polymer 
surface in the form of nanoparticles from a colloidal 
suspension of these elements in water (Pařízek et al. 
2009, Švorčík et al. 2009). The nanostructure of the 
polymer, created by partial polymer degradation during 
irradiation and further enhanced by the attachment of 
nanoparticles, is supportive for cell adhesion by a 
mechanism synergistic with that on moderately wettable 
surfaces, i.e. adsorption of cell adhesion-mediating 
proteins in an appropriate geometrical conformation for 
binding them with cell adhesion receptors (Miller et al. 
2007). 
 
Mechanism of cell-material interaction 
 
 As mentioned above, the cells adhere to 
conventional biomaterials (i.e. those not endowed with 
ligands for cell adhesion receptors, e.g. RGD-containing 
oligopeptides) through ECM proteins, spontaneously 
adsorbed on the material surface exposed to biological 
environments. Under in vivo conditions, these proteins 
are adsorbed from body fluids, and under in vitro 
conditions they are adsorbed from the serum in the 
culture medium, and also after synthesis and secretion by 
cells colonizing the material. 
 The cells can also be attached to the material 
surface without adsorbed proteins, i.e. through weak 
chemical bonds between molecules of the cell membrane 
and the material surface. However, these bonds are 
nonspecific, i.e. not mediated by cell adhesion receptors, 
and thus they cannot transfer adequate signals into the 
cells ensuring their viability, growth, differentiation and 
other specific functions (for a review, see Bačáková et al. 
2004, Bačáková and Švorčík 2008). 
 
Proteins mediating cell-material adhesion 
 ECM proteins that which mediate the cell-
material adhesion and markedly influence the subsequent 
cell behavior, such as cell spreading and shape, 
migration, proliferation, metabolic activity, viability, 
differentiation and phenotypic maturation, include 
particularly collagen, elastin, fibronectin, vitronectin and 
laminin. Most of these proteins are important components 
of vascular ECM in vivo, and therefore they play a 
significant role in blood vessel reconstruction and 
regeneration. 

 Collagen is a widespread protein in mammalian 
tissues, where it represents 25-30 % of all proteins in 
mammalian organisms. Its molecule consists of three 
polypeptide strands (called alpha chains), each possessing 
the conformation of a left-handed helix. These three left-
handed helices are twisted together into a right-handed 
coil, also referred to as a triple helix or a "super helix", 
which is a cooperative quaternary structure stabilized by 
numerous hydrogen bonds. The collagen molecule, i.e. 
tropocollagen, is approximately 300 nm in length and 
1.5 nm in diameter, and is a subunit of larger collagen 
aggregates, namely fibrils. The fibrils are interconnected 
through covalent bonds, which provide large mechanical 
stability to the whole collagen network (Abraham et al. 
2008). Nowadays, 29 various types of collagen have been 
described. The most common is the type I, which 
represents 90 % of collagen in a living organism and is 
contained mainly in the epidermis, ligaments, bones and 
teeth, and it is also an important component of the 
vascular ECM. Type II occurs in cartilages. Type III is 
collagen of embryonic development, and it is later 
replaced by collagen I. However, its content increases in 
the vascular wall under pathological conditions, which 
can be due to a dedifferentiated synthetic phenotype of 
VSMC, which is in some aspects similar to the 
embryonic and fetal VSMC phenotype (Bačáková et al. 
1997, 2002). Type IV occurs together with laminin in cell 
basal laminae, and together with laminin it maintains the 
VSMCs in the differentiated contractile phenotype (Roy 
et al. 2002). VSMCs bind collagen through β1-integrin 
adhesion molecules, especially through α1β1, α2β1, α3β1 
integrins, which are referred to as “collagen receptors” 
(Glukhova and Koteliansky 1995). 
 Elastin is defined as an insoluble scleroprotein, 
and is the main component of elastic fibers in animal 
tissues (ligaments, bronchi, lungs and vessel wall tissues). 
It contains a large amount of glycine, proline and 
aliphatic amino acids (alanine, valine, leucine and 
isoleucine), and also relatively numerous basic lysine 
residues. As for the vascular wall, high quantities of 
elastin occur in large vessels near the heart, such as 
thoracic aorta or carotid arteries. VSMCs are attached to 
elastin through a non-integrin adhesion receptor, which 
recognizes the amino acid sequence VAPG (Val-Ala-Pro-
Gly) in the elastin molecule (Gobin and West 2003). As 
elastin maintains VSMCs in a quiescent differentiated 
contractile phase (Karnik et al. 2003), recombinant 
elastin-like proteins with VAPG sequences are 
considered to be suitable for constructing bioartificial 
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blood vessel replacements (Bandiera et al. 2005). 
 Fibronectin belongs to the family of dimeric 
glycoproteins (molecular weight about 600 kDa). It has 
binding sites for other ECM molecules, such as collagen, 
heparan sulfate proteoglycans and also fibrin, a 
provisional matrix molecule taking part in wound 
healing, including repairs to vascular damage. 
Fibronectin can connect many ECM molecules into a 
continuous network. It is also an important component of 
blood serum, which is commonly used as a supplement 
for the cell culture media (Bačáková and Švorčík 2008). 
The cells adhere to fibronectin through integrin receptors, 
particularly integrin α5β1, referred to as a “fibronectin 
receptor”. Another important receptor for fibronectin on 
the cell membrane is the αvβ3 integrin. Both α5β1 and αvβ3 
integrins bind fibronectin through the RGD (Arg–Gly–
Asp) sequence in its molecule (Glukhova and 
Koteliansky 1995). Fibronectin can alternatively be 
spliced in three regions, namely extradomains EIIIA, 
EIIIB, and a variable segment V, potentially giving rise to 
functionally distinct variants of the molecule (Barnes et 
al. 1995). When differentiated mature VSMCs, freshly 
isolated from the rat aorta, were seeded on fibronectin 
substrates, fibronectin induced their phenotypic 
modulation to synthetic phenotype, and, in the presence 
of growth factors, also their migration and proliferation 
(Roy et al. 2002). Moreover, in the presence of a special 
osteogenic cell culture medium, fibronectin induced 
osteogenic differentiation of VSMCs, manifested by 
expression of osteocalcin, i.e. a calcium-binding ECM 
glycoprotein, activity of alkaline phosphatase and tissue 
calcification (Ding et al. 2006). 
 Similar effects were also observed in the 
presence of serum fibronectin in the culture medium 
(Hedin and Thyberg 1987). Also in experiments 
performed in vivo on mice with partial ligation of the 
carotid arteries, infusion of pUR4, i.e. a fibronectin 
polymerization inhibitor, reduced carotid intima, media 
and adventitial thickening, leukocyte infiltration into the 
vessel wall, ICAM-1 and VCAM-1 levels, cell 
proliferation and VSMC phenotypic modulation (Chiang 
et al. 2009). On the other hand, in non-differentiated 
progenitor cells, and also in other cell types than VSMC, 
such as mesangial cells, fibronectin is capable of inducing 
differentiation towards VSMC phenotype, manifested by 
synthesis of alpha-actin (Costa-Silva et al. 2009). 
 Vitronectin is a 75 kDa glycoprotein consisting 
of 459 amino acid residues. It is plasmatic glycoprotein 
circulating in blood in a concentration of 200-400 mg/ml, 

present in the serum supplement of the cell culture 
medium and in the extracellular matrix. It is one of the 
principal glycoproteins enabling cell adhesion and 
spreading, and the main ligand for vitronectin cell 
receptors, such as αvβ3, αIIbβ3, αvβ1, αvβ5. Other molecules 
bound by vitronectin are heparin and collagen. In cell 
cultures, vitronectin induces migration, proliferation and 
synthetic phenotype of VSMCs (Dufourcq et al. 2002). 
 Laminins are high molecular multidomain 
heterotrimer proteins (850 kDa), composed of α-, β- and 
γ-chains, and these chains occur in five, three and three 
genetic variants, respectively. Laminins are major 
proteins of the cellular basal lamina. In the vascular wall, 
laminin together collagen IV, elastin and sulfated and 
heparin-like glycosaminoglycans maintains VSMCs in a 
quiescent differentiated contractile state. Sixteen laminin 
isoforms have been described in mammals. The cellular 
receptors for laminin are integrins α1β1, α2β1, α6β1, α7β1, 
α9β1 (Bačáková-Řeřábková 1990, Glukhova and 
Koteliansky 1995, Roy et al. 2002, Suzuki et al. 2010).  
 In addition to proteins and glycoproteins, cells 
can also adhere to the growth surface through ECM 
molecules based mainly on saccharides, for example 
proteoglycans. These molecules are formed by a 
polypeptide chain, to which glycosaminoglycans (i.e., 
polysaccharides containing glucosamin) are bound. 
Polysaccharide chains are hydrophilic and bind a 
relatively high amount of water, i.e., they form gels 
(Nečas et al. 2000). A cell binds proteoglycans through 
non-integrin adhesion receptors, which also are 
saccharide-based molecules (for a review, see Bačáková 
et al. 2004, Bačáková and Švorčík 2008). 
 
Mechanism of ECM-material and ECM-cell binding 
 Binding between cells and ECM molecules 
through adhesion receptors, especially binding between 
protein molecules and integrins, has been intensively 
investigated in many studies (for a review, see Bačáková 
et al. 2004, Bačáková and Švorčík 2008). However, less 
is known about bonding between ECM molecules, 
spontaneously adsorbed on an artificial material, and the 
material. It is usually the result of weak chemical 
bonding, such as hydrogen bonds, van der Waals forces, 
polar or electrostatic interactions. Protein molecules are 
more weakly bound to the material surface with increased 
hydrophilicity. The hydrophilicity of the material 
provides flexibility of these molecules, easier remodeling 
and availability of specific bioactive sites (e.g., adhesion 
oligopeptides) in these molecules for cell adhesion 
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receptors. On the other hand, extremely hydrophilic 
surfaces inhibit stable adsorption of proteins, and thus 
adhesion of cells. Cell adhesion is therefore highest on 
moderately hydrophilic surfaces, i.e. usually surfaces 
with a water drop contact angle between 50-80°. Highly 
hydrophobic surfaces (contact angle more than 100°) 
adsorb ECM molecules in rigid and denaturated forms, 
which hamper or even disable the binding of cell 
adhesion receptors to the ECM molecules (for a review, 
see Bačáková et al. 2004, 2007, Bačáková and Švorčík 
2008). On the other hand, when the ECM molecules were 
bound covalently in a controllable manner to hydrophobic 
surfaces, they resembled the physiological ECM and 
promoted cell adhesion (Brynda et al. 2005, Filová et al. 
2009a). 
 As indicated above, the cells do not bind the 
entire protein or glycoprotein macromolecules, but only 
their specific amino acid sequences, which are typical for 
a specific protein or which are preferred by a certain cell 
type for binding. For example, typical sequences are 
YIGSR and IKVAV for laminin, REDV for fibronectin, 
DGEA for collagen, VAPG for elastin, and RGD and 
KQAGDV for both vitronectin and fibronectin sequences 
(for a review, see Bačáková et al. 2004, Bačáková and 
Švorčík 2008). 
 Concerning the amino acid sequences preferred 
by certain cell types, KQAGDV and VAPG sequences 
are preferred for adhesion by vascular smooth muscle 
cells, REDV by endothelial cells, KRSR are bound by 
osteoblasts, and YIGSR and IKVAV by nerve cells. 
Sequences like RGD or DGEA have no significant 
preference for specific cell types (Nečas et al. 2000, 
Bačáková et al. 2003, 2004, 2007, Bačáková and Švorčík 
2008). 
 Cells bind the amino acid sequences of adsorbed 
proteins with adhesion receptors located on the cell 
membrane. The most intensively investigated and 
systematized type of adhesion receptors are integrins. 
Integrins are heterodimeric transmembrane glycoproteins 
with binding sites for ECM molecules located on their 
extracellular part. The intracellular part of integrins is 
associated with several structural and signaling proteins, 
such as paxillin, talin, vinculin and focal adhesion kinase. 
These proteins further communicate with the actin 
cytoskeleton, which crosses the entire cell and is also 
connected to the nuclear membrane. The sub-membrane 
actin cytoskeleton is thus structurally associated with the 
exoskeleton (in our case represented by the ECM-
material complex), through integrins. This feature has 

been referred to as the transmembrane skeleton. This 
skeleton limits the fluidity of the proteins, determines the 
functional differentiation of specific parts of the cell 
membrane, for example establishing the apical and basal 
part of the membrane in epithelial cells, and thus their 
polarity. The transmembrane character of the cell 
membrane skeleton enables exogenous factors to interact 
with the interior of the cell, and also enables signaling in 
the inside-out direction. In this way, the signal provided 
by the artificial cell carrier can influence the gene 
expression and proteosynthesis in the adhering cells, and 
thus their behavior, such as spreading, migration, 
viability or death, switching between proliferation and 
differentiation, and also remodeling or degradation of the 
artificial growth support by cells (Nečas et al. 2000, 
Bačáková et al. 2004, 2007, Ochsenhirt 2006, Bačáková 
and Švorčík 2008). 
 
Methods for studying the cell-material 
interaction 
 
Conditions of cell cultivation on artificial materials 
 Our earlier studies focused mainly on 
monitoring the interaction between cells and materials in 
vitro. For this purpose, anchorage-dependent cells were 
used, i.e. cells whose survival and functions are 
dependent on specific receptor-mediated adhesion to a 
growth substrate. This substrate has to be stable in order 
to resist the tractional forces produced by the actin 
cytoskeleton during cell spreading. If the material is too 
weak, it does not allow the assembly of the actin 
cytoskeleton and focal adhesions, i.e. domains on the cell 
membrane where integrins cluster together and 
communicate with structural and signal proteins of the 
cell membrane and cytoplasm, such as paxillin, talin, 
vinculin, focal adhesion kinase and the actin 
cytoskeleton. The creation, maturation and function of 
focal adhesions is necessary for future viability, division 
and phenotypic maturation of all types of anchorage-
dependent cells. In other words, not only wettability or 
surface topography, i.e. commonly studied properties of a 
material, but also its mechanical properties play a 
decisive role in the cell-material interaction (Engler et al. 
2004, Bačáková et al. 2004, Zaidel-Bar et al. 2007, 
Bačáková and Švorčík 2008). 
 The classical static cell culture system has 
usually been applied for studying cell-material interaction 
in vitro. In this system, the material samples, usually of 
planar “two-dimensional” character, are inserted into 
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plastic culture dishes, seeded with cells, immersed in a 
culture medium and incubated at 37 °C in a humidified 
air atmosphere with 5 % CO2. For standard cultivation of 
cells, the medium is supplemented with 5-20 % blood 
serum (usually fetal bovine serum), which contains 
growth factors (e.g., platelet-derived growth factor), 
proteins mediating cell adhesion (vitronectin, fibronectin) 
and also albumin, which is non-adhesive for cells. In 
special cases, a serum-free medium can be used, for 
example a medium supplemented with essential growth 
factors, hormones etc., in order to evaluate the ability of 
the cells to bind the material without the cell adhesion-
mediating proteins adsorbed from the serum. This 
approach is used particularly when the material surface is 
functionalized with oligopeptidic and other ligands for 
cell adhesion receptors (Bačáková et al. 2007). Another 
important application of serum-free media is for inducing 
cell differentiation, particularly VSMC. For example, 
differentiation of VSMCs can be induced using SMC D-
STIM™ Differentiation Medium, supplemented with 
insulin, transferrin, selenous acid, linoleic acid and 
bovine serum albumin. This medium is optimized for use 
with BD BioCoat™ Growth Factor Reduced Matrigel 
(BD Biosciences), i.e. a mixture of ECM molecules 
imitating the basal lamina and containing predominantly 
laminin (www.bdbiosciences.com). 
 Disadvantages of the static cultivation system 
are a relatively low level of oxygen and nutrition delivery 
to the cells and slow waste removal, which has a negative 
influence especially on cells colonizing the inside of 
three-dimensionally constructed materials. In addition, 
there is usually no mechanical stimulation of the cells, 
which is necessary for their proper phenotypic 
maturation. On the other hand, the cells are less subjected 
to rinsing out from the material surface, and they have 
enough time to adhere and grow on the surface of the 
investigated sample. Static cultivation is often used prior 
to dynamic cultivation in order to achieve adhesion of 
cells in high initial numbers (near confluence) and 
through a large cell spreading area, which is desirable 
particularly in vascular smooth muscle cells. Numerous 
and large cell-cell and cell-material contacts shorten the 
proliferative phase and accelerate entry into the 
differentiation program (Bačáková et al. 2004, Bačáková 
and Švorčík 2008). 
 For more sophisticated studies requiring better 
imitation of the conditions in the living organism, the use 
of dynamic cultivation systems is more convenient. These 
systems are also more appropriate for testing and 

finishing new bioartificial tissue or organ replacements 
developed by tissue engineering methods. Dynamic 
perfusion systems, which enable the application of 
laminar shear stress and cyclic strain stress to the cell-
material construct, are needed for constructing 
bioartificial vascular replacements. Laminar shear stress 
is necessary for phenotypic maturation of endothelial 
cells, manifested by the development of a confluent, 
semipermeable, non-immunogenic and non-thrombogenic 
endothelial cell monolayer (Wang et al. 2005). Strain 
stress is necessary for the development of contractile 
phenotype in VSMCs (Shimizu et al. 2008).  
 Perfusion bioreactors for the creation of 
bioartificial vascular grafts usually consist of a tubular 
cultivation chamber for inserting a tubular material 
construct, a reservoir of cell culture medium, a pump 
generating flow of the medium and pulsation in a 
controllable manner, and tubing that enables the medium 
to flow through the cultivation chamber (Fig. 2A-C). 
Prior to exposure to the flow of the medium, the cells are 
seeded on the tubular construct fixed in the tube chamber 
slowly rotating along its long axis (about 3-5 rounds per 
hour). The perfusion system can also be adapted for 
porous sponge-like or fibrous 3D scaffolds (e.g., for bone 
tissue engineering) by changing the tubular cultivation 
chamber for a perfusion chamber (Fig. 2 D, E). Perfusion 
of 3D cell-material constructs with the culture medium 
can be also achieved in a bioreactor with a rotating 
cultivation chamber (Fig. 2F). These systems ensure 
better accessibility of fresh culture medium to the cells, 
waste removal and appropriate mechanical stimulation of 
the cells. Some systems also enable continuous saturation 
of the culture medium with oxygen. Dynamic cultivation 
systems accelerate cell differentiation, phenotypic 
maturation and induce cell functions typical for a certain 
cell type (Bačáková and Švorčík 2008). 
 

Cell types used for studying cell-material interaction 
 Testing the biocompatibility and bioactivity of 
an artificial material usually starts with the use of 
commercially available cell lines. These cells provide 
relatively well-growing and easily cultivable cell 
populations (for example, the life expectancy can reach 
several tens or even hundreds of population doublings). 
These cell populations are relatively homogeneous, with 
stable phenotypic characteristics, and are able to give 
reproducible results. Despite long-term cultivation and 
repeated passaging, many cell lines retained important 
markers of a given cell phenotype. For example, the 
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VSMC line A7r5 derived from rat aorta (ATCC CRL-
1444, Rockville, MD, U.S.A.), used in our earlier study 
for an investigation of the effects of material compliance 
on cell adhesion and spreading (Engler et al. 2004), 
retained the main VSMC differentiation markers, such as 
SM-alpha actin, SM-calponin and SM-myosins (Graves 
and Yablonka-Reuveni 2000). Bovine pulmonary artery 
endothelial cells of the line CPAE, used in our earlier 
studies on ion-implanted polymers, micropatterned 
surfaces created by plasma polymerization of acrylic acid 
and octadiene and fibrin nanostructures for potential 
construction of a bioarteficial vascular wall, maintain a 
“cobblestone-like” morphology of the cells and can form 
a semipermeable confluent monolayer expressing the von 
Willebrand factor (vWf) and angiotensin-converting 
enzyme, characteristic for normal endothelium in situ 
(Bačáková et al. 2000b, Filová et al. 2009a,c). Lines 
established from human umbilical vein endothelial cells 
(HUVEC) provide a good model of physiological 
endothelial cells. For example, the line HUVEC-CS 
(ATCC CRL-2873) exhibits positive acetylated low-
density lipoprotein (AcLDL) uptake and expresses 
endothelial nitric oxide synthase (eNOS), platelet-
endothelial cell adhesion molecule-1 (PECAM-1, also 
known as CD 31) and VE-cadherin (CD144), which, in 

addition to vWf, are classical markers of endothelial cell 
phenotype). Moreover, HUVEC-CS cells spontaneously 
form capillary-like structures when grown on Matrigel. 
Receptors for angiotensin II (AII), bradykinin and ATP 
were also detected on these cells (Gifford et al. 2004). 
However, commercially available frozen lots of HUVEC-
CS cells have a relatively low doubling potential - from 5 
to 8 population doubling times only. Therefore, in order 
to establish permanent and immortalized HUVEC cells, 
these cells were fused with A549 cells derived from a 
human lung carcinoma, and formed hybrid cells referred 
to as EA.hy 926 cells. These cells express at least one 
highly differentiated function of vascular endothelium, 
i.e. factor VIII-related antigen, which has been 
maintained in these cells for more than 100 cumulative 
population doublings, including more than 50 passages 
and three cloning steps (Edgell et al. 1983). These cells 
were used in our earlier studies performed on PTFE 
irradiated with UV light continuously or in the form of 
microdomains (Heitz et al. 2003, Mikulíková et al. 2005). 
 After screening materials using cell lines, it is 
necessary to verify the results on primary or low-
passaged cells. These cells keep their characteristic 
phenotype features better than commercially available 
lines, e.g., they contain higher concentrations of markers 

 
Fig. 2. A-E: Dynamic perfusion cell culture system (Provitro GmbH, Berlin, Germany). A: Scheme of the system with a peristaltic pump 
(above), medium reservoirs (centre) and a perfusion chamber with a prosthetic graft (below). B: Peristaltic pump with silicon tubing 
conducting the culture medium into a cell incubator. C: The interior of the cell incubator with medium reservoirs (upper shelf) and 
perfusion chambers with endothelializing vascular prostheses (lower shelf). D, E: Perfusion chamber for 3D porous or fibrous scaffolds. 
F: Dynamic rotary cell culture system (Cellon, Synthecon, Luxembourg). 
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specific for or typical for a given cell type, such as alpha-
actin for VSMC, vWf for endothelial cells or osteocalcin 
for osteoblasts (Bačáková et al. 2000a,b, Ding et al. 
2006). In addition, they are more sensitive to the physical 
and chemical properties of the material, and thus the 
differences between individual tested materials are more 
visible. In our studies, we have often used smooth muscle 
cells isolated by the explantation method from the 
complex of the tunica intima and media of the thoracic 
aorta of young adult Wistar rats (Bačáková et al. 1997, 
1999, 2000a, 2001a, 2002, 2003, 2007, Pařízek et al. 
2009).  
 The highest level of material testing in vitro is 
achieved with the use of primocultures and low-passaged 
cells isolated from human patient tissues, isolated during 
surgery or in biopsies, but this requires ethical approval. 
An alternative and less complicated way is to use 
commercially available primocultured and low-passaged 
human cells purchased from specialized companies. 
However, these cells are expensive, available in limited 
quantities, of relatively short durability, and require 
specific cultivation conditions. Primocultured and low-
passaged human cells are therefore used mainly for 
verification of selected promising results and for their 
further development. 
 Progenitor and stem cells are another important 
and advanced cell source for testing the cell-material 
interaction and for constructing bioartificial blood 
vessels. The most commonly used are mesenchymal stem 
cells (MSC) derived from the bone marrow (Suzuki et al. 
2010), e.g. bioptically from the crista ossis ilii. However, 
MSCs have proved to be less suitable for vascular tissue 
engineering due to their high tendency to calcification. 
Alternative sources of progenitor cells are human 
umbilical cord cells, endothelial- and VSMC-progenitor 
cells from peripheral blood, adipose-derived stem cells, 
skeletal muscle satellite cells or amniotic fluid-derived 
cells (for a review, see Filová et al. 2009b,c). 
 
Methods for evaluating the cell-material interaction in 
vitro 
 It is advantageous to start investigating cell-
material interactions with simple, standardized and 
reproducible tests, which are applicable for various types 
of material and cells. For the first tests, two-dimensional 
material samples of a defined size are inserted into 
culture dishes, usually in multiwell plates, which enable 
simultaneous testing of several experimental groups of 
samples in multiplicates. The samples are then seeded 

with an appropriate concentration of cells, and the 
changes in cell numbers in several time intervals are 
observed (Bačáková et al. 2000a,b, 2001a, Pařízek et al. 
2009). In our earlier studies, counting cells on days 1, 3, 
5 and 7 after seeding proved to be advantageous and 
satisfactory for constructing growth curves with three 
typical phases of cell growth. These phases are (1) the lag 
phase, when the cells attach and spread on the tested 
surface, and their number does not change or even 
decreases slightly, (2) the exponential phase, when the 
cells divide and more or less increase their number, and 
(3) the stationary phase, when the cells reach confluence, 
their growth is inhibited by the cell-cell and cell-material 
contacts, and their number does not change or decreases 
due to death or spontaneous detachment of living cells 
from the material. For cell cultivation, a period not longer 
than 7 days is recommended, because longer periods 
usually require the culture medium to be changed, and 
this influences the course and shape of the growth curves. 
In addition to cell numbers, another important criterion 
for evaluating the “suitability” of a material for cell 
growth is the cell adhesion area, i.e. the cell area 
projected on the material. This area is usually measured 
one day after seeding, i.e. when the population density is 
relatively low, and thus the cell spreading is minimally 
influenced by contacts between cells and depends more 
on the material properties (Engler et al. 2004, Pařízek et 
al. 2009, Bačáková and Švorčík 2008). The cells on the 
materials can be counted either directly under a 
microscope or after they have been detached with the use 
of proteolytic enzymes or calcium chelators, e.g. trypsin 
combined with EDTA. Native living cells can be 
evaluated on transparent materials, while cells on less 
transparent or non-transparent materials are usually 
studied by fluorescence methods, e. g. after staining with 
fluorescent dyes, such as Texas Red C2-Maleimide, 
which conjugates with proteins of the cell membrane and 
cytoplasm, and Hoechst #33342, which visualizes the cell 
nucleus (Kasálková et al. 2008, 2010, Pařízek et al. 2009, 
Švorčík et al. 2009). It is advantageous to count the 
trypsinized cells at later time intervals (i.e., day 5 or 7), 
when the cells usually reach high population densities, 
overlap each other and grow in several layers (this 
behavior is typical for VSMCs, which form so-called 
“hills and valleys”). Trypsinized cells in suspension can 
be counted manually in a haemocytometer, e.g. a Bürker 
chamber, or automatically in a cell counter, e.g. a Vi-
CELL XR Analyzer (Beckman Coulter). This apparatus 
enables not only simple cell counting but also an 
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evaluation of the diameter and the viability of the cells, 
using the trypan blue-exclusion test. The cell numbers are 
then used not only for constructing growth curves, but 
also for calculating the cell population doubling time 
(Bačáková et al. 1997, 1999, 2000a,b, 2001a, 2002, 
Suzuki et al. 2010).  
 More advanced tests of cell-material interaction 
include investigations of markers of the adhesion, growth 
and phenotypic maturation of cells on a molecular level, 
i.e. on a protein or mRNA level. For protein studies, a 
wide range of immunocytochemical and biochemical 
methods can be applied, such as immunofluorescence and 
immunoperoxidase staining, protein electrophoresis, 
immunoblotting and enzyme-linked immunosorbent 
assay (ELISA). For mRNA studies, an advantageous 
technique is real-time polymerase chain reaction (real 
time-PCR; Kato et al. 1998, Ding et al. 2006, Nayab et 
al. 2007, Suzuki et al. 2010).  
 Molecular markers of cell adhesion include the 
presence, distribution, concentration and activation of 
various types of adhesion receptors, especially integrins, 
their clustering into focal adhesion plaques, their 
association with structural and signaling molecules, such 
as paxillin, talin, vinculin, focal adhesion kinase, and the 
assembly of an actin cytoskeleton (Bačáková et al. 2002, 
2004, 2007, Bačáková and Švorčík 2008, Pařízek et al. 
2009).  
 Molecular criteria for evaluating the 
proliferation activity of cells, often used in our studies, 
are the incorporation of bromodeoxyuridine into newly 
synthesized DNA, showing the S-phase fraction, i.e., the 
percentage of cells actually synthesizing DNA (Bačáková 
et al. 2001a), and the presence of the Ki-67 antigen 
(revealing the Growth Fraction, i.e., the percentage of 
cells capable of entering the mitotic cycle). The cell 
hypertrophy can be evaluated by measuring the cell 
volume and the total protein content, i.e., parameters 
which often increase with increasing cell spreading 
(Bačáková et al. 2000a, 2001b). VSMCs are prone to a 
specific type of hypertrophy, characterized by 
polyploidia, which can be revealed by counting 
chromosomes after arresting the cells in the metaphase, or 
by studies on DNA content performed by flow cytometry 
(Bačáková et al. 2000a, 2001b).  
 Other important indicators of the proper 
behavior of cells on artificial scaffolds are the presence 
and high concentration of molecules associated with cell 
differentiation and phenotypic maturation. In VSMCs, 
these markers are represented by contractile proteins 

alpha-actin and SM1 and SM2 isoforms of myosin, a 
protein of intermediate filaments desmin, muscle type of 
tropomyosin, T-troponin, h-caldesmon, h1-calponin and 
meta-vinculin (Brinck et al. 1997, Girjes et al. 2002, Hai 
and Gu 2006, Suzuki et al. 2010). Similarly as for 
molecules involved in cell adhesion, also for these 
proteins we evaluate their organization into specific 
structures, for example the formation of alpha-actin-
containing filaments and filament bundles, and the 
concentration of alpha-actin per mg of protein or per cell 
in cell homogenates, usually by the ELISA method 
(Bačáková et al. 2000a,b, 2002, Filová 2009a,c, Pařízek 
et al. 2009). 
 Other important markers of cell behaviour on 
artificial materials are markers of cell viability and death, 
DNA damage, stress adaptation and immune activation. 
Markers of cell viability include the activity of 
mitochondrial enzymes, assessed by MTT, XTT and 
other related tests (Bačáková et al. 2002, Grausová et al. 
2009), and also the activity of esterases, detected by 
commercially available kits (e.g. the LIVE/DEAD 
viability/cytotoxicity kit, Molecular Probes, Invitrogen; 
Grausová et al. 2009). For detecting dead cells, assays 
based on membrane permeability for nuclear dyes, such 
as ethifium homodimer-1, propidium iodide, Hoechst 
#33258 and #33342, and trypan blue can be used 
(Grausová et al. 2009). As a marker of DNA damage 
response, gamma-H2AX, i.e., a member of the histone 
H2A family H2AX phosphorylated at Ser139, can be 
detected by phosphospecific antibodies. The 
phosphorylation of H2AX is triggered by the formation 
of nuclear double-strand breaks, and this is the first step 
in recruiting and localizing DNA repair proteins, such as 
p53 binding protein 1 (53BP1) (Schultz et al. 2000). Heat 
shock proteins (HSP), such as HSP 60, 70 and 90, can be 
used as markers of cellular adaptation to stress, 
(Amberger et al. 1997, Kato et al. 1998). Long-term 
tolerance of the material by cells can be assessed by 
cultivating cells on these materials for a period of several 
months (Bačáková et al. 2000a).  
 Potential immune activation of cells in cultures 
on the tested materials can be estimated by the increased 
concentration of immunoglobulin and selectin adhesion 
molecules (ICAM-1, VCAM-1, ELAM-1), which bind 
cells of the immune system (Bačáková et al. 2000a,b, 
2002). Other markers are activation of the production of 
interleukins (IL) and tumor necrosis factors (TNF), e.g., 
IL-1, IL-8 and TNF-alpha (Pešáková et al. 2007). 
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Conclusions 
 Vascular smooth muscle cells play important 
roles in the physiological function of blood vessels, and 
also in their remodeling under pathological conditions. 
Nevertheless, our earlier studies showed that these cells 
are also a convenient model for testing materials for 
potential construction of bioartificial vascular 
replacements by tissue engineering methods. The 
adhesion, migration, proliferation and differentiation 
abilities of these cells are important factors in the search 
for optimal materials and modifications to them that will 
applicable in clinical practice. Materials for vascular 
replacements of a new generation should be biomimetic, 
i.e. actively controlling the adhesion, growth and 
phenotypic maturation of vascular cells, and should serve 
as structures promoting the regeneration of vascular 
tissue. For this purpose, it is necessary to investigate the 
physical, chemical and biological properties and 
modifications of materials that are promising for the 
construction of bioartificial vascular replacements, and to 
understand the molecular mechanism of the cell-material 

interaction. One of the most important conclusions of this 
review is that besides endothelial cells, used earlier for 
lining the luminal surface of synthetic vascular grafts, 
VSMCs should become an essential part of bioartificial 
vascular replacements. The maturation of VSMCs into 
contractile phenotype can be further helped by exposure 
of the cell-material construct to dynamic cultivation, and 
by appropriate composition of the cell culture medium. 
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Background: Nanofibrous scaffolds loaded with bioactive nanoparticles are promising  materials 

for bone tissue engineering.

Methods: In this study, composite nanofibrous membranes containing a copolymer of L-lactide 

and glycolide (PLGA) and diamond nanoparticles were fabricated by an electrospinning 

 technique. PLGA was dissolved in a mixture of methylene chloride and dimethyl formamide 

(2:3) at a concentration of 2.3 wt%, and nanodiamond (ND) powder was added at a  concentration 

of 0.7 wt% (about 23 wt% in dry PLGA).

Results: In the composite scaffolds, the ND particles were either arranged like beads in the 

central part of the fibers or formed clusters protruding from the fibers. In the PLGA-ND mem-

branes, the fibers were thicker (diameter 270 ± 9 nm) than in pure PLGA meshes (diameter 

218 ± 4 nm), but the areas of pores among these fibers were smaller than in pure PLGA samples 

(0.46 ± 0.02 µm2 versus 1.28 ± 0.09 µm2 in pure PLGA samples). The PLGA-ND membranes 

showed higher mechanical resistance, as demonstrated by rupture tests of load and deflection 

of rupture probe at failure. Both types of membranes enabled the attachment, spreading, and 

subsequent proliferation of human osteoblast-like MG-63 cells to a similar extent, although 

these values were usually lower than on polystyrene dishes. Nevertheless, the cells on both 

types of membranes were polygonal or spindle-like in shape, and were distributed homoge-

neously on the samples. From days 1–7 after seeding, their number rose continuously, and at 

the end of the experiment, these cells were able to create a confluent layer. At the same time, 

the cell viability, evaluated by a LIVE/DEAD viability/cytotoxicity kit, ranged from 92% to 97% 

on both types of membranes. In addition, on PLGA-ND membranes, the cells formed well 

developed talin-containing focal adhesion plaques. As estimated by the determination of tumor 

necrosis factor-alpha levels in the culture medium and concentration of intercellular adhesion 

molecule-1, MG-63 cells, and RAW 264.7 macrophages on these membranes did not show 

considerable inflammatory activity.

Conclusion: This study shows that nanofibrous PLGA membranes loaded with diamond 

nanoparticles have interesting potential for use in bone tissue engineering.

Keywords: nanofibers, nanoparticles, electrospinning, nanotechnology, regenerative medicine, 

human bone cells

Introduction
Nanofibrous scaffolds have recently been recognized as promising cell carriers for 

advanced tissue engineering. This is mainly due to the fact that these scaffolds closely 

mimic the structure of the fibrous component of the native extracellular matrix formed 

by nano fibers of collagen, elastin and other proteins. In general, nano structured 

substrates are considered to be advantageous for cell adhesion and growth. 
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In  comparison with conventionally used flat or micro 

structured cell growth supports, nano structured carriers 

improve the cell-matrix interaction, eg, by adsorption of cell 

adhesion-mediating molecules from biological fluids in an 

appropriate geometrical conformation, which enables good 

accessibility of specific active sites on these molecules to 

cell adhesion receptors.1,2 In addition, the application of nano 

structured substrates can be particularly advantageous in 

bone tissue engineering. The reason is that from all cell 

adhesion-mediating molecules, these substrates preferen-

tially adsorb vitronectin, which is recognized mainly by 

osteoblasts, rather than other cell types (eg, vascular endothe-

lial and smooth muscle cells or fibroblasts).2

Nanofibrous scaffolds have been prepared mainly from 

natural or synthetic polymers, such as collagen and elastin,3 

silk fibroin,4 chitosan,5 peptides with ligands for cell adhesion 

receptors,6 polyurethane,7 polycaprolactone,8 polylactide9 

and particularly its copolymers with polyglycolide.10–15

In our earlier studies, and also in studies by other authors, 

poly (lactide-co-glycolide) (PLGA) has proved to be an 

appropriate material for the construction of porous and 

fibrous scaffolds for bone tissue engineering.16 In comparison 

with pure polylactic acid (PLA), the PLGA copolymer is less 

brittle, and in comparison with pure polyglycolide is less 

degradable (ie, less prone to hydrolytic degradation). Thus, 

PLGA provides more stable support for bone tissue regenera-

tion, which lasts several weeks in human beings. In addition, 

this material has been approved by the Food and Drug 

Administration for medical use, including implantation into 

human tissues.

The main methods of nanofiber preparation are self- 

assembly, liquid phase separation, template synthesis, draw-

ing, and predominantly electrospinning.17,18 Electrospinning 

is a novel and effective fabrication process that uses an electric 

field to control the deposition of polymer fibers onto a target 

substrate. This electrostatic processing strategy can be used 

to fabricate non woven fibrous polymer meshes composed 

of diameters ranging from several microns down to 100 nm 

or less, which mimic the hierarchically organized micro-

structure and nanostructure of the natural tissues.9,19

However, the mechanical properties and bioactivity of 

polymer-based nanofibrous scaffolds are often unsatisfactory 

for tissue engineering. Some modifications of these scaffolds 

are therefore necessary. For example, PLA scaffolds were 

reinforced by copolymerization of PLA with functionalized 

polyaniline, which also endowed these scaffolds with electri-

cal conductivity and antimicrobial activity.20,21 In the case of 

scaffolds intended for the construction of bioartificial bone, 

hydroxyapatite and tricalcium phosphate have been used, 

because they occur in the inorganic component of the natural 

bone matrix. On bioactive nanofibers, these minerals can be 

deposited spontaneously in simulated biological fluids22 or 

they can be incorporated into the nanofibers during the 

preparation process.9–15 In some studies, mineral nanoparti-

cles have been substituted by other nanosized materials, eg, 

by carbon nanotubes incorporated inside polylactide 

nanofibers.17,23 Despite many advantageous properties of 

carbon nanotubes, such as excellent mechanical properties 

and electrical conductivity, which can enhance bone tissue 

regeneration, carbon nanotubes have repeatedly been shown 

to be associated with a risk of cytotoxicity, genotoxicity, and 

tumorigenicity.24,25 Diamond nanoparticles are an alternative 

promising component of nanofibrous membranes. In numer-

ous studies, they have displayed very high biocompatibility 

and no considerable cytotoxicity. In the form of films depos-

ited on the biomaterial surface, nanocrystalline diamond 

provides excellent growth support for various cell types, 

particularly bone-derived cells.26–28 In the form of dispersed 

nanoparticles, they have been shown not to interfere with 

gene expression, protein synthesis, cell cycle progression, 

and differentiation of cells in vitro, although they were taken 

up into cells via clathrin-mediated endocytosis.29 In future 

uses of composite polymer-nanodiamond (ND) scaffolds in 

vivo, the ND particles could be cleared from the organism 

by glomerular filtration after degradation of the scaffolds, as 

is possible in the case of carbon nanotubes.30,31

In a recent study by Behler et al,32 nanocrystalline dia-

mond particles were incorporated into polyacrylonitrile or 

polyamide nanofibers and microfibers. However, these nano-

fibers were characterized only for their physical and chemical 

properties and were designed for use in technical applica-

tions, such as protection against ultraviolet light and 

improved scratch resistance of the material surfaces. In 

another study, diamond nanoparticles were incorporated into 

polymeric films, and the effects of this composite material 

on the growth of osteoblasts was evaluated.33 Nevertheless, 

to our best knowledge, the interaction of ND-loaded nano-

fibers with cells and their potential use in bone tissue engi-

neering has not yet been investigated.

In the present study, we therefore constructed nanofibrous 

membranes by electrospinning PLGA mixed with ND par-

ticles as potential growth supports for bone cells. We inves-

tigated the adhesion, proliferation, and viability of human 

osteoblast-like MG-63 cells in cultures on these materials. 

We expected an additional nanostructure to be created on 

the fiber surface by the incorporated ND, and thus further 
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enhancement of the scaffold bioactivity. We also anticipated 

enhanced mechanical properties of PLGA membranes rein-

forced with ND. The mechanical properties of the membranes 

were assessed using rupture tests34 and tensile strength 

measurements.35–37 Finally, we expected no significant 

inflammatory activation of cells on these scaffolds. Potential 

immune activation of cells was estimated by their secretion 

of tumor necrosis factor alpha (TNF-α) into the cell culture 

medium, and by the concentration of intercellular adhesion 

molecule-1 (ICAM-1) in cell homogenates. For these immu-

nological tests, mouse macrophage-like RAW 264.7 cells 

were also used.

Materials and methods
Preparation of nanofibrous membranes
The experiments were carried out on nanofibrous membranes 

made of a copolymer of L-lactide and glycolide (ratio 85:15) 

Purasorb PLG 8531 (Purac Biomaterials, Frankfurt, 

 Germany). The polymer was dissolved in a mixture of meth-

ylene chloride (Sigma-Aldrich, St Louis, MO) and dimethyl 

formamide (Sigma) at a concentration of 2.3 wt%. The ratio 

of the two solvents was 2:3. The nanofibrous membranes 

were then prepared by electrospinning in a NanospiderTM 

machine (Elmarco, Liberec, Czech Republic) using a verti-

cally positioned spike-like electrode on which the polymer 

solution was applied with a micropipette. The electrospinning 

conditions were optimized prior to membrane fabrication, 

resulting in an applied voltage of 24.6 kV and a working 

distance between the electrodes of 145 mm, ie, an electric 

field strength of 1.79 kV/cm. The polymer solution was 

positioned between the two electrodes in the electrospinning 

setup, and when a high voltage was applied, the electric field 

overcame viscoelastic forces of the polymer solution and 

nanofibers were formed.

A polypropylene fabric, placed above the electrode, was 

used as a carrier substrate for collecting the nanofibers, which 

were stacked to several layers by repeated deposition of the 

PLGA solution on the same region of the substrate (a circular 

region approximately 10 cm in diameter). Four milliliters of 

the solution was used for preparing a membrane to cover this 

region, and this solution was applied to the top of the elec-

trode 80 times in a quantity of 50 µL for each application.

Some nanofibrous PLGA membranes were created in 

combination with diamond nanoparticles.38–41 In 1 mL of 

PLGA solution, 0.007 g of the ND powder was added and 

was homogeneously dispersed by mixing and sonication 

(Labsonic U-2000, B Braun Biotech, Goettingen, Germany, 

sonication time 5 seconds). The sonication was performed 

immediately before electrospinning in order to minimize 

clustering of diamond nanoparticles. The concentration of 

ND in PLGA diluted in methylene chloride and dimethyl 

formamide was therefore 0.7 wt%, and in the pure PLGA 

after evaporation of the solvents, the concentration was 

calculated to be almost 23 wt%.

Characterization of physicochemical 
properties of nanofibrous membranes
The morphology of the membranes was evaluated by scan-

ning electron microscopy using an XL30CP device, Phillips 

Electron Optics GmbH, Kassel, Germany, after gold sput-

tering on an SCD 500 device (CAL-Tec, Ashford, UK). The 

following parameters were measured on scanning electron 

microscopy images, using Atlas Software (Tescan Ltd, Brno, 

Czech Republic):

•	 Diameter of nanofibers

•	 Size of pores between nanofibers; areas of void spaces 

among the fibers were measured on scanning electron 

microscopy images23

•	 Size of material clusters were measured by the area of 

these clusters projected on the material surface

•	 Density of material clusters was calculated per mm2 of 

the membrane.

The distribution of diamond nanoparticles within the 

PLGA nanofibers was evaluated by transmission electron 

microscopy. The transmission electron microscopic images 

were recorded on a Philips CM120 microscope with an LaB
6
 

cathode operated at 120 kV, equipped with an SIS Veleta 

CCD camera. A small piece of nanofibrous membrane was 

placed between two carbon-coated copper grids to fix the 

membrane in the sample holder. Single nanofibers were 

observed at the edges of the membrane.

The wettability of the membranes was measured by a 

static method in a material-water droplet system using a 

reflection goniometer (Surface Energy Evaluation System, 

Masaryk University, Brno, Czech Republic).28

The mechanical properties of PLGA membranes with 

and without ND were evaluated by rupture tests in a texture 

analyzer (TA500, Lloyd Instruments, Fareham, UK) using 

an Instron probe method according to a protocol adapted 

from that of dos Santos et al.34 Briefly, the membranes were 

clamped in a CellCrown (Scaffdex Oy, Tampere, Finland) 

of 10 mm diameter and 1 cm height. The thickness of the 

membranes was 20 microns, as measured by a caliper7 

(manual micrometer with limits 0–25 mm and with a preci-

sion of 0.01 mm; NSK, Tochigi, Japan). The resistance to 

deformation induced by a 3 mm diameter cylindrical probe 
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was studied. The probe penetrates and deforms the membrane 

causing the creation of an additional vertical force, which is 

measured. The maximal load and deflection is a measure of 

the maximum force and deformation that the membranes can 

undergo before permanent deformation occurs. Rupture of 

the fibers is considered to occur when the force drops to 50% 

or less of the maximum load. This parameter together with 

the deflection at rupture gives an indication of the resistance 

of the fibers to this kind of deformation.

For measurements of tensile strength, the PLGA and 

PLGA-ND membranes were cut into rectangular strips 

40 mm in length and 21–25 mm in width. The reason for 

these variations in the width was raveling of the edges (mar-

gins) of the samples. The specific weight of these samples 

was 3.1 (±5%) g/m2, as calculated from their total weight 

(determined with accuracy of 0.0005 g), and their  dimensions. 

For each material type, six samples were prepared. The 

shorter sides (ends) of the tested samples were strengthened 

by a paper tape in order to prevent damage of the nanofibrous 

membranes during their preparation for the tensile test, par-

ticularly during their mounting in the gripping units of the 

testing machine. The LabTes4.100 SP1 machine was used, 

and set up to the maximal range of 50 N, with precision lower 

than 0.1% for a force of 2 N. The samples were loaded with 

a constant force until failure. The force needed for tearing 

the membranes (ie, maximum tensile force; also referred to 

as ultimate tensile strength)35,37 was determined from the 

software of the testing machine.

The molecular structure of PLGA and PLGA-ND 

 membranes was examined using attenuated total reflectance 

Fourier-transform infrared (FT-IR) spectroscopy. 

 Transmittance spectra were acquired using a Biorad FT-IR 

spectrometer FTS 575C equipped with a “Golden Gate” 

attenuated total reflectance accessory. The latter was fitted 

with a diamond crystal. The spectra were recorded over the 

range 4000–500 cm−1.

Cell culture on the nanofibrous 
membranes
The nanofibrous membranes were detached from the underly-

ing polypropylene substrate, cut into square samples 

(1 × 1 cm), fixed in CellCrown inserts (Scaffdex; Figure 1A 

and B), and sterilized by gamma irradiation (dose 25 kGy, 

in accordance with the ISO 11137 standard).

The CellCrown inserts with membrane samples were 

inserted into polystyrene 24-well cell culture plates (TPP 
Techno Plastic Products, Trasadingen, Switzerland; well 

diameter 1.5 cm; Figure 1B), and the membranes were rinsed 

overnight with Dulbecco’s Modif ied Eagle Minimum 

 Essential Medium (Sigma). The samples were then seeded 

with human osteoblast-like MG-63 cells (European Collection 

of Cell Cultures, Salisbury, UK). Each well contained 

30,000 cells (approximately 17,000 cells/cm²) and 1.5 mL of 

the Dulbecco’s Modified Eagle Minimum Essential Medium 

supplemented with 10% fetal bovine serum (Gibco, Paisley, 

UK) and gentamicin (40 µg/mL, LEK, Ljubljana, Slovenia). 

Cells were cultured for one, 3, or 7 days at 37°C in a humidi-

fied atmosphere of 5% of CO
2
 in the air. The polystyrene 

culture well was used as a reference material. Four samples 

were used for each experimental group and time interval, and 

the experiment described below was repeated three times.

Evaluation of adhesion and growth of 
bone cells on nanofibrous membranes
On days 1, 3 and 7 after seeding, the samples were rinsed in 

phosphate-buffered saline. The cells on one sample per 

experimental group and time interval were fixed by 70% cold 

ethanol (−20°C) and stained with a combination of Texas 

Red C
2
-maleimide fluorescent membrane dye (Molecular 

Probes, Invitrogen, Paisley, UK; concentration 20 ng/mL in 

phosphate-buffered saline) and Hoechst 33342 nuclear dye 

(Sigma, 5 µg/mL in phosphate-buffered saline). The mor-

phology and distribution of cells on the membrane surface 

were then evaluated in pictures taken under the Nikon Eclipse 

Ti-E microscope equipped with a Nikon DS-Qi1 MC digital 

camera and NIS-Elements AR software, version 3.10.

On day 1 after seeding, the size of cell spreading area, 

ie, the area projected on the material, was also measured, 

using Atlas Software (Tescan). The cells that developed 

intercellular contacts were excluded from the evaluation. On 

each sample, 60–93 cells were evaluated.

The three remaining samples were used for evaluating the 

cell number. The cells were rinsed with phosphate-buffered 

saline, released with trypsin-EDTA solution (Sigma; incuba-

tion 5 minutes at 37°C) and counted in a Bürker hemocytometer 

under an Olympus IX 51 microscope. For each sample, eight 

cell number measurements were performed. The cell numbers 

obtained on days 1, 3 and 7 after seeding were used for con-

structing growth curves and for calculating the cell population 

doubling time, using the following equation:

DT
t t

N Nt t

=
−
−

log
log log

2 0

0

where t
0
 and t represent earlier and later time intervals after 

seeding, respectively, and N
t0
 and N

t
 represent the number 

of cells at these intervals.28,42
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Evaluation of cell viability
On days 1, 3 and 7 after seeding, the cells were rinsed with 

phosphate-buffered saline, and their viability was deter-

mined by the LIVE/DEAD viability/cytotoxicity kit for 

mammalian cells (Molecular Probes) according to the manu-

facturer’s protocol. Briefly, the cells were incubated for 

5–10 minutes at room temperature in a mixture of two of 

the following probes: calcein AM, a marker of esterase 

activity in living cells, emitting green fluorescence, and 

ethidium homodimer-1, which penetrates into dead cells 

through their damaged membrane and produces red 

 fluorescence. Live and dead cells were then counted in 

microphotographs taken under an epifluorescence micro-

scope (Olympus IX-51, DP-70 digital camera, Japan). For 

each experimental group and time interval, two samples 

were used, and on each sample the cells were evaluated in 

10 microphotographs.

Immunofluorescence staining of 
molecules participating in cell-matrix 
adhesion and cell spreading
On day 3 after seeding, the presence and spatial arrangement 

of the following molecules in MG-63 cells were evaluated: 

talin, an integrin-associated protein present in focal adhesion 

plaques, also reported as a protein of the “cell membrane 

cytoskeleton” and known to participate in cell-substrate 

adhesion; vinculin, another protein of focal adhesion 

plaques, participating in cell-substrate adhesion and stabiliz-

ing the focal adhesions;43 beta-actin, an important component 

of the cell cytoplasmic cytoskeleton, associated with focal 

adhesion plaques.

For immunofluorescence staining of these molecules, the 

cells on day 3 after seeding were rinsed twice in phosphate-

buffered saline and f ixed with 70% ethanol (−20°C, 

20  minutes) pretreated with 1% bovine serum albumin in 

Figure 1 Morphology of nanofibrous PLGA scaffolds enriched with nanodiamond. (A) Gross morphology of a composite PLGA-nanodiamond membrane deposited on 
polypropylene fabric. An arrow indicates a site where a part of the membrane was detached. (B) A composite PLGA-nanodiamond membrane fixed with a Scaffdex 
CellCrown insert. (B´, Scaffdex CellCrown insert with a PLGA-nanodiamond membrane in a 24-well plate, arrow). (C) Pure PLGA nanofibrous membrane. (D) Composite 
PLGA-nanodiamond membrane. (A and B) Nikon Coolpix S620 digital camera and (C and D) XL30CP scanning electron microscope (Phillips Elektron Optics GmbH, Kassel, 
Germany), objective magnification 2000×, bar 10 µm. 
Abbreviation: PLGA, copolymer of L-lactide and glycolide.
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 phosphate-buffered saline containing 0.05% Triton X-100 

(Sigma) for 20 minutes at room temperature in order to block 

nonspecific binding sites and to permeabilize the cell mem-

brane. The cells were then incubated with the following 

primary mouse monoclonal antibodies: anti-chicken talin 

(Sigma, clone 8D4) anti-human vinculin (Sigma) and anti-

synthetic N-terminal peptide of β-actin (Sigma). All antibod-

ies were diluted in phosphate-buffered saline to concentrations 

of 1:200 and applied overnight at 4°C. After rinsing with 

phosphate-buffered saline, the secondary antibody, repre-

sented by goat anti-mouse F(ab′)2 fragment of IgG conju-

gated with Alexa Fluor® 488 (dilution 1:1000; Molecular 

Probes) was added for 1 hour at room temperature and incu-

bated in the dark. The cells were then rinsed in phosphate-

buffered saline, mounted under microscopic glass coverslips 

in a Gel/Mount permanent fluorescence-preserving aqueous 

mounting medium (Biomeda Corporation, Foster City, CA) 

and evaluated under a Leica confocal laser scanning micro-

scope (TCS SP2, Germany).

Potential immune activation of cells  
on nanofibrous membranes
The secretion of TNF-α into the cell culture medium and 

the concentration of ICAM-1 in cell homogenates were 

measured in human osteoblast-like MG-63 cells and murine 

macrophage-like RAW 264.7 cells (American Type Culture 

Collection, Manassas, VA). The cells were seeded on PLGA 

or PLGA-ND membranes fixed in CellCrown inserts in 

polystyrene 24-well cell culture plates (TPP; well diameter 

1.5 cm). Each well contained 30,000 cells and 1.5 mL of 

the culture medium. MG-63 cells were cultured in the 

Dulbecco’s Modified Eagle Minimum Essential Medium 

mentioned above, and for RAW 264.7, RPMI-1640 medium 

(Sigma; 10% fetal bovine serum, 40 µg/mL gentamicin) 

was used.

As reference samples, pure polystyrene wells and wells 

with CellCrown inserts were used. For comparison, PLGA 

meshes with hydroxyapatite (HAp) nanoparticles 

(Sigma; ,200 nm particle size) were used. The concentration 

of HAp in PLGA was similar as in the case of ND (ie, 

approximately 23 wt%).

After 24 hours, the membranes were transferred into fresh 

wells filled with cell culture medium in order to exclude the 

cells adhering on the underlying well bottom from the 

 evaluation. In the reference wells with and without  CellCrown 

inserts, the culture medium was also changed. The cells were 

then cultivated for an additional 6 days. For each material 

and cell type, four samples were used.

After 6 days of cultivation, the cell culture medium was 

collected and used for measuring the concentration of TNF-α 

by a sandwich enzyme-linked immunosorbent assay (ELISA) 

using commercially available kits. A human TNF-α  Quantikine 

ELISA kit and mouse TNF-α Quantikine ELISA kit were used 

for the MG-63 and RAW 264.7 cells, respectively. Both kits 

were purchased from R and D Systems (Minneapolis, MN) 

and used according to the manufacturer’s protocol.

As a positive control for TNF-α production, MG-63 or 

RAW 264.7 cells grown in polystyrene culture wells and 

stimulated with lipopolysaccharide (LPS) from Escherichia 

coli (0111:B4, γ-irradiated, BioXtra, Sigma) were used. 

Lipopolysaccharide was applied in concentrations ranging 

from 0 to 10 µg/mL on day 6 after seeding for 24 hours. For 

each concentration, four wells were used. As a negative 

control, fresh Dulbecco’s Modified Eagle Minimum Essential 

Medium or RPMI-1640 media supplemented with fetal 

bovine serum and gentamicin, which were not exposed to 

cells, were used.

The concentrations of TNF-α in cell culture media were 

determined from calibration curves and given in pg per 

100,000 cells, ie, not per mL of the culture media, as 

usual.44,45 The reason was that the cell numbers on the tested 

materials were different. For MG-63 cells, it ranged on aver-

age from 305,600 to 753,900 cells/sample, and for RAW 

264.7 cells, from 748,900 to 1,220,600 cells/sample 

( Figure 9A and B).

For measuring the concentration of ICAM-1 by ELISA 

in cell homogenates (per mg of protein), the MG-63 cells 

were then harvested by trypsin-EDTA solution in phos-

phate-buffered saline (Sigma) and RAW 264.7 cells by 

0.05% EDTA in phosphate-buffered saline and counted in 

a Bürker  hemocytometer. The cells (106 cells/mL), resus-

pended in distilled and deionized water, were kept in a 

freezer at −70°C overnight. The cells were then homoge-

nized by ultrasonication for 40 seconds in a sonicator 

(UP 100 H, Dr Hielscher GmbH; cycle 1, amplitude 70%), 

and the protein content was measured using a Coomassie 

Plus (Bradford) Kit (Cat. No. 23236, Thermo Fisher 

Scientific Inc., Rockford, IL USA).

Aliquots of the cell homogenates corresponding to 

1–50 µg of protein in 50 µL of water were adsorbed on 

96-well microtiter plates (Nunc-Immuno™ Plates, F96 

MaxiSorp, Cat. No. 442404, Nunc a/s, Roskilde, Denmark) 

at 4°C overnight. After washing twice with phosphate-

buffered saline (100 µL/well), the nonspecific binding 

sites were blocked by 0.02% gelatin in phosphate-buffered 

saline (100 µL/well, 60 minutes). As primary antibodies, 
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monoclonal mouse antihuman ICAM-1 antibody was used 

in MG-63 cells (Exbio, Prague, Czech Republic) and 

monoclonal rat anti-mouse ICAM-1 antibody (Exbio 

Prague, clone YN1/1.7.4). The antibodies were diluted in 

phosphate-buffered saline and applied for 60 minutes at 

room temperature (50 µL/well). Goat  anti-mouse F(ab’)
2
 

IgG fragment (Sigma, dilution 1:1000) was used after the 

mouse primary antibody, and goat anti-rat IgG (BioLegend, 

dilution 1:1000) was used after the rat primary antibody as 

secondary antibodies. Both secondary antibodies were 

conjugated with peroxidase and applied for 45 minutes 

(100 µL/well). This step was followed by double washing 

in phosphate-buffered saline and orthophenylendiamine 

reaction (Sigma, concentration 2.76 mM) using 0.05% H
2
O

2
 

in 0.1 M phosphate buffer (pg 6.0, dark place, 100 µL/well). 

The reaction was stopped after 10–30 minutes by 2 M 

H
2
SO

4
 (50 µL/well), and the absorbance was measured at 

490 nm and 690 nm using a Versa Max microplate reader 

(Molecular Devices  Corporation, Sunnyvale, CA). The 

absorbances obtained from cells growing on PLGA and 

PLGA-ND membranes were expressed as a percentage of 

the values obtained in the control cultures on standard 

polystyrene wells.

Statistics
The quantitative results were presented as the mean ± stan-

dard error of mean. Statistical significance was evaluated 

using analysis of variance, Student-Newman-Keuls method, 

or the two-tailed t-test. Values of P # 0.05 were considered 

as significant.

Results
Properties of nanofibrous membranes
Both pure PLGA and composite PLGA-ND membranes 

formed a fine cobweb-like layer on blue polypropylene fabrics, 

which served as a carrier for the nanofibrous  membranes. The 

pure PLGA membrane was white, whereas the membrane 

with ND was grayish. As revealed by scanning electron 

microscopy, both membranes were composed of mostly 

straight and randomly oriented fibers. These fibers were 

thicker and the pores between them were smaller in the com-

posite PLGA-ND membranes. The PLGA-ND  membranes 

also contained more material clusters. Their density, calculated 

per mm2 projected on the membrane, was approximately four 

times higher than in pure PLGA membranes, and these clus-

ters were on an average larger than those in PLGA membranes, 

although this difference was not statistically significant due 

to the great variation in cluster size (Figure 1, Table 1).

Transmission electron microscopy images of PLGA-ND 

fibers are shown in Figure 2. The images clearly show that 

the diamond nanoparticles form predominantly small clusters 

embedded in the PLGA matrix. The size of the clusters is 

variable, ranging from a few particles to large clusters 

 spanning the whole width of the fibers, ie, in some cases up 

to 200 nm. The nanofibers exhibit great  variability in 

 thickness, from very thin threads less than 5 nm in diameter 

to thick fibers approaching 200 nm in diameter. The diamond 

nanoparticles also occurred in the form of isolated clusters 

attached to the surface of the PLGA nanofibers.

As revealed by reflection goniometry, the static water 

drop contact angle for both types of nanofibrous membranes 

was about 70°.

The rupture tests showed that membranes consisting of 

PLGA-ND resisted a load of 1.29 ± 0.22 N until rupture, 

significantly more than pure PLGA fiber membranes, which 

withstood 0.75 ± 0.19 N (Figure 3A). As indicated by 

 Figure 3B, the deflection of the rupture probe at failure was 

1.21 ± 0.08 mm and 0.97 ± 0.06 mm in the case of PLGA-ND 

membranes and PLGA membranes,  respectively. This dif-

ference was also significant according to a  two-tailed t-test 

(P , 0.001, n = 10 in both groups).  However, as indicated 

by the tensile strength measurements, the force needed for 

tearing both PLGA and PLGA-ND membranes was similar, 

ie, approximately 0.074 (±10%) N/mm (Table 2).

With regard to the FTIR analysis, Zhao et al46 demon-

strated ND-PLA interactions by shifts in characteristic 

polymer bands in the FTIR spectra corresponding to the C=O 

stretch and bending of –OH bonds in –CH(CH
3
)–OH end 

groups. As can be seen by comparing the FTIR spectra of 

Table 1 Morphological parameters of pure poly(lactide-co-
glycolide) (PLGA) membranes and PLGA membranes with 
nanodiamond (PLGA-ND)

Parameters PLGA PLGA-ND

Fibers
Diameter, range 124–351 nm 124–877 nm
Diameter, mean ± SEM 218 ± 4 nm 270 ± 9 nm*
Clusters
Area, range 0.20–10.68 µm2 0.31 to 24.10 µm2

Area, mean ± SEM 2.13 ± 0.75 µm2 3.54 ± 0.90 µm2

Density, mean ± SEM 8,340 ± 1,495/mm2 33,361 ± 6,182/mm2

Pores
Area, range 0.10–6.95 µm2 0.10–1.50 µm2

Area, mean ± SEM 1.28 ± 0.09 µm2 0.46 ± 0.02 µm2*

Notes: Mean ± SEM. from 129–193 measurements (fibers), 13–43 measurements 
(cluster area), four measurements (cluster density), and 181–192 measurements 
(pores). ANOVA, Student-Newman-Keuls method; statistical significance: *P # 0.05 
in comparison with PLGA. 
Abbreviations: ANOVA, analysis of variance; SEM, standard error of the mean.
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Figure 2 Transmission electron microscopy images of pure PLGA fibers (A) and PLGA fibers with diamond nanoparticles (B–D). (B) Network of PLGA with diamond 
nanoparticles, showing variations in fiber thickness and size of the material clusters. (C) Individual fibers with clusters of diamond nanoparticles. (D) Diamond nanoparticles 
relatively homogeneously distributed in a PLGA fiber.
Notes: The layers with elliptical openings (A–C) are amorphous carbon membranes of the grid used to fix the sample. A Philips CM120 transmission electron microscope, 
LaB6 cathode operated at 120 kV, and SIS Veleta CCD camera, were used. Scale bar 1 µm (A), 2 µm (B), and 200 nm (C and D). 
Abbreviation: PLGA, copolymer of L-lactide and glycolide.

Adhesion and growth of MG-63  
cells on nanofibrous scaffolds
The initial adhesion and subsequent growth of MG-63 cells 

was similar on both pure and ND-loaded PLGA mem-

branes. On the first day after seeding, the number of ini-

tially adhering cells on the pure PLGA membranes was 

11,300 ± 1200 cells/cm², and on the PLGA-ND membranes, 

the number was 10,951 ± 1027 cells/cm². The highest 

average number of initially adhered cells was observed on 

the control polystyrene dishes (14,000 ± 1038 cells/cm²). 

However, as revealed by analysis of variance, this value 

was not statistically different from the values obtained on 

the two nanofibrous membranes (Figure 5A). On the other 

hand, the cells on polystyrene dishes adhered by a signifi-

cantly larger cell spreading area (1057 ± 33 µm²) than the 

cells on both pure and ND-loaded PLGA membranes 

(442 ±  15 µm² and 477 ±  16 µm², respectively, 

Figure 5B).

From day 1 to 3 after seeding (ie, in an early phase of 

exponential cell growth) the cells on both PLGA and 

PLGA-ND membranes proliferated more slowly, ie, with 

longer cell population doubling times than the cells on 
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Figure 3 Load at rupture (A) and deflection of probe at rupture (B) of nanofiber 
membranes consisting of pure PLGA and PLGA-ND.
Notes: The mean ± standard error of the mean are presented for 10 samples from 
each experimental group. Two-tailed t-test, P # 0.001 in comparison with PLGA. 
Abbreviations: PLGA, copolymer of L-lactide and glycolide; ND, nanodiamond.

PLGA and PLGA-ND in Figure 4, only very small  differences 

were seen in characteristic PLGA peaks, ie, C=O stretch at 

1748 cm−1, –OH bending in –CH(CH
3
)–OH end groups at 

1043 cm−1,  and asymmetrical C–O–C stretch at 

1083 cm−1.46,47
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Table 2 Tensile strength of poly(lactide-co-glycolide) (PLGA) and PLGA membranes with nanodiamond (PLGA-ND) membranes

Sample PLGA PLGA-ND

N Force (N) Width (mm) Resultant force 
(N/mm)

Force (N) Width (mm) Resultant force 
(N/mm)

1 1.651 24.03 0.0687 1.655 23.24 0.0712
2 1.809 23.65 0.0765 1.954 24.46 0.0799
3 1.997 26.80 0.0745 1.867 25.75 0.0725
4 1.725 23.47 0.0735 1.877 23.43 0.0801
5 1.579 21.84 0.0723 1.773 24.73 0.0717
6 1.751 21.62 0.0810 1.648 23.88 0.0690
Mean ± SEM 1.7520 ± 0.0589 23.5683 ± 0.7628 0.0744 ± 0.0017 1.7957 ± 0.0513 24.2483 ± 0.3810 0.0741 ± 0.0019

Note: Mean ± SEM from six samples for each experimental group. 
Abbreviations: ANOVA, analysis of variance; SEM, standard error of the mean.
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Figure 4 Fourier transform infrared spectra of nanofiber membranes consisting of 
pure PLGA and PLGA-ND. 
Abbreviations: PLGA, copolymer of L-lactide and glycolide; ND, nanodiamond.

polystyrene dishes (Table 3, Figure 5C). As a result, on 

day 3 after seeding, the cells on both PLGA and PLGA-ND 

scaffolds reached significantly lower cell population densi-

ties (36,100 ± 2200 cells/cm² and 37,000 ± 2500 cells/cm², 

respectively) than on polystyrene dishes (61,900 ±  

2100 cells/cm²). At the same time, the cell population 

densities on both nanofibrous scaffolds were similar 

 (Figure 5A and C).

From day 3 to 7 after seeding (ie, in a late phase of 

exponential cell growth), the cell proliferation became 

quicker on both types of nanofibrous membranes than on 

polystyrene, ie, these cells proliferated with shorter cell 

population doubling times (Table 3). In spite of this, on 

day 7 after seeding, the cell population densities still 

remained lower on pure and ND-loaded PLGA membranes 

(167,700 ± 4500 cells/cm2 and 169,900 ± 6100 cells/cm2, 

respectively) than on  polystyrene dishes (220,500 ± 

6300 cells/cm2).

Nevertheless, the cells on PLGA with ND were similar 

in shape to the cells on PLGA and polystyrene dishes, 

ie, polygonal or spindle-like. They were distributed homo-

geneously on the samples, their number rose continuously 

during the testing period, and at the end of the testing period, 

these cells were able to form a confluent layer (Figures 6 and 7). 

From this point of view, the MG-63 cells on PLGA-ND 

membranes behaved physiologically without noticeable signs 

of cell damage.

Viability of MG-63 cells  
on nanofibrous scaffolds
Staining the cells with the LIVE/DEAD viability/cytotoxicity 

kit showed that the percentage of living cells on all tested 

materials was relatively high, ranging from 92% to 99% 

(Figures 5D and 7). The lowest values (92%–94%) were 

obtained in cells on composite PLGA-ND membranes. These 

values were significantly lower than those obtained in cells 

on the control polystyrene dishes, and on days 3 and 7 were 

also significantly lower than the values on the pure PLGA 

membranes. Also, on pure PLGA membranes, cell viability 

was lower than that on the polystyrene dishes, except on 

day 7, when the two values were similar.

On the corresponding substrates, the cell viability was 

similar on day 1 and day 3 after seeding. However, from 

day 3, the viability showed a tendency to decrease, which 

was most pronounced on polystyrene dishes. On these 

substrates, the cell viability on day 7 was significantly 

lower than on day 1 and day 3. On PLGA-ND scaffolds, 

the cell viability on day 7 was lower than on day 3 

(Figure 5D).

Focal adhesion plaques and actin 
cytoskeleton in MG-63 cells  
on nanofibrous scaffolds
Immunofluorescence staining showed that in cells on both 

types of nanofibrous membranes and the control microscopic 
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Figure 5 (A) Number of human osteoblast-like MG-63 cells on days 1, 3, and 7 after seeding on a pure nanofibrous PLGA membrane, a PLGA-ND membrane, and bottom of 
polystyrene culture wells. (B) Size of cell spreading area on day 1 after seeding. (C) Growth dynamics of cells on substrates from days 1–7. (D) Viability of MG-63 cells on days 
1, 3 and 7 after seeding on the substrates. Mean ± standard error of the mean of three experiments. In total, 72 measurements of cell numbers (A, C) and 20 measurements 
of cell viability (D) were performed, and 200–278 cell spreading areas (B) were evaluated for each experimental group and time interval.
Notes: Analysis of variance, Student-Newman-Keuls method. *,#P # 0.05 in comparison with polystyrene and PLGA, respectively.1,3 P # 0.05 in comparison with cells on 
days 1 and 3 after seeding on corresponding substrate. 
Abbreviations: PLGA, copolymer of L-lactide and glycolide; ND, nanodiamond; PS, polystyrene.

glass coverslips, talin either was distributed diffusely 

throughout all the cells or was organized into focal adhesion 

plaques. These plaques were more apparent in cells on glass 

and PLGA membranes with ND than in cells on the pure 

PLGA scaffolds. On both nanofibrous scaffolds, the focal 

adhesion plaques were usually relatively small, dot-like, and 

distributed on the ventral part of the cell membrane in its 

central region. On glass, these plaques were bigger, streak-

like, and distributed in both peripheral and central parts of 

the cells (Figure 8A–C).

A similar morphology and distribution was also observed 

for vinculin-containing focal adhesion plaques, though they 

were usually smaller and less numerous than those containing 

talin (Figure 8D–F).

Beta-actin in cells on all three tested substrates was 

organized into fine fibers running in parallel between the 

opposite cell edges. These fibers were most apparent in 

cells on glass, while on both nanofibrous substrates, a 

considerable amount of β-actin was also  distributed 

 d i ffuse ly  wi thout  fo r ming  spec i f ic  s t r uc tures 

(Figure 8G–I).

Table 3 Cell population doubling time (DT) of MG 63 cells on 
poly(lactide-co-glycolide) (PLGA) membranes with and without 
nanodiamond (ND), and tissue culture polystyrene dishes (PS) as 
a reference material

Material/DT PLGA PLGA-ND PS

DT1–3 (hours) 32.5 ± 3.2* 27.5 ± 1.3 22.5 ± 0.6
DT3–7 (hours) 43.6 ± 1.7* 45.6 ± 2.0* 52.8 ± 1.2
DT1–7 (hours) 37 ± 0.5 36.8 ± 1.1 36.2 ± 0.6

Notes: Mean ± SEM from four measurements, ANOVA, Student-Newman-Keuls 
method. Statistical significance: *P # 0.05 in comparison with PS. 
Abbreviation: ANOVA, analysis of variance.
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Figure 6 Morphology of human osteoblast-like MG-63 cells on days 1 (A–C), 3 (D–F), and 7 (G–I) after seeding on pure PLGA scaffolds (A, D, and G), composite PLGA-ND 
scaffolds (B, E, and H), and a polystyrene culture well (C, F, and I). The cell membrane and cytoplasm were stained with Texas Red C2-maleimide (red fluorescence), and the 
cell nuclei with Hoechst 33342 (blue fluorescence).
Notes: A Nikon Eclipse Ti-E microscope, objective 20 × 1.5; Nikon DS-Qi1 MC digital camera, NIS-Elements AR software, version 3.10, were used. Summarization of 
Z-sections with deconvolution, bar 50 µm. 
Abbreviations: PLGA, copolymer of L-lactide and glycolide; ND, nanodiamond.

Immune activation of cells  
on nanofibrous membranes
From days 2–7 after seeding of human osteoblast-like 

MG-63 cells on the tested materials, the concentration of 

human TNF-α in the culture medium ranged on average from 

0.74 to 2.31 pg per 100,000 cells. The concentration of 

TNF-α in the medium from PLGA, PLGA-ND, and PLGA-

HAp meshes was significantly higher than in the medium 

from control polystyrene dishes with and without CellCrowns 

(Figure 9C). The highest value (2.31 ± 0.21 pg/100,000 cells) 

was found in the medium taken from MG-63 cells on 

PLGA-ND meshes. Nevertheless, this concentration of 

TNF-α was very low. As follows from the calibration curve 

(Figure 9E), it was almost at the limit of detection by the 

human TNF-α Quantikine ELISA kit. Even after relatively 

long stimulation of MG-63 cells with a relatively high dose 

of bacterial lipopolysaccharide (10 µg/mL for 24 hours), the 

concentration of TNF-α in the culture medium reached only 

5.07 ± 0.24 pg/100,000 cells, which still remained at the 

detection limit (Figure 9G).

On the other hand, the values obtained for RAW 

264.7 macrophages were higher by 1–2 orders of magnitude. 

On the tested samples, the concentration of TNF-α in the 

culture medium reached on average 12.9 to 51.1 pg/100,000 

cells. Similarly, as for MG-63 cells, the concentrations of 

TNF-α released into the culture medium by cells on all 

PLGA-based membranes were significantly higher than the 

values for control polystyrene wells. Nevertheless, the con-

centration of TNF-α released by the cells on PLGA-ND was 

similar as in cultures on pure PLGA ( Figure 9D). The highest 
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concentration (51.1 pg/100,000 cells) was obtained in the 

medium from PLGA-HAp membranes, and it was 

 significantly higher than the values obtained in all other tested 

materials. In spite of this, it was much lower (about eight 

times) in comparison with the concentration of TNF-α 

released from RAW 264.7 cells after stimulation with the 

lowest concentration of lipopolysaccharide (0.05 µg of 

lipopolysaccharide, Figure 9H). For comparison, 10 µg/mL 

of lipopolysaccharide in our study induced a massive release 

of TNF-α from RAW 264.7 cells, manifested by a high 

concentration of TNF-α  in the culture medium 

(731 ± 7 pg/100,000 cells; Figure 9H). No TNF-α was 

detected in the pure culture media not exposed to cells, which 

served as a negative control.

As for ICAM-1, no significant differences in the concen-

tration of this immunoglobulin in MG-63 cells or RAW 

264.7 cells were detected on any tested materials (Figure 9I 

and J). In other words, all three types of PLGA-based 

 membranes, ie, pure PLGA, PLGA-ND, and PLGA-HAp, 

did not evoke signif icantly higher concentrations of 

ICAM-1 in MG-63 or RAW 264.7 cells than the conventional 

cell culture system on polystyrene dishes.

Discussion
In this study, we constructed nanofibrous membranes by 

electrospinning pure PLGA or PLGA with approximately 

23 wt% of ND. Recently, the first synthetic polymeric fibers 

of nanoscale or microscale diameter loaded with ND were 

created by Behler et al32 by electrospinning polyacrylonitrile 

or polyamide and ND powder produced via detonation 

 synthesis. Similar to our study, the ND particles were not 

dispersed homogeneously in the polymeric matrix, but they 

formed agglomerates. However, these agglomerates were 

much smaller than those in our present study, ie, usually not 

exceeding the fiber diameter. At the same time, the concen-

tration of ND particles reached 80 wt% in polyacrylonitrile, 

A B C

D E F

G H I

Figure 7 Live (green) and dead (red) human osteoblast-like MG-63 cells on days 1 (A–C), 3 (D–F), and 7 (G–I) after seeding on pure PLGA scaffolds (A, D, and G), 
composite PLGA-ND scaffolds (B, E, and H) and a polystyrene culture well (C, F, and I).
Notes: Stained with the LIVE/DEAD viability/cytotoxicity kit for mammalian cells. Olympus IX-51, objective 20×, DP-70 digital camera, bar 200 µm. 
Abbreviations: PLGA, copolymer of L-lactide and glycolide; ND, nanodiamond.
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Figure 8 Immunofluorescence of talin (A–C), vinculin (D–F), and beta-actin (G–I) in human osteoblast-like MG-63 cells on day 3 after seeding on pure PLGA scaffolds 
(A, D, and G), composite PLGA-ND scaffolds (B, E, and H), and polystyrene culture well (C, F, and I).
Notes: Leica confocal laser scanning microscope (TCS SP2, Germany), objective 20×, zoom 8× (A) 8.5× (B), or 6× (remainder of pictures); bar 25 µm. 
Abbreviations: PLGA, copolymer of L-lactide and glycolide; ND, nanodiamond.

while on PLGA in our study, the concentration was only 

23 wt%. The optimum ND concentration for creating poly-

amide-based fibers was 40 wt%.32 The optimum ND concen-

tration for forming composite fibers therefore seems to 

depend on the type of the polymer used. Other factors influ-

encing ND agglomeration include sonication, stirring, and 

shaking the ND suspension, the diameter of the newly formed 

fibers, polymer surface tension, strength of the electrostatic 

forces pulling the fibers in electrospinning, type of solvent, 

and time of its evaporation. The concentrations of polymer 

and ND are also important. In the study by Behler et al,32 

a relatively low polymer concentration (6 wt%) in the solvent 

decreased the viscosity and increased the highest obtainable 

loading of ND. If the ND concentration increased above 

20 wt%, the fibers showed a more uniform distribution of 

these nanoparticles. On the other hand, excessively high 
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Figure 9 Markers of cell immune activation in human osteoblast-like MG-63 cells (A–I) and murine macrophage-like RAW 264.7 cells (B–J) on day 7 after seeding on pure 
nanofibrous PLGA membranes, PLGA membranes with ND, PLGA membranes with HAp, and bottom of polystyrene culture wells with and without CellCrown inserts (PS-CC 
and PS, respectively). (A and B) Cell number, with which the markers were correlated. (C and D) Concentration of TNF-α in the cell culture media taken from MG-63 or RAW 
264.7 cells cultured on the tested materials. (E and F) Calibration curves for TNF-α measured by human and mouse TNF-α Quantikine enzyme-linked immunosorbent assay 
kits, respectively. (G and H) Concentration of TNF-α in culture media taken from MG-63 or RAW 264.7 cells after 24-hours of stimulation with bacterial lipopolysaccharide 
(0–10 µg/mL). (I and J) Concentration of ICAM-1 (per mg of protein) in homogenates of MG-63 or RAW 264.7 cells grown on the tested materials. Mean ± standard error 
of the mean for four samples from each experimental group. In total, for each experimental group, 72 (A and B), eight (C, D, G, and H) or 24–26 (I and J) measurements 
were performed. Analysis of variance, Student-Newman-Keuls method. The numbers above the columns indicate the type of tested sample (A–D) or lipopolysaccharide 
concentration (G and H) with significantly different values.
Note: P # 0.05. 
Abbreviations: PLGA, copolymer of L-lactide and glycolide; ND, nanodiamond; HAp, hydroxyapatite; PS, polystyrene; ICAM-1, intracellular adhesion molecule-1; LPS, 
lipopolysaccharide; TNF-α, tumor necrosis factor alpha.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1944

Parizek et al

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2012:7

 concentrations of ND disabled the formation of fibers. 

An attempt to electrospin a 90 wt% ND-polyacrylonitrile 

composite resulted in  electrospraying of droplets, in which 

most of the ND particles were agglomerated, and the clumps 

were connected with small fibers.32 In our study, a relatively 

low concentration of the polymer in the solvent was also 

used (ie, 2.3 wt%), and the concentration of ND exceeded 

20 wt% in the polymer, being 23 wt%. Despite this, ND-

containing clusters were present in our meshes. Thus, addi-

tional factors should be taken into account, particularly the 

different setup of the electrospinning process. While in our 

study the membranes were formed purely by electrostatic 

forces, in the study by Behler et al32 these forces were potenti-

ated by continuously pumping the ND dispersions through 

the syringe with a needle at 0.015 cm/minute. A similar 

technique, ie, a combination of an electrical field with active 

pumping and ejection of PLGA or PLA with HAp nanopar-

ticles through a syringe with a needle, was also successfully 

used for electrospinning composite nanofibrous scaffolds for 

potential bone tissue engineering applications.9,12,14,15 In these 

studies, PLGA was dissolved in dichloromethane or 

1,1,1,3,3,3-hexafluor-2-propanol at concentrations in the 

range of 2%–30% w/v. The HAp particles were 100–200 nm 

in size, and they reached concentrations of 1–20 wt% in 

PLGA. At lower concentrations (up to 5 wt%), the HAp 

nanoparticles were homogeneously dispersed inside or on 

the surface of PLGA fibers without forming clusters. At 

higher concentrations (10 wt% and especially 20 wt%), HAp 

nanoparticles showed a tendency to agglomerate, which 

resulted in an increase in surface roughness, in porosity, and 

also in the fiber diameter. Good results were obtained with 

composite PLGA-tricalcium phosphate nanofibers, prepared 

by electrospinning 8% (w/w) PLGA in chloroform, contain-

ing 5% (w/w) of the surfactant Tween 20, and enriched with 

amorphous tricalcium phosphate (particle size 20–50 nm) in 

concentrations of 10–40 wt% in PLGA. The tricalcium 

phosphate nanoparticles were homogeneously distributed in 

the PLGA matrix, although fractures on the fiber surface 

occurred at higher concentrations.13

As for the PLA-HAp composite fibers, PLA was dis-

solved in trifluoroethanol at a concentration of 10 wt%, and 

the concentration of HAp nanoparticles (size ,100 nm) 

ranged between 5 wt% and 20 wt% of PLA. At all concentra-

tions, HAp nanoparticles were homogeneously distributed 

inside the nanofibers without forming aggregates and promi-

nences on the fiber surface.9

A combination of PLA (dissolved in chloroform and 

dimethyl formamide at a ratio of 3:1 at a concentration 

of 20 wt%) with multiwall carbon nanotubes (diameter 

15 ± 5 nm and length 5–20 µm, concentration 1 wt% in PLA) 

also led to electrospinning of fibers with multiwall carbon 

nanotubes aligned with the long axis. Only occasional fibers 

with incompletely encapsulated MWNT were observed.23 

Interestingly, nanocomposite PLA-multiwall carbon nano-

tubes fibers had a markedly smaller average diameter 

(700 nm) than PLA without multiwall carbon nanotubes 

(approximately 5–8 µm). In contrast, when HAp nanoparticles 

were added to PLGA or PLA, the fiber diameter increased 

proportionally to the nanoparticle concentration, eg, from 

300 nm (neat PLGA) to 700 nm (20% nano-HAp).14 Also in 

our study, the PLGA-ND fibers were thicker than pure PLGA 

fibers (270 ± 9 nm versus 218 ± 4 nm in diameter, Table 1).

Evaporation of the solvent during the electrospinning 

process is limited in the system using a needle and a syringe, 

whereas in our system a drop placed with a micropipette on 

the spike-like electrode was freely exposed to air. This 

allowed quick evaporation of the solvent and an increase in the 

polymer concentration and in the ND concentration in 

the dispersion. These changes may increase the viscosity of 

the dispersion, an important parameter which influences the 

spinnability of the materials. High viscosities are known to 

hamper electrospinning due to the flow instability caused by 

the high cohesiveness of the solution, while very low viscosi-

ties lead to the formation of droplets.17 Viscosity was not 

measured in our present study. However, the solution viscos-

ity is proportional to polymer concentration.48,49 Polymer 

concentration plays a decisive role in the outcome of the 

electrospinning process: a low concentration led to the for-

mation of beaded fibers; an intermediate concentration 

yielded good quality fibers; a high concentration resulted in 

a bimodal size distribution, and a distributed deposition at 

even higher concentration.49 In accordance with this, our 

preliminary experiments showed that a PLGA concentration 

of 2.3 wt% in the solvent enabled electrospinning of long 

and smooth nanofibers, whereas a relatively small decrease 

in this concentration to 2.0 wt% resulted in the formation of 

several µm large polymer clusters connected with a small 

number of short fibers (Figure 10), which may be due to low 

viscosity of the mixture. In a review article by Huang et al,17 

a concentration of 5 wt% is recommended for PLGA. 

 However, when the concentration of PLGA in our experi-

ments was increased to 2.5 wt% or 3.0 wt%, the results were 

also not ideal, ie, they were similar to the results obtained at 

the lower PLGA concentration of 2.0 wt%.

As mentioned above, PLGA has often been dissolved in 

dichloromethane12 or 1,1,1,3,3,3-hexafluor-2-propanol.10,14,15 
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Some investigators have also used N,N-dimethylformamide,50 

chloroform,13 or a combination of tetrahydrofuran and N,N- 

dimethylformamide at a ratio of 1:117 or 3:1.11 In our 

 preliminary experiments, a mixture of methylene chloride 

and N,N-dimethylformamide (ratio 2:3) proved to be the 

most appropriate solvent combination for our open-air elec-

trospinning system. In this combination, methylene chloride 

is a relatively quickly evaporating solvent, while the evapora-

tion of N,N-dimethylformamide is slower. Pure methylene 

chloride or other quickly evaporating solvents (ie,  chloroform) 

did not give good results in our system, where the material, 

placed in a relatively small quantity on the top of the spike-

like electrode, was freely exposed to air. From this point of 

view, the use of a pure slowly evaporating solvent (eg, N,N- 

dimethylformamide) seemed to be ideal. However, in our 

study, PLGA was less soluble in this type of solvent. There-

fore, the abovementioned combination of quickly and slowly 

evaporating solvents was established in our study. In future 

experiments, we intend to use this combination in a Nano-

spider machine equipped with a bath-like vessel for the spun 

material instead of the experimental spike-like electrode used 

in this study. This “free liquid surface electrospinning” is 

expected to result in more effective production of nanofibrous 

meshes of excellent uniformity, controlled diameter of the 

nanofibers, and narrow fiber diameter distribution.

In addition to the properties of the polymer-solvent 

mixture, namely type and concentration of both polymer 

and solvent, evaporation of the solvent, type, size and con-

centration of the added nanoparticles, viscosity of the solu-

tion, and the forces pulling the nanofibers discussed above, 

other parameters are also important for successful electro-

spinning of nanofibers. In particular, these parameters 

include the voltage and the distance between the needle and 

target. During preparation of polycaprolactone nanofibers, 

the fiber length and diameter decreased with increasing 

voltage (10–20 kV), while the uniformity of the fibers 

increased.51 On the other hand, in the case of superelastic 

polymer ink formulations, the viscoelastic nature of these 

polymer inks enables continuous electrospinning at a very 

low voltage of 200 V.52 As for the distance between the 

needle and target, when this distance is short, the electrospun 

fibers tend to stick to the collector as well as to each other, 

which is due to incomplete solvent evaporation.35 An increase 

in needle-collector distance represents a weaker electric 

field, a greater distance to be covered by the fibers and a 

longer flight time, presumably favoring the formation of 

thinner fibers. On the other hand, during electrospinning of 

poly(ethylene oxide), higher  solvent evaporation led to a 

local increase of concentration and viscosity, and the vis-

coelastic forces opposing stretching caused an increase of 

fiber diameter with needle-collector distance.49

The number of initially adhering cells, their spreading 

area, their subsequent growth dynamics, and the numbers 

achieved on pure PLGA and composite PLGA-ND mem-

branes in our study were similar. Although this is the first 

study on composite polymer-ND scaffolds used as growth 

supports for cells, and thus no comparison with studies by 

other authors is available, it is known that the addition of 

nanoparticles to polymeric nanofibrous scaffolds usually 

supports cell colonization of these materials. For example, 

on PLA-multiwalled carbon nanotube scaffolds, the number 

of human adipose-derived human mesenchymal stem cells 

on day 14 after seeding significantly exceeded the value on 

pure PLA fibers. This was attributed to the smaller diameter 

of PLA-multiwalled carbon nanotube fibers and smaller pores 

among them. In other words, there was a finer network which 

enabled the attachment of human mesenchymal stem cells 

at multiple focal points.23 In our study, the pores among the 

PLGA-ND fibers were also significantly smaller than in pure 

PLGA membranes. Thus, the cells bridged over smaller gaps 

and were able to come into more intense contact with the 

fibers. In accordance with these findings, the cells on 

PLGA-ND formed more numerous and more homogeneously 

distributed talin-containing focal adhesion plaques than the 

Figure 10 Morphology of nanofibrous PLGA scaffolds created by electrospinning of PLGA diluted in methylene chloride and dimethyl formamide (2:3) at a concentration 
of 2.3 wt% (A) or 2.0 wt% (B).
Note: XL30CP scanning electron microscope (Phillips Elektron Optics GmbH, Kassel, Germany), objective magnification 3200×, bar 10 µm. 
Abbreviation: PLGA, copolymer of L-lactide and glycolide.
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cells on pure PLGA membranes (Figure 8A and B). At the 

same time, these plaques were smaller (ie, finer) than those 

in cells on polystyrene dishes, particularly at the cell 

 periphery. Streak-like and thick focal adhesion plaques have 

been considered as an artifact of the classical cell culture 

system, where the cells are cultivated on “two-dimensional” 

substrates such as polystyrene or glass under static condi-

tions.53 Focal adhesion plaques of this type do not occur in 

tissues in vivo or in an advanced cell culture system with 

cells on “three-dimensional” substrates, including  nanofibrous 

 scaffolds, and cultured under dynamic conditions. From this 

point of view, the fine focal adhesion plaques in cells on 

nanofibrous meshes in our study can be considered as more 

physiological and better reflecting the morphology of focal 

adhesions on cells under in vivo conditions.

Another reason for the better developed talin-containing 

focal adhesion plaques on PLGA-ND membranes may be 

better mechanical properties of these membranes compared 

with pure PLGA scaffolds. Mechanically resistant materials 

are less deformed by tractional forces produced by the actin 

cytoskeleton, and thus they can better stimulate the cell spread-

ing and assembly of focal adhesion plaques.54 In accordance 

with this, the rupture tests showed that PLGA-ND membranes 

were able to deform further and withstand a higher force than 

pure PLGA membranes. Two possible contributing factors to 

both these observations are the reinforcement of individual 

nanofibers by ND incorporation, which was demonstrated by 

transmission electron microscopy (Figure 2), and an increase 

in the number and strength of contacts between individual 

fibers by ND. Scanning electron microscopy images (Figure 1C 

and D) demonstrated that more material clusters were present 

in PLGA-ND membranes. It is conceivable that such clusters 

are reinforced by the presence of ND. Similarly, addition of 

nanodiamond has increased the hardness and stiffness of the 

polymer, polyvinyl alcohol, particularly in synergy with 

single-wall carbon nanotubes or graphene,55 and PLA33,46 

Electrospun fibers of polyacrylonitrile also became harder and 

stiffer after incorporation of ND.32 However, to the best of our 

knowledge, this study is the first to demonstrate reinforcement 

of electrospun PLGA nanofibers by ND. The addition of ND 

to polymers has been proposed to cause reinforcement by 

interaction between functional groups on nanodiamond sur-

faces with polymer chains46 and an enhancement of polymer 

crystallinity.46,55 FTIR analysis revealed band shifts which 

were small compared with those observed by Zhao et al.46 One 

explanation is that the chemical interactions between PLGA 

and ND are weak. In this case, due to the weakness of these 

interactions, it would be expected that ND does not 

significantly increase the material crystallinity. This, in turn, 

would suggest that improved mechanical properties are due 

to an increased number of interfiber contacts in PLGA-ND 

membranes. Another explanation is that the concentration of 

ND is low at the surface and is thus not detected by FTIR, 

which is supported by the transmission electron microscopy 

images showing the presence of ND predominantly in the 

center of fibers. One cause for the “internalization” of ND is 

its poorer solubility compared with PLGA, leading to phase 

separation. Another factor is the lower size and therefore 

greater motility of the PLGA molecule compared with ND, 

allowing faster migration of PLGA to the fiber surface.

On the other hand, the more numerous and larger material 

clusters (often microsized) in the composite PLGA-ND 

membranes may hamper the adhesion, spreading, and growth 

of MG-63 cells on this material. In our earlier study, per-

formed on bone MG-63 cells and vascular smooth muscle 

cells in cultures in carbon fiber-reinforced carbon composites, 

microsized irregularities distributed in microscale distances 

on the material surface exerted a negative influence on cell 

adhesion, spreading, and subsequent growth.56

Other nanoparticles have also been described to improve 

the mechanical properties (eg, their tensile modulus and 

tensile strength) and bioactivity of nanofibrous scaffolds made 

of synthetic polymers. These nanoparticles include multiwall 

carbon nanotubes,23 bioglass nanofibers,36 nanosized dispersed 

silica xerogel,37 tricalcium phosphate,13 and HAp.9,14 However, 

in PLGA-HAp composites, the material reinforcement by 

HAp occurred only at lower HAp concentrations (1–10 wt%), 

whereas higher concentrations (20 wt%) led to a decrease in 

storage modulus and fiber-breaking.14 On the other hand, a 

higher HAp concentration enhanced osteogenic differentiation 

of bone-forming cells. For example, the HAp component of 

PLGA/HAp composite nanofibers increased the activity of 

alkaline phosphatase, expression of osteogenic genes (eg, 

collagen, alkaline phosphatase, osteocalcin, bone sialopro-

tein), and calcium mineralization in human mesenchymal 

stem cells in cultures on these scaffolds.15 In addition, the 

release of BMP-2 from fibrous PLGA/HAp composite scaf-

folds was accelerated with increasing HAp content 

(5–10 wt%).12 These positive findings have been explained 

by the hydrophilicity of HAp, by increased adsorption of cell 

adhesion-mediating proteins from the serum of the culture 

medium on HAp-containing scaffolds, and by the more rigid 

and spacious scaffold structure.12,15

Mechanical properties and bioactivity of nanofibrous 

scaffolds made of conventional polymers (ie, PLA) have been 

markedly improved by copolymerization with polyaniline. 
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Recent publications by Gizdavic-Nikolaidis et al20,21 showed 

that functionalized polyaniline/PLA nanofibrous blends not 

only allow mammalian cells to attach and proliferate, but also 

kill pathogenic bacteria cells, and are novel conductive materi-

als that are potentially well suited for use as biocompatible 

scaffolds for tissue engineering and as antimicrobial wound 

dressings that have the advantage of being able to kill micro-

organisms without use of an antiseptic.

The size of the cell spreading area, and the cell prolifera-

tion and cell population densities achieved on both PLGA 

and PLGA-ND scaffolds in our study were significantly lower 

than the values on the bottom of polystyrene wells. This may 

be due to the relatively small diameter of both PLGA and 

PLGA-ND fibers (on average 218 nm and 270 nm, respec-

tively), which limited the cell-material contact that is neces-

sary for good colonization of a material with cells. In a study 

performed on NIH 3T3 fibroblasts in cultures on PLGA 

meshes, the cell spreading areas on meshes with fiber diam-

eters of 140 nm and 760 nm were significantly lower than on 

continuous PLGA films, and were equal to the value on these 

films only at a fiber diameter of 3600 nm.10 In a study by 

Kumbar et al,11 who created PLGA fibers from 150 to 

6000 nm in diameter (by electrospinning PLGA in increasing 

concentrations), the range of the fiber diameter optimal for 

spreading, proliferation, and collagen III gene expression in 

human skin fibroblasts was 350–1100 nm. These findings 

were attributed to the optimum range of the material surface 

wettability (which increased with increasing fiber diameter), 

and a favorable cell-fiber interaction.11 The cell spreading on 

the nanofibrous membranes in our study may also be limited 

by the random orientation of the fibers in these scaffolds. It 

has been reported that increasing fiber orientation (from 

random to parallel) enlarged the cell spreading area.10

The increase in cell number on nanofibrous scaffolds in 

our study may also be reduced by lower viability of cells on 

these scaffolds in comparison with the values on the control 

polystyrene dishes. This lower cell viability may be due to 

limited cell-material contact and relatively small cell spread-

ing areas. In anchorage-dependent cells, adequate contact 

with a material and spreading on it is decisive not only for 

proper functioning of the cells but primarily for survival of 

the cells. For example, human capillary endothelial cells 

cultured on fibronectin-coated islands larger than 1500 µm2 

spread and progressed through the cell cycle, whereas cells 

restricted to areas smaller than 500 µm2 failed to extend and 

underwent apoptosis.57

In addition, on PLGA scaffolds loaded with ND, the cell 

viability on days 3 and 7 after seeding was lower than the 

cell viability on pure PLGA scaffolds. This may be attributed 

to a less favorable morphology of PLGA-ND meshes, ie, the 

presence of microsized clusters of ND, which could further 

hamper the cell-material contact. However, some adverse 

effects of the ND powder on cells also cannot be excluded. 

ND particles are generally considered to be noncytotoxic, 

nonimmunogenic, and nonallergenic. This is because there 

is no significant production of oxygen radicals by ND26,27 or 

even because ND has antioxidative effects.38 However, some 

authors have reported damaging effects of diamond nano-

particles on white and red blood cells in vitro and in vivo.58,59 

This has been explained by the relatively high concentrations 

(1 mg/mL or more) of diamond nanoparticles used in these 

studies. In addition, ND powders often contain impurities, 

mainly other forms of carbon, such as graphite60 or iridium.39 

The ND powder used in our study was grayish in color, which 

suggests the presence of these impurities. In our earlier study, 

performed on nanocrystalline diamond films, the presence 

of other carbon forms, namely graphite and amorphous 

carbon, was also indicated by Raman spectroscopy.28

The size of the diamond particles was also important for 

their potentially damaging effects on cells. In cultures of 

HeLa cells, microsized diamond crystals (diameter approxi-

mately 1 µm) caused considerable stress to the cells and 

attenuated their growth and viability.61 Microsized ND clus-

ters in our PLGA-ND scaffolds might have similar effects, 

especially if they were released from the scaffolds and pen-

etrated into the cells.

Nevertheless, cell viability above 90% can be considered 

as very high, comparable with the values in physiological 

cell populations, which also exhibit a certain cell turnover. 

In our earlier studies, focused on gender-related differences 

in the growth activity of rat aortic smooth muscle cells 

derived from male and female donors, cell loss (ie, spontane-

ous cell detachment often followed by cell death) in cultures 

of these cells on standard tissue culture polystyrene ranged 

from 3.0% ± 1.4% to 22.4% ± 1.7%.62

An important finding of this study was that the presence 

of diamond nanoparticles did not evoke any considerable 

inflammatory activation of osteoblast-like MG-63 cells and 

RAW 264.7 macrophages, as revealed by the concentrations 

of TNF-α in cell culture media and ICAM-1 in cell 

homogenates.

TNF-α is a cytokine involved in systemic inflammation 

and is a member of a group of cytokines that stimulate the 

acute phase reaction. It is produced mainly by activated 

macrophages, although it can be produced by other cell types 

as well, such as lymphoid cells, mast cells,  endothelial cells, 
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cardiac myocytes, adipose tissue, fibroblasts, cells of the 

nervous system, and also MG-63 cells.44,63 The release of 

TNF-α is highly stimulated by lipopolysaccharide, a compo-

nent of the outer membrane of Gram-negative bacteria. 63,64

ICAM-1, also referred to as CD54, is an immunoglobulin 

adhesion molecule in the cell membrane, which binds to 

β
2
-integrin adhesion receptors on inflammatory cells 

(eg, leukocytes, monocytes, macrophages). It is expressed 

by leucocytes, macrophages, endothelial cells, and also by 

osteoblasts and osteoblast-like cell lines.65 Its expression can 

be induced by cytokines (TNF-α) and is associated with 

osteoarthritis and osteoporosis.66,67

The concentration of TNF-α in the culture medium taken 

from MG-63 grown on PLGA-ND was significantly higher 

than in the media from pure PLGA, PLGA HAp, and control 

polystyrene cell culture wells. This increased cytokine pro-

duction might be due to impurities in the ND powder, such 

as graphite and amorphous carbon.68,69 On the other hand, 

the production of TNF-α by MG-63 cells in our study can 

be quantified as very low and almost at the limit of detection 

by the human TNF-α Quantikine ELISA kit. Even after 

intensive stimulation of MG-63 cells with bacterial lipopoly-

saccharide, the concentration of TNF-α in the culture medium 

still remained at the detection limit, which suggests low 

sensitivity of MG-63 cells to inflammatory activation. 

In accordance with this finding, MG-63 and other human 

osteoblast-like cells, ie, SaOS-2, did not produce significant 

levels of TNF-α even after infection with Brucella abortus. 

A significant increase in TNF-α production (almost 600 pg/

mL of the culture medium) was achieved only in cocultures 

of these cells with human THP-1 monocytes.45 When RAW 

264.7 macrophage-like cells, which are much more sensitive 

to the inflammatory activation than MG 63 cells, were used, 

the concentration of TNF-α in the cell culture medium from 

PLGA-ND samples (about 26 pg/100,000 cells, which cor-

responded to about 237 pg/mL of the medium) was similar 

to that in the medium from PLGA samples, and even lower 

than in the medium from PLGA-HAp. For comparison, after 

stimulation of RAW 264.7 macrophages with hydrogel par-

ticles (0.03 to 3 vol%) the concentration of TNF-α reached 

about 1000 pg/mL of the culture medium, and after stimula-

tion with 0.1 µg/mL of lipopolysaccharide for 24, it has 

reached more than 15,000 pg/mL.44

Although the concentration of TNF-α released by RAW 

264.7 cells grown on PLGA membranes with HAp was sig-

nificantly higher than in cells on pure PLGA, PLGA-ND, and 

polystyrene wells in our study, HAp is generally considered 

to be a material with a relatively low inflammatory potential. 

For example, RAW 264.7 macrophages in 24-hour cultures 

on a microfibrous composite of polyethylene terephthalate 

with 10 wt% of nanograde HAp released only 25 pg of TNF-α 

per mL of culture medium, while after 24 hours of stimulation 

of these cells with 10 µg/mL of lipopolysaccharide, TNF-α 

concentrations reached 566 pg/mL.70

In addition, the concentration of ICAM-1 in homogenates 

prepared from MG-63 or RAW 264.7 cells on PLGA-ND 

and PLGA-HAp membranes was also similar to that for cells 

on pure PLGA meshes and control polystyrene wells. Similar 

results were also obtained in our earlier studies on pure and 

boron-doped nanocrystalline diamond films.28 Thus, it can 

be concluded that the immune activation of cells on 

 nanofibrous PLGA-ND membranes is very low, which cor-

relates well with studies reporting no or a very low (and not 

 significant) inflammatory reaction of cells and tissues in 

contact with ND particles.26,27,38 From this point of view, 

PLGA-ND composites seem to be a suitable material for 

bone tissue engineering.

Conclusion and further perspectives
Using an electrospinning technique, we constructed fibrous 

membranes made of pure PLGA and PLGA with 23 wt% of ND. 

The fiber diameter was 218 ± 4 nm and 270 ± 9 nm, and the 

area of the pores among the fibers was 1.28 ± 0.09 µm2 in 

PLGA membranes and 0.46 ± 0.02 µm2 in PLGA-ND 

 membranes. Both pure PLGA and composite PLGA-ND 

membranes supported attachment, spreading, subsequent 

proliferation, and viability of human osteoblast-like 

MG-63 cells in cultures on these materials, although the cell 

numbers were lower than on the control polystyrene dishes. 

This could be attributed to relatively thin fibers and numerous 

microsized clusters in these membranes, which could limit the 

cell-material contact and hamper cell spreading. Nevertheless, 

our composite PLGA-ND scaffolds showed improved 

mechanical properties and did not evoke a considerable inflam-

matory response. Thus, after several improvements, the 

PLGA-ND scaffolds could be applied as carriers for cells in 

bone tissue engineering. Investigations on the osteogenic dif-

ferentiation of the cells on these scaffolds are in progress.
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a  b  s  t  r  a  c  t

The  main  complication  of aortocoronary  reconstruction  with  vein  grafts  is  restenosis  in  the course  of
time. The  aim  was  to assess  the  effect  of  a periadventitial  polyester  mesh  releasing  sirolimus  on  intimal
hyperplasia  of  autologous  grafts.  We  implanted  v.  jugularis  ext. into  a.  carotis  communis  in rabbits.  The
vein  graft  was  either  intact,  or was  wrapped  with  a pure  polyester  mesh,  or with  a  sirolimus-releasing
mesh.  Three  and  six  weeks  after  surgery,  the veins  were  subjected  to standard  histological  staining
and  the thicknesses  of  the  tunica  intima,  the  media  and  the  intima–media  complex  were  measured.
Wrapping  the  vein  with  a mesh  releasing  sirolimus  or with  a pure  mesh  decreased  the  thickness  of the
intima  in  comparison  with  a vein  graft  by  73  ± 11% or 73  ±  8%  after  3 weeks,  and  by  73 ± 9%  or  59  ±  12%
after  6  weeks,  respectively.  Sirolimus-releasing  meshes  reduced  the  thickness  of  the  media  by 65 ± 9%
and 20  ±  12%  after  3 and  6  weeks.  The  thickness  of the  intima–media  complex  in  grafts  with  sirolimus-
releasing  meshes  decreased  by  60 ± 6% and  30  ±  13%  in comparison  with  pure  PES  meshes,  after  3 and
6  weeks,  respectively.  A  periadventitial  polyester  mesh  releasing  sirolimus  has  the  potential  to  become
an effective  device  in preventing  vein  graft  restenosis.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Occlusion of the graft lumen is considered as the main com-
plication in the follow-up of patients after aortocoronary vein
bypass grafting. This occurs almost in 15% within the first year, and
increases up to 50% of occluded veins after 10 years (Motwani and
Topol, 1998). In patent vein grafts, 7% show signs of degeneration
after 1 year and 77% after 10 years (Fitzgibbon et al., 1996).

Due to a mechanical mismatch after implantation, an autol-
ogous vein graft in arterial circulation is prone to remodelling.

∗ Corresponding author at: Department of Biomaterials and Tissue Engineering,
Institute of Physiology of the Academy of Sciences of the Czech Republic, Videnska
1083, 142 20, Prague 4-Krc, Czech Republic. Tel.: +420 296443742;
fax: +420 241062488.

E-mail addresses: ivo.skalsky@ikem.cz (I. Skalský), ondrej.szarszoi@ikem.cz
(O. Szárszoi), filova@biomed.cas.cz (E. Filová), parizek@biomed.cas.cz
(M.  Pařízek), litvinec@biomed.cas.cz (A. Lytvynets), jana.maluskova@ikem.cz
(J. Malušková), alena.lodererova@ikem.cz (A. Lodererová), brynda@imc.cas.cz
(E. Brynda), lisa.v@biomed.cas.cz (V. Lisá), burdikova@biomed.cas.cz (Z. Burdíková),
capek@biomed.cas.cz (M. Čapek), japx@ikem.cz (J. Pirk), lucy@biomed.cas.cz
(L.  Bačáková).

This is accompanied by excessive proliferation of vascular smooth
muscle cells (VSMC), which can migrate into the intima and pro-
duce extracellular matrix. Graft remodelling thus results in intimal
hyperplasia and graft stenosis. In clinical practice, autologous graft
stenosis is usually dealt with (after percutaneous transluminal
angioplasty) by inserting stents, often loaded with antiprolifer-
ative drugs, e.g. sirolimus-eluting stents (CypherTM, Cordis J&J,
NJ), or paclitaxel-eluting stents, into the graft lumen (Colombo
and Iakovou, 2004). However, the use of stents is limited by the
relatively complicated process for inserting them, by increased
mechanical strain on the vessel wall, and by local damage to the
endothelium and VSMC leading to reactivation of VSMC growth
and restenosis of the vessel. In addition, the stents can be released
and can move inside the vessel (Jeremy et al., 2004). Similar prob-
lems are associated with drug-releasing polymeric films covering
the luminal surface of a vessel, e.g. hydrogel films loaded with
paclitaxel (Livnat et al., 2005).

From this point of view, an external drug delivering system,
i.e. placed on the adventitial surface of the vascular graft, seems
to be more advantageous. Periadventitial delivery of heparin from
matrices placed adjacent to rat carotid arteries was  successfully

0378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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used in the case of heparin, which is well known to attenuate
proliferation of VSMC (Edelman et al., 1990). Other antiprolifer-
ative drugs have also been found to inhibit neointimal hyperplasia
of vein grafts in animal experimental models after local extralumi-
nal application, for example suramin, C-type natriuretic peptide,
cilostazol, and sirolimus (Schachner et al., 2004a,b; Hu et al.,
1999; Fujinaga et al., 2004). Especially sirolimus (Rapamycin) is
a drug well known for its potent antiproliferative action. In addi-
tion to its application in drug-eluting stents (Colombo and Iakovou,
2004), this macrocyclic lactone has also been used clinically for
immunosuppressive therapy after organ transplantation (Roque
et al., 2001). The mechanism of its antiproliferative effect is very
complex (Yakupoglu and Kahan, 2003; Regar et al., 2001), involv-
ing mainly blocking the transition from the G1 phase to the S phase
of the cell cycle by interacting with a specific target protein (mTOR,
mammalian target of sirolimus) and inhibiting its activation. Our
earlier study focused on the kinetics of the release of sirolimus
from polyester meshes in vitro (Filova et al., 2011). In these experi-
ments, the release of sirolimus from polyester meshes coated with
a degradable copolymer loaded with sirolimus was  detected for
several weeks. The proliferation of VSMC in culture plates was
inhibited if sirolimus-releasing meshes were used. For the present
study, we assumed that the graft wall of the vessel would be thin
enough to enable diffusion of sirolimus released from a periadventi-
tially placed mesh into the tunica media, so that VSMC proliferation
could be inhibited.

It has been suggested that thickening of the intima of the vein
grafts increased in the distended regions, where the grafts were
subjected to low flow velocity (Dobrin, 1995). Thus, we expected
that in addition to the antiproliferative effects of sirolimus, our
meshes would also reduce the risk of graft restenosis by minimiz-
ing distension of the graft. From this point of view, encouraging
results were obtained in an in vivo study performed on sheep.
Sheathing the implanted vein grafts with a pressure-resistant
polyester (torlen/dacron) mesh significantly reduced intima thick-
ening in these grafts compared to control untreated vein grafts
within 12 weeks after implantation (Krejca et al., 2002). Taken
together, the mesh placed around the graft should serve as a
mechanical support for the graft wall, which increases the resis-
tance of the graft against high pressure, decreases tangential stress
and retards graft degeneration (Jeremy et al., 2004; Krejca et al.,
2002).

We therefore developed a novel combined device composed
of two synergistically effective components: a mechanically sup-
portive polyester mesh, and an antiproliferative drug (sirolimus).
Our work extended previous preliminary study about early inti-
mal  changes in the autologous vein grafts (Skalsky et al., 2011).
We evaluated the dynamics of the vascular wall changes during a
medium-term examination in vein grafts in rabbits, wrapped with a
sirolimus-releasing polyester mesh. Sustained release of sirolimus
within a period of several weeks suppressed VSMC proliferation
for the time necessary for re-endothelialization of the graft. These
effects reduced autologous graft remodelling and the need for sub-
sequent treatment.

2. Materials and methods

2.1. Materials

Polyester mesh (CHS 50, PES mesh) was obtained from VUP
Joint-Stock Co., Brno, CR. Purasorb PLC 7015, and a grade copolymer
of l-lactide and �-caprolactone (70/30 molar ratio, inherent viscos-
ity midpoint of 1.5 dl/g) was purchased from PURAC biomaterials.
Sirolimus (Rapamycin from Streptomyces hygroscopicus, Cat. No.
R0395) was obtained from Sigma–Aldrich (Germany).

2.2. Mesh impregnation

Polyester mesh impregnation was  described in a previous paper
(Filova et al., 2011). Briefly, the mesh was coated with a solution
containing 5.2 mg  of sirolimus and 36.4 mg  of purasorb in 1 ml of
chlorobenzene–ethanol (1.75:1, v/v). It was  dried, and then coated
for a second time with the same solution and dried again. Finally,
the impregnated mesh contained 0.14 mg  of sirolimus per cm2. The
mesh was  dried out in a vacuum oven for 3 weeks, and was then
sterilized with ethylene oxide (sirolimus-releasing PES mesh).

2.3. Implantation procedures

The experiments on laboratory animals were approved by the
Authorization No. 48/2009 issued by the Chief Hygienist of the
Czech Republic, the Ministry of Health of the Czech Republic
according to the law No. 246/1992 of the Collection and in compli-
ance with further regulations, for the protection of animals against
suffering, and in accordance with the Project of Experiments and
the statement of the Ethical Committee. Male Giant Chinchilla
rabbits (3.0–3.5 kg; n = 65; Table 1) were anaesthetized using an
intramuscular injection of ketamine hydrochloride (30.0 mg/kg).
Anaesthesia was maintained with isoflurane (2.5–3.0%), inhaled
through a mask. Heparin (300 IU/kg) was  given intravenously to
the animals. The operative procedure was  performed with an asep-
tic technique with operating glasses (magnification 2.5×). The
right external jugular vein and the right common carotid artery
were exposed through a vertical midline cervical incision. The vein
bypass grafts were constructed using an anastomotic cuff technique
(Jiang et al., 2004) (Fig. 1).

A segment of the external jugular vein approximately 2 cm in
length was harvested for an autologous reversed-vein graft; the
segments were also used as the graft 0 control group. The polymer
cuffs were prepared from a 4F endovascular catheter (Terumo Med-
ical Corp, Elkton, MD). The jugular vein ends were passed through a
cuff, everted, and fixed using 8-0 monofilament polypropylene silk.
The common carotid artery was  clamped distally and proximally,
and the lumen was  then exposed using a small arteriotomy, and the
cuffed, reversed vein ends were inserted. A second 8-0 polypropy-
lene silk was  used to ligature (i.e. secure) the artery around the cuff
on both sides. The back wall of the carotid artery between the cuffs
was excised to allow a vein graft extension (an untreated autolo-
gous graft). Finally, a pure PES mesh or a sirolimus-releasing PES
mesh was  put on around the vein graft and fixed by polypropy-
lene 8/0 on the side (autologous graft wrapped with a PES mesh,
an autologous graft wrapped with sirolimus-releasing PES mesh)
(Jiang et al., 2004).

Groups of animals were euthanized 3 and 6 weeks after implan-
tation. The specimens were equally divided in the middle of the vein
graft (without the cuff segment) to obtain equal parts for histology
and for immunohistochemistry.

2.4. Histology and immunohistochemistry

The venous grafts were divided into two parts. One  part was
fixed in 10% formalin and then it was embedded in paraffin. The
second part was embedded in Sakura Finetek Tissue Tek© Cryomold
holders and Sakura Finetek Tissue Tek© OCT Compound (both from
Sakura Finetek, Tokyo, Japan). The samples were subsequently
frozen in 2-methylbutane (Fluka Chemika, Buchs, Switzerland)
cooled by liquid nitrogen, and then stored at −80 ◦C.

2.5. Histological analysis

The samples embedded in paraffin were cut into 3–4 �m
sections and stained with haematoxylin-eosin, Van Gieson with
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Table 1
Number of CD4+ cells, CD8+ cells, plasmocytes, macrophages and Fe particles in transverse histological sections through untreated autologous grafts (Graft), grafts wrapped
with  a pure PES mesh (PES mesh) or with a sirolimus-releasing PES mesh (Sirolimus) 3 and 6 weeks (3w, 6w)  after implantation. Mean ± SEM from 7 to 10 rabbits (10
microscopic fields per animal). Olympus BX41 microscope, magnification 600×, numbers of rabbits with any kind of thrombus, with oblitering or recanalized thrombi are
also  given. Non-parametric Kruskal–Wallis one-way analysis of variance (ANOVA) was used.

1. Graft 0w 2. Graft 3w 3. PES mesh 3w 4. Sirolimus 3w 5. Graft 6w 6. PES mesh 6w 7. Sirolimus 6w

No of animals 12 7 9 9 10 8 10

CD4+
# vs. 2
** vs. 3

# vs. 1
# vs. 4

**vs. 1
* vs. 4

# vs.2
*vs. 3

1.1 ± 0.4 50.7 ± 19.9 30.0 ± 2.6 0.6 ± 0.4 10.7 ± 1.1 12.8 ± 4.5 12.8 ± 3.8

CD8+
** vs. 3
# vs. 2, 6

# vs. 1 # vs. 5, 7
**vs. 1, 4

** vs.3 # vs. 3 # vs. 1 # vs. 3

0.6  ± 0.2 27.5 ± 17.3 17.0 ± 2.4 0.8 ± 0.4 2.9 ± 0.3 10.0 ± 3.4 1.8 ± 0.5

Plasmocytes
** vs. 5 * vs. 5 *vs. 4, # vs.7 ** vs. 1 # vs. 5
0  ± 0 4.6 ± 1.8 3.2 ± 1.6 0 ± 0 6.9 ± 2.0 2.5 ± 0.7 0.4 ± 0.4

Macrophages
** vs. 7 * vs. 7 ** vs. 1 * vs. 4
0  ± 0 1.6 ± 1.1 5.7 ± 4.0 0 ± 0 2.8 ± 1.3 1.2 ± 0.6 13.2 ± 9.6

Fe  particles
* vs. 5 # vs. 5 * vs. 5 * vs. 5 * vs. 1, 3, 4, 7# vs. 2 *vs. 5
0  ± 0 0 ± 0 0 ± 0 0 ± 0 120.8 ± 79.1 5.1 ± 5.1 0 ± 0

Rabbits with any
kind/oblitering/
recanalized thrombus

0/0/0 3/0/1 5/1/3 5/0/1 5/3/0 5/1/2 3/0/0

# p < 0.05 in comparison with the sample labelled with the same number (statistical significance).
* p < 0.01 in comparison with the sample labelled with the same number (statistical significance).

** p < 0.001 in comparison with the sample labelled with the same number (statistical significance).

elastica, von Kossa and Pearl’s stains. The sections were taken from
the midportion of the graft to avoid tissue that may  have reacted
to the suture material. Each section stained with Van Gieson with
elastica was photographed using an Olympus IX 51 microscope and
a DP 70 digital camera.

2.6. Immunohistochemical staining

Information concerning the primary antibodies used for the
immunohistochemical analyses is shown in Table 2.

2.6.1. Formol fixed, paraffin embedded tissues
Immunohistochemistry was performed on 4 �m-thick paraf-

fin sections using a three-step indirect method. The slides were
deparaffinized in xylene and rehydrated in graded ethanol. After

deparaffinization and rehydration, the slides were cooked in a
microwave oven using 0.01 M citrate buffer pH 6.0 (detection
of smooth muscle actin), or EDTA buffer pH 8.0 (detection of
PCNA) for target retrieval, or proteinase K was applied (detection
of macrophages and CD31). Endogenous peroxidase was blocked
by 0.3% H2O2 in 70% methanol for 30 min. Endogenous biotin
was blocked with the biotin-blocking system (Dako, Glostrup,
Denmark). The tissues were then preincubated with a 10% horse
serum (Vector laboratories, Burlingame, CA) for 20 min  to prevent
nonspecific binding and FcR binding. The primary antibody was
applied for 30 min  RT or incubated overnight at 4 ◦C (CD31). Detec-
tion of the monoclonal antibody was performed using biotinylated
horse anti-mouse IgG (Vector laboratories, Burlingame, CA, USA)
diluted 200× for 30 min. The specimens were then incubated with
RTU Vectastain Elite ABC Reagent for 30 min. Finally, the specimens

Fig. 1. Scheme of the surgical technique for graft implantation (A), the autologous vein before a clip release (B), the dilated vein graft (C) and the dilated vein graft wrapped
with  a PES mesh (D).
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Table  2
The list of monoclonal antibodies used for immunohistochemical staining.

Specificity Origin Company Dilution Clone

CD4+ cells Mouse Novus Biological, CO, USA 50× KEN-4
CD8+  cells Mouse LifeSpan Biosciences, WA,  USA 100× NA
�-Smooth muscle actin Mouse Sigma, MO, USA 900× 1A4
Macrophage Mouse Abcam, UK 200× MAC387
CD31 Mouse Abcam, UK 20× JC/70A
PCNA Mouse Dako, Denmark 6000× PC 10

were stained with Dako Liquid DAB+ Substrate-Chromogen Sys-
tem (Dako, Glostrup, Denmark) for 5 min, and were counterstained
with Harris’s haematoxylin before they were embedded in Entellan
(both from Merck, Germany).

2.6.2. Snap-frozen tissue samples
Immunohistochemistry was performed on sections 8 �m in

thickness, using a three-step indirect method. The sections were
fixed for 10 min  in cold acetone. Following this, the sections were
rinsed in 0.2% Triton X-100 and phosphate-buffered saline, and
endogenous biotin was blocked with a biotin-blocking system
(Dako, Glostrup, Denmark). The tissues were then incubated in 10%
horse serum, after which a primary antibody (anti-CD4/CD8) was
applied for 60 min. In addition, endogenous peroxidase was  blocked
in 0.3% H2O2 and 70% methanol for 30 min. The specimen was
incubated with a secondary biotinylated horse anti-mouse anti-
body (Vector Lab, Burlingame, CA, USA), followed by incubation
with RTU Vectastain Elite ABC Reagent (Vector Lab, Burlingame,
CA, USA). Finally, the specimens were incubated for 5 min  with the
Dako Liquid DAB+ Substrate-Chromogen System (Dako, Glostrup,
Denmark), counterstained with Harris’s haematoxylin and embed-
ded in Entellan (both from Merck, Germany).

The total numbers of CD4+ cells, CD8+ cells, neutrophils, plasmo-
cytes, eosinophils, macrophages, foreign body giant cells, Fe and Ca
particles were counted in the entire cross-section of the vein grafts
in 10 microscopic fields per rabbit at magnification 600×.

2.7. Thickness of intima, media, media–intima complex,
media–intima ratio

The following parameters were measured: the thickness of the
intima from the endothelial surface to the inner border of the tunica
media, the thickness of the media from the inner border of tunica
media to the border between tunica media and adventitia, and the
thickness of the media–intima complex from the endothelial sur-
face to the media–adventitia border. Data was collected from 32
to 84 measurements per rabbit in 12–28 microscopic fields, using
the MeasureStackLines plug-in module of Ellipse Software (ViDiTo
Systems, Slovakia). The media/intima ratio was calculated from the
measured values. The mean value and the Standard Error of Mean
(mean ± SEM) were calculated for each vein and for each animal
group. Grafts with thrombosis were not measured.

2.8. Statistical methods

Non-parametrical one-way Kruskal–Wallis ANOVA was used
for a statistical evaluation of the histology and histomorphome-
try. Two-way ANOVA and the Tukey studentized range method
were used for the data analyses of the thickness of the intima,
media, intima/media complex and the media/intima ratio. The vari-
ables were tested for normality by Shapiro and Wilk’s statistics.
Since normality was rejected, the logarithmic transformation was
applied. The effects of time, drug, and the interaction between time
and drug were tested, and p < 0.05 was considered to be significant.

3. Results

3.1. Histology and immunohistochemical staining

3.1.1. Tunica intima
In all experimental groups of animals, the luminal surface

of the venous graft was covered by a layer of endothelial cells
(Figs. 2 and 3). In some grafts, thrombi were observed on the
luminal surface of tunica intima (Table 1). Some thrombi entirely
obliterated the graft lumen, while others were only parietal or
recanalized, but no significant differences were found among the
rabbit groups. However, there was  a significant difference in the
thickness of the intima among the samples (see also below in
Section 3.3). Focally, smooth muscle cells were observed in the
neointima, especially in samples from animals without the appli-
cation of sirolimus.

3.1.2. Tunica media
In all groups, the adaptation process of vein grafts to arterial

pressure led to the formation of multiple smooth muscle cells lay-
ers, which resulted in thickening of the media (Fig. 3; see also
below in Section 3.3). This was  accompanied by an increased num-
ber of PCNA+ cells (Fig. 2; see also below in Section 3.2). In the
venous autograft with the sirolimus-releasing mesh, the infiltra-
tion of CD4+ and CD8+ cells was remarkably decreased in the vessel
wall (i.e. complex of intima, media and adventitia) compared to the
untreated autologous graft and the graft wrapped with a PES mesh
after 3 weeks (Table 1, Fig. 4).

The number of plasmocytes and macrophages was very small in
all groups. There were only sporadic neutrophils and eosinophils in
the venous grafts (data not shown). After 6 weeks, a lower number
of plasmocytes was  found in veins with a sirolimus-releasing mesh
compared to the untreated autologous graft. However, in veins with
a sirolimus-releasing mesh, the number of macrophages increased
significantly between the 3rd week and the 6th week, although
they were similar in number to those in both control groups after
6 weeks (Table 1). No calcium particles were found in any of the
groups. No infectious wound complications were observed in any
of the groups of animals. One rabbit died during the operation, and
two rabbits due to systemic infection.

3.1.3. Tunica adventicia
Histological staining revealed the presence of PES meshes and

sirolimus-releasing PES meshes in the adventitia of the vein grafts.
In all groups, the distribution of immunocompetent cells, i.e. plas-
mocytes, CD4+ and CD8+ cells, was  similar to the distribution of
these cells in the tunica media (Fig. 4A), see Section 3.1.2 (Table 1).
Small deposits of iron were sometimes observed, probably as a his-
tological correlate of haematoma resorption (Fig. 4B). In addition,
in groups with a PES mesh and a sirolimus-releasing PES mesh,
foreign-body giant cells were observed around the meshes (Fig. 4C
and D).
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Fig. 2. Immunohistochemical staining of CD31 (A–C) and proliferating cell nuclear antigen (PCNA, D–F) in an untreated autologous graft (A, D), an autologous graft wrapped
with  a PES mesh (B, E), an autologous graft wrapped with a sirolimus-releasing PES mesh (C, F) 3 weeks after implantation into rabbits, Olympus BX41 microscope original
magnification 400×, positively stained cells are brown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

3.2. Proliferating cell nuclear antigen (PCNA)

Most of the PCNA+ cells were found in the media and intima
(Figs. 2 and 5), and fewer in the adventitia. The highest number of
PCNA+ cells was observed in the control untreated grafts 3 weeks
after implantation (graft 3w). After 3 weeks, wrapping the vein
graft with a pure PES mesh reduced the number of PCNA+ cells
by 59 ± 15%, while wrapping with sirolimus-releasing PES meshes
reduced the number by 84 ± 13%. After 6 weeks, the number of
PCNA+ cells decreased significantly in the control untreated graft
(graft 6w); however, the number did not change in grafts wrapped
with a pure PES mesh or with a sirolimus-releasing mesh.

3.3. Thickness of the intima, media, media–intima complex, and
the media/intima ratio

The intima measurements (Fig. 6A) after 3 weeks showed the
highest intima thickness value in the control graft. In grafts
wrapped with a PES mesh or with a sirolimus-releasing mesh,

the thickness of the intima was  reduced by 73 ± 8% and 73 ± 11%,
respectively, compared to the untreated graft.

Between the 3rd and 6th weeks, the intimal thickness of the
untreated autologous grafts, the grafts with a pure PES mesh and
the grafts with a sirolimus-releasing PES mesh remained constant.
After 6 weeks, the relative reduction of the thickness of the intima
in the grafts wrapped with a PES mesh or with a sirolimus-releasing
PES mesh was  59 ± 12% and 73 ± 9%, respectively, in comparison to
the untreated graft. The sirolimus-releasing meshes had a signifi-
cantly stronger effect reducing intimal hyperplasia than the pure
PES meshes after 6 weeks.

The increase in media thickness (Fig. 6B) was significantly
reduced by 65 ± 9% by the use of sirolimus-releasing meshes after
3 weeks of implantation. Concurrently, a pure PES mesh did not
influence the hyperplasia of the tunica media compared to the
control untreated autologous graft, at both time intervals. After
6 weeks, the media was  significantly thinner by 20 ± 12% in grafts
wrapped with a sirolimus releasing PES mesh than in the untreated
autologous grafts. The thickness of the intima–media complex

Fig. 3. An autologous vein graft A, D), an autologous vein graft wrapped with a polyester mesh (B, E) and an autologous vein graft wrapped with a polyester mesh releasing
sirolimus (C, F) after 3 (A–C) and 6 weeks (D–F) in rabbits, van Gieson and elastica staining, objective 4×, scale bar = 500 �m,  Olympus IX51 microscope, DP70 digital camera.



316 I. Skalský  et al. / International Journal of Pharmaceutics 427 (2012) 311– 319

Fig. 4. Immunohistochemical staining of CD4 in an untreated autologous graft after 3-week implantation in a rabbit (A), Pearl’s staining of iron (B) in an autologous graft
wrapped with a sirolimus-releasing PES mesh after 3-week implantation in a rabbit, and haematoxylin-eosin staining of an autologous graft wrapped with a sirolimus-
releasing PES mesh after 3-week implantation in a rabbit (C and D), magnification 50× (A, C), 200× (B) and 100× (D), Olympus BX41 microscope; CD4+ cells are stained
brown  (A), Fe is stained blue (B), arrows (D) indicate PES mesh fibres grown in the vein graft; the foreign-body giant cells are localized around the PES mesh fibres. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web  version of this article.)

(Fig. 6C) was remarkably reduced by the sirolimus-releasing mesh
by 76 ± 5% and 37 ± 9% in comparison with the control grafts after
3 and 6 weeks, respectively. At 3 weeks, a pure PES mesh reduced
thickening of the intima–media complex by 41 ± 6% compared to
the untreated autologous graft.

The control autologous grafts and the sirolimus treated graft
after 3 weeks had an intima to media ratio that was  similar to
the ratio in a healthy vein, i.e. graft 0. After 3 weeks, the sirolimus
releasing mesh was able to keep a media/intima ratio similar to
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Fig. 5. The number of proliferating cell nuclear antigen-positive (PCNA+) cells in
an  untreated autologous vein graft (graft), an autologous vein graft wrapped with a
polyester mesh (PES mesh), and an autologous vein graft wrapped with a polyester
mesh releasing sirolimus (sirolimus), after 3 and 6 weeks (3w, 6w) in rabbits. The
values are presented as mean ± SEM (standard error of mean). Two-way ANOVA
and a Tukey pairwise comparison were used for statistical analyses. Statistical sig-
nificance: *p ≤ 0.01 and #p < 0.05 in comparison with the sample labelled with the
same number.

that of graft 0. After 6 weeks, selective thickening of the media
caused an increase in the media/intimal ratio in a graft wrapped
with sirolimus-releasing meshes, probably due to the minimal con-
centration of sirolimus in the meshes at this time interval [14]. The
highest media/intima ratio was  observed in grafts wrapped with a
pure PES mesh after 3 and 6 weeks. In these groups the ratio was
higher than the ratio of the untreated autologous graft.

4. Discussion

In the present study, we created a unique periadventitial sys-
tem with controlled release of the antiproliferative drug sirolimus
to prevent neointimal hyperplasia in the vein graft interposed to
the arterial system in rabbits. In addition, our study confirmed the
hypothesis of the synergistic effects of a PES mesh and sirolimus on
vein wall remodelling.

Several experimental and clinical studies have investigated the
effects of external wall support on reducing the vessel wall stress
and inhibiting neointimal proliferation (Mehta et al., 1998). The
external torlen/dacron mesh tubing around an autologous vein
graft in sheep retarded overgrowth of both the intima and the
media within 12 weeks; the effect was  especially pronounced
in the intima (Krejca et al., 2002). The external wrap acts as a
barrier against distension of the vein graft. The polyester peri-
adventitial mesh works in the same way as the external elastic
membrane of native arterial vessels, and allows them to withstand
higher pressures in arterial circulation. It has been suggested that
haemodynamic forces, especially excessively high wall shear stress,
promote intimal hyperplasia. The wall thickness in grafts tends to
adapt to the same value as the wall thickness in the grafted artery,
which indicates that wall thickening occurs to normalize the tan-
gential wall stress (Dobrin et al., 1989). While shear stress is a
dominant regulator of lumen caliber, wall tension is a more critical
determinant of wall thickness. Animal models indicate that there is
a structurally optimal lumen radius/wall thickness ratio to support
arterial pressure with minimal wall stress (Owens, 2010).
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Fig. 6. The thickness of the intima (A), the media (B), and the intima–media complex (C) of an untreated autologous vein graft (graft), an autologous vein graft wrapped
with  a polyester mesh (PES mesh), and an autologous vein graft wrapped with a polyester mesh releasing sirolimus (sirolimus), after 3 (A–D) and 6 weeks (3w, 6w) in rabbits
(B–D);  media/intima ratio (D). The values are presented as mean ± SEM (standard error of mean). The Tukey studentized range method was used for the statistical analyses;
**p  ≤ 0.01 and *p ≤ 0.05 in comparison with the sample labelled with the same number.

The adventitia plays an important role in the neointimal for-
mation mechanism (Shi et al., 1996; Scott et al., 1996). Mechanical
injury of the vessel induces an adventitial angiogenic response. It
has been suggested that adventitial myofibroblasts play a role in
proliferation, in synthesizing growth factors and finally in migra-
tion into the neointima. Applying the antiproliferative drug from
the outer space of the vessel lumen has the advantage of hitting
the target area for administering the drug in a controlled manner.

In our study, both a PES mesh and a sirolimus-releasing PES
mesh significantly reduced intimal thickness in comparison with
the control untreated grafts 3 and 6 weeks after implantation.
Between the 3rd and 6th weeks, there was no difference in intima
thickness in all groups.

There is no convincing evidence of the durability and the
maximal effective period of external sheaths or wraps, due to
the unfavourable inflammatory response to the synthetic material
used as a permanent mechanical support (Bunt, 1983). In addition,
biodegradable materials may  cease to fit, and may  allow the vein
graft to expand under arterial pressure. Then the increased level of
circumferential wall stress would not be controlled, due to the loss
of mechanical support. The mechanical support in our study was
provided by a mesh made from polyester yarns. A yarn 90 �m in
width was formed by fibres 17.5 �m in diameter; the area of an indi-
vidual hole in the mesh was approximately 0.44 mm2. This material
was used on the basis on the results of previously published studies
of the porosity, flexibility, biocompatibility and non-inflammatory
response (Mehta et al., 1998; Hinrichs et al., 1994). Macrop-
orosity is crucial for the efficacy of external stents in reducing

neointima formation in porcine vein grafts. In addition, macrop-
orous stents allow adventitial microvessels to connect with the
vasculature outside the stent, thereby potentially improving oxy-
genation. Although external stenting is highly effective in reducing
neointima formation after vein grafting, the properties of the stent
material necessary for this effect have not been defined (Georgie
et al., 2001). Non-degradable wraps could elicit long-term mechan-
ical damage, especially in coronary artery bypass grafting, where
the moving heart will be directly juxtaposed to an external wrap.
New types of biodegradable wraps could provide a future option
for solving this problem.

Another important role of the external periadventitial wrap
developed in our study is in delivering sirolimus to the vein wall.
Sirolimus is used as immunosuppressant for patients with organ
transplants. This drug has been observed to inhibit IL-2 induced
T cell proliferation (Ballou and Lin, 2008). This can explain the
reduced numbers of CD4+ and CD8+ cells that we  observed in the
graft wall wrapped with a sirolimus-releasing mesh after 3 weeks
in rabbits. After 6 weeks, the difference among the groups of rab-
bits disappeared, probably due to the kinetics of sirolimus release
from the purasorb coating. In our earlier in vitro study, 67% of the
sirolimus was  released after 11 days of incubation in a phosphate-
saline buffer (Filova et al., 2011).

The counts of other cells in our grafts, such as macrophages,
plasmocytes, neutrophils and eosinophils, were very low, and
their distribution was  similar to that in normal tissues. A slightly
increased number of macrophages is associated with the presence
of foreign material, i.e. a PES mesh. The foreign-body giant
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cells correlate with tissue reaction to the presence of a PES
mesh.

The presence of thrombi in all tested groups of grafts probably
resulted from the activation of blood coagulation due to damage to
the endothelium during surgery and expansion of the graft lumen
by relatively high blood pressure in the venous graft interposed
into the arterial bed. This expansion then exposed tissues under-
lying the endothelium to the blood stream. A second reason might
be blood coagulation due to reduced blood flow in the vein graft.
Sirolimus did not increase the incidence of thrombi in either of the
time intervals.

Sirolimus inhibits vascular smooth muscle cell migration and
proliferation, and decreases the reocclusion of coronary arteries
following angioplasty (Moses et al., 2003). There is a significant
inhibitory effect of sirolimus on the proliferation of endothelial
cells (Liuzzo et al., 2005). Regeneration of the injured endothe-
lium after surgery depends on growth factor, such as FGF, VEGF,
PDGF, and other molecules derived from endothelial cells or cir-
culating cells. Sirolimus inhibits FGF-2 stimulated proliferation of
human endothelial cells. Endothelium re-establishment is com-
pleted in the range of weeks after extensive injury. We  observed
a confluent layer of endothelial cells in the lumen of all vein grafts
after 3 and 6 weeks. Due to the final position of the periadventitial
wrap in the tunica adventitia, smooth muscle cells in the vicinity
of the sirolimus-releasing mesh were exposed to high sirolimus
concentrations, while distant endothelial cells were affected by
a lower sirolimus concentration. Earlier findings that there was
an increased rate of apoptosis in the graft adventitia and a lower
rate of apoptosis in the neointima after perivascular application of
pluronic gel with rapamycin may  also be explained by the sirolimus
concentration gradient (Schachner et al., 2005).

In our experiments, the vein grafts were wrapped after dilata-
tion in the arterial system. In another study (Hinrichs et al.,
1994), they were wrapped before dilatation of the vein graft,
which prevents intimal tears; however, similar results were
observed in the thickness of the intima–media complex after 3 and
6 weeks.

In rabbits, the reduction of intimal hyperplasia depended on
the sirolimus dosage in stents containing 60–200 �g of sirolimus
(Suzuki et al., 2001). The sirolimus concentration used in our study
was 140 �g/cm2, and a maximum of 3 cm2 of PES mesh was  used
per graft. Reduced thickness of the tunica intima and also the
tunica media was observed in veins wrapped with a sirolimus-
releasing mesh after 3 and 6 weeks. The effective concentration
of sirolimus necessary for inhibiting smooth muscle cell growth
is relatively low (IC 50 = 5 ng/ml) (Owen et al., 2010), and allows a
sufficient amount of the drug to be dispersed for long-term release
(in the range of 4–6 weeks). The content of sirolimus in CypherTM

stents is in the range from 70 to 300 �g (Venkatraman and Boey,
2007). 100 or 200 �g of sirolimus was applied in a pluronic gel
into the perivascular space on a model of interposition of the infe-
rior vena cava into the common carotid artery in mice. After 1 and
2 weeks, but not after 4 and 6 weeks, a significant decrease in intima
thickness was observed only in the group with a higher sirolimus
concentration (Schachner et al., 2004a).  Our sirolimus-releasing
mesh decreased intimal hyperplasia to the non-wrapped graft by
73 ± 11% and 73 ± 9% after 3 and 6 weeks, respectively. A perivas-
cular wrap prepared from poly(�-caprolactone) with rapamycin
(sirolimus) reduced the thickness of the intima by 76% after 3 weeks
(Pires et al., 2005). Rapamycin-eluting homogeneous films made of
copolymer of l-lactide and �-caprolactone with 8 �g, 80 �g, and
800 �g (i.e. 1.4, 14 and 140 �g/cm2; Kawatsu et al., 2007) of the
drug were applied externally to a femoral vein graft anastomosed
to the proximal femoral artery in end-to-end fashion in dogs. After
4 weeks, only the highest rapamycin concentration significantly
attenuated intimal hyperplasia compared to the control. This was

accompanied by a decreased number of PCNA positive cells in the
neointima and adventitia.

The intima thickness values were almost the same in the grafts
wrapped with a sirolimus-releasing mesh after 3 and 6 weeks.
This is in agreement with the observation that maximum initial
proliferation accrual of both smooth muscle and endothelial cells
appears during the first weeks after implantation of a vein graft
into the arterial bed. The cell proliferation returns to standard val-
ues after 12 weeks (Kalra and Miller, 2000; Zwolak et al., 1987).
According to the described time course of intimal hyperplasia, it
is probable that the intitial burst release of sirolimus during the
first week can have a stronger protective effect against the devel-
opment of intimal hyperplasia than a stable but lower sirolimus
concentration released during the following weeks.

5. Conclusions

We  have developed a novel device with a sustained release
of sirolimus, made of a polyester mesh coated with a degradable
copolymer of l-lactide and �-caprolactone loaded with sirolimus,
and we  have evaluated its effect on inhibiting intimal hyperpla-
sia in vivo in a rabbit model. After wrapping the mesh around the
autologous vein graft, sirolimus was  released into the vascular wall
through the tunica adventitia. This perivascular sirolimus-releasing
wrap significantly decreased the thickness of the intima and pre-
vented neointimal hyperplasia of the autologous vein graft in a
rabbit model within 6 weeks.

The mechanical support of the wrapped periadventitial
polyester mesh and the antiproliferative effect of the released
sirolimus have a joint synergetic effect on preventing thickening of
the intima. Thus this system is a promising method for prolonging
the “lifetime” of the vein grafts in arterial circulation.

Both the sirolimus content in the polymer coated mesh and the
kinetics of its release seem to be favourable, since there is no intimal
hyperplasia in the rabbit model in the course of the study. In clinical
practice, this device could be effective in preventing restenosis of
autologous vein grafts.
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The attractiveness of synthetic polymers for cell colonization can be affected by physical, chemical, and biological modification
of the polymer surface. In this study, low-density polyethylene (LDPE) was treated by an Ar+ plasma discharge and then grafted
with biologically active substances, namely, glycine (Gly), polyethylene glycol (PEG), bovine serumalbumin (BSA), colloidal carbon
particles (C), or BSA+C. All modifications increased the oxygen content, the wettability, and the surface free energy of thematerials
compared to the pristine LDPE, but these changes were most pronounced in LDPE with Gly or PEG, where all the three values
were higher than in the only plasma-treated samples. When seeded with vascular smooth muscle cells (VSMCs), the Gly- or PEG-
grafted samples increasedmainly the spreading and concentration of focal adhesion proteins talin and vinculin in these cells. LDPE
grafted with BSA or BSA+C showed a similar oxygen content and similar wettability, as the samples only treated with plasma,
but the nano- and submicron-scale irregularities on their surface were more pronounced and of a different shape. These samples
promoted predominantly the growth, the formation of a confluent layer, and phenotypic maturation of VSMC, demonstrated by
higher concentrations of contractile proteins alpha-actin and SM1 and SM2myosins. Thus, the behavior of VSMC on LDPE can be
regulated by the type of bioactive substances that are grafted.

1. Introduction

Construction of tissue replacements and tissue engineering
are very important areas of contemporary medicine and
biotechnology. They have great potential for the future, due
to increased life expectancy, civilization disorders, and thus
increased requirements for medical care. Advanced tissue
replacements consist of two basic components: cells and
cell carriers. Artificial materials are usually applied as cell
carriers, and for this purpose they should be adapted to act
as analogues of the extracellular matrix, that is, to control
the adhesion, growth, phenotypic maturation, and proper
functioning of the cells. Synthetic polymers are an important
type of materials that can be used for constructing substitutes
for various tissues of the human body.These materials have a
wide range of advantages, such as relatively easy availability

and low cost, defined and versatile chemical composition,
tunable mechanical properties, and tailored biodegradability
at physiological conditions. These properties have made
these polymers an obvious choice of material for many
biotechnological and medical applications, for example, as
growth supports for cell cultures in vitro or for constructing
nonresorbable, fully resorbable, or semiresorbable vascular
prostheses [1–4], artificial heart valves [5], bone and joint
replacements [6, 7], implants for plastic surgery [8], bioarti-
ficial skin [9], and carriers for cell, drug or gene delivery [10];
for a review, see [11–14].

For biomedical applications, it is generally accepted that
synthetic polymeric materials have to be biocompatible; that
is, theymust match themechanical properties of the replaced
tissue and not act as cytotoxic, mutagenic, or immunogenic.
In addition, the physicochemical characteristics of the surface
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of these biomaterials are of great importance, because they
can directly influence and control the cell adhesion, spread-
ing, and signaling events that further regulate a wide range of
biological functions, for example, cell growth, differentiation,
and extracellular matrix synthesis [15].

However, in their pristine state,many polymericmaterials
have unfavorable physical and chemical surface properties,
which are limiting for their colonization with cells and for
their integration with the surrounding tissues in the patient’s
organism. A typical example is the high hydrophobicity of
synthetic polymers; that is, the water drop contact angle on
the material surface is often higher than 90∘. Fortunately, a
wide range of physical and chemicalmodifications is available
that can be used to createmore hydrophilic bioactive surfaces
attractive for cell colonization. For example, the polymers
can be irradiated with ions [2, 3], with ultraviolet light [14,
16, 17], or exposed to plasma [18]. These treatments induce
degradation of the polymer chains, release of noncarbon
atoms, and creation of radicals. These radicals react with
oxygen in the ambient atmosphere, leading to the formation
of oxygen-containing functional chemical groups on the
polymer surface (i.e., carbonyl, carboxyl, hydroxyl, ether, or
ester groups). These groups enhance the polymer polarity
and wettability and promote the adsorption of cell adhesion-
mediating molecules in appropriate geometrical conforma-
tions, which enable specific amino acid sequences (e.g., RGD)
in these molecules to be reached by cell adhesion receptors.
In addition, conjugated double bonds between carbon atoms
are created, and this renders the polymer surface electrically
conductive. It is known that the electrical conductivity of a
material surface enhances its attractiveness for cell coloniza-
tion, even without active electrical stimulation (for a review,
see [11–13, 19]).

In addition, the radicals, oxygen-containing groups, and
double bonds that provide chemically reactive sites on the
material surface can subsequently be grafted with various
bioactivemolecules, such as amino acids, proteins, other syn-
thetic polymers, or nanoparticles.The grafted substances can
further enhance the attractiveness of the modified polymer
surface for cell adhesion and growth [18, 20–22].

In this study, we have therefore evaluated the adhesion,
growth, and phenotypic maturation of vascular smooth
muscle cells (VSMC) derived from rat aorta and cultured on
low-density polyethylene (LDPE)modified by an Ar+ plasma
discharge and subsequent grafting with glycine (Gly), bovine
serum albumin (BSA), polyethylene glycol (PEG), colloidal
carbon nanoparticles (C), or BSA+C.The aim of these modi-
fications was to create surfaces attractive for cell colonization,
and furthermore to be able to control the extent of cell
adhesion, cell growth activity, and cell differentiation.Growth
supports of this kind are particularly important for VSMC,
in order to prevent their so-called phenotypic modulation,
that is, transition from their quiescent differentiated state
to a synthetic and proliferative phenotype (for a review, see
[23]).Thismodulation is associated with the risk of restenosis
of an artificial vascular graft. For this reason, VSMCs have
been avoided in the construction of vascular replacements.
However, VSMCs are the most numerous cell component
of the natural blood vessel wall. Thus, these cells have to

be included in advanced bioartificial vascular replacements,
provided their phenotype, and proliferation activity is con-
trolled by appropriate cell culture conditions, including the
physical and chemical properties of their material carrier.

LDPE was chosen as a carrier for VSMC in this
study. Unlike other polymers, namely, polytetrafluoroethy-
lene (PTFE) and polyethylene terephthalate (PET), LDPE
is not used for constructing clinically applied vascular
prostheses. However, due to its relatively simple and well-
defined chemical composition, polyethylene provides a good
model for studying the correlations between physicochemical
changes of the material surface and the cell behavior. This
model has been used with success in numerous earlier studies
that we have carried out (e.g., [18, 20–22]).

Another aim of this study was to compare the sensitivity
of LDPE and high-density polyethylene (HDPE), used in
most of our earlier studies, to plasma treatment and subse-
quent grafting, and the influence of these modifications on
cell behavior.

2. Experimental

2.1. Preparation of the Polymer Samples. The experiments
were carried out on low-density polyethylene foils (LDPE)
of Granoten S∗H type (thickness 0.04mm, density
0.922 g⋅cm−3, and melt flow index 0.8 g/10 minutes),
made by the Granitol Joint-Stock Company, Moravsky
Beroun, Czech Republic. The polyethylene samples were
cut into circles (diameter 2 cm) using a metallic perforator.
The foils were modified by an Ar+ plasma discharge (gas
purity: 99.997%) using a Balzers SCD 050 device. The time
of modification was 50 seconds, and the discharge power
was 1.7 W. The chamber parameters were: Ar flow 0.3 l s−1,
Ar pressure 10 Pa, electrode area 48 cm2, interelectrode
electrode distance 50mm, chamber volume 1000 cm3, and
plasma volume 240 cm3. After this process, the samples
were immersed in water solutions of glycine (Gly; Merck,
Darmstadt, Germany, product number 104201), bovine
serum albumin (BSA; Sigma-Aldrich, Germany, product
number A9418) or polyethylene glycol (PEG; Merck,
Darmstadt, Germany, product number 817018, m.w. 20000).
Some plasma-treated samples and samples grafted with BSA
were exposed to a suspension of colloidal carbon particles
(C; Spezial Schwartz 4, Degussa AG, Germany) [18, 24]. All
substances mentioned here were used in a concentration of
2 wt.%, and the time of the grafting process was 12 hours at
room temperature [18]. Unmodified LDPE and standard cell
culture polystyrene dishes were used as reference samples.

2.2. Characterization of the Polymer Samples. It is known
that after plasma treatment changes occur in a wide range
of parameters in the modified layer during the aging process
[25]. For this reason, all analyses (and also cell culture
experiments) were performed 20 days aftermodification (i.e.,
on aged samples).

The surface wettability was determined by measuring
the contact angle using the static water drop method. The
measurement was performed by distilled water in 10 different
positions at room temperature with error 5% on the Surface
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Energy Evaluation System (SEE System, Advex Instruments,
Czech Republic).

The surface free energy (SFE) was evaluated on the basis
of the contact angle of two liquids (water and glycerol). From
these values, the SEE System calculates the surface energy
according to the Owens-Wendt model [26].

The concentration profile of oxygen in the modified
surface was determined by Rutherford Backscattering Spec-
troscopy (RBS).TheRBS analysis was performed in a vacuum
target chamber with 2.72MeVHe+ ions.The elemental depth
profiles were inspected at an accessible depth of a few
hundred nm. The RBS spectra were evaluated by the GISA
3.99 code. The typical RBS detection limit is 0.1 at.% for
oxygen.

The changes in surface morphology and roughness were
determined by Atomic Force Microscopy (AFM), using a
VEECO CP II in tapping mode. We used an RTESPA-
CP Si probe, with spring constant 20–80N/m. By repeated
measurements of the same region (1 × 1 𝜇m2), it was proven
that the surface morphology did not change after three
consecutive scans. The mean roughness value (𝑅

𝑎
) is the

arithmetic average of the deviations from the centre plane of
the sample.

2.3. Cells and Culture Conditions. Each LDPE sample 2 cm
in diameter was cut into four smaller parts of equal size,
and these parts were used for evaluating the cell num-
ber and the cell morphology and for immunofluorescence
staining. Whole samples were used for an evaluation of
the molecular markers of cell adhesion and differentiation
by enzyme-linked immunofluorescence assay (ELISA). All
LDPE samples were sterilized with 70% ethanol for one
hour. The smaller samples were inserted into 24-well plates
(TPP, Switzerland; well diameter 1.5 cm), while for the bigger
(i.e., whole) samples, 12-well plates from the same company
(diameter 2.1 cm) were used. After sterilization, the samples
were air-dried for 12 hours in a sterile environment in order
to prevent possible negative effects of ethanol on the cells.
After the drying process, the samples were fixed to the bottom
of the culture wells by plastic rings (inner area 0.38 cm2 for
the smaller samples and 1.77 cm2 for the bigger samples)
in order to prevent the samples floating in the cell culture
media. The samples were seeded with VSMC isolated by an
explantation method from rat aorta. The cells were used in
the third passage, and their seeding density was 17000 cells
per cm2 [18]. The cells were cultivated in Dulbecco’s Mod-
ified Eagle Minimum Essential Medium (DMEM, Sigma,
USA), supplemented with 10% foetal bovine serum (Sebak
GmbH, Aidenbach, Germany) and gentamicin (40 𝜇g/mL,
LEK, Slovenia), for 1, 2, 4, 5, or 7 days (temperature 37∘C,
humidified atmosphere of 5% of CO

2
in the air). For the

smaller samples, 1.5mL of the medium was used, and for
the bigger samples, 3mL of the medium. For the evaluation
of the cell numbers and the cell spreading area, 4 smaller
samples for each experimental group and time interval were
used. For ELISA, 8 large samples for each experimental
group were used, and the cultivation time was 7 days. For
immunofluorescence staining, the time of cultivation was 4
days, and the cells were grown on the smaller samples.

2.4. Evaluation of the Cell Number and Cell Morphology.
The cells on the smaller polymer samples were rinsed in
phosphate-buffered saline (PBS). On one sample per each
experimental group, the cells were fixed by 70% cold ethanol
(−20∘C) and stained with a combination of Texas Red C

2
-

maleimide fluorescent membrane dye (Molecular Probes,
Invitrogen, Cat. number T6008; concentration 20 ng/mL in
PBS) and Hoechst nuclear dye number 33342 (Sigma, USA;
5 𝜇g/mL in PBS). The cell number and cell morphology were
then evaluated using an Olympus IX 51 microscope equipped
with an Olympus DP 70 digital camera.

The size of the cell spreading area was measured using
Atlas software (Tescan Ltd, CzechRepublic) on pictures taken
on days 1 and 2 after seeding.

On the three remaining smaller samples, the cells were
counted in a Cell Viability Analyzer (Vi-cell XR, Beckman
Coulter). After rinsing with PBS, the cells were harvested
by 5min treatment in a trypsin-EDTA solution (Sigma, Cat.
number T4174). The device performed an automatic analysis
of the number of viable and dead cells, based on the trypan
blue exclusion test.

2.5. Construction of Growth Curves and Calculation of Cell
Population Doubling Time. The cell numbers obtained on
days 1, 2, 5, and 7 after seeding were expressed as cells per
cm2 (i.e., the cell population densities) and were used for
constructing growth curves. The cell population doubling
time (DT) was determined by the equation

DT = log (2)
𝑡 − 𝑡

0

log𝑁
𝑡
− log𝑁

𝑡0

, (1)

where 𝑁
𝑡0
and 𝑁

𝑡
are the cell population densities at the

beginning and at the end of the studied culture interval [2, 3].

2.6. Immunofluorescence Staining. On day 4 after seeding,
the cells were rinsed twice in PSB, fixed with precooled
70% ethanol (−20∘C, 15min), and pretreated with 1% bovine
serum albumin in PBS containing 0.05% Triton X-100
(Sigma) for 20 minutes at room temperature, in order to
block nonspecific binding sites and permeabilize the cell
membrane. The cells were then incubated with primary
antibodies against severalmolecularmarkers of adhesion and
phenotypicmaturation ofVSMC, namely, integrin-associated
focal adhesion proteins talin vinculin and paxillin, 𝛼-actinin,
a protein present in focal adhesions and also binding the actin
cytoskeleton, cytoskeletal protein 𝛽-actin, and contractile
proteins 𝛼-actin and SM1 and SM2 myosins, markers of
VSMC phenotypic maturation (Table 1).

The primary antibodies were diluted in PBS to concen-
trations of 1 : 200 and applied overnight at 4∘C. After rinsing
with PBS, the secondary antibodies (dilution 1 : 400) were
added for 1 hour at room temperature. These antibodies
were goat anti-mouse or goat anti-rabbit F(ab)2 fragments
of IgG (H + L), both conjugated with Alexa Fluor 488 and
purchased from Molecular Probes, Invitrogen (Cat. number
A11017 and A11070, resp.). The cells were then rinsed twice
in PBS, mounted under microscopic glass coverslips in
a Gel/Mount permanent fluorescence-preserving aqueous
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Table 1: Primary antibodies used for immunofluorescence staining (Immf.) and enzyme-linked immunosorbent assay (ELISA) of markers
of adhesion and phenotypic maturation of VSMCs.

Antibody against Developed in, type Company, Cat.
number Dilution Incubation

Chicken talin Mouse,
monoclonal

Sigmaa
T 3287

Immf.: 1 : 200
ELISA: 1 : 500

Immf.: overnight, 4∘C
ELISA: 60min, RTc

Human vinculin Mouse,
monoclonal

Sigmaa
V9131

Immf.: 1 : 200
ELISA: 1 : 400

Immf.: overnight, 4∘C
ELISA: 60min, RTc

Recombinant human
paxillin

Rabbit,
polyclonal

Chemiconb

P1093
Immf.: 1 : 200
ELISA: 1 : 400

Immf.: overnight, 4∘C
ELISA: 60min, RTc

Chicken 𝛼-actinin Rabbit,
polyclonal

Sigmaa
A2543

Immf.: 1 : 200
ELISA: 1 : 500

Immf.: overnight, 4∘C
ELISA: 60min, RTc

Synthetic peptide of
𝛼-smooth muscle actin

Mouse,
monoclonal

Sigmaa
A2547

Immf.: 1 : 200
ELISA: 1 : 400

Immf.: overnight, 4∘C
ELISA: 60min, RTc

Synthetic peptide of 𝛽-actin Mouse,
monoclonal

Sigmaa
A 5441

Immf.: 1 : 200
ELISA: 1 : 400

Immf.: overnight, 4∘C
ELISA: 60min, RTc

Human smooth muscle
SM1 and SM2 myosin

Mouse,
monoclonal

Sigmaa
M7786

Immf.: 1 : 200
ELISA: 1 : 500

Immf.: overnight, 4∘C
ELISA: 60min, RTc

aSigma, St. Louis, MO, USA; Czech Dealer: Sigma-Aldrich S.R.O., Prague, Czech Republic.
bChemicon International Inc., Temecula, CA, USA; Czech dealer: Scintilla S.R.O., Jihlava, Czech Republic.
cRoom temperature (RT).

mounting medium (Biomeda Corporation, Foster City, CA,
U.S.A.), and evaluated under an Olympus IX 51 microscope
(obj. 100x), using an Olympus DP 70 digital camera [18].

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). The dif-
ferences in the concentration of the adhesion and differenti-
ation molecules on the tested materials were evaluated semi-
quantitatively, using enzyme-linked immunosorbent assay
(ELISA) in homogenized cells per mg of protein.

For this purpose, the cells were cultured for 7 days and
then rinsed with PBS, released with trypsin-EDTA solution
(Sigma, Cat. number T4174, incubation 5min at 37∘C),
and counted in the Cell Viability Analyzer (Vi-CELL XR,
Beckman Coulter). Trypsinized cells were resuspended in
PBS, centrifuged, resuspended in distilled and deionized
water (106 cells/in 200𝜇L), and kept in a freezer at −70∘C
overnight. The cells were then homogenized by ultrasonica-
tion for 40 seconds (cycle 1, amplitude 70%) in a sonicator
(UP 100 H, Dr. Hielscher GmbH), and the total protein
content was measured using a modified method originally
developed by Lowry [18, 27]. Aliquots of the cell homogenates
corresponding to 1–50𝜇g of protein in 50 𝜇L of water were
adsorbed on 96-well microtiter plates (Maxisorp, Nunc) at
4∘C overnight. After washing twice with PBS (100 𝜇L/well),
the nonspecific binding sites were blocked by 0.02% gelatin
in PBS (100𝜇L/well, 60min) and then treated by 1% Tween
(Sigma, Cat. number P1379, 100𝜇L/well, 20min). The pri-
mary antibodies (Table 1) were diluted in PBS (1 : 200 to
1 : 500) and applied for 60 minutes at room temperature
(50𝜇L/well). The secondary antibodies, that is, goat anti-
mouse IgG Fab specific (dilution 1 : 1000) or goat anti-
rabbit IgGwholemolecule (dilution 1 : 1000), both conjugated
with peroxidase and purchased from Sigma (Cat. number
A3682 and A0545, resp.), were applied for 45min at room
temperature (50𝜇L/well). This step was followed by double

washing in PBS and an orthophenylenediamine reaction
(Sigma, Cat. number P1526, concentration 2.76mM) using
0.05% H

2
O
2
in 0.1M phosphate buffer (pH 6.0, dark place,

100 𝜇L/well).The reactionwas stopped after 10–30minutes by
2M H

2
SO
4
(50 𝜇L/well), and the absorbance was measured

at 490 and 690 nm by a Versa Max Microplate Reader
(Molecular Devices Corporation, Sunnyvale, CA, USA). The
absorbance of the cell samples taken from modified LDPE
foils was given as a percentage of the value obtained in the
cells on pure LDPE [18].

2.8. Statistics. The biological results were presented as
mean ± SEM (Standard Error of Mean). The statistical
significance was evaluated by the One-Way Analysis of
Variance (ANOVA), Student-Newman-Keuls method. For
the cell number and the size of the cell spreading area,
multiple comparisons of values obtained on all tested samples
were performed. For the data obtained fromELISA, values on
tested samples were compared only with values on the control
unmodified LDPE. For ELISA, Dunnett’s posttest was also
used. Values 𝑃 ≤ 0.05 were considered significant.

3. Results and Discussion

3.1. Physicochemical Properties of Polymer Samples. It is
known that Ar plasma discharge can cause changes in the
chemical structure and surface morphology of a modified
layer.These changes significantly affect the surface wettability
[28]. The degree of wettability, characterized by the contact
angle, is shown in Figure 1 for pristine LDPE, plasma-
treated LDPE, and plasma treated and subsequently grafted
with biomolecules. The contact angle decreases dramatically
after plasma treatment. This is due to the creation of free
radicals and subsequent oxidation of the layer exposed to
the air [29]. This leads to the formation of new oxygen
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Figure 1: The water drop contact angle of pristine LDPE (pristine),
plasma-treated LDPE (plasma), LDPE treated with plasma and then
grafted with glycine (Gly), polyethylene glycol (PEG), bovine serum
albumin (BSA), colloidal carbon particles (C), or a combination of
BSA and C (BSA+C).

Table 2: Surface free energy (SFE, in mJ⋅m−2) of pristine LDPE,
plasma-treated LDPE (plasma), LDPE treated with plasma and then
grafted with glycine (Gly), polyethylene glycol (PEG), bovine serum
albumin (BSA), colloidal carbonparticles (C), orwith a combination
of BSA and C (BSA+C). 𝛾total is the total SFE of the polymer and
consists of nonpolar (𝛾LW) and polar components (𝛾AB).

𝛾total 𝛾LW 𝛾AB

Pristine 24.54 23.16 1.37
Plasma 28.56 25.01 3.55
Gly 36.20 31.89 4.31
PEG 34.91 5.01 29.90
BSA 26.56 20.28 6.28
C 26.59 19.22 7.37
BSA+C 25.58 12.86 12.72
The values are the mean of 10 to 15 measurements for each experimental
group and were calculated automatically by the Surface Energy Evaluating
System (SEE System, Masaryk University, Brno, Czech Rep.).

structures, for example, carbonyl, carboxyl, and ester groups
[30]. Subsequent grafting of glycine and PEG to the plasma-
activated surface resulted in a further decrease in the contact
angles on these samples. The molecules of Gly and PEG
contain polar groups, which increase the hydrophilicity of the
material surface. However, the presence of BSA and BSA+C
had no significant effect on the wettability of LDPE, because
the contact angles on these samples were comparable with
the values on samples treated only with plasma. Different
behavior was observed in samples after modification with
colloidal C particles. These samples had much lower wet-
tability than the plasma-treated samples. This result is in
accordance with the previous finding by ourselves and by
other authors that carbon-based coatings, for example, with
amorphous diamond-like carbon, graphite or nonfunction-
alized fullerenes, are often hydrophobic (for a review, see
[19]). Nevertheless, the wettability of C-modified LDPE in
this study still remained higher than on pristine LDPE.

The total surface free energy (SFE) of the LDPE sam-
ples was inversely correlated with the water contact angle;
that is, samples with a relatively low contact angle had a
higher total SFE (LDPE grafted with Gly or PEG), while
samples with a high contact angle had lower total SFE
(pristine LDPE, Table 2). In other words, the total SPE was
positively correlated with the hydrophilicity of the material
surface. On all modified samples, the total SFE and its polar
component increased in comparison with pristine LDPE.
Similar differences between pristine and UV light-treated
LDPE were described by O’Connell et al. [31]. The highest
polar component of SFEwas found on samplesmodified with
plasma and subsequently grafted with PEG. This result is
consistent with relatively high hydrophilicity of this sample
(Figure 1), and also with the results obtained by RBS, which
revealed a high concentration of oxygen in PEG-grafted
LDPE (Figure 2). Surprisingly, the increase in the polar
component was relatively small in LDPE grafted with Gly
(Table 2), which exhibited the lowest water drop contact angle
and the highest oxygen concentration at the material surface
(Figures 1 and 2). In addition, the changes in the nonpolar
component were variable. This component increased on
samples modified in plasma or on samples subsequently
grafted with glycin, while on samples grafted with BSA,
C, or BSA+C, this value decreased. Similar variability has
been described on LDPE, UHMWPE, and Sarlink polymers
after treatment with UV light and has been explained by
configuration changes of chemical functional groups at the
material surface during its modification [31].

The concentration depth profile of oxygen modified
LDPE was determined from RBS measurements. The con-
centration of oxygen in a modified layer and the oxygen
depth profile is shown in Figure 2. The highest concentration
of oxygen was found in the surface layers of all modified
substrates. With increasing depth from the surface, the
oxygen concentration decreased, and at a depth of 80 nm
the amount of oxygen was minimal. Most oxygen in the
modified layer was determined on a sample treated by plasma
and grafted with glycine. More oxygen was also detected
on a sample modified with plasma discharge and PEG. A
comparable amount of oxygen was measured on substrates
exposed to plasma or exposed to plasma and subsequently
grafted with BSA or BSA+C. These results, obtained by the
RBS method, are consistent with the results determined by
goniometry, except that the samples grafted with C showed a
similar oxygen content as the samples grafted with BSA and
BSA+C, although their water drop contact angle was higher.

Changes in surface morphology and surface roughness
that occurred due to plasma exposure and the subsequent
grafting process were studied by the AFM method. AFM
scans of pristine andmodified samples are shown in Figure 3.
Plasma modification leads to ablation of the surface layer.
Its amorphous phase is ablated preferably [32]. This leads
to enhanced branching of LDPE structures. Subsequent
graftingwith glycine andPEGon the plasmamodified surface
does not significantly change the surface morphology, but it
slightly increases the surface roughness. Figure 3 shows that
the bonding of carbon particles highlights the fine details
of the structure and also leads to the formation of small
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Figure 2: Oxygen concentration in the modified layer and depth
concentration profile of oxygen, determined from RBS measure-
ments, on plasma-treated LDPE (plasma), LDPE treated with
plasma and then grafted with glycine (Gly), polyethylene glycol
(PEG), bovine serum albumin (BSA), colloidal carbon particles (C),
or a combination of BSA and C (BSA+C).

spherical units corresponding to carbon nanoparticles. In the
case of BSA and BSA+C grafting, large cluster formations
that strongly affect the surface roughness were detected, in
agreement with previous observations for BSA published by
Wang et al. [33].

3.2. Initial Adhesion and Subsequent Growth of Cells on Poly-
mer Samples. On the first day of the experiment, the highest
number of initially adhered cells was found on the control
PS dishes (17,100 ± 3,300 cells/cm2). The cell numbers on all
LDPE samples showed no statistically significant differences,
when compared with each other (Figure 4(a)). Nevertheless,
the highest average cell number was observed on LDPE
grafted with BSA (10,950 ± 1,030 cells/cm2), while the lowest
number was found on LDPE grafted with PEG (4,770 ±
1,400 cells/cm2). This number was even slightly lower than
the value found on pristine LDPE (5,720 ± 1,780 cells/cm2).
This result contrasts with our earlier findings on HDPE foils
[18], where the lowest initial cell number was found on the
control PS, and the highest values were found on HDPE
grafted with PEG. This disproportion in the cell behavior
on LDPE and on HDPE could be explained by the different
arrangements of the PEG chains on the surfaces of LDPE and
HDPE samples. It is known that if PEG chains are attached
to a surface only by one end, and dangle on the surface in a
water environment (including cell culture media), this has a
repulsive effect on cell adhesion. Cell adhesion on artificial
materials in vitro is mediated by specific proteins adsorbed
on the material surface from the serum supplement of the
culture medium, mainly fibronectin and vitronectin. This
adsorption is hampered or even disabled on mobile surfaces,
especially if the surface mobility is combined with relatively

high hydrophilicity, which occurs in PEG due to the presence
of -OH groups in its molecules and which was also proven in
this study (Figure 1). PEG—also known as polyethylene oxide
(PEO), if itsmolecularmass is above 20,000—has beenwidely
used for constructing surfaces that are nonadhesive for cells,
especially those which were designed for the attachment of
oligopeptidic ligands for cell adhesion receptors in defined
types, concentrations, and distributions and which should
prevent uncontrolled protein adsorption and aberrant cell
adhesion [4, 34]; for a review, see [11–13]. PEG can also be
attached to the material surface through several sites on one
chain. In this case, PEG chains are notmobile and can support
the adsorption of cell adhesion-mediating proteins and sub-
sequent cell adhesion and growth [21]; for a review, see [18].
In our experiments, the cell-repulsive effects of PEG probably
prevailed on LDPE, while PEG promoted cell adhesion on
HDPE. This topic needs further investigation, but it can be
supposed that the different behavior of PEG was due to the
different structure of LDPE and HDPE. For example, LDPE
molecules have more branching than HDPE molecules, so
their intermolecular forces are weaker. The tensile strength
of LDPE is lower, but its resilience is higher. Because of
the side branches, LDPE molecules are less tightly packed
and less crystalline than HDPE molecules. All these factors
may lead to different attachment, distribution, and mobility
of PEG chains on LDPE and HDPE surfaces, particularly if
the branched LDPE structure is further enhanced by plasma
treatment, as mentioned previously.

In spite of the relatively low number of initially adhered
cells on PEG-grafted LDPE, the spreading area of cells on
day 1 after seeding on this material (1,527 ± 98 𝜇m2) was
on an average larger than the areas on the other modified
LDPE samples (which ranged from 1,282 ± 49 𝜇m2 to 1,361 ±
60 𝜇m2), significantly larger than the areas on unmodified
LDPE (687 ± 57 𝜇m2) and similar to those found on PS
(1,664 ± 104 𝜇m2; Figure 4(b)). One explanation is that
the cells had more space for spreading due to the lower
number of adhering cells. In any case, the cell spreading
implies that PEG-grafted LDPE surfaces allowed adsorption
of cell adhesion molecules. However, this adsorption may
be nonhomogeneous. On some regions, the cells were well
spread and polygonal, while on other sites, the cells remained
round (Figure 5).

From day 1 to 2 after seeding, the cells on all LDPE-based
samples started to enter the exponential phase of growth and
proliferated with doubling times ranging on an average from
14.1 to 46.1 hours (Table 3), while the cells on polystyrene
dishes remained rather in the lag phase and proliferated
more slowly (doubling time 59.0 hours). As a result, the
statistically significant differences between the LDPE samples
and PS, observed on day 1, disappeared on day 2 after seeding
(Figure 4(c)). Only on LDPE grafted with PEG did the cell
number still remain significantly lower than on PS (10,000 ±
1,800 cells/cm2 versus 22,700 ± 2,300 cells/cm2 on PS).

The cell spreading area on day 2 after seeding was
(similarly as on day 1) significantly larger on all modified
LDPE samples (1,037 ± 36 𝜇m2–1,714 ± 71 𝜇m2) than on
unmodified LDPE (441 ± 18 𝜇m2), but at the same time
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Figure 3: AFM scans of pristine LDPE (a), plasma-treated LDPE (b), LDPE treated with plasma and grafted with glycine (c), PEG (d), BSA
(e), C (f), or BSA+C (g). 𝑅
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is the surface roughness in nm.
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(c) Cell number, day 2
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(e) Cell number, day 5

0

30000

60000

90000

120000

150000

180000

#

##
##

#

PS
dish

Pristine Plasma Gly PEG BSA C

∗

∗

#

BSA+C 

C
ell

 n
um

be
r (

ce
lls

/c
m
2
)

(f) Cell number, day 7

Figure 4: The number (a, c, e, and f) and the size of the spreading area (b, d) of rat aortic smooth muscle cells in cultures on nonmodified
LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE irradiated with plasma and grafted with glycine (Gly), on polyethylene
glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), or on bovine serum albumin and C (BSA+C). A tissue
culture polystyrene dish (PS dish) was used as a reference material. Days 1, 2, 5, and 7 after seeding. Mean ± SEM from 3 samples, each
measured 50 times (cell number, Vi-CELL Analyser) or from 119 to 229 cells for each experimental group (spreading area). ANOVA, Student-
Newman-Keuls method. Statistical significance: ∗,#𝑃 ≤ 0.05 compared to the value on pristine PE and a polystyrene dish, respectively.
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Figure 5:Morphology of rat aortic smoothmuscle cells on day 1 after seeding on pristine LDPE (pristine), on a tissue culture polystyrene dish
(PS), on LDPE irradiated with Ar+ plasma (plasma), on LDPE irradiated with plasma and grafted with glycine (Gly), on polyethyleneglycol
(PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), or on bovine serum albumin and carbon particles (BSA+C).
Cell membrane and cytoplasm stained with Texas Red C

2
-maleimide (red fluorescence), cell nuclei with Hoechst 33342 (blue fluorescence).

Olympus IX 51 microscope, DP 70 digital camera, obj. 20x, bar = 200𝜇m.

it was significantly smaller than on PS (2,289 ± 149 𝜇m2;
Figure 4(d)). Similar results were obtained in our earlier study
performed on cultures on HDPE. The cell spreading areas
of VSMC on HDPE treated with the same modifications as
LDPE in the present study were larger than the spreading
areas of the unmodified polymer. This can be explained by
the increase in oxygen concentration on the surface of the
modified polymer samples, their optimized wettability, and
also changes in their surface roughness and morphology
(Figures 1–3; [18]).

It is known that the size of the spreading area correlates
positively with cell proliferation activity, at least to a certain
extent [35, 36]; for a review, see [11–13]. In accordance with
this, from day 2 to 5 after seeding, the cells on all modified
samples proliferated more quickly (doubling time from 9.4 to
13.6 hours) than the cells on pristine LDPE (doubling time
25.5 hours); see Table 3, Figure 6. On day 5 after seeding,
the cells on the modified LDPE samples (except the samples
grafted with PEG and C) reached a significantly higher cell
population density (59,940 ± 4,850–77,530 ± 6,460 cells/cm2)
than the cells on pristine LDPE (35,680 ± 7,760 cells/cm2). On
LDPE grafted with Gly, BSA, or BSA+C, the cell population
densities reached values not significantly different from those
obtained on the PS dishes (100,740 ± 10,930 cells/cm2), which
are considered as the “gold standard” for cell cultivation
(Figure 4(e)). The samples grafted with BSA or BSA+C were
covered by almost confluent cell layers (Figure 7). Similar

results were also obtained in our earlier study performed on
HDPE, but the cell population densities on BSA and BSA+C
significantly exceeded the values on the PS dishes [18].

The improved spreading and growth of VSMC on LDPE
irradiated with plasma can be explained by physicochemical
changes in the polymer surface which lead to an increased
oxygen content and increasedwettability of the surface.These
surfaces are thenmore susceptible to adsorption of adhesion-
mediating extracellular matrix proteins, for example, vit-
ronectin, fibronectin, collagen, or laminin, in a near physi-
ological and bioactive conformations, suitable for binding by
the cell adhesion receptors (for a review, see [11–13]).

The reactive sites formed in a polymer when it is exposed
to plasma can be used for grafting various molecules which
further modulate the effects of polymer treatment on cell
adhesion, growth, phenotypic maturation, and functioning.
Glycine, used for grafting the plasma-activated LDPE in this
study, is a component of a well-known ligand for integrin
cell adhesion receptors, that is, Arg-Gly-Asp (RGD), though
Gly alone cannot be bound by these receptors. Nevertheless,
Gly grafting enriches the irradiated polymer surface with
additional oxygen-containing and also amine groups, which
are known to improve the adsorption of cell adhesion-
mediating proteins and cell colonization [16]; for a review, see
[12]. In addition, Gly and PEG slightly increased the size of
the nanoscale irregularities on the polymer surface; that is,
they enhanced the material nanostructure, which has been
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Table 3: Cell population doubling time (hours) of rat aortic smooth muscle cells from day 1 to 2, day 2 to 5, and day 5 to 7 after
seeding on nonmodified LDPE (pristine), LDPE irradiated with plasma (plasma), LDPE irradiated with plasma and grafted with glycine
(Gly), polyethyleneglycol (PEG), bovine serum albumin (BSA), colloidal carbon particles (C), bovine serum albumin and C (BSA+C), and
polystyrene dishes (PS dish).

Material/time interval Pristine Plasma Gly PEG BSA C BSA+C PS dish
Days 1-2 14.1 32.0 25.0 22.5 33.8 17.7 46.1 59.0
Days 2–5 25.5 13.6 11.3 9.4 11.0 15.7 10.8 11.2
Days 5–7 −21.8∗ 60.3 −33.6∗ −45.5∗ −32.1∗ −66.9∗ −21.9∗ 33.0
∗Nonproliferating cells.
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Figure 6: Growth dynamics of rat aortic smooth muscle cells in
cultures on nonmodified PE (pristine), on PE irradiatedwith plasma
(plasma), on PE irradiated with plasma and grafted with glycine
(Gly), on polyethyleneglycol (PEG), on bovine serum albumin
(BSA), on colloidal carbon particles (C), or on bovine serum
albumin and C (BSA+C). A tissue culture polystyrene dish (PS dish)
was used as the reference material. Means from three samples for
each experimental group and time interval (each sample measured
50 times).

shown, like surface wettability, to optimize the spectrum and
the geometrical conformations of adsorbed cell adhesion-
mediating molecules (for a review, see [12]).

Albumin, a protein that is nonadhesive for cells, has
been used for constructing cell-repulsive surfaces. From this
point of view, our result that albumin grafting improved the
colonization of LDPE with cells might be surprising. How-
ever, albumin preadsorbed on thematerial surfaces improved
the geometrical conformation of the cell adhesion-mediating
molecules, for example, fibronectin and vitronectin, and their
accessibility for cell adhesion receptors [37, 38]; for a review,
see [12, 18]. In addition, BSA grafted on the LDPE formed
nanosized (i.e., smaller than 100 nm) and submicron-sized

(i.e., smaller than 1 𝜇m) cluster structures (Figure 3). Irreg-
ularities of this size are believed to promote the adsorption
of cell adhesion-mediatingmolecules in a more physiological
conformation than the conventional flat surfaces, and this
markedly improves the adhesion and further functioning of
the cells [39, 40].

From day 5 to 7 after seeding, the cells on most mod-
ified LDPE samples stopped proliferating (i.e., entered the
stationary phase of growth), and they even decreased in
number. Cell proliferation continued only on the polystyrene
dishes and on the plasma-irradiated LDPE (Figure 6, Table 3).
On all LDPE samples, the final cell population density was
significantly lower than on the PS dishes (Figure 4(f)).
However, the cell proliferation on allmodifiedHDPE samples
in our earlier study continued fromday 5 to 7, and the final cell
population density on these samples was similar to or even
higher than on the PS dishes [18].

Thus, the positive effects of plasma treatment and subse-
quent grafting on the adhesion and growth of VSMC were
more apparent in HDPE than in LDPE. Analogous results
were obtained when a terpolymer of polytetrafluoroethylene,
polyvinyldifluoride and polypropylene (PTFE/PVDF/PP),
and polysulfone (PSU) was mixed with carbon nanotubes.
The addition of nanotubes significantly improved the adhe-
sion and growth of human osteoblast-like MG 63 cells on the
terpolymer, while this effect was much less apparent on PSU.
This difference was explained by the high hydrophobicity of
pristine PTFE/PVDF/PP (water drop contact angle ∼100∘),
while the pristine PSU was more hydrophilic (contact angle
∼85∘). In addition, PSU contains bioactive sulphone groups,
which can also mediate the positive effects of this polymer
on cell adhesion. Sulphonated polystyrene promoted the
adsorption of fibronectin in an advantageous geometrical
conformation for cell adhesion [41]. Thus, pristine PSU is
more suitable for cell colonization, and thus the cells were
less sensitive to the modifications, further improving the cell
adhesion and growth (for a review, see [42]). However, in our
studies, both LDPE and HDPE were relatively hydrophobic,
having a similar water drop contact angle of 98.6 ± 1.90∘ and
102.5 ± 2.31

∘, respectively. Thus, the different sensitivity of
cells to modifications of LDPE and HDPE may be due to
other differences in the physical and chemical properties of
these polymers (see above), for example, differences in chain
branching, tensile strength, resilience, crystallinity, packing
density, and so forth. A further investigation of this topic is
needed.
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Figure 7:Morphology of rat aortic smoothmuscle cells on day 5 after seeding on pristine LDPE (pristine), on a tissue culture polystyrene dish
(PS), on LDPE irradiated with Ar+ plasma (plasma), on LDPE irradiated with plasma and grafted with glycine (Gly), on polyethyleneglycol
(PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), or on bovine serum albumin and carbon particles (BSA+C). Cell
membrane and cytoplasm stained with Texas Red C

2
-maleimide (red fluorescence), cell nuclei with Hoechst mumber 33342 (blue to white

fluorescence). Olympus IX 51 microscope, DP 70 digital camera, obj. 20x, bar = 200 𝜇m.

3.3. Distribution and Concentration of Molecular Markers
of Cell Adhesion and Phenotypic Maturation. Immunoflu-
orescence staining showed that the cells on all modified
LDPE samples had better developed focal adhesion plaques
containing talin and vinculin than the cells on pristine LDPE
samples (Figure 8). This result correlates well with the size
of the cell spreading area, which was generally larger on all
modified samples than on pristine LDPE.

ELISA revealed that the concentration of talin in cells
on LDPE modified with plasma, or plasma with subsequent
grafting of Gly or PEG, was significantly higher than in
cells on pristine LDPE. The concentration of vinculin, which
stabilizes focal adhesion plaques (for a review, see [12]), was
also higher in cells on LDPE grafted with Gly or PEG (Fig-
ure 9). In accordance with these findings, the cells on LDPE
modified with plasma, Gly, and particularly PEG achieved on
an average the largest cell spreading areas (Figures 4(b) and
4(d)).

However, the concentration of paxillin (i.e., another
protein of focal adhesion plaques) was lower in cells on LDPE
modified with plasma, Gly, PEG, and BSA+C than in cells on
pristine LDPE (Figure 9). Only in cells on LDPE modified
with BSA or C the concentration of paxillin was similar as
in the cells on pristine polymer. This result corresponded,
at least partly, with immunofluorescence staining of paxillin
(Figure 10). In cells on LDPE modified with plasma, Gly, or
PEG, the paxillin-containing focal adhesions were equally

developed or even worse developed than in cells on pris-
tine LDPE, while the paxillin focal adhesions on polymer
modified with BSA or C were similarly developed or better
developed than in cells on pristine LDPE. Only in cells on
BSA+C the paxillin-containing focal adhesions were well-
developed, though the concentration of paxillin in these cells
was relatively low (Figures 9 and 10). In this context, it
should be pointed out that the ELISA method used in our
studymeasured the total number of focal adhesionmolecules
in the cells, and not only the molecules located in focal
adhesion plaques. A more exact method might be to extract
the cytosolic fraction of the focal adhesion proteins (i.e., not
bound in the focal adhesion plaques) by detergents [43] or
to use antibodies against phosphorylated antigens. It can be
supposed that phosphorylated paxillin (i.e., activated paxillin
exerting its function in cell adhesion) is located in the focal
adhesion plaques, while in the cytosolic fraction, nonactive
paxillin is not phosphorylated [44–46].

Alpha-actinin is associated with both focal adhesion
plaques and the actin cytoskeleton, in which it acts as a
crosslinker and stabilizer of the contractile apparatus [47, 48].
In cells on themodified LDPE samples and on PS, its concen-
tration was usually similar to that in cells on pristine LDPE
(Figure 9). Only in cells on plasma-irradiated LDPE the con-
centration of 𝛼-actinin was significantly lower. From the cells
on all modified samples, only the cells on plasma-modified
LDPE continued their proliferation from day 5 to 7 (Figure 6,
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Figure 8: Immunofluorescence of talin, an integrin-associated protein of focal adhesion plaques, in rat aortic smooth muscle cells on day
4 after seeding on a microscopic glass coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE
irradiated with Ar+ plasma and grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal
carbon particles (C), and on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar =
20 𝜇m.

Table 3). Thus, the decreased concentration of 𝛼-actinin may
be a sign of certain instability of the actin cytoskeleton,
which is reorganized during cell division. This presumption
is further supported by the immunofluorescence staining
pattern of 𝛼-actinin. In cells on plasma-modified LDPE, the
structures containing 𝛼-actinin are relatively short and are
located predominantly at the cell periphery, while in the cells
on the other samples, the 𝛼-actinin-containing structures
are long, filament like, often running in parallel through the
entire cell (Figure 11).

VSMCs exist in two basic phenotypes, referred to as
contractile and synthetic. The contractile phenotype occurs
in mature healthy blood vessels and is characterized by
the presence of desmin, that is, a protein of intermedi-
ate filaments, muscle type of tropomyosin, T-troponin, h-
caldesmon, h1-calponin, and metavinculin, and particularly
by contractile proteins 𝛼-actin and SM1 and SM2 isoforms of
myosin. On the other hand, the synthetic phenotype is char-
acterized by the accumulation of cell organelles involved in
proteosynthesis, such as endoplasmic reticulum, ribosomes
or Golgi complex, and predominance of 𝛽- and 𝛾-isoforms
of actin and nonmuscle myosin. This phenotype occurs
physiologically in immature blood vessels under develop-
ment, pathologically in diseased blood vessels, for example,
during atherosclerosis and hypertension, and artificially after
disintegration of the vascular wall and seeding VSMC in vitro
(for a review, see [48]). However, the synthetic phenotype

of VSMC in vitro can be reversed, at least partly, to the
contractile phenotype by appropriate cell culture conditions,
such as the use of serum-free media, dynamic stimulation of
VSMC, and particularly the physical and chemical properties
of the adhesion substrate. In cells on our materials, the
distribution and concentration of 𝛼-actin or SM1 and SM2
myosins were therefore evaluated as markers of phenotypic
maturation of VSMC, that is, their transition toward a more
differentiated contractile phenotype.

We found that 𝛼-actin formed thick and brightly stained
filament bundles in cells on all samples, including pristine
LDPE (Figure 12), while bundles containing SM1 and SM2
myosins were more apparent in cells on modified LDPE than
on pristine LDPE (Figure 13). However, as revealed by ELISA,
the concentration of 𝛼-actin and SM1 and SM2 myosins was
significantly higher only in cells on LDPE grafted with BSA
and BSA+C, respectively, compared to cells on pristine LDPE
(Figure 9). The cells on the samples grafted with BSA or
BSA+C had a relatively high cell population density on day
5 after seeding, approaching the value found on cell culture
PS, and reached confluence. In addition, these cells had
relatively large spreading areas and well-developed talin- and
vinculin-containing focal adhesion plaques (Figures 4(b),
4(d), and 8). These factors, that is, good cell-cell adhesion in
confluent cultures together with good cell-matrix adhesion,
are associated with cell differentiation (for a review, see [11–
13]). At the same time, the concentration of 𝛽-actin, that is,
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Figure 9: Concentration of focal adhesion, cytoskeletal, and contractile proteins in rat aortic smooth muscle cells in 7-day-old cultures on
pristine PE (pristine), on PE activated with plasma (plasma), on PE grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum
albumin (BSA), on colloidal carbon particles (C), or on BSA with C (BSA+C), and on a tissue culture polystyrene dish (PS dish). Measured
by ELISA per mg of protein. Means ± SEM from three to seven experiments, each performed in duplicate or in triplicate. Absorbance values
were normalized to the values obtained in cell samples from pristine PE, that is, given as a percentage of the values on pristine PE. ANOVA,
statistical significance: ∗,+𝑃 ≤ 0.05 compared to the value on pristine PE (Student-Newman Keuls method and Dunnett’s posttest, resp.).
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Figure 10: Immunofluorescence of paxillin, an integrin-associated protein of focal adhesion plaques, in rat aortic smooth muscle cells on
day 4 after seeding on a microscopic glass coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE
irradiatedwithAr+ plasma and graftedwith glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon
particles (C), and on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar = 20𝜇m.
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Figure 11: Immunofluorescence of 𝛼-actinin, a protein associated with both focal adhesion plaques and the actin cytoskeleton, in rat aortic
smooth muscle cells on day 4 after seeding on a microscopic glass coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with
plasma (plasma), on LDPE irradiatedwithAr+ plasma and graftedwith glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin
(BSA), on colloidal carbon particles (C), and on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera,
obj. 100x, bar = 20 𝜇m.
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Figure 12: Immunofluorescence of contractile protein 𝛼-actin in rat aortic smooth muscle cells on day 4 after seeding on a microscopic glass
coverslip (glass), on pristine LDPE (pristine), on LDPE irradiated with plasma (plasma), on LDPE irradiated with Ar+ plasma and grafted
with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), and on bovine serum
albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar = 20𝜇m.
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Figure 13: Immunofluorescence of contractile proteins SM1 and SM2 myosins in rat aortic smooth muscle cells on day 4 after seeding on
a microscopic glass coverslip (glass), on pristine LDPE (Pristine), on LDPE irradiated with plasma (plasma), on LDPE irradiated with Ar+
plasma and grafted with glycine (Gly), on polyethylene glycol (PEG), on bovine serum albumin (BSA), on colloidal carbon particles (C), and
on bovine serum albumin with C (BSA+C). Olympus IX 51 microscope, DP 70 digital camera, obj. 100x, bar = 20𝜇m.
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an actin isoform nonspecific for VSMC and also present in
nonmuscle cell types, was similar in the cells on all tested
samples (Figure 9).

Taken together, like the changes in cell number and in
spreading area, the changes in the concentration ofmolecular
markers of the adhesion and maturation of VSMC were also
generally less apparent on LDPE than on HDPE, after the
same modifications of the two polymers (for comparison,
see [18]). LDPE grafted with Gly or PEG supported mainly
the cell spreading and formation of talin- and vinculin-
containing focal adhesion plaques, while the functionaliza-
tion of LDPE with BSA or BSA+C tended to promote the
growth of VSMC to high population densities and their
phenotypicmaturation,manifested by a higher concentration
of 𝛼-actin and SM1 and SM2 myosins.

4. Conclusion and Further Perspectives

Modifications of LDPE sampleswith anAr+ plasma discharge
and subsequent grafting with glycine, PEG, BSA, C particles,
and BSA with C particles improved the colonization of LDPE
with VSMC. Grafting with glycine or PEG mainly increased
the cell spreading and the concentration of focal adhesion
proteins talin and vinculin, which could be attributed to
the relatively high oxygen content and wettability of these
samples. Grafting LDPE with BSA and BSA+C supported the
growth of VSMC to confluence and increased the concentra-
tion of𝛼-actin andmyosins (SM1 and SM2) in these cells.This
could be explained by an enhanced nano- and submicron-
scale structure and also by the wettability of the samples.
Thus, the plasma treatment and grafting with bioactive
substances used in this study improved the adhesion, growth,
and phenotypic maturation of VSMC, though these changes
were less pronounced than those observed on HDPE in our
earlier study [18]. Nevertheless, the polymer modifications
developed in this study have a potential for creating a
bioartificial vascular wall with reconstructed tunica media.
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