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Abstract  
The aim of present study was to determine the hemocompatibility, cellular response of endothelial 
cells, and bacterial adhesion to a new polyester nanocomposite. The carbon nanoparticle (CNP) 
nanocomposite was prepared via in situ polymerization of monomers to obtain material of hardness 
55 Sh D similar to polyurethanes (PU) used in medical applications, for example in heart assist 
devices. The CNP-containing polyester exhibits markedly reduced bacterial colonization, as 
compared to commercially available PU. Further the nanocomposite possesses markedly improved 
hemocompatibility, as determined by flow cytometry, and robust endothelialization. Possible 
explanations for these beneficial properties include surface nanoroughness of CNP-containing 
nanocomposites and presence of fatty acid sequences within polymer structure. 
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Introduction 
Polymers, and in particular polyurethanes (PU), are the most popular biomaterials for fabricating 
cardiovascular devices, due to their acceptable blood compatibility and mechanical properties, 
which make them suitable for cardiac valves, vascular prostheses, heart diaphragms, heart valves, 
and vascular grafts1–4. However, polyurethanes are susceptible to hydrolytic degradation, 
encrustation, and thrombosis; therefore, their long-term stability is constantly being improved1,5–7. 
Another severe problem related to blood contacting biomaterials is risk of device-related infection 
and biofilm formation8. Therefore, there is a pressing need to develop materials with appropriate 
mechanical properties, improved biocompatibility, and antimicrobial properties.  

 Polymers reinforced with various carbon nanofillers have attracted scientific and 
technological interest, due to the improvement of their mechanical properties, thermal stability and 
blood compatibility 9–11. Pyrolytic carbon black has been established as the choice of material in 
heart valves and has also been successfully used in other applications such as pacemaker electrodes, 
subperiosteal dental implant frames, percutaneous electrical connectors, and hand joints 12,13. 
Carbon has also been used to improve the thromboresistance of synthetic vascular prostheses14.  
 In this paper we investigate polyester thermoplastic elastomer reinforced with carbon 
nanoparticles (CNP). This polymer belongs to the group of poly(aliphatic/aromatic-ester)s (PED), 
with a microphase-separated structure with hard segments formed from poly(butylene terephthalate) 
(PBT) or poly(ethylene terephthalate)(PET) sequences and soft segments comprising amorphous 
dimerized fatty acid, e.g. di-linoleic acid (DLA) in the form of ester sequences15–18. The use of fatty 
acids may improve resistance to hydrolytic degradation of materials and provide antibacterial 
properties, because α-linolenic acid (C18:3), as well as eicosapentaenoic acid (C20:5) and 
docosahexaenoic acid (C22:6), have been proven to have antibacterial and antifungal properties19,20. 
By introducing carbon nanoparticles, we have previously demonstrated improved mechanical 
properties and improved creep resistance, as compared to polyurethane used in current 
extracorporeal heart assisting devices21. Here, we investigate the effect of small amount of CNPs 
(0.2 wt.%) on bacterial activity, endothelial cell proliferation, and blood compatibility of this new 
polyester nanocomposite. 
 
Materials and methods 
Synthesis of PED Materials 

Poly(aliphatic/aromatic-ester) (PED) segmented copolymer containing 60 wt% hard 
segments as in poly(ethylene terephthalate) (PET) and 40 wt% soft segments containing dilinoleic 
acid, DLA sequences (ethylene dilinoleate) was synthesized via two-stage process of 
transesterification and polycondensation from the melt. The chemical structure of copolymer 
abbreviated as PED60 (number refers to hard segments content) is depicted in Figure 1. 

 

 
Figure 1. Chemical structure of PED60 copolymer. 

 
 The transesterification was carried out in the presence of ethylene glycol (GE, Sigma-
Aldrich, Germany) and dimethyl terephthalate (DMT, Elana, Poland) at 180°C, until 95% of 



methanol was collected. Before the polycondensation step, DLA (Pripol 1009, generously provided 
by Croda, The Netherlands) was added to the reaction mixture, the pressure was decreased to 0.2-
0.4 hPa, and the temperature was increased to 260°C. The progress of the polycondensation reaction 
was followed by monitoring the power consumption of stirrer. PED60-based nanocomposite 
containing 0.2 wt% of carbon nanopowder (CNP, 30 nm, Sigma-Aldrich, Germany) was prepared 
in situ, during polycondensation. First, a dispersion of CNP (Fig. 2 shows TEM image of CNP) in 
DLA was prepared by sonication (UP200S HIELSHER) and high speed stirring (IKA T25 ULTRA-
TURRAX, 25k rpm) and it was added to the reactor after transesterification, but prior to 
polycondensation. The second stage of polymerization was carried out at 260-265°C and at 0.2 
mbar of pressure. Once a constant value of power consumption by the stirrer was observed, the 
material was extruded from reactor into cold water and material thread was pelletized. 
Commercially available polyurethane, Chronothane 55 D (hardness Shore D of 55) and medical 
steel AISI 316L were used as controls. 
 

 
Figure 2. TEM micrograph of CNP 
 
Sample preparation 
Polymers were compression moulded into polymer thin films (with thickness of 0.5 mm) at a 
temperature 10° higher than the melting point of polymer. All samples were washed with 70% 
ethanol prior biological studies. Samples for hardness measurements and degradation studies were 
injection moulded. 
Mechanical properties 
Mechanical tests were carried out with an Instron 3366 instrument equipped with a 500 N 
load cell in accordance with standard PN-EN ISO 527-1 (crosshead speed of 100 mm/min, 
at 25°C and 50% of relative humidity). The samples were prepared by compression 
molding and punched in the shape of small dumbbells (0.5 mm thick) with a gauge length 
of 25 mm. The tensile strength and elongation at break were measured for each of the 
samples and the results reported are mean values of six replicates.  
Contact angle measurement 



Contact angle (CA) measurements were performed on Krüss apparatus in five replicates. Briefly, a 
small drop of deionized water (ca. 3 µL) was placed on the sample surface and CA was determined 
by drop shape analysis. Both surfaces of each disc were analysed separately. First, CA of both 
surfaces of discs was measured. Then, one surface of each disc, denoted as side-A, was washed with 
70% ethanol and CA measurement was performed for this surface once again. On this side-A 
(denoted as EtOH side-A) all biological studies were then performed. The other surface, denoted as 
side-B, was not treated with ethanol. Statistical significance was tested by analysis of variance 
(ANOVA), followed by Tukey’s post hoc testing.  
Surface topography 
The AFM images were taken in a tapping mode (Veeco Multimode IV SPM, USA), utilizing a 
square cantilever made of Si and equipped with a tip of curvature radius equal 15 nm. 
Hemocompatibility 
Blood compatibility was examined using whole human blood, collected from healthy volunteers, 
who had abstained from any antiplatelet drugs for at least 2 weeks before the study. Informed 
consent was obtained from all donors and the study was performed according to the Declaration of 
Helsinki. Blood was anti-coagulated with sodium citrate (3.8%, 1:9 ratio). Samples were then 
exposed to contact with whole blood for 1 h. Next, samples were washed with 10 mM phosphate 
buffer, pH 7.4 (PBS), fixed in 2.5% glutaraldehyde, dehydrated in a gradient series of ethanol, and 
dried at ambient temperature. Finally, the samples were coated with a gold film and examined with 
a scanning electron microscope (SEM, Hitachi 3000 N). The images were used to characterize the 
surfaces in respect to the presence of adhered platelets, their morphology, and aggregates being 
formed.  

Additionally, following contact with materials, samples of blood were used to assess 
platelet aggregation via flow cytometry (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ, 
USA). Briefly, the forward and side scatter of 20,000 platelets was recorded and used to assess 
number of platelet aggregates. As an additional control, the analysis was performed on blood 
without prior contact with any of the materials.  
Endothelialisation 
Immortalized, human umbilical vein endothelial cell (HUVEC) derived cell line, EA.hy 92622, was 
used for cell culture experiments. Cells were cultured in tissue culture plastics (TPP, Trasadingen, 
Switzerland) using Dulbecso’s modified Eagle’s medium (DMEM) with high glucose concentration 
(4.5 g/l), 10% FBS, and supplemented with HAT (100 µM hypoxanthine, 0.4 µM aminopterin and 
16 µM thymidine) and antibiotics, at 37°C in a humidified atmosphere containing 5% CO2. The 
cells were applied onto the test surfaces immersed in cell culture medium and were allowed to grow 
for 48 hours. As a control, cells cultured under standard conditions were used. Cell proliferation and 
cytotoxicity were estimated with live/dead test using calcein-AM and ethidium homodimer 
(Molecular Probes, Eugene, USA) and GX71 fluorescence microscope (Olympus, Center Valley, 
USA). 
Microbial colonization 
In order to assess the antimicrobial properties of the new materials, E. coli was selected as model 
gram-negative microorganism. Bacteria were cultured on the surface of polymers and medical steel 
discs were used as controls (3 replicates per group). Briefly, the samples were incubated for 24 h in 
a medium containing E. coli cells (DH5α strain) at 37°C under stationary or flow conditions (an 
electromagnetic stirrer set at 150 or 350 rpm). After incubation, sample surfaces were extensively 
washed with deionised water and labelled by immersion in 10 mL of solution containing two 



fluorescent dyes, bis-benzimide and propidium iodide, enabling the visualization of both live and 
dead cells. 
Statistical analysis 
Data are reported as mean ± standard deviation and were compared using Student’s t-test or 
ANOVA followed by Tukey post hoc testing, as appropriate.  
 
Results and discussion 

At present, heart assist devices are dominated by PUs, which have acceptable mechanical 
and biocompatibility properties, but do not adequately address the risk of device-related infection 
and biofilm formation8. We hypothesized that the soft segments comprising amorphous dimerized 
fatty acid, e.g. di-linoleic acid (DLA) in the form of ester sequences, will provide antibacterial 
properties, because α-linolenic acid (C18:3), as well as eicosapentaenoic acid (C20:5) and 
docosahexaenoic acid (C22:6), have been proven to have antibacterial and antifungal properties19,20. 
Further, it is well known that by adding nanoparticles into a polymer matrix, remarkable 
improvement of mechanical strength can be achieved via enhanced filler/matrix and filler/filler 
interaction, as compared to conventional (e.g. mm-sized) fillers23. These interactions are strongly 
dependent on the nanoparticle spacing in the polymer matrix. To avoid nanoparticle aggregation, in 
situ techniques are preferred for nanocomposites preparation24,25. Here, segmented 
poly(aliphatic/aromatic-ester), PED60 was used as a matrix to prepare polymer-carbon nanoparticle 
composites via in situ polymerization, which allowed CNPs to be finely distributed into segmented 
polyester matrix. It has already been demonstrated that PED-CNP nanocomposites prepared by such 
method showed excellent mechanical properties, specifically higher dynamic modulus during 
fatigue tests and an over six-fold increase in the creep resistance under loading in comparison with 
biomedical polyurethane currently applied in cardiovascular devices21. 

It can be noticed from Figure 3, that stress at break of PED60 materials is similar to 
reference PU material.  

 
Figure 3. Stress-strain curves of PED60, PED60-CNP and Chronothane PU. 

A direct effect of introducing CNP into PED60 matrix via in situ polymerization is significant 
improvement of mechanical properties, especially Young’s modulus of the nanocomposite (96.1 ± 



5.1 MPa), which was more than ten times higher than that of the neat PED60 (8.3 ± 0.4 MPa). The 
modulus improvement in the nanofilled PED60 material may arise from a combination of 
mechanisms, including stiffness of the matrix, filler stiffness or filler shape. In general, these results 
indicate good bonding between matrix and CNP reinforcement and this level of improvement may 
enable the application of this new material in different areas that require more stiffness or lower 
fracture resistance. Finally, the hardness (52 Sh D) of PED60 and PED60 containing 0.2 wt% CNP 
was comparable to the reference polyurethane material (55 Sh D) used for heart assisting devices. 
This hardness is suitable for the clinical use in cardiovascular biomaterials. 

The surface topography of the new materials was assessed via AFM (Figure 4), indicating 
that the PED60 material containing CNP has a higher surface roughness and larger surface features, 
as compared to the neat PED60, perhaps as a result of a different crystallization mechanism in the 
presence of the nanoparticles. It has already been demonstrated26,27 that nanostructured surfaces can 
significantly improve cell biocompatibility, including cell proliferation. Here we conclude that the 
inclusion of CNP in the PED60 matrix and resultant increase in surface roughness may facilitate 
endothelialisation in in vivo applications where this is desirable for long term blood compatibility.   

 

 
Figure 4. AFM surface topography of (a) unmodified PED60 material, and (b) PED60 + 0.2 wt% CNP. 

 
Another surface property which influences biocompatibility is the surface energy 28, usually 

expressed by the water contact angle (CA): the lower the CA, the more hydrophilic the surface. 
Contact angle depends on several factors, including surface preparation, roughness, and chemical 
configuration and can influence biomaterial hemocompatibility, as well as bacterial colonization. 
Poly(ethylene terephthalate) (PET) biomaterial is hydrophobic (CA=116°)28 and the synthesized 
PED60 material (which contain hard segments like in PET) is also hydrophobic, but with slightly 
lower CA of 105º ± 4º (Figure 5). Incorporation of CNP in the PED60 matrix increases the CA to 
113º ± 2º, comparable to segmented polyurethane, Chronothane 55D (114º), perhaps due to the 
change in chemical properties of the surface.  
 



 
Figure 5. Contact angle for medical steel, PED60 copolymer, PED60 + 0.2 wt% CNP nanocomposite 
and Chronothane 55D.The reference material was medical steel AISI 317L. ANOVA for PED60, 
PED60 + 0.2 wt% CNP and medical steel, *- p <0.0001 
 

For blood contacting biomaterials, hemocompatibility is the key parameter. In order to 
assess the hemocompatibility of the new materials, both platelet adhesion to the materials, as well 
as platelet aggregation were assessed. The number of adherent platelets, as assessed via SEM (Fig. 
6), on PED60 + 0.2 wt% CNP (0.29 ± 0.45 platelets/100µm2) was markedly lower then on neat 
PED60 (2.19 ± 0.56 platelets/100µm2) and similar to commercially available polyurethane (0.38 ± 
0.18 platelets/100µm2).  
 
a) 

 

b) 

 

Figure 6. Scanning electron microscopy showing platelet adhesion on PED60 (a) and PED60 + 0.2 wt% 
CNT (b) films after 1 hour contact with full blood. 



This finding was supported by the observed reduction in the number of platelet aggregates 
in blood exposed to PED60 + 0.2 wt% CNP compared to neat PED60 material (81% of reference 
vs. 107% of reference), as assessed by flow cytometry (Fig. 7). The platelet aggregation results for 
the nanocomposite were comparable to medical grade polyurethane (78% of reference) and control 
blood not exposed to any biomaterial (85% of reference). The results of our platelets adhesion and 
aggregation studies indicate that the introduction by carbon nanoparticles into PED60 polymer 
matrix markedly improves hemocompatibility, perhaps by a combination of changes in surface 
chemistry and introduction of nanostructured surface features. 
 

 
Figure 7. Blood platelets analysis after contact with: (a) control, (b) medical steel, (c) PED 60, (d) PED 
60+ 0.2 wt% CNP. 

 
The promising AFM results indicating increased nanostructured surface features following 

introduction of CNP into PED60 polymer, led us to compare the potential for endothelialisation of 
the two new materials. It is well known that in vivo the endothelium contributes to the maintenance 
of blood fluidity by number of mechanisms, including interruption of coagulation cascade, 
prevention of platelet activation and aggregation, and stimulation of fibrinolysis 29. As a result, in 
the case of an implanted blood-contacting biomaterial, endothelialisation is highly desirable and 
believed to play an important role in preventing late thrombosis after implantation in human body. 
The ability of endothelial cells and progenitors to adhere and proliferate on a biomaterial depends 
on the surface roughness, wettability, adsorption of proteins, etc. Here we assessed 
endothelialisation in vitro with human umbilical vein endothelial cell (HUVEC) derived cell line, 
EA.hy 926, following 48 hours of culture. Similar, robust endothelialisation was observed on both 
new materials and biomedical Chronothane 55D (see Figure 8 for representative micrographs). We 
observed a trend towards higher endothelial cell density on the PED60 containing 0.2 wt% CNP, 
however the difference was not statistically significant. These encouraging in vitro 
endothelialisation results, combined with the previous platelet data, indicate the potential of the 
PED60 containing 0.2 wt% CNP for use in long-term blood contacting applications. 



a) 

 

b) 

 
c)  

 

 

Figure 8. Fluorescence micrographs showing cell proliferation on control (a) PED60 and (b) and 
PED60 + 0.2 wt% CNT, and c) Chronothane 55D after 48 hours of culturing EA.hy 926 cells. 
 

Material susceptibility to infection is one of the most common complications related to 
skin/urine/blood contacting polymeric biomaterials8. Here the susceptibility of the new materials to 
microbial colonization by E. coli, was assessed. E. coli was chosen as the model microorganism as 
it is a well-characterized and gram-negative. In general, the complex cell wall structure, including 
the presence of lipopolysaccharides, of gram-negative bacteria make them generally more 
challenging to combat and more dangerous in the circulatory system. Following 24 hour culture 
(Table 1), PED60 + 0.2 wt% CNP (87% of reference) showed similar bacterial colonization 
(p>0.22) as PED60 (82% of reference). Importantly, both materials exhibited markedly reduced 
amount of bacteria (p<0.001) as compared to commercial polyurethane (208% of reference).  



 
Figure 9. Bacterial colonization of PED60 copolymer, PED60- CNP nanocomposite and commercial 
polyurethane (Chronothane 55D). 

 
The similar degree of colonization with and without CNP suggests that the fatty acid 

component of the copolymer may be responsible for the difference in colonization between both 
PED materials and the PU. It has been reported in the literature that fatty acids play a role in host 
defence against potential pathogenic and opportunistic microorganisms30. However, it remains 
unclear exactly how fatty acids exert their antibacterial activities; the prime target seems to be the 
bacterial cell wall and the various essential processes that occur within and at the membrane. In the 
case of both PED materials, no cells staining with propidium iodide, indicating dead cells, were 
observed, indicating that the differences in colonization may be more the result of reduced adhesion 
or proliferation, rather than direct cytotoxicity.  However, other processes that may contribute to 
bacterial growth inhibition include inhibition of enzyme activity or the generation of toxic 
peroxidation and auto-oxidation products30–32. Further experiments will be necessary to elucidate 
the mechanism, however the reduced colonization of both PED materials by model gram-negative 
microorganisms, as compared to commercial polyurethane, is very promising for possible 
applications in blood-contacting implants/devices. 
 
Conclusions 
The effect of small amount (0.2 wt.%) or carbon nanoparticles incorporated into segmented 
polyester matrix on biological properties has been examined. The novel nanocomposite prepared 
via in situ during polymerization exhibits excellent hemo- and biocompatibility, comparable to 
commercially available polyurethane, Chronothane 55D, while providing the advantage of 
diminished microbial colonization. Our investigation indicates that the incorporation of small 
amount of carbon nanopowder significantly improved blood biocompatibility in vitro, in addition to 



improving mechanical properties. On the other hand, it is the presence of fatty acid sequences that 
appears to render the material inherently resistant to bacterial colonization. Collectively, these 
results indicate that PED60-CNP nanocomposite has a great potential for biomedical applications in 
blood contacting devices. 
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