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Abstract14

Prosthetic cardiac valves implantation is a common procedure used to treat heart 15

valve diseases. Although there are different prosthesis already available in the market 16

(either mechanical or bioprosthetic), their use presents several problems, specifically17

concerning thrombogenicity and structural failure. Recently, some progresses have 18

been achieved in developing heart valves based on synthetic materials with special 19

emphasis in polymers. Among them, polyurethanes are one of the most commonly20

used for the production of these devices. 21

Herein, Elastollan®1180A50, a thermoplastic polyurethane (TPU), was used to 22

formulate films whose surfaces were modified by grafting 2-23

hydroxyethylmethacrylate (HEMA) either by Ultra-violet (UV) or by plasma 24

treatment. All films were analyzed before and after grafting. X-ray photoelectron 25

spectroscopy (XPS) measurements were used to evaluate TPU surfaces26

functionalization. HEMA grafting was confirmed by the increase of the hydroxyl 27

(OH) groups’ concentration at the surface of the films. Atomic force microscopy 28

(AFM) analysis was done to evaluate the surface topography of the biomaterials. 29

Results showed that the roughness of the surface decreased when HEMA was grafted, 30

especially for plasma treated samples.31

After grafting the films’ hydrophilicity was improved, as well as the polar component 32

of the surface energy, by 15 to 30%. Hydrophobic recovery studies using milli Q 33

water or PBS were also performed to characterize the stability of the modified 34

surface, showing that the films maintained their surface properties along time. 35

Furthermore, blood-contact tests were performed to evaluate haemolytic and 36

thrombogenic potential. The results obtained for HEMA grafted surfaces, using 37

plasma treatment, confirmed biomaterials biocompatibility and low thrombogenicity. 38
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Finally, the cytotoxicity and antibacterial activity of the materials was assessed 39

through in vitro assays for both modified films. The obtained results showed 40

enhanced bactericidal activity, especially for the films modified with plasma.41

42

Keywords: Heart valves, plasma and UV activation, polyurethanes, surface modification, 43

biocompatibility44

45
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1. Introduction45

Valvular heart diseases (VHD) include several heart conditions that can be either 46

congenital or acquired. Acquired VHD comprise degenerative valve diseases (which 47

are the most common in developed countries) and rheumatic heart sickness (mostly 48

common in developing nations) [1].49

Nowadays, the number of patients diagnosed with degenerative valve disease is 50

progressively growing with population aging [2]. In fact, it is estimated that at least 51

one in each eight people over 75 years old will suffer from one kind of VHD,52

becoming a serious public healthcare problem and a significant economic burden [3].53

Some patients suffering from less severe valvular lesions are able to go through their 54

lifetime without ever needing surgical intervention. However, for others, surgery is 55

the only viable solution. Surgical treatment may involve the repair or the replacement56

of the original damaged valve. The ideal choice would be to keep the original valve 57

[4]. However, for nearly 70% of the cases this procedure is no longer viable and valve58

substitution must be performed [5]. Currently, nearly 280 000 heart valve substitutes 59

are implanted each year all over the world, in an approximated proportion of 50/50 for 60

mechanical and bioprosthetic valves [6]. Despite the improvements in the design and 61

composition of the commercially available valve prosthesis, mechanical valves have a 62

high associated risk of thrombogenicity, while the bioprosthetic valves may suffer63

from premature structural failure [7]. Moreover, after a prosthetic valve implantation, 64

a life-threatening complication, known as prosthetic valve endocarditis (PVE), may65

also occur [8]. PVE is usually caused by microorganism infection, especially bacteria 66

and fungi, and its treatment requires medical treatment. However, in advanced stages, 67

antibiotic therapy alone may not be enough to eliminate  the infection and prosthesis68

replacement is required [9]. 69
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In order to overcome these problems, synthetic leaflet heart valves have been 70

investigated over the last decades, trying to combine in one material, features like 71

durability and enhanced haemodynamics [10]. Among the different synthetic 72

materials used so far, polyurethanes (PU) have been considered the most suitable for 73

this purpose [11]. PU’s properties such as abrasion resistance, affordable 74

manufacturing, chemical stability, durability, elasticity and haemocompatibility are 75

fundamental for their extended applications in the biomedical field [12]. Besides heart 76

valves, they are also used to prepare blood oxygenators, catheters, drug delivery 77

systems, internal lining of artificial hearts, scaffolds for tissue engineering and wound 78

dressing membranes [13]. However, several studies have reported that heart valves79

produced with PU’s, may suffer from premature failure, caused by their suboptimal 80

design and low durability [7]. The production of PUs with different compositions and 81

by applying different manufacturing techniques have resulted in materials with 82

improved properties which have allowed to expand their potential applications [14]. 83

Thermoplastic polyurethanes (TPU) are currently being used for several industrial 84

uses, such as adhesives, coatings and films [15]. Furthermore, previous studies have85

also shown their suitability for heart valves production [16].86

Hereby, a commercial pre-processed polyether-based thermoplastic polyurethane 87

(Elastollan®1180A50), was studied in order to be applied in a near future as a base 88

material for synthetic heart valves manufacture. Elastollan®1180A50 choice was done89

based on its absence of plasticizers, good heat resistance, high mechanical flexibility, 90

and its ability to be processed by moulding. Moreover, it also exhibits excellent 91

abrasion resistance, toughness, transparency, hydrolytic stability and fungal resistance 92

[17].93

From the literature it is known that graft copolymerization of polyurethanes with 94
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hydrophilic vinyl monomers, such as acrylic acid [18], acrylamide [19] and 2-95

hydroxyethylacrylate [20], is an appropriate method to enhance surface 96

hydrophilicity, and improve its haemocompatibility [21]. 97

Herein, 2-hydroxyethylmethacrylate (HEMA) was grafted onto the surface of 98

Elastollan®1180A50 to increase its hydrophilicity and improve its biological 99

properties. Plasma and UV irradiation were used to perform the modification of films’100

surface. Furthermore, several parameters were assessed, such as their chemical 101

surface functionalities, roughness, antibacterial activity, blood compatibility, 102

cytotoxicity, hydrophilicity, hydrophobic recovery, surface energy and103

thrombogenicity to evaluate their potential for being used in heart valve fabrication.104

105

106

2. Experimental107

2.1. Materials108

Bacterial strain Escherichia coli (E. coli) DH5α was purchased from ATCC. 109

Elastollan®1180A50 was obtained from BASF. Fetal bovine serum (FBS) was 110

acquired from Biochrom AG (Berlin, Germany). Human Fibroblast Cells (Normal 111

Human Dermal Fibroblasts adult, criopreserved cells) were bought from PromoCell112

(Labclinics, S.A.; Barcelona, Spain). LB agar was obtained from Pronadise. 113

Irgacure®2959 was kindly given by CIBA (Ciba Specialty Chemicals, Basel, 114

Switzerland). 3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-115

sulphofenyl)-2H-tetrazolium, inner salt (MTS), amphotericin B, Dimethylformamide 116

(DMF), Dulbecco’s modified Eagle’s medium (DMEM-F12), 117

ethylenediaminetetraacetic acid (EDTA), 2-hydroxyethylmethacrylate (HEMA),118

isopropyl alcohol, L-glutamine, penicillin G, phosphate-buffered saline solution 119
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(PBS), streptomycin, and trypsin were acquired from Sigma-Aldrich (Sintra, 120

Portugal). 121

122

123

2.2. Methods124

2.2.1. Films preparation125

Elastollan®1180A50 films were prepared by solvent evaporation. Elastollan®1180A50 126

was dissolved in DMF to a 10% (w/v) TPU solution. This solution was poured into 127

glass Petri plates. Then, the Petri dishes were stored in an oven at 60 ºC, for 24 hours. 128

Subsequently, films were removed from the dishes and ultrasonically cleaned with 129

isopropyl alcohol for 15 minutes, prior to surface grafting experiments. 130

131

2.2.2. Argon plasma grafting132

A laboratory and small-scale production plasma system FEMTO (low pressure 133

plasma), manufactured by Diener Electronics, with a stainless steel plasma chamber 134

of 100 mm diameter and 270 mm length, was used for the plasma surface 135

modification experiments. TPU films were placed at 80 mm from the electrode and 136

were plasma treated with Argon, in a pressure chamber of 0.6 mbar, for 3 minutes and 137

applying 100 Watt of power to the electrodes to generate the plasma [22]. Then, the 138

plasma-treated TPU films were dipped into a 10% (v/v) aqueous solution of HEMA139

and introduced in an oven at 60 ºC, for 1 hour. Finally, the modified films (TPU-Ar-140

HEMA) were washed abundantly with deionized water and dried until constant 141

weight was obtained. 142

143
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2.2.3. UV grafting with Irgacure®2959144

For the UV grafting, films were previously activated with UV light in a 0.5% 145

photoinitiator (Irgacure®2959) aqueous solution for 30 minutes. Afterwards, they 146

were removed and dipped into a 10% (v/v) HEMA aqueous solution. Then, samples 147

were irradiated with UV light during 30 minutes and the modified films were obtained 148

(TPU-UV-HEMA). 149

In both steps of the modification, films were irradiated using a Mineralight® Lamp, 150

Model UVGL-48, in the 254 nm wavelength setting. This generated a power of 6 151

Watt and the samples were placed at a distance of 4 cm from the light source.152

153

154

2.3. Characterization techniques155

2.3.1. X-ray photoelectron spectroscopy 156

X-ray photoelectron spectroscopy (XPS) measurements were made with a VGS 157

ESCALAB 200A spectrometer with an Al K X-ray source. The operation conditions 158

were set to 15 kV. The binding energy scale was fixed by assigning a binding energy 159

of 285.0 eV to the –CH2– carbon (1s) peak. The samples were analyzed at a take-off 160

angle of 0º relative to the normal of the surface. The C1s and O2s envelopes were 161

analyzed and peak-fitted using a combination of Gaussian and Lorentzian peak shapes 162

obtained from the XPS peak 4.1 software.163

164

165

166

167
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2.3.2. Atomic force microscopy 168

Atomic force microscopy (AFM) analysis of the samples was performed in a169

Nanoscope IVa Veeco Metrology using the tapping mode (scan size 4.0 m, scan rate 170

1.0 Hz). The average roughness (Ra) was calculated directly from the AFM images.171

172

2.3.3. Analysis of contact angle and surface free energy173

The contact angle and surface energy measurements were performed at room 174

temperature in an OCA 20 contact angle measurement unit from Dataphysics. Surface 175

free energy ( S ) values as well as the dispersive ( D
S ) and polar ( P

S ) components 176

were obtained according to the Owens-Wendt-Rabel and Kaelbe method (OWRK) by 177

static contact angle measurements with three liquids: water, diiodomethane and 178

formamide. All measurements were performed on the air-facing surfaces of the films179

with the three liquids using the sessile drop method. Nine measurements on different 180

points were performed on each sample from which the mean static contact angle and 181

its standard error were determined. The surface energies were assessed for all the 182

prepared films.183

184

2.3.4. Hydrophobicity recovery185

Samples were stored in vials containing milli Q water or PBS at 37 °C and examined 186

after  1, 2, 7, 15 and 30 days. Samples aged in air were wrapped in aluminium foil to 187

minimise hydrocarbon contamination, and those aged in milli Q water and PBS were 188

thoroughly washed with milli Q water and dried before analysis. The hydrophobicity 189

recovery was evaluated by water contact angle determination, as previously 190

described.191
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2.3.5. Blood compatibility192

Blood compatibility assays were performed in vitro accordingly to the International 193

Standard Organization (ISO) 10993-4 [23]. Both the haemolytic potential and 194

thrombogenicity of the prepared films were evaluated.195

196

Haemolytic potential197

The haemolysis tests were performed as described in the American Society for 198

Testing and Materials (ASTM) F 756-00 standard [24]. Samples with 21 cm2 were 199

placed in polypropylene test tubes and 7 mL of PBS (10 M, pH=7.4) were added. 200

After 72 h of incubation, at 37 ºC, the PBS was removed and the samples were left to 201

dry. Then, 7 mL of PBS and 1 mL of diluted anticoagulated rabbit blood (ACD blood) 202

(10 mg/mL ± 1 mg/mL) was added to each sample. Positive and negative controls 203

were prepared by adding the same amount of ACD blood to 7 mL of water and PBS, 204

respectively. The tubes were placed at 37 ºC, for 3 hours, and gently inverted twice 205

every 30 minutes to maintain materials in contact with blood. After incubation, the 206

fluid was transferred to a suitable tube and centrifuged at 700-800 g, for 15 minutes. 207

The amount of haemoglobin (Hb) released by haemolysis was determined by 208

measurement of the optical densities of the supernatants at 540 nm using a 209

spectrophotometer UV-vis (Jasco V550). The percentages of haemolysis (HI) were 210

calculated as described in equation 1.211

   
    100






controlnegativecontrolpositive

controlnegativetest

HbHb

HbHb
HI Equation 1212

According to the ASTM F 765-00 [24] materials can be classified as non-haemolytic 213

when 0 > HI > 2, slightly haemolytic when 2 > HI > 5 and haemolytic when HI > 5.214

215
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216

Thrombogenicity217

The evaluation of thrombus formation on films surfaces (n=3 for each sample) was 218

carried out using the gravimetric method of Imai and Nose [25]. Anticoagulated rabbit 219

blood was also used for this purpose. Before performing the tests, the films were 220

immersed in PBS solution (pH 7.4) at 37 ºC. After 48 h of incubation, the PBS was 221

removed and 250 µL of ACD blood were carefully placed over the surface of the 222

films and also in an empty Petri dish, which acted as a positive control. Blood clotting 223

tests were initiated by adding 25 µL of a 0.10 M calcium chloride solution and then 224

stopped after 30 minutes, by adding 5 mL of water. The resultant clots were fixed 225

with 1mL of a 36% formaldehyde solution and then dried with tissue paper and 226

finally weighted. The percentage of thrombogenicity was determined by using 227

equation 2.228

100% 





controlnegativecontrolpositive

controlnegativetest

mm

mm
icitythrombogen Equation 2229

230

2.3.6. Evaluation of materials biocompatibility231

Proliferation of human fibroblasts cells in the presence of the materials232

Human Fibroblasts cells were seeded in T-flasks of 25 cm2 with 6 mL of DMEM-F12 233

supplemented with heat-inactivated FBS (10% v/v) and 1% antibiotic/antimycotic 234

solution. After cells attained confluence, they were subcultivated by a 3-5 minutes 235

incubation in 0.18% trypsin (1:250) and 5 mM EDTA. Subsequently, cells were 236

centrifuged, resuspended in culture medium and then seeded in T-flasks of 75 cm2. 237

Hereafter, cells were kept in culture at 37 °C in a 5% CO2 humidified atmosphere, 238

inside an incubator. To evaluate cell behavior in the presence of the materials, 239
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fibroblasts cells were seeded with materials in 96-well plates at a density of 10 × 103240

cells per well, for 96 hours. Previously to cell seeding, materials were firstly sterilized241

using UV radiation for 30 minutes. Cell growth was monitored using an Olympus 242

CX41 inverted light microscope (Tokyo, Japan) equipped with an Olympus SP-500 243

UZ digital camera [26].244

245

Characterization of the cytotoxic profile of the films246

Human fibroblasts cells were seeded in the presence of materials, in 96-well plate, 247

with 100 µl of DMEM-F12 and following incubated at 37 °C, in a 5% CO2 humidified 248

atmosphere. After an incubation period (24, 48, 72 and 96 hours), cell viability was 249

assessed through the reduction of the MTS into a water-soluble formazan product. 250

Briefly, the medium of each well was removed and replaced with a mixture of 100 μL 251

of fresh culture medium and 20 μL of MTS/PMS reagent solution. Then, cells were 252

incubated for 4 hours at 37 °C, under a 5% CO2 humidified atmosphere. The 253

absorbance was measured at 492 nm using a microplate reader (Sanofi, Diagnostics 254

Pauster). Wells containing cells in the culture medium without materials were used as 255

negative controls (K-). Ethanol (96%) was added to wells that contained cells, as a 256

positive control (K+) [27].257

258

2.3.7. Characterization of the antibacterial activity of PU materials259

Resazurin metabolic assay260

The resazurin assay was performed to evaluate bacterial growth in the presence of the 261

samples. Resazurin is a blue non-fluorescent and non-toxic dye that becomes pink and 262

fluorescent when reduced to resorufin by oxidoreductases within viable cells [28]. 263

Briefly, bacterial cultures (E.coli) were grown overnight in culture medium without 264



Page 13 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

13

antibiotics. The following day bacteria were seeded in 96 well plates at density of 5 x 265

106 colony-forming unit (CFU)/mL under aseptic conditions. Then, 10 µL of 0.1% 266

resazurin solution were added to each well and the plate was incubated at 37 °C 267

during 1 to 4 hours. After, digital images of the plate were acquired to evaluate 268

bacterial growth using a Nikon digital camera (Nikon D50, Ayuthaya, Thailand).269

270

2.3.8. Statistical analysis271

The obtained results were expressed as the mean ± the standard error of the mean 272

(n=4). Statistical significance was calculated using a one-way analysis of variance 273

(one-way ANOVA) and differences between groups were tested by a one-way 274

ANOVA with Dunnets post hoc test [26].275

276

277

3. Results and Discussion278

3.1. X-ray photoelectron spectroscopy 279

To evaluate the existing functionalities on TPU surfaces (before and after the 280

grafting), wide scan and high-resolution XPS spectra were recorded. This analysis 281

was performed 24 hours after the grafting procedures. The elemental composition of 282

the surfaces was calculated from the XPS spectra.283

As expected, the oxygen content of the grafted surface increased due to the grafting of 284

HEMA’s hydroxyl groups (OH). Figure 1 shows the different spectra obtained for the 285

unmodified and the HEMA grafted TPU. Here, the C1s peak can also be resolved in 286

three components: the hydrocarbon (C-C and C-H) peak at 284.5eV, the ether peak 287

(C-O-C) at 285.9 eV and the urethane peak (NH-COO) at 288.0 eV. The ether peak 288
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increases after the grafting and due to the addition of more ether peaks and to the 289

addition of OH groups present in the HEMA monomer structure. The increase of this 290

peak is slightly higher when the UV grafting method was used. All these changes 291

suggest that the surfaces were successfully grafted. The same conclusion can be 292

inferred by looking at the O1s peak, which is resolved in two peaks: the C=O peak at 293

532 eV (which was already present in the untreated TPU) and the C-OH peak at 534 294

eV due to the hydroxyl groups [29]. From the differences observed in the peak areas 295

and the relative composition ratio based on the area of each peak presented in Figure 296

1 can be easily concluded that the plasma grafting method is more efficient than the 297

UV. Also, it can be implied that the graft density is higher for the plasma treated 298

surface since more OH groups are present on the surface as a consequence of the 299

grafting of HEMA.300

301

302

3.2. Atomic force microscopy (AFM)303

Materials surface topography was evaluated by AFM analysis. Figure 2 shows the 3-304

dimensional AFM images of unmodified TPU and grafted TPU.305

It is known that a surface becomes smoother after grafting, when compared with its 306

original state, depending on monomer bounded to the surface [30]. Therefore, as 307

expected from the results obtained in XPS analysis, distinct surface topographies were308

observed depending on the employed grafting method. The micrographs from Figure 309

2 show that when plasma is used, the resulting surface is smoother than when using310

UV grafting treatment, which indicates that a higher graft density was obtained when 311

plasma was used for the grafting reaction. The higher graft density results in a 312
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smoother surface. This difference between both grafting methods has already been 313

observed for the grafting of other monomers in previous works [31].314

The roughness of the materials surfaces was determined to better quantify the 315

differences between them. The average roughness (Ra) was calculated directly from 316

the AFM images in a 700 × 700 nm surface region. The obtained Ra results, presented 317

in Figure 2, confirm that the roughness of the surface decreases when HEMA is 318

grafted, especially when the plasma method is used. 319

320

321

3.3. Water contact angle and surface energy measurements322

It is widely recognised that surface energy is an important parameter affecting 323

polymers adhesion, material wettability and even biocompatibility [32]. The 324

measurement of contact angles is considered as the most convenient method for 325

determining the surface free energy of solid samples. This technique relies on the 326

determination of the interactions between the solid sample of interest and liquids with 327

well determined surface tensions.328

According to Owens, Wendt, Rabel and Kaelble the interfacial tension can be divided 329

in two components: dispersive interactions and polar interactions [33]. Polar 330

interactions comprise Coulomb interactions between permanent dipoles and the ones 331

between permanent and induced dipoles. The interactions caused by time fluctuations 332

of the charge distribution within the molecules are called dispersive interactions. 333

Table 1 summarizes the obtained results for water contact angles and surface energies334

as well as the percentages of the polar components of the surface energies for the 335

unmodified and modified TPU films.336
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The presence of polar functional groups such as OH or NH2 increases the hydrogen 337

bounding interactions [34] and therefore decreases water contact angle and increases 338

the polar component of the surface energy. For this reason, in this study, a decrease in 339

the water contact angle could be observed after HEMA grafting. The water contact 340

angle of the surface decreases from 82.7º for the unmodified surface, to 75.0º and 341

60.8º after grafting HEMA by UV and plasma, respectively. Such results are ascribed 342

to the grafting of HEMA’s OH groups, and this variation is even higher when the 343

plasma grafting method is used. Moreover, the obtained results for the surface energy 344

presented in Table 1 show an increase in the polar component of the surface energy 345

when films surfaces are grafted with HEMA. While the original TPU film presents a 346

polar component of 7.1%, this value changed to 15.5% and 38.7% when HEMA was 347

grafted onto the surface by UV irradiation and plasma treatment, respectively. The348

results obtained for films treated with plasma suggest that the efficiency of grafting is 349

higher when this method is used. Furthermore, these results are in accordance with 350

those obtained by XPS, AFM and were further validated by the thrombogenicity 351

studies.352

353

354

3.4. Hydrophobic recovery analysis355

Hydrophobic recovery was evaluated by static water contact angle measurements for 356

a period of 30 days. The water contact angles were determined before and after each357

modification and along time by incubating samples in different mediums (air, milli Q 358

water and PBS). The obtained results are presented in Figure 3. TPU has a water 359

contact angle of 82.7º ± 1.8; after the grafting procedure this value decreases to 75.0º 360

± 0.4 and 60.8º ± 1.7 when UV and plasma methods were used, respectively. Plasma 361
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method led to lower values, suggesting once again, that this method is more efficient 362

for grafting HEMA than the UV method. The decrease in the water contact angle is 363

ascribed to the HEMA polar groups (OH groups) present on TPU surface after 364

grafting. These groups increase dipole–dipole interactions and therefore increase 365

hydrophilicity. For this reason, the observed decrease in the water contact angles may 366

represent an indirect measure of the extent of modification.367

From the hydrophobicity recovery profiles shown in Figure 3, it can be seen that after 368

the grafting reactions, despite the storage medium, surfaces partially recovered their 369

hydrophobicity along time. The hydrophobicity recovery of a surface might be 370

explained by air contamination or even by surface rearrangements [30,35,36]. 371

Comparing both grafting methods, this recovery is more evident for surfaces grafted 372

by the UV method, suggesting that these surface modifications are not stable. When 373

comparing storage mediums, the air is more prone to allow the hydrophobicity 374

recovery, while milli Q water or PBS maintain the surface properties, meaning that 375

storing the grafted surfaces in PBS or milli Q water prevents surface rearrangements 376

and mainly eliminates air contaminations preventing the hydrophobicity recovery.377

378

379

3.5. Blood compatibility380

381

3.5.1. Haemolytic potential382

Haemolysis is regarded as an especially significant screening test, once it provides 383

quantification of small levels of plasma haemoglobin that may not be measurable 384

under in vivo conditions [37].385

The haemolysis index (HI) of the original and modified TPU films was determined 386
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according to ASTM F 756-00 [24], by using the cyanmethemoglobin method to 387

quantify the haemoglobin (Hb) present in the supernatant after the films were 388

incubated with blood.389

Based on the results obtained, both the unmodified and the modified films are 390

classified as non-haemolytic. In fact, HI is very similar for all samples varying from 391

1.85±0.11 (for the original film) to 1.88±0.05 for TPU-UV-HEMA and finally to 392

1.36±0.51 for TPU-Ar-HEMA. This means that surface modification with the HEMA 393

molecule does not induce any damage in erythrocytes’ membranes that could lead to 394

their lysis. Although some literature states that it is not possible to define a universal 395

level of acceptable or unacceptable haemolysis values [29], by definition, a blood-396

compatible material should not promote haemolysis. In this work this parameter is of 397

extreme importance since the material will be contacting directly with blood during 398

its entire lifetime. It is therefore safe to say that the modified films will not be 399

responsible for the lysis of the erythrocytes once implanted in the human body. Such 400

feature is fundamental for the desired biomedical application.401

402

403

3.5.2. Thrombogenicity404

Serum proteins adsorption onto the surface of a material is a key phenomenon for the 405

thrombogenic process. In fact, thrombus formation is inversely proportional to blood 406

compatibility of a given material. This parameter is of extreme importance when 407

materials are designed to be used in direct contact with the blood stream as it is the 408

case of heart valves.409

The induction of thrombus formation on the surface of the prepared films was 410

evaluated by gravimetry after 30 and 60 minutes of contact with blood. Both the 411
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unmodified and modified TPU films (TPU-UV-HEMA and TPU-Ar-HEMA) were 412

tested using three samples of each set. The resultant weights of the blood clots from 413

these tests were obtained and the percentage of thrombogenicity was calculated. In 414

Figure 4 it is possible to verify that the surface modification methods used influence 415

the thrombogenicity of the materials. As depicted in this Figure, both unmodified416

TPU as well as TPU-UV-HEMA films are highly thrombogenic after 30 and 60 417

minutes of being in contact with blood. On the other hand, the TPU-Ar-HEMA films 418

presented a much lower value for thrombus formation for both incubation times419

(19.33 and 21.2% after 30 and 60 minutes, respectively). These results are coherent 420

with those obtained for the surface energies values. It has been stated that 421

thrombogenicity is directly related with the value of surface energy presented by a 422

surface [38]. Interestingly, in this case, the surface energies of the films are not 423

significantly different between them. However, the polar component of surface 424

energy changes considerably. As previously described, it was verified that the polar 425

component of the surface energy was higher for the TPU-Ar-HEMA film, suggesting 426

that larger amounts of hydrophilic HEMA molecules were grafted on the TPU film, 427

when plasma method was used. Hydrophilic surfaces are usually associated to low 428

proteins adsorption since they adsorb weakly and reversibly to these types of surfaces429

[38]. Considering that protein adhesion constitutes the first step of coagulation 430

cascade that ends in thrombus formation [39], it can explain the distinct thrombogenic 431

character presented by films studied here. 432

433

434

3.6. Characterization of materials biocompatibility435

Films cytocompatibility was evaluated through in vitro studies. Human fibroblasts 436
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cells with the same initial density were seeded in the 96-well plates, with or without 437

materials to assess films cytotoxicity. Cell adhesion and proliferation in the presence 438

of the materials was characterized through optical microscopy by using an inverted 439

microscope. Figure 5A shows that cells adhered and proliferated in the presence of all440

the materials and also in the negative control. Such results demonstrate that all films441

are biocompatible.442

In order to characterize the physiological response of cells to the presence of the 443

TPUs, a MTS assay was also performed. The MTS assay results (Figure 5B) showed 444

that cells maintained a similar viability to the ones cultured in the absence of films445

during 96 hours. Furthermore, cells presented higher viabilities in the presence of 446

modified TPUs during the first 72 hours. 447

The results obtained herein show that the modifications performed on the TPU448

surface did not affect cell integrity or viability, a fact that is crucial for the proposed449

biomedical application, i.e., to be used as heart valves. 450

451

452

3.7. Antibacterial activity453

454

3.7.1. Resazurin assay455

The antimicrobial activity of TPUs was evaluated through a resazurin reduction assay. 456

As demonstrated in Figure 6, TPU-Ar-HEMA presented bactericidal activity, whereas 457

unmodified TPU and TPU-UV-HEMA did not show any significant activity. Such 458

results are of crucial importance, because it seems that HEMA grafted TPU by plasma 459

treatment may contribute to avoid the biofilm deposition on this material once 460
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implanted inside the human body and therefore avoid common and dangerous 461

complications such as prosthetic valve endocarditis. 462

463

4. Conclusion464

The grafting of HEMA onto the surface of Elastollan®1180A50 films (TPU) by UV 465

irradiation and Argon low pressure plasma treatment led to a modification their 466

properties. This modification improved some of the films properties, and the resulting 467

materials are good candidates to be used for heart valves production. Additionally, 468

Argon plasma treatment showed to be more efficient for the grafting of HEMA when 469

compared to the UV method. The TPU-Ar-HEMA surface showed higher content of 470

OH groups indicating a higher HEMA density, which led to a smoother and more 471

hydrophilic surface. Also, Argon plasma treatment showed significantly lower values 472

of thrombogenicity in comparison with those of unmodified and UV modified TPUs. 473

Furthermore, the modified films upkept their intrinsic biocompatibility and, more 474

importantly, enhanced the bactericidal activity of the materials. This fact was once 475

again more evident for TPU-Ar-HEMA. 476

Based on the overall results it may be concluded that TPU-Ar-HEMA is a good 477

candidate to be used in a near future for the preparation of prosthetic heart valves.478

479

Acknowledgements480

This work was supported by the Portuguese Foundation for Science and Technology481

(FCT), (PTDC/EME-TME/103375/2008 and PTDC/EBB-BIO/114320/2009). This 482



Page 22 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

22

research was also funded by FEDER through the Competitive Factors Operation 483

Program – COMPETE (Pest-C/SAU/UI0709/2011).484

485

5. References486

[1] K. Maganti, V.H. Rigolin, M.E. Sarano and  R.O. Bonow, Valvular heart disease: diagnosis and management, in:  487
Mayo Clinic Proceedings, Vol 85, Elsevier, 2010, pp. 483-500.488
[2] A. Vahanian, B. Iung, D. Himbert, J.-P. Depoix and  P. Nataf, Understanding Risk Assessment in Cardiac Surgery 489
Patients, Seminars in thoracic and cardiovascular surgery, 22 (2010) 285-290.490
[3] A. Mol, A.I.P.M. Smits, C.V.C. Bouten and  F.P.T. Baaijens, Tissue engineering of heart valves: advances and 491
current challenges, Expert review of medical devices, 6 (2009) 259-275.492
[4] D. Aicher and  H.-J. Schäfers, Aortic Valve Repair—Current Status, Indications, and Outcomes, Seminars in 493
thoracic and cardiovascular surgery, 24 (2012) 195-201.494
[5] V.E. Friedewald, R.O. Bonow, J.S. Borer, B.A. Carabello, P.P. Kleine, C.W. Akins and  W.C. Roberts, The Editor’s 495
Roundtable: Cardiac Valve Surgery, The American Journal of Cardiology, 99 (2007) 1269-1278.496
[6] P. Pibarot and  J.G. Dumesnil, Prosthetic heart valves: selection of the optimal prosthesis and long-term 497
management, Circulation, 119 (2009) 1034-1048.498
[7] H. Ghanbari, A.G. Kidane, G. Burriesci, B. Ramesh, A. Darbyshire and  A.M. Seifalian, The anti-calcification 499
potential of a silsesquioxane nanocomposite polymer under in vitro conditions: potential material for synthetic 500
leaflet heart valve, Acta biomaterialia, 6 (2010) 4249.501
[8] W. Wilson, G. Danielson, E. Giuliani and  J. Geraci, Prosthetic valve endocarditis, in:  Mayo Clinic proceedings. 502
Mayo Clinic, Vol 57, 1982, pp. 155.503
[9] S. Lopes, P. Calvinho, F. de Oliveira and  M. Antunes, Allograft aortic root replacement in complex prosthetic 504
endocarditis, European journal of cardio-thoracic surgery, 32 (2007) 126-130.505
[10] B. Rahmani, S. Tzamtzis, H. Ghanbari, G. Burriesci and  A.M. Seifalian, Manufacturing and hydrodynamic 506
assessment of a novel aortic valve made of a new nanocomposite polymer, Journal of biomechanics, (2012).507
[11] P. Zilla, J. Brink, P. Human and  D. Bezuidenhout, Prosthetic heart valves: catering for the few, Biomaterials, 508
29 (2008) 385-406.509
[12] Y. Ikada, Biological materials, Integrated Biomaterials Science, (2002) 1-23.510
[13] B.D. Ratner, A.S. Hoffman, F.J. Schoen and  J.E. Lemons, Biomaterials science: an introduction to materials in 511
medicine, Academic press, 2004.512
[14] M. Kutting, J. Roggenkamp, U. Urban, T. Schmitz-Rode and  U. Steinseifer, Polyurethane heart valves: past, 513
present and future, Expert Rev Med Devices, 8 (2011) 227-233.514
[15] E.G. Bajsić, I. Šmit and  M. Leskovac, Blends of thermoplastic polyurethane and polypropylene. I. Mechanical 515
and phase behavior, Journal of applied polymer science, 104 (2007) 3980-3985.516
[16] G.M. Bernacca, B. O’Connor, D.F. Williams and  D.J. Wheatley, Hydrodynamic function of polyurethane 517
prosthetic heart valves: influences of Young's modulus and leaflet thickness, Biomaterials, 23 (2002) 45-50.518
[17] X. Wang, X. Luo and  X. Wang, Study on blends of thermoplastic polyurethane and aliphatic polyester: 519
morphology, rheology, and properties as moisture vapor permeable films, Polymer testing, 24 (2005) 18-24.520
[18] H.S. Choi, Y.S. Kim, Y. Zhang, S. Tang, S.W. Myung and  B.C. Shin, Plasma-induced graft co-polymerization of 521
acrylic acid onto the polyurethane surface, Surface and Coatings Technology, 182 (2004) 55-64.522
[19] Y. Zhu, C. Gao, J. Guan and  J. Shen, Promoting the cytocompatibility of polyurethane scaffolds via surface 523
photo-grafting polymerization of acrylamide, Journal of Materials Science: Materials in Medicine, 15 (2004) 283-524
289.525
[20] J. Guan, C. Gao, L. Feng and  J. Sheng, Surface photo-grafting of polyurethane with 2-hydroxyethyl acrylate 526
for promotion of human endothelial cell adhesion and growth, Journal of Biomaterials Science, Polymer Edition, 527
11 (2000) 523-536.528
[21] C. He, M. Wang, X. Cai, X. Huang, L. Li, H. Zhu, J. Shen and  J. Yuan, Chemically induced graft 529
copolymerization of 2-hydroxyethyl methacrylate onto polyurethane surface for improving blood compatibility, 530
Applied Surface Science, (2011).531
[22] P. Alves, S. Pinto, H.C. de Sousa and  M.H. Gil, Surface modification of a thermoplastic polyurethane by 532
low‐pressure plasma treatment to improve hydrophilicity, Journal of Applied Polymer Science, 122 (2011) 2302-533
2308.534
[23] ISO10993-4 Biological evaluation of medical devises. Part 4. Selection of tests for interaction with blood, in, 535
1999.536



Page 23 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

23

[24] ASTM F 756-00 Standard practices for assessment of haemolytic properties of materials, in, 2000.537
[25] Y. Imai and  Y. Nose, A new method for evalution of antithrombogenicity of materials, Journal of biomedical 538
materials research, 6 (1972) 165-172.539
[26] M. Ribeiro, A. Espiga, D. Silva, P. Baptista, J. Henriques, C. Ferreira, J. Silva, J. Borges, E. Pires and  P. Chaves, 540
Development of a new chitosan hydrogel for wound dressing, Wound Repair and Regeneration, 17 (2009) 817-541
824.542
[27] P. Coimbra, P. Alves, T. Valente, R. Santos, I. Correia and  P. Ferreira, Sodium hyaluronate/chitosan 543
polyelectrolyte complex scaffolds for dental pulp regeneration: synthesis and characterization, International 544
journal of biological macromolecules, 49 (2011) 573-579.545
[28] S.D. Sarker, L. Nahar and  Y. Kumarasamy, Microtitre plate-based antibacterial assay incorporating resazurin 546
as an indicator of cell growth, and its application in the< i> in vitro</i> antibacterial screening of phytochemicals, 547
Methods, 42 (2007) 321-324.548
[29] W. Shen, Z. Li and  Y. Liu, Surface chemical functional groups modification of porous carbon, Recent Patents 549
on Chem. Eng, 1 (2008) 27-40.550
[30] Y. Qiu, D. Klee, W. Plüster, B. Severich and  H. Höcker, Surface modification of polyurethane by 551
plasma‐induced graft polymerization of poly (ethylene glycol) methacrylate, Journal of applied polymer science, 552
61 (1996) 2373-2382.553
[31] P. Alves, S. Pinto, J.P. Kaiser, A. Bruinink, H.C. de Sousa and  M. Gil, Surface grafting of a thermoplastic 554
polyurethane with methacrylic acid by previous plasma surface activation and by ultraviolet irradiation to reduce 555
cell adhesion, Colloids and Surfaces B: Biointerfaces, 82 (2011) 371-377.556
[32] S.C.H. Kwok, J. Wang and  P.K. Chu, Surface energy, wettability, and blood compatibility phosphorus doped 557
diamond-like carbon films, Diamond and related materials, 14 (2005) 78-85.558
[33] D.K. Owens and  R. Wendt, Estimation of the surface free energy of polymers, Journal of Applied Polymer 559
Science, 13 (1969) 1741-1747.560
[34] P.R. Teasdale and  G.G. Wallace, In situ characterization of conducting polymers by measuring dynamic 561
contact angles with Wilhelmy's plate technique, Reactive Polymers, 24 (1995) 157-164.562
[35] U. Lappan, H.M. Buchhammer and  K. Lunkwitz, Surface modification of poly (tetrafluoroethylene) by plasma 563
pretreatment and adsorption of polyelectrolytes, Polymer, 40 (1999) 4087-4091.564
[36] P. Wang, K. Tan, C. Ho, M. Khew and  E. Kang, Surface modification of natural rubber latex films by graft 565
copolymerization, European polymer journal, 36 (2000) 1323-1331.566
[37] P. Ferreira, J. Coelho and  M. Gil, Development of a new photocrosslinkable biodegradable bioadhesive, 567
International journal of pharmaceutics, 352 (2008) 172-181.568
[38] C. Zhao, X. Liu, M. Nomizu and  N. Nishi, Blood compatible aspects of DNA-modified polysulfone 569
membrane—protein adsorption and platelet adhesion, Biomaterials, 24 (2003) 3747-3755.570
[39] L. Poussard, F. Burel, J.P. Couvercelle, O. Lesouhaitier, Y. Merhi, M. Tabrizian and  C. Bunel, In vitro 571
thrombogenicity investigation of new water-dispersible polyurethane anionomers bearing carboxylate groups, 572
Journal of Biomaterials Science, Polymer Edition, 16 (2005) 335-351.573

574

575

576

577



Page 24 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

24

List of Tables577

Table 1: Water contact angle (θ), surface energy (γs), dispersive (γs
D) and polar 578

components (γs
P) of the surface energy and % of polar component of the unmodified 579

and modified TPU films. Each result is the mean ± standard error of the mean of three 580

independent experiments.581

582
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Figures captions582

583

Figure 1: XPS spectra of C1s (a) O1s (b) for TPU (1) and the TPU-Ar-HEMA (2) and 584

TPU-UV-HEMA (3). The relative composition ratio based on the area of each peak 585

for the all TPU films are also indicated.586

587

Figure 2: Atomic force micrograghs of the TPU and HEMA grafted surfaces. Surface 588

Roughness, Ra (nm) is indicated as the mean ± standard error of the mean of three 589

independent experiments.590

591

Figure 3: Hydrophobic recovery of TPU, TPU-Ar-HEMA and TPU-UV-HEMA 592

stored in air, milli Q water and PBS. All samples were stored in the mediums after 593

grafting. Each result is the mean ± standard error of the mean of three independent 594

experiments.595

596

Figure 4: Values of thrombus mass obtained for original and modified TPU films after 597

30 and 60 minutes of blood contact. Each result is the mean ± standard error of the 598

mean of three independent experiments.599

600

Figure 5: A) Microscopic photographs of human fibroblasts cells seeded in the 601

presence of the different PU materials (*) for 24, 48, 72 and 96 hours of incubation, 602

original magnification x100. B) Evaluation of the cellular activity after 24, 48, 72 and 603

96 hours in contact in TPU materials. Positive control (K+); negative control (K-). 604

Each result is the mean ± standard error of the mean of three independent 605

experiments. Statistical analysis was performed using one-way ANOVA with 606

Dunnet’s post hoc test (*p < 0.001).607



Page 26 of 35

Acc
ep

te
d 

M
an

us
cr

ip
t

26

608

Figure 6: Evaluation of the TPU-UV-HEMA (upper line), TPU-Ar-HEMA (midlle 609

line) and TPU (lower line) films anti-bacterial effect. Image represents the 610

colorimetric result of a resazurin assay, performed after culturing E. coli (DH5α) with611

the different materials for 24 hours. For each material, several quantities were tested 612

and bacterial culture controls were also performed, which are represented by K+ for 613

the negative control (blue, represents dead bacteria) and K- for the positive control 614

(pink, represents viable bacteria).615

616
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616
Table 1617

 (º)
S  (mN/m) D

S  (mN/m) P
S  (mN/m) % of P

S
TPU 82.7 ± 1.8 35.99 ± 2.44 33.43 ± 2.33 2.56 ± 0.71 7.1

TPU-UV-HEMA 75.0 ± 0.4 36.55 ± 1.51 30.70 ± 1.27 5.65 ± 0.81 15.5

TPU-Ar-HEMA 60.8 ± 1.7 38.31 ± 2.50 23.53 ± 1.68 14.78 ± 1.86 38.7

618

619

620
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Highlights620

 PU films were modified grafting HEMA by UV irradiation and Ar low 621

pressure plasma622

 This novel functionalization of PUs improved their blood compatibility623

 Modification with plasma significantly lowered values of thrombogenicity 624

 The modified films upkept their intrinsic biocompatibility625

 Surface treatments enhanced the bactericidal activity of the materials626

627
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