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ABSTRACT 

The flexibility and required softness of polyvinyl chloride (PVC) -one of the most widely used polymeric 

materials for medical device production- is achieved by the addition of an appropriate amount of 

plasticizer (up to 40 %) into the polymer matrix. As plasticizers are not chemically bound to PVC they 

can easily migrate to surrounding media such as saliva, blood, plasma or serum resulting in undesirable 

toxic effects. Migrations of plasticizers from PVC can be significantly suppressed by embedding 

plasticized PVC into another -‘less harmful’-polymer, thus preventing its direct contact with the 

surrounding media. Co-extruded TPU/PVC/TPU catheters were prepared with various thicknesses of 

thermoplastic polyurethane (TPU) layers to evaluate the retarding effect of the protective TPU layer 

on releasing bis(2-ethylhexyl) terephthalate plasticizer (the only one approved by European 

Pharmacopoeia). A substantial difference was found in the migration of plasticizer from non-coated 

and coated (three-layer) catheters into a saline solution and acetonitrile which was dependent on the 

time exposed to the concentration of released plasticizer determined simultaneously by reverse-phase 

liquid chromatographic technique and weight loss analysis. The results proved that the TPU inner and 

outer layers represent an efficient protective barrier and significantly reduce amounts of released 

plasticizer. 
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1. Introduction 

Plastic materials play a crucial role in many branches of application owing to their cost-effectiveness 

and numerus positive attributes, for instance workability. Polyvinyl chloride (PVC) along with 

polyethylene and polypropylene rank as the most widely used polymeric materials [1]. The dominant 

position in medicine is held by PVC [2] also due to the flexibility of its final products. This property is 

achieved by the high presence of added plasticizers achieving up to 40 % [3] while PVC itself 

contributes by approximately 55 %, the remainder is formed of various additives. The advantage of 



such prepared compounds -its flexibility-over other candidates in the production of e.g. catheters is 

apparent and provides certain comfort in their application from the patients' viewpoint. However, an 

application of common plasticized polyvinyl chloride (pPVC) is accompanied by an adverse 

phenomenon, specifically by the non-negligible and potentially harmful migration of plasticizers into 

the surrounding media as they are not covalently bound to PVC. 

Plasticizers -in general- are high boiling point organic liquids consisting of polar groups and linear parts 

added to polymers to improve their processability, flexibility and distensibility even at low 

temperatures [4]. During plasticisation polar groups of plasticizers interact with polar groups of 

polymer substituting in this way the polymer-polymer interactions with the polymer-plasticizer ones. 

The linear parts act as spacers between PVC polymer chains increasing their mutual distance. This 

process weakens the binding between adjacent polymer chains, imparting much higher flexibility and 

other desirable physico-mechanical properties of the polymeric materials [5-7]. Generally, the 

presence of plasticisers reflects in the reduction of glass transition temperature and tensile strength 

and is simultaneously accompanied by an increase in elongation. Since plasticizers in PVC are not 

chemically bound to polymer backbone, they can leach out when a pPVC containing medical device 

comes into contact with body fluids such as blood, serum, saliva and intravenous infusion liquids [8,9]. 

Leaching of plasticizers from pPVC becomes a serious problem because of the two following aspects. 

Firstly, the mechanical properties, transparency and physical characteristics of pPVC are considerably 

changed [10,11]. Among other things a decrease in plasticisation results in stiffer and more brittle 

pPVC products. This can result in an uncomfortable experience for patients when catheters are applied. 

Secondly, extracted plasticizers may represent a relevant risk, especially for patients undergoing 

transfusions, dialysis, or aphaeresis, since there is a great concern about toxicity of plasticizers and its 

metabolites [8,12]. 

The measures taken for reducing plasticizer migration should suppress at least one out of three 

migration paths: diffusion towards the pPVC surface, passage through the surface, and penetration to 

the neighbouring medium. In principle, there are five possibilities to reduce the dangerous impact of 

migrated plasticizers on human health: 

1) curing of pPVC, 

2) replacing unsuitable plasticizers in pPVC compounds, 

3) replacing pPVC with another materials, 

4) making a blend of pPVC with other materials, 

5) surface modification of catheters. 

 

1.1. Curing of pPVC 

It was shown [13,14] that increasing the dose of irradiation results in a continuous decrease of 

plasticizer leakage caused by crosslinking and grafting reactions. Oxygen and argon plasma treatments 

[15,16] contributes to a more even distribution of plasticizer within the pPVC material as normally 

plasticizers exhibit a tendency to cumulate closer to the surface, even for lower proportional 

participation. Physical and chemical modifications of PVC materials to prevent plasticizer migration are 

presented in Ma et al. [2], internal plasticization (a plasticizer is covalently bound to the PVC backbone) 

is comprehensively reviewed in Skelly et al. [17]. 

1.2. Replacing unsuitable plasticizers in pPVC compounds 



In this context as emphasized by Bernard et al. [18] it is necessary to carry out sufficiently reliable 

experimental methods to determine plasticizer leakage. Various methods are presented in Al Salloum 

et al. [19] and Bernard et al. [20]. Various plasticizers and a comparison of their migration is analysed 

in Bernard et al. [21] and Haned et al. [22]. Leaching rates can be reduced by using branched and 

hyper-branched plasticizers [23-26]. Generally, usage of plasticizers with large molecular mass or high 

degree of branching significantly contributes to plasticizer immobility. Other approaches are presented 

in [27-32]. Bodaghi [33] presents an overview of reactive plasticizers (covalently linked to the polymer 

chains) for two groups: a) binding to the polymer (PVC) via the nucleophilic substitution reaction, b) 

plasticizers having an alkyne group binding to the polymer by the click reaction. However, a substantial 

factor influencing migration rate is the flow rate of the transported liquid [34]. Nevertheless, it is 

necessary to point out that at present bis(2-ethylhexyl) terephthalate (DEHTP) is the only plasticizer 

approved in European Pharmacopoeia for use in flexible pPVC medical devices [8]. 

 

1.3. Replacing pPVC with another materials 

Biocompatible and biodegradable thermoplastic polyurethane TPU and polyolefins, as low density 

polyethylene (LDPE) or polypropylene (PP), are the two most employed types of thermoplastic 

candidates to replace pPVC. PP was studied by Grenadyorov et al. [35], biocompatible and 

biodegradable TPU by Gharibi and Agarwal [36] and Liu et al. [37]. Beside these most commonly 

examined substitutions, utilisation of catheters involving ethylene vinyl acetate (EVA), low density 

polyethylene (LDPE), thermoplastic olefin elastomers (TPO), isobutyl, eth-ylenepropylene (EPDM) and 

silicon rubbers as well as compounds based on these materials could be found in research practice [38] 

 

1.4. Making a blend of pPVC with other materials 

Huang and Chen [39] consecutively tested four different polymeric materials and obtained a best result 

blend of pPVC with TPU. Ajili et al. [40] introduced blends of TPU with PP with the best ratio 4/1, while 

modification via ethylene-vinyl acetate to this blend with an optimal ratio 16/4/1 was defined 

additionally [41]. Adding nanoparticles seems to be another way to restrict plasticizer migration [42]. 

Nanoparticles easily adsorb other substances on the surface due to a large portion of unsaturated 

bonds on their surface. Consequently, the restricted mobility of nanoparticles substantially reduces 

movement of plasticizers. 

 

1.5. Surface modification of catheters 

Surface modification can be carried out either by physical or chemical methods. The goal of both 

methods is to initiate massive crosslinking of the molecular chains at pPVC surface aiming to create a 

threedimensional network structure. This structure should protect plasticizers from passage through 

the pPVC surface. Reddy et al. [43] treated pPVC with poly(azido acrylate)s then followed by irradiation 

under UV light to prevent plasticizer migration. Bernard et al. [44] applied a sol gel hybrid coating to 

suppress DEHTP migration from PVC matrix. Munch et al. [45] investigated the potential effects of 

phospholipid-lining as anti-coagulation coating. Surface modification of TPU material was studied by 

Gharibi and Agarwal [36] and Liu et al. [37]. Apart from plasticizer migration the surfaces of an 

indwelling catheter offers sites for the adherence of bacteria to form biofilms, this can lead to various 

infections [46]. Bacterial exposure of pPVC significantly intensifies migration [47]. This stimulates a 

development of antibacterial and antifouling surface treatment of indwelling catheters [37,48,49] or 



direct modification of polymeric compound [37,46,49,50]. Tokhadze et al. [6] described effect of 

various materials (TPU, SEBS, PU, TPO, and PE) coextruded together with PVC in order to retard 

plasticiser release and decrease drugs (Diazepam and insulin) sorption, however in this study the effect 

of coextruded layer thickness is neglected, moreover the thickness of coextruded layers are not 

defined at all. 

As efficiency of the hitherto applied alternatives has its pros and cons there is still a lot of open 

questions and no trend from the above mentioned alternatives is unequivocal. The aim of this 

contribution is to propose a co-extrudated pPVC catheter (as plasticizer used officially approved 

DEHTP) covered from inside and outside by a TPU layer. Catheters with TPU layers of various 

thicknesses were prepared and investigated in order to evaluate the influence of TPU layer thickness 

on DEHTP migration with regard to find compromise between catheter cost and its efficacy to hinder 

plasticizer leaching. It will be shown that in this case of multilayer TPU-PVC-TPU catheters migration of 

DEHTP is dramatically dropped. 

 

2. Materials and methods 

2.1. Materials 

Medical grades of plasticized polyvinyl chloride (RB 3, produced by ModenPlast Medical, S.r.l, 

Ubersetto di Fiorano, Italy) and thermoplastic polyurethane Tecoflex 93A (supplied by VELOX GmbH, 

Hamburg, Germany) with a density of 1.23 and 1.08 g/cm3, respectively, were used for catheters 

extrusion and co-extrusion. 

Acetonitrile (ACN) of HPLC grade (supplied by VWR Internal, Stribrna Skalice, Czech Republic) and 

ultrapure Milli-Q water were employed for high performance liquid chromatography (HPLC) analysis. 

Standard of bis(2-ethylhexyl) terephthalate was supplied by Sigma-Aldrich (Prague, Czech Republic). 

The material properties are summarized in the Supplement, Table S1. 

 

2.2. Catheters fabrication 

Pure pPVC tubes with outer/inner diameters of 5.4/3.8 mm, respectively, marked as PVC sample in the 

text below, were produced using an extrusion line equipped with a twin-screw extruder (Lab-

Compounder KETSE 20/40, Brabender GmbH & Co. KG, Duisburg, Germany). Consequently, this 

extrusion line was supplemented by a laboratory extruder (BOCOMATIC EB25, Boco Pardubice 

Machines s.r. o., Pardubice, Czech Republic) and a Tomas Bata University designed coextrusion die (see 

Fig. 1) supplied by Compuplast s.r.o. (Zlin, Czech Republic) to prepare three-layer TPU/PVC/TPU tubes. 

The constant outer diameter 5.4 mm of co-extruded catheters was kept through speed control of haul-

off unit and precisely inspected using a 2-axis laser device (AccuScan 5040, BETA LaserMike Inc., 

Dayton, OH, United States). The size of 3.8 mm for an inner diameter was controlled through co-

extruded tubes inner air pressure and checked via calibrated cone gauge. Various thicknesses of TPU 

layers were prepared varying a co-extruder screw speed. 

 

To evaluate the actual TPU layer thicknesses, transverse sections of catheters were examined 

employing a transmitted light optical microscope (Carl Zeiss NU, Jena, Germany) supplemented with a 

digital camera (Sony DSC F717, Sony Corporation, Tokyo, Japan). 



 

2.3. Leaching tests 

In order to compare the amount of DEHTP released from extruded mono-layer and co-extruded three-

layer tubes, two different leaching tests were performed. In the first test, isotonic saline solution (0.9 

%, w/ v of NaCl in distilled water) was used as an extraction medium simulating human body 

conditions. The samples of the investigated tubes with two different TPU layer thicknesses were cut to 

a defined length, bent in a midway to form U-shaped specimens, placed in a sealed volumetric flask 

(capacity volume of 250 mL) filled with leaching saline medium and extracted for 6, 12, and 24 h, 7 and 

30 days in a shaking incubator Orbital SI500 (Stuart, Stone, U. K.) at the temperature of 37 °C and 

circulation motion speed of 80 rpm. 

To assure a contact solely with TPU layer and avoid direct contact with PVC core, level of leaching 

medium during extraction was below the catheters ends, hence only an outer surface of catheter was 

in the contact with the leaching medium. For analogous results comparison, reference extraction of 

bare PVC catheters of corresponding diameters was performed under identical conditions. 

The second test was conducted with the aim to evaluate TPU barrier properties at stressed conditions. 

 

Fig. 1. Scheme of the used co-extrusion die. 

 

 

The second test was conducted with the aim to evaluate TPU barrier properties at stressed conditions. 

In this case the U-shape specimens of the investigated tubes with a length of approximately 4 cm were 

placed in a vial with 2 mL ACN and extracted without shaking for 2, 4, 8, 12, and 24 h at the temperature 

of 37 °C. Prior to extraction all samples were accurately weighed. After expiring chosen time intervals, 

the specimens were removed from ACN and dried in the oven at the temperature of 37 °C up to 

achieving a constant weight. The amount of migrated plasticizer was then calculated from the 



specimens’ percentage weight loss. Also in this case, the extract of bare PVC catheters was used as a 

reference. 

As the standard solvent extraction procedures are time-consuming and cause solvent waste problems, 

solid phase extraction was employed. DEHTP for HPLC analysis was isolated from saline solution using 

the Oasis® HLB solid phase extraction cartridges (Waters Corporation, Milford, MA, U.S.A.). The 

cartridges are composed of hydrophilic-lipophilic-balanced sorbent and were employed according to 

manufacturer recommendation. Prior to sample load, cartridges were equilibrated with methanol and 

washed with water. After the leachates passed through, they were washed with water/methanol 

mixture (1/9, v/v) to remove impurities. Consequently, DEHTP was eluted out of cartridges with 

acetonitrile and injected directly into a HPLC system. 

High performance liquid chromatography analysis was carried out employing a Breeze HPLC system 

(Waters Corporation, Milford, MA, U. S.A.) equipped with a dual solvent delivery system, autosampler 

and column heater. Chromatographic separation was performed on a Symmetry C18 reverse phase 

column (Waters Corporation, Milford, MA, U.S. A.) at room temperature using ACN in isocratic elution. 

Mobile phase flow rate of 1 mL/min and injection volume of 70 μL were employed. The eluent was 

monitored at 196 nm with a Waters 2487 dual λ UV detector (Waters Corporation, Milford, MA, U.S.A.). 

Data processing was performed with Breeze HPLC software. Quantification of DEHTP leached into 

saline solution was achieved by external calibration using standard solutions of DEHTP. 

 

3. Results and discussion 

Dependence between co-extruder screw speed, v, in revolutions per minute (rpm), and TPU layer 

thickness, δ, is depicted in Fig. 2. As the correlation coefficient between these two quantities attains 

the value of 0.998 it is possible to propose as a first approximation a linear relationship between these 

two variables. 

 

More detailed specification of the samples used for extraction studies is listed in the Supplement 

(Table S1). 



 

Fig. 2. Thickness of co-extruded TPU layer, S, as a function of co-extrusion screw speed, v. 

 

The chosen examples of microscope images of co-extruded tubing are shown in Fig. 3. From each tube, 

two sections were inspected and measured. In each section the outer layer thickness was measured 

at 10 different locations around the circumference. The averages are summarized in the Supplement 

(Table S2). 

Concentrations of plasticizer leached from the immersed surface of bare PVC and co-extruded 

TPU/PVC/TPU catheters into saline solution after selected time periods (6, 12, 24, 168, and 720 h) are 

presented in Fig. 4. Values of DEHTP concentration are normalized with an area of the catheters being 

in contact with leaching medium. In all cases the DEHTP leaching rate gradually decreased with the 

prolonged extraction time as documented in Fig. 4 (the abscissa is in the logarithmic scale). This trend 

can be explained by gradual equilibrium establishment in investigated systems due to counter-going 

diffusion processes [51]. In other words, as DEHTP molecules move out of PVC to leaching medium, 

arisen vacant places in PVC are slowly filled with the molecules of surrounding leaching medium. 

Therefore, in the initial stage of leaching DEHTP migration is faster and then gradually slows down till 

a temporary equilibrium of DEHTP concentration and leaching medium is established. 

The results of HPLC analysis indicate notable differences between DEHTP migration from extruded and 

co-extruded catheters already after 6 h of leaching. The highest DEHTP concentration was, in 

accordance with presumptions, determined in bare PVC tubes extracts and its concentration 

decreased with increasing thickness of protective TPU layer. Using logarithmic fitting data 

interpolation it can be shown that amount of released DEHTP from PVC catheters after six hours 

complied with plasticizer amount released from co-extruded tubes with TPU layer thickness of 63 pm 

(PVC-TPU 2) after roughly 220 h. A positive role of TPU layers is even more progressive using catheters 

with 124 pm TPU layer (PVC-TPU 12). In this case DEHTP release did not reach even after 720 h 

extraction the level of DEHTP leached in 6 h from catheters with the TPU layer of half thickness. From 

the comparison of the two coextruded sample types it is evident that increase of a TPU layer thickness 

significantly reduces the content of released DEHTP. 

 



The experimental data in Fig. 4 were approximated using a relation. 

 

where the parameters for the individual co-extrusion screw speed are summarized in Table 1. As the 

slope is identical for all three co-extrusion screw speeds (B = 5) it implies that the normalized 

concentration of DEHTP is composed of two terms: 

1) a value corresponding to the initial time interval (in this case 6 h) which strictly 

differentiate among the individual co-extrusion screw speeds, 

2) an additive term common for all co-extrusion screw speeds. 

 

Fig. 3. Optical microscopes images of TPU/PVC/TPU catheters with two different thicknesses of TPU protective layer: (left) 

PVC-TPU 14; (right) PVC-TPU 4. 

 

Fig. 4. Migration of DEHTP (per dm2) into saline solution at 37 °C from both the non-coated and TPU coated samples. PVC-

TPU samples are labelled according to screw speed revolution. The solid lines represent logarithmic fitting of the 

experimental data using rel. (2). In all cases deviations of the repeated measurements do not exceed 0.5 % from the mean 

values (on average about 0.16 %). 



Table 1 Parameters A, B, C, and D of logarithmic fittings of DEHTP releasing described through concentration change in time 

(cs = A + B-log(t), cv = C + D-log(t)). 

A drop of the fitting parameter A with increasing thickness of TPU layer, as documented in Table 1, 

proves that the velocity of DEHTP migration is apparently suppressed in the case of co-extruded tubes. 

The common value at time t of this velocity is given by a difference (A + 5-log (t)) - (A + 5-log(t0)) = 5-

log(t/t0), where t0 represents a reference time (in this case t0 = 6 h). In other words, if a value of the 

normalized concentration of DEHTP cs is known at the reference time t0 then we can evaluate cs at 

any time t by simply adding the term 5-log(t/t0). 

Knowledge of the only value then determines all the values along the whole curve. Nevertheless, 

observed behaviour could be caused by the following two factors: 1) reduction of releasing velocity is 

influenced by the presence of TPU layer performing here as a DEHTP diffusion barrier, or 2) reduced 

migration can correlate to a lower overall content of plasticizer in the tested systems “tube/saline” 

originating from a lower overall amount of PVC material in co-extruded samples where outer layers of 

the catheter are formed by TPU. From Table 1 (the values of the parameter A) it also follows that 

dramatic changes in migration of plasticizers are generated for lower screw speeds and the differences 

among higher speeds are not so progressive. However, following the proposed relation it is possible to 

find a sound balance between screw speeds and acceptable suppression of migration. 

Fig. 5 clarifying the fundamental of plasticizer release retardation depicts concentration of DEHTP 

leached per total volume of PVC. The obtained data was fitted using the same functional logarithmic 

fitting as in the previous case where migration per immersed tube surface was evaluated. 

 

where C and D are the adjustable parameters. The invariability of parameter D in logarithmic data 

fittings shown in Fig. 5, and documented in Table 1 (D = 0.8), indicates that the rate of plasticizer 

migration is approximately constant. Hence, the analogous conclusions as in the preceding case 

concerning cs are also valid for cv. In this case an additive term attains a value of 0.8-log(t/t0). 

In order to estimate efficacy of TPU layer thickness for retardation of DEHTP migration from PVC 

catheters, a plot of retardation efficiency based on DEHTP concentration normalised with total volume 

of PVC determined after 720 h extraction (see Fig. 5) as a function of TPU layer thickness was 

constructed. To interpolate the retardation efficiency data -a typical representative of sigmoidal 

functions- the Boltzmann model was used [52]. 

 

 



In this model -describing a monotonous S-shaped course of the variable y in dependence on x- all 

parameters have a clear interpretation: P1 and P2 which represent an infimum (for x→-∞it holds 

y→P1) and a supremum (for x→+∞ it holds y→P2), respectively; a value x0 determines a location where 

the function y attains its mean value (= (P1 + P2)/2), and the parameter s indicates a steepness of the 

slope of the function y in the vicinity of x = x0. 

 

Fig. 5. Migration of DEHTP (per dm3) into saline solution at 37 0C from both the non-coated and TPU coated samples. PVC-

TPU samples are labelled according to screw speed revolution. The solid lines represent logarithmic fitting of experimental 

data using rel. (3). In all cases deviations of the repeated measurements do not exceed 0.5 % from the mean values (on 

average about 0.20 %). 

In this model -describing a monotonous S-shaped course of the variable y in dependence on x- all 

parameters have a clear interpretation: P1 and P2 which represent an infimum (for x→-∞it holds y→P1) 

and a supremum (for x→+∞ it holds y→P2), respectively; a value x0 determines a location where the 

function y attains its mean value (= (P1 + P2)/2), and the parameter s indicates a steepness of the slope 

of the function y in the vicinity of x = x0. 

A notation suitable for the presented application with the efficacy rE is rewritten in the following 

relation. 

 

where the parameter P2 attains a value of 100 % (TPU layer efficacy increases with its thickness), dS 

(=29.9) describes a slope round the inflexion point x0 (lower values of dδ contributes to better efficacy) 

and δ is considered as a positive value (layer thickness), see Fig. 6. The optimized value for x0 (=108) 

indicates a location from which the rate of efficacy starts its attenuation. Obviously, the model 

smoothly interlaces retardation efficiency of TPU coating and as such it could be utilised as a useful 

tool for easier description of various TPU layer thickness ability to act as a DEHTP diffusion barrier. 

From the graphical presentation of the Boltzmann fit in Fig. 6 it can be shown that there exists a 



hypothetic effective thickness of TPU layer providing significant depression of plasticizer migration. 

Utilisation of the sigmoidal function for a description of efficiency is based on the assumption that a 

coating layer should have a specific thickness to reduce effectively leaching of plasticizer while an 

additional increase of layer thickness does not provide more practical protection against plasticizer 

migration. 

Efficacy of TPU barrier properties under stressed conditions were challenged in an extraction test 

performed with acetonitrile as a leaching medium. Fig. 7 shows the comparison of DEHTP migration 

behaviour from the TPU coated and non-coated catheters determined from the weight loss analysis in 

ACN for various time periods. Comparing to saline solution, the DEHTP migration into ACN is apparently 

more intense, since ACN is one of the typical leaching solvents having good ability to dissolve 

terephthalates due to presence of polar bonds in the molecules. Due to this fact the extraction time 

was reduced to the range from 2 to 24 h. 

From the weight loss analysis of the examined samples presented in Fig. 7 (left) it is obvious that a co-

extruded TPU layer hinders DEHTP release as coated tubing exhibits generally lower DEHTP migration. 

In more detail, it was found that the sample with the 137 μm thickness of coated TPU layer showed 

after 24 h weight loss of approximately 10 % only, while the sample coated with 75 μm thick layer of 

TPU and non-coated one attained about 13 % and 17 %, respectively. 

 

 

 

Fig. 6. Effectiveness of TPU layer thickness for retardation of DEHTP migration. The solid line represents data fitting through 

the sigmoidal Boltzmann function (4). Deviations of the repeated measurements from the mean values: for δ = 0 μm - 0 % 

(fixed value), for δ = 62.5 μm - lower than 2.5 %, for δ = 124.5 μm - lower than 8.5 %, for δ = 400 μm - 0 % (fixed value). 



 

Fig. 7. Accelerated migration of DEHTP into ACN at 37 °C at selected extraction time intervals from both non-coated and 

coated samples, expressed as dependence of (left) weight loss of initial samples and (right) weight loss of initial samples 

normalised with the total amount of PVC in each tested sample. Deviations of the repeated measurements from the mean 

values: for PVC - 2 %, for PVC-TPU 4 - lower than 1 % (on average 0.6 5%), PVC-TPU 14 - lower than 1 % (on average 0.6 %). 

 

The presented results indicate that the co-extruded catheters might withstand rather rough extraction 

conditions and still to some extent slow down DEHTP leaching. Nevertheless, as it is clear from the 

comparison of Fig. 7 (left) and 7 (right) described retardation of DEHTP migration is mainly associated 

with a decrease of absolute amount of PVC in the co-extruded catheters. Taking into account reduced 

volume of PVC in the coated samples it seems that the role of TPU coating is minor for suppression of 

DEHTP leaching into polar organic solvents. It is due to the fact that organic solvents can easily swell 

TPU layer enabling thus better access of solvents into PVC. This means that extent of DEHTP leaching 

is significantly affected not only by the thickness of a coating layer but also by the nature of 

surrounding media. 

 

4. Conclusions 

Release study of DEHTP from extruded PVC and co-extruded TPU/ PVC/TPU tubes was carried out with 

the aim to evaluate influence of TPU coating of PVC catheters on plasticizer leaching behaviour. Based 

on the experimental data it was found that coating of PVC catheters with TPU layers decreased the 

plasticizer release from tested tubings into acetonitrile -as expected- only slightly. Nevertheless, the 

migration test performed employing acetonitrile does not cover the real user situations where 

catheters are utilized for patients’ treatments. Thus, more relevant complex study on leaching of 

DEHTP into physiologically relevant liquid, saline solution, was conducted. The results indicate that 

even if a TPU layer does not affect DEHTP migration velocity, it notably decreases overall leaching of 

plasticizer from coated tubes. Moreover it was shown that efficiency of TPU coating is strongly 

dependent on thickness of this co-extruded layer. 

Hypothesis of existence of effective coating layer thickness however indicates the necessity of 

optimum co-extruded layer thickness determination for specific system (catheter/solution) in order to 

tune up the coating performance ratio (cost/efficiency). Hence TPU/PVC/TPU catheter features a 

reasonable compromise between price and user-friendliness of the product and significantly 

contributes to a reduction of health hazard and patients exposure related to toxic DEHTP. 



Appendix A. Supporting information 

Supplementary data associated with this article can be found in the online version at 

doi:10.1016/j.mtcomm.2022.103895. 
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