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Abstract  
 

Poly(vinyl chloride) (PVC) is widely used in the manufacture of medical devices. The 

plasticizers added to PVC are potentially toxic for humans, likely to migrate, and thus 35 

unintentionally administered to patients. The objective of the present study was to reduce the 

migration of plasticizer (1,2-cyclohexanedicarboxylic acid, diisononylester (DINCH) or 

trioctyltrimellitate (TOTM)) from PVC by implementing a three-step surface treatment process: 

(i) pretreatment with low-pressure argon cold plasma, (ii) polydopamine coating, and (iii) post-

treatment with cold plasma exposure or thermal treatment at 140°C.  40 

Samples were then characterized in terms of the water contact angle (WCA) and the aspect in 

scanning electron microscopy. Plasticizer migration (n=5) was measured using an HPLC 

technique with ultraviolet detection and found to depend on the treatment and the plasticizer.  

Plasticized PVC was hydrophobic, with a measured mean ± standard deviation WCA of 96.7 ± 

3.6° for PVC-DINCH and 110.2 ± 5.8° for PVC-TOTM. Plasma post-treatment and thermal 45 

post-treatment were respectively associated with a mean decrease in migration of 38.3 ± 1.9% 

for DINCH and 61.5 ± 4.4% for TOTM.  

Our results are promising with regard to limiting the migration of plasticizers into the patient’s 

blood and thus enabling the development of safer medical devices. 

 50 

 
 
1. Introduction 

 
Infusion is defined as the regulated venous administration of drugs and/or physiological 55 

solutions for therapeutic or diagnostic purposes (ANSM, 2013). The medical devices used for 

infusion (such as infusion pumps and tubing) must be suitable with regard to the infused drug’s 

physical-chemical properties; this is particularly necessary for drugs with a low therapeutic 

margin (e.g. catecholamine and insulin) and which are often administered with electric syringe 

pumps (Genay et al., 2015). 60 

Infusion tubing is made of polymers like polyurethane (PU), polyethylene (PE), silicone, 

poly(vinyl chloride) (PVC) and PE/PVC coextrudate. PVC is the most widely used material for 

infusion tubing in clinical services, in view of its biocompatibility, sterilizability (using gamma 

radiation or ethylene oxide), and transparency (Chiellini et al., 2013). Plasticizers are added to 

PVC so that it is sufficiently flexible. However, the plasticizers are not strongly bound to the 65 

PVC; they can easily migrate into the infused products (nutrient mixtures, drug solutions, blood 
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products, etc.) and are thus unintentionally administered to the patient (Bernard et al., 2015). 

Unfortunately, some of these plasticizers are toxic. Indeed, the most commonly used plasticizer 

(di(2-ethylhexyl) phthalate (DEHP)) is currently classified as a category 1b carcinogenic, 

mutagenic and reprotoxic substance (Regulation (EC) No 1272/2008, 2008) and is an endocrine 70 

disruptor (Swan et al., 2015). In 2008, the European Commission’s Scientific Committee on 

Emerging and Newly Identified Health Risks (SCENIHR) (SCENIHR, 2008) recommended 

the use of plasticizers other than DEHP; the most commonly used alternatives are 

trioctyltrimellitate (TOTM) and 1,2-cyclohexanedicarboxylic acid, diisononylester (DINCH) 

(Bourdeaux et al., 2016). In contrast to DINCH and its primary metabolites, TOTM and its 75 

primary metabolites are not toxic in vitro (Eljezi et al., 2017). However, several binding studies 

have shown that these alternative plasticizers have a high affinity for sex hormones (Kambia et 

al., 2019). They also migrate into drug solutions to varying extents (Bernard et al., 2015). This 

migration must be limited, to ensure the patients’ safety during and after medication 

administration (Münch et al., 2018). A study conducted in a neonatal intensive care unit showed 80 

that newborns were exposed to plasticizers during care procedures, including transfusions, 

infusions, extracorporeal membrane oxygenation, and respiratory assistance (Bernard et al., 

2021). 

 

Unfortunately, the replacement of PVC in medical devices with another polymer is challenging 85 

(Simmchen et al., 2012) because PVC’s mechanical characteristics (particular its elasticity and 

flexibility) are unequaled (Ito et al., 2005). One way of improving the safety of PVC consists 

in physical and/or chemical surface modifications that prevent plasticizer migration and 

maintain the bulk material’s properties. Several researchers have described the use of surface 

modification approaches to limit the migration of DEHP from PVC: crosslinking with 90 

ultraviolet (UV) radiation (Ferri et al., 2012), treatment with low-pressure cold plasma (Audic 

et al., 2000), grafting of hydrophilic molecules (Lakshmi and Jayakrishnan, 1998), coatings 

(Bernard et al., 2014; Massard et al., 2012) and the incorporation of modified plasticizers 

(Raeisi et al., 2017). 

 95 

Concerning the incorporation of modified plasticizers, the DEHP molecules were first grafted 

onto magnetic iron oxide (Fe3O4) nanoparticles in the presence of cyclodextrins (forming 

inclusion complexes). The modified plasticizer was then incorporated into PVC prior to 

manufacture of the tubing. Depending on the nanoparticle content, DEHP migration was 50 to 

60% lower than for standard tubing (Raeisi et al., 2017). It was assumed that this reduction was 100 
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due to the formation of (i) dipole-dipole bonds between the polymer and the nanoparticles, and 

(ii) strong hydrogen bonds with DEHP. 

 

Irradiation with UV or gamma radiation has been used to modify the outer surface of polymer-

based medical devices, since a greater crosslinking rate at the surface would hinder the 105 

migration of plasticizers. Indeed, the surface treatment of PVC with 25, 50 or 100 Gy of gamma 

radiation was associated with a lower rate of DEHP migration from blood bags and tubing (Ferri 

et al., 2012). Similarly, Ito et al. (Ito et al., 2005) used UV radiation (52.5 µW/cm2, for 1, 2 or 

3 months) to obtain a 50% reduction in DEHP migration without changes in the PVC’s 

mechanical properties (elasticity and tensile strength). The researchers reported that UV 110 

radiation modified the PVC’s surface and reduced migration by reducing the chlorine content 

and increasing the oxygen content.  

 

Lastly, surface grafting and surface coating have been investigated. For example, plasticized 

PVC sheets have been treated with an excess of Na-polyethylene glycol (PEG-4000) at 70°C. 115 

This resulting grafting of PEG chains reduced DEHP migration by around 30% and resulted in 

greater biocompatibility without modifying the PVC’s mechanical properties (Lakshmi and 

Jayakrishnan, 1998). In another example, coatings have been applied to PVC. Special coatings 

(such as phospholipids and insulin) (Urban et al., 2016) were used to coat PVC cannulas for 

extracorporeal circulation. The coatings were intended to increase hydrophilicity and thus limit 120 

direct contact between the PVC surface and lipophilic blood components. Other coating 

molecules used with the intention of limiting the migration of plasticizers include ionically or 

covalently bound heparin (Hildenbrand et al., 2005), phospholipids (Münch et al., 2018), a sol-

gel hybrid (titanium alkoxide and grafted alkoxysilane) (Bernard et al., 2014; Massard et al., 

2012) and polydopamine (PDA). However, these coatings did not effectively limit the 125 

migration of DEHP. 

 

PDA has been used to coat vascular stents (Sobocinski et al., 2014) and as a nanocarrier for 

drug loading (Mrówczyński, 2018) and shows very interesting characteristics. In particular, 

PDA increases surface hydrophilicity and biocompatibility (Wang et al., 2019) and adheres 130 

strongly to most substrates (Bernsmann et al., 2011). These putative advantages prompted us 

to use this coating in our surface modification. 

 



 5 

Although there are many reports on the use of surface modifications to limit DEHP migration, 

very few studies have focused on limiting the migration of alternative plasticizers. To the best 135 

of our knowledge, only one study looked at the use of low-pressure argon cold plasma for 

limiting bis(2-ethylhexyl) adipate (DEHA) migration in food films (Audic et al., 2000). 

However, the decrease in migration was not documented over time, and the DEHA content is 

lower in food films (~25%) than in medical devices (~35%). 

 140 

The primary objective of the present study of PVC substrates was to reduce the migration of 

TOTM and DINCH by combining physical surface modifications with PDA coating. To this 

end, we (i) pretreated with cold plasma the native PVC surface, (ii) applied a PDA coating 

plasma and (iii) used cold plasma or thermal treatment (140°C) to crosslink the PDA coatings 

and create a physical barrier that might prevent plasticizer migration.  145 

The PVC films were characterized after each treatment step. Plasticizer migration was analyzed 

using an in-house HPLC-UV technique that can detect and quantify all the plasticizers used in 

medical devices in a single run (Masse et al., 2017). 

 
2. Materials and methods 150 
 
2.1. Products and consumables 

 
PVC pellets containing 30% DINCH or 35% TOTM were provided by Cair LGL (Lissieu, 

France). The pure plasticizers used for calibration were DINCH (BASF, Houston, Etats-Unis), 155 

benzylbutylphtalate (BBP), and TOTM (Sigma-Aldrich, St. Quentin Fallavier, France). For the 

PDA coating, trishydroxymethylaminomethane buffer (TRIS®, Sigma Life Science, St-

Quentin, France) and dopamine (Sigma, Issy-Les-Moulineaux, France) were purchased. 

Absolute ethanol (VWR Chemicals, Fontenay sous-bois, France) was used for the migration 

study. Acetonitrile (ACN) (HiPerSolv Chromanorm®) and tetrahydrofuran (THF) (HiPerSolv 160 

Chromanorm®) were purchased from VWR (Fontenay-sous-Bois, France). All solvents were 

HPLC grade. 

 
2.2. Preparation of plasticized PVC films 

 165 
Fifteen grams of PVC pellets plasticized with 30% DINCH or 35% TOTM were 

deposed in a specific mold (10 x 10 x 0.1 cm3) and placed in a press (Polystat 200T, Servitec, 

Wustermark, Germany) at 10 kN and 170°C for 10 minutes, to obtain 0.8-mm-thick sheets. The 

sheets were cut into rectangles (3 x 1 cm), placed between two sheets of non-adhesive paper, 
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introduced into the press (with no pressure) at 170°C for one minute and then exposed to a 170 

pressure of 15 kN for one minute. Films (0.2 mm in thickness) were obtained, and disk-shaped 

samples (diameter: 10 mm) were cut out and stored at room temperature (RT) in a desiccator 

before use. 

 
2.3. Treatment of PVC 175 
 
2.3.1. Cold plasma treatment 
 

Low-pressure cold plasma was generated in a plasma chamber (Europlasma CD1200-

400 COMBI MC; Dressler radiofrequency generator, 13.56 MHz (Europlasma, Pessac, 180 

France)) with 100% argon (Air Liquid Creative Oxygen, Paris, France) at 500 watts. 

 
The different plasma conditions used are summarized in Table 1, according to a prespecified 

experimental design for which various parameters were studied: electric field power (in watts), 

treatment duration (in seconds) and flow rate (expressed in standard cubic centimeters per 185 

minute – SCCM). Argon was chosen to treat the samples because it reportedly produces 

crosslinked surfaces that most effectively reduce plasticizer migration (Audic et al., 2000). 

Fig.1 shows possible PVC rearrangements after argon plasma treatment. 

 
 190 
Table 1 
Low-pressure argon cold plasma conditions 
 

 Flow rate in standard cubic centimeters 
per minute (SCCM) 

Duration (seconds) 

Plasma condition 1 (P1) 100 180 
Plasma condition 2 (P2) 850 60 
Plasma condition 3 (P3) 500 60 

 
 195 
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Fig. 1. Examples of PVC rearrangements after argon plasma treatment 

 
 
2.3.2. Polydopamine coating 200 
 

The PVC disks (whether pretreated with cold plasma or not) were placed in a vial 

containing 5 mL of 2 mg/mL dopamine solution in a 10 mM Trizma buffer adjusted to pH 8.5 

with NaOH (VWR, Fontenay-sous-Bois, France). PDA was obtained by oxidative 

polymerization of dopamine upon contact with the TRIS® aqueous buffer (Fig. 2). The reaction 205 

was performed in an orbital shaker (IKA-KS 260 basic, Dutscher, Brumath, France) at RT and 

400 rpm for 16 hours (Sobocinski et al., 2014). The PVC disks coated with PDA were placed 

in a beaker of ultrapure water and exposed to ultrasound for 5 minutes, in order to remove PDA 

not linked to the disk. The samples were dried in an oven (ED 400, Binder, Tuttlingen, 

Germany) at 60°C for 5 minutes and stored at RT in a desiccator before use.  210 

 

 
 

Fig. 2. Representation of the polymerization of dopamine into PDA.  

 215 
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2.3.3. Post-treatments 220 
 

Some samples were post-treated to try to crosslink the PDA layer and thus create a 

physical barrier that might prevent the migration of plasticizers (Table 2). Two post-treatment 

approaches were considered: (i) thermal annealing (A) in an oven at 140°C for 1 hour, and (ii) 

exposure to low-pressure argon cold plasma. Each disk’s plasma post-treatment was always the 225 

same as its plasma pretreatment: for example, disks initially treated with P1 were always post-

treated with P1, etc.. Each experiment designed to limit plasticizer migration was carried out 

for both PVC-DINCH and PVC-TOTM (Table 2 and Fig. 3). 

 
Table 2 230 
Summary of experiments and the associated sample names. 
 

Experiment Sample name 
Nontreated PVC sample NT 

PDA-coated PVC sample PDA 

Cold plasma pretreatment P1 / P2 / P3 

Cold plasma pretreatment + PDA coating P1+PDA / P2+PDA / P3+PDA 

Cold plasma pretreatment + PDA coating 
+ plasma post-treatment 

P1+PDA+P1 / P2+PDA+P2 / P3+PDA+P3 

Cold plasma pretreatment + PDA coating 
+ thermal annealing (A) 

P1+PDA+A / P2+PDA+A / P3+PDA+A 

 
 

 235 
Fig. 3. Summary of the PVC treatments. 

 
 
2.4. Scanning electron microscopy (SEM) 

 240 
The PDA coatings (applied to both DINCH-PVC and TOTM-PVC films) were observed 

by SEM (Hitachi SU 5000, Hitachinaka, Japan; 5 kV; magnification: ×3300) with detector 

secondary electrons (SE) and total vacuum was caried out. Samples were cut and carbon coated 

using Baltec SCD005 sputter coater. 

 245 
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2.5. Goniometry 
 

Immediately after the treatment, the water contact angle (WCA) was measured with 

ultrapure water on a goniometer (DSA 100, Krüss, Hamburg, Germany). Three drops of water 250 

(calibrated volume: 2.0 μL) were deposited on each sample, and the WCA (in degrees) was 

measured immediately three times for each drop (i.e. n = 9 angle measurements for each sample, 

expressed as the mean ± standard deviation (SD)). A Shapiro-Wilk test was carried out to check 

that the data were normally distributed. The results obtained for nontreated PVC (PVC-NT) 

and treated PVCs were compared in a non-parametric Kruskal-Wallis test. The threshold for 255 

statistical significance was set to p<0.05. 

 

2.6. FTIR 
 

FTIR-ATR analyses were performed using a Perkin Elmer (Villebon sur Yvette,France) 260 

“Spectrum one” infrared spectrometer. Some analyses were carried out by attenuated total 

reflection with a monoreflective diamond crystal. Wave number scanning for each sample was 

performed between 500 and 4000 cm-1.  

 

2.7. Extraction study 265 
 

The plasticizers (DINCH and TOTM) contained in PVC pellets, sheets and films were 

extracted, in order to determine the exact concentration of plasticizer (in %, mass/mass) 

contained therein (Radaniel et al., 2014) (n = 5). Approximately 25 mg of a PVC sample were 

accurately weighed and dissolved by contact with 900 µL THF and 100 µL BBP (the internal 270 

standard) for one hour. The concentrations of BBP added were adjusted to match the dilutions 

of the PVC sample prior to chromatographic analysis, so that a target BBP concentration of 1 

µg/mL was always obtained. Next, 500 µL of the mixture were added to 500 µL of methanol, 

to precipitate the PVC. After 5 minutes of centrifugation (centrifuge 5415R, Eppendorf, Le 

Pecq, France) at 13000 rpm, the supernatant was diluted in ACN according to each plasticizer’s 275 

UV absorbance (Lecoeur et al., 2015). Thus, the dilution was 1:10 for DINCH (with low UV 

absorbance) and 1:500 for TOTM.  

The micropipette tips (Eppendorf® loretention, VWR) and the centrifuge microtubes 

(Eppendorf®, VWR) were made of plasticizer-free plastic. To minimize cross-contamination 

and environmental contamination, glass materials (vials, beakers, HPLC vials, etc.) were 280 

washed with THF, washed with methanol and rinsed with ultrapure water before use. 
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2.8. The migration study 

 
2.8.1. Validation of the migration method 285 
 

The analytical method was validated in accordance with the guidelines issued by the 

French Society of Clinical Pharmacy (SFPC) /Group of Evaluation and Research for Protection 

in Areas Under Control (GERPAC) (SFPC, GERPAC, 2013). 

 290 
For TOTM, a 500 µg/mL stock solution was prepared by accurately weighing 50 mg TOTM 

and diluting the compound in 100 mL ACN. Next, a 60 µg/mL diluted solution was prepared 

by dilution in 100% absolute ethanol. Lastly, diluted solutions (range: 0.9 to 30 µg/mL) were 

then prepared by diluting the diluted solution with absolute ethanol/ultrapure water (50/50, v/v). 

 295 
For DINCH, a 10 mg/mL stock solution was prepared by accurately weighing 500 mg DINCH 

and diluting the compound in 50 mL ACN. Next, a 400 µg/mL diluted solution was prepared 

by dilution in 100% absolute ethanol. Lastly, diluted solutions (range: 50 to 200 µg/mL) were 

prepared by diluting the diluted solution with absolute ethanol/ultrapure water (50/50, v/v). 

 300 

2.8.2. Migration of plasticizers 
 

We studied the migration of plasticizer from both untreated disks and treated disks 

(n=5). The weight of each disk was checked before the test. The migration simulant was a 

mixture of water and absolute ethanol (50/50, v/v) (“Commission Regulation (EU) No 10/2011 305 

of 14  January 2011 on plastic materials and articles intended to come into contact with food,” 

n.d.). Disks were exposed for 24 hours and 72 hours, which correspond respectively to the 

maximum of intravenous infusion times for lipid and non-lipid drug solutions. Plasticizer 

migration was quantified directly in the simulant after contact with the PVC. The simulant was 

stored in a cabinet (Binder) at +40°C, in order to simulate the temperature inside an incubator 310 

used to care for newborns in hospital. The migration parameters were chosen in accordance 

with the European Commission’s guidelines (Commission Regulation No 10/2011). 

Each TOTM-plasticized PVC disk was then placed in an Eppendorf® centrifuge tube 

(Eppendorf® LoBind microcentrifuge DNA tube, volume = 1.5 mL, Eppendorf®, Fontenay-

sous-Bois, France) containing a mixture of 500 µL ultrapure water and 500 µL absolute ethanol.  315 

In the literature, DINCH is described as the plasticizer that migrates most readily (after DEHP) 

(Faessler et al., 2017). This is why larger volumes of simulant (10 mL) were used to avoid 
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saturation of the simulant solution. Thus, 5 mL of ultrapure water and 5 mL of absolute ethanol 

were brought into contact with DINCH disks in closed glass vials. 

The closed Eppendorf® tubes (containing PVC-TOTM) or glass vials (containing PVC-320 

DINCH) were placed at +40°C prior to the HPLC-UV plasticizer assay (Masse et al., 2017). 

The plasticizer migration results were presented as the mean ± SD plasticizer mass/disk mass, 

expressed as a percentage. The migration results for PVC-NT and treated PVC samples were 

compared by applying a Kruskal-Wallis test with Bonferroni’s correction. Beforehand, a 

Shapiro-Wilk test was carried out to check that the data were not normally distributed. All 325 

statistical analyses were performed with XLSTAT software (version 16.15, Addinsoft, Paris, 

France). 
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3. Results 
 330 

3.1. Measurement of the plasticizer content of nontreated PVC samples 
 
The THF extraction of DINCH and TOTM from nontreated PVC took account of the extraction 

yields reported for this method (91 ± 1.8% for DINCH and 100 ± 0.5% for TOTM) (Radaniel 

et al., 2014). The extracted percentages of TOTM and DINCH were similar for the pellets, 335 

sheets and films and agreed with the data given by the supplier: 35% for TOTM and 30% for 

DINCH (Table 3). There was no loss of plasticizer during the production of the films. 

 

Table 3 
The mean ± SD % plasticizer content in PVC pellets, sheets and films, measured using an 340 
HPLC-UV assay (n = 5 per type of sample). 
 

Plasticizer Sample % plasticizer (g/100 g PVC) 

TOTM 

Pellets 31.3 ± 4.4% 

Sheet 32.2 ± 1.5% 

Film 35.5 ± 2.0% 

DINCH 

Pellets 29.1 ± 3.0% 

Sheet 30.3 ± 2.8% 

Film 30.5 ± 2.2% 

 
 

3.2. Surface characteristics of the PVC samples 345 
 

The samples pretreated with cold plasma and coated with PDA were brown in color. 

When PVC was coated with PDA alone (i.e. in the absence of plasma pretreatment), the samples 

were weakly colored; this indicated poor adhesion of PDA to PVC and justified the use of 

plasma pretreatment to promote the binding of PDA to PVC. 350 

 

 
3.2.1. Scanning electron microscopy 
 
SEM images of functionalization revealed the presence of PDA nanoparticles, in line with the 355 

literature data (Fig. 4) (Dreyer et al., 2012; Jiang et al., 2011). For sample P2+PDA+R, the 

wrinkling of the film is probably due to heat. 
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 360 

Fig. 4. Scanning electron micrographs of native PVC-DINCH NT (a), PVC-DINCH pretreated 
with cold plasma (P2) (b), PVC-DINCH pretreated with cold plasma and then coated with PDA 
(P2 + PDA) (c), PVC-DINCH pretreated with cold plasma, coated with PDA and annealing (P2 
+ PDA + R) (d), PVC-DINCH pretreated with cold plasma, coated with PDA and plasma (P2 
+ PDA + P2) (e). Magnification: × 3300. 365 

 
3.2.2. Wettability 
 

Native PVC-TOTM is hydrophobic, with a mean WCA of 110.2 ± 5.8° in our 

experiment (Fig. 5A). Low-pressure cold plasma treatment with argon increased the surface 370 

wettability. Indeed, P1, P2 and P3 treatments gave WCAs of 71.5 ± 5.1°; 73.2 ± 2.0° and 73.0 

± 7.9°, respectively. The addition of PDA to plasma-pretreated disks led to lower WCAs: 65.0 

± 3.3° for P1+ PDA; 62.3 ± 8.0° for P2+ PDA, and 60.8 ± 1.8° for P3+ PDA. After A at 140°C, 

WCA increased to 73.8 ± 3.2°, 89.5 ± 1.5° and 84.6 ± 6.3° for P1+PDA+A; P2+PDA+rA and 

P3+PDA+A, respectively. After plasma post-treatment, WCAs of 66.0 ± 3.4°; 69.0 ± 6.0° and 375 

72.3 ± 8.0° were observed for P1+PDA+P1; P2+PDA+P2 and P3+PDA+P3, respectively; the 

samples were more hydrophilic than when thermal A was used. 

 

PVC-DINCH NT presented a WCA of 96.7 ± 3.6° (Fig. 5B). As observed for TOTM, 

low-pressure argon cold plasma treatment led to a more hydrophilic surface, with WCAs of 380 

59.1 ± 0.9°; 55.6 ± 0.7° and 65.5 ± 4.6° for P1, P2 and P3, respectively. The addition of PDA 

was associated with a less slightly hydrophilic surface: 67.8 ± 2.6°; 64.6 ± 4.6° and 77.9 ± 5.2° 
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for P1+PDA, P2+PDA, and P3+PDA, respectively. Thermal A and plasma posttreatment 

resulted in a hydrophobic polymer surface, with WCAs similar to those measured for PVC-NT. 

 385 
 

 

 

 

 390 

 

 

 

 

 395 

 

 

 

 

 400 

 

 

 

 
 405 
 
 
 
 
 410 

 

Fig. 5. Water contact angles of nontreated and treated PVC-TOTM disks (A) and PVC-DINCH (B) 
disks, n = 9. ** p < 0.0001. 

 
 415 

 
 
 

 

 

A 

B 
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3.2.3. FTIR 
 420 

The PDA layer can be observed through OH groups (bands around 3500 cm-1) and C=C groups 

(band around 1600 cm-1) for all three PDA-coated samples (P2+PDA, P2+PDA+R and 

P2+PDA+P2). Infrared spectrum of PVC-TOTM and PVC-DINCH are summarized in 

supplementary data (figure 1 and 2 for TOTM and DINCH, respectively). 

 425 
 
3.3. Plasticizer migration 

 
3.3.1. Validation of the analytical method 
 430 

The validation parameters for the HPLC-UV method are summarized in Table 4. The 

validated ranges enabled us to quantify plasticizer migration. The detected concentrations of 

TOTM were lower than those of DINCH; this was expected, since TOTM is known to migrate 

less than DINCH (Bernard et al., 2015; Faessler et al., 2017). 

 435 
 

Table 4 
Validation parameters of TOTM and DINCH migration ranges. 
 

Plasticizer Concentration range  r2 LOD LOQ 

TOTM 1 – 30 µg/mL 0.9990 0.7 µg/mL 
(0.0018%) 

0.9 µg/mL 
(0.0023%) 

DINCH 50 – 200 µg/mL 0.9910 15 µg/mL 
(0.038%) 

30 µg/mL 
(0.075%) 

LOD: limit of detection; LOQ: limit of quantification. 440 
 
 
 
3.3.2. Migration study 
 445 
3.3.2.1. TOTM migration 
 

The migrated amount of TOTM in PVC NT was 0.035 ± 0.008% after 24 hours in the 

simulant and 0.054 ± 0.005% after 72 hours (Fig. 6). The various plasma conditions did not 

appear to influence TOTM migration; the migrated amount of TOTM was 0.037 ± 0.004%, 450 

0.024 ± 0.002 and 0.026 ± 0.005% for P1, P2 and P3, respectively, after 24 hours of incubation.  

Cold plasma alone (migration: 0.029 ± 0.002% and 0.055 ± 0.004% after 24 and 72 hours, 

respectively for all conditions plasma) or combined with PDA coating (0.027 ± 0.001% and 

0.047 ± 0.003% after 24 and 72 hours, respectively) did not significantly reduce migration. 
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In contrast, thermal A (TOTM migration: 0.013 ± 0.002% and 0.018 ± 0.001% after 24 and 72 455 

hours, respectively) and plasma post-treatments other than P3+PDA+P3 at 24h (0.015 ± 

0.001% and 0.022 ± 0.002% after 24 and 72 hours, respectively) were associated with 

significantly lower migration of TOTM (p < 0.0001). The percentage decreases (relative to 

PVC-NT) observed for thermal and plasma post-treatments after 24 and 72 hours (except for 

P3+PDA+P3 condition after 24h) were respectively 63%, 67%, 57% and 59%. 460 

 

 

 
 

Fig. 6. The percentage of TOTM that had migrated after 24 hours and 72 hours of incubation 465 
(n = 5). p with Bonferroni correction= 0.0006; * p < 0.0001. 

 
 
3.3.2.2. DINCH migration 
 470 

The amount of DINCH migration from PVC NT was 2.70 ± 0.23% after 24 hours and 

3.01 ± 0.31% after 72 hours (Fig. 7). As observed for TOTM, plasma alone did not significantly 

reduce DINCH migration: after 24 hours, the values were 2.02 ± 0.06%; 2.44 ± 0.24% and 2.45 

± 0.18% for P1, P2 and P3, respectively. When averaging P1 to P3, the mean amount of DINCH 

migration was 2.31 ± 0.31% after 24 hours and 3.02 ± 0.49% after 72 hours. As observed for 475 

plasma treatment alone, P+PDA did not significantly reduce DINCH migration (2.09 ± 0.32% 

and 2.42 ± 0.30% after 24 and 72 hours, respectively, when averaging P1 to P3). Annealing 

(except for condition 2) was associated with significantly less DINCH migration after 24 hours 

(1.87 ± 0.14% for P1 and P3). The treatment sequence that gave the greatest relative reduction 

in migration was P+PDA+P: 1.67 ± 0.31% after 24 hours and 1.87 ± 0.28% after 72 hours, i.e. 480 

a 38% decrease relative to PVC-NT. 

 

TOTM migration after 24 hours of 
incubation 

TOTM migration after 72 hours of 
incubation 
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 485 
 
Fig. 7. The percentage of DINCH that had migrated after 24 hours and 72 hours of incubation 

(n = 5). p with Bonferroni correction = 0.0006. * p < 0.0001. 

 
 490 
 
 
4. Discussion 
 
 495 

The migration of plasticizers from PVC-containing medical devices is a major problem in the 

clinic. Indeed, these toxic molecules can migrate from medical devices and be unintentionally 

administered to the patient. At present, the substitution of PVC with other materials is not 

always possible because the substitutes do not have equivalent mechanical and/or physical-

chemical properties. Thus, the objective of the present study was to find one or more surface 500 

treatments that reduced plasticizer migration. Here, we tested combinations of low-pressure 

cold plasma pretreatment, PDA coating, and thermal or cold plasma post-treatment. For 

DINCH and TOTM, the combination of the three treatments was associated with significantly 

lower migration: about 40% less for DINCH and 60% less for TOTM. The best combination 

depended on the plasticizer: the inclusion of a cold plasma post-treatment was most effective 505 

for DINCH, whereas thermal post-treatment was most effective for TOTM. 

 

 
 

 
 

 

 

DINCH migration after 72 hours of 
incubation DINCH migration after 24 hours 

of incubation 
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These differences in the reduction of TOTM vs. DINCH migration can be explained by the 

compounds’ physical-chemical properties and the study’s methodology. Indeed, the two 

plasticizers different greatly in terms of the migration rate, which was 77 times higher for 510 

DINCH than TOTM after 24 hours of incubation and 55 times higher after 72 hours. One 

explanation for these different behaviors might relate to the wettability induced by the 

plasticizer. PVC is a hydrophobic material: the WCA of pure PVC powder was 81.6 ± 2.7° 

(Zhang et al., 2015). The nature and percentage of the added plasticizer seems to influence the 

WCA, with the values of 110 ± 5.8° for PVC-TOTM and 96.7 ± 3.6 for PVC-DINCH. In 515 

general, the WCA increases with the plasticizer contents: 81.6 ± 2.9 for 30% m/m PVC- 

acetyltributylcitrate (ATCB) and 95.9 ± 2.7° for 70% m/m PVC-ATCB, in a literature report 

(Zhang et al., 2015). Although TOTM and DINCH have a log P of 5.94 and 10, respectively, 

the WCAs for PVC-TOTM were higher than those found with PVC-DINCH because the TOTM 

content (35%) was higher than the DINCH content (30%). Another hypothesis put forward is 520 

that since DINCH is more hydrophobic, it will consume more hydrophobic C-Cl functions with 

PVC and the surface will be less hydrophobic. 

 

One hypothesis to explain the differences in plasticizer migration is that the plasticizer has more 

affinity with the external environment than with PVC. DINCH has a higher log P than TOTM, 525 

DINCH will have more affinity with an external lipophilic medium than TOTM. However, the 

difference in migratory behavior between TOTM and DINCH might also be explained by the 

plasticizers’ physical-chemical characteristics. Indeed, TOTM has a higher molecular weight 

than DINCH (546.80 g/mol and 424.70 g/mol, respectively) and - due to the presence of its 

three alkyl chains - has a much larger steric footprint. Our results are in line with in vitro studies 530 

(Bernard et al., 2015) in which DINCH migrates more than TOTM after 24 hours of incubation 

(3.52 ± 0.47% and 0.20 ± 0.05%, respectively) by gas chromatography assay supplemented by 

a flame ionization detector method. 

 

In contrast to the report by Bernard et al. (Bernard et al., 2015) (in which the TOTM migration 535 

rates after 24 and 72 hours of testing were similar), we found that TOTM migration changes 

over time. The same was also observed for DINCH, which continued to migrate at 72 hours. 

Moreover, our migration percentages for both TOTM and DINCH were lower than those 

reported by Bernard et al. after 24 and 72 hours of incubation (respectively 0.20 ± 0.05% and 

0.28 ± 0.04% for TOTM, and 3.52 ± 0.47% and 3.30 ± 0.27% for DINCH). One possible 540 

explanation for this interstudy disparity is the methodology used by Bernard et al. (i.e. a 30 cm 
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length of PVC tubing weighing about 2 g, and a large volume (125 mL) of simulant. In our 

study, the samples weighed about 40 mg and the volume of simulant was just 1 mL for TOTM 

and 10 mL for DINCH. Although the initial plasticizer contents in the samples were similar in 

the two studies (30% for DINCH and 35% for TOTM), plasticizer migration processes are 545 

probably not identical in tubes vs. disks. 

 

Even when used at a low concentration, plasticizers still migrate. In order to limit this 

phenomenon, we thought to coat PVC samples with PDA. However, if the PVC was not 

pretreated, the PDA coating did not adhere properly and so was easily removed. Therefore, we 550 

implemented a low-pressure cold plasma process prior to the PDA coating; this increased PDA 

adhesion through the formation of unstable, reactive radicals (Audic et al., 2000). The PDA 

coating was then applied directly to the PVC.  

 

For both TOTM and DINCH, plasma treatment alone did not appear to affect plasticizer 555 

migration. However, low-pressure argon cold plasma treatment increased the surface 

wettability. Plasma treatment causes chlorine loss, so the chlorine:carbon ratio decreases and 

the oxygen:carbon ratio increases (Hankett et al., 2012). The generation of oxygenated groups 

(hydroperoxides, carbonyls, hydroxyls, carboxyls, etc.) might be due to reactions of the PVC’s 

carbons with oxygen in the air following the plasma treatment (Khorasani and Mirzadeh, 2007). 560 

Our results do not confirm or invalidate literature data on other plasticizers. For example, Zhang 

et al. showed that compared with oxygen plasma treatment, argon cold plasma treatment 

appeared to favor the migration of the plasticizer ATBC (Zhang et al., 2015). According to 

these researchers, argon plasma might split PVC chains and cause molecular rearrangements 

and the loss of terminal methyl groups. These changes would result in a decrease in the 565 

interactions between the PVC chains and ATBC and thus would facilitate the latter's migration. 

In contrast, Audic et al. (Audic et al., 2000) stated that argon is most effective at reducing 

DEHA migration by inducing cross-linking and degradation. In our study of two other 

plasticizers (DINCH and TOTM), we could not draw clear conclusions about the effect of argon 

plasma pretreatment on plasticizer migration. 570 

 

Low-pressure cold plasma and PDA coating (P+PDA) probably formed a barrier that limited 

plasticizer migration. The coating of PDA on plasma-pretreated disks led to a reduction in the 

WCA: the PDA’s amine groups made the surface more hydrophilic. However, the migration 
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reduction was small for both plasticizers after 24 and 72 hours (respectively 0.027 ± 0.001% 575 

and 0.047 ± 0.003% for TOTM and 2.09 ± 0.32% and 2.42 ± 0.30% for DINCH, on average.  

 

We therefore added a post-processing step (thermal treatment at 140°C or low-pressure argon 

cold plasma treatment) to try to cross-link the PDA layer and form a physical barrier that might 

limit plasticizer migration. Depending on the post-treatment used, a significant decrease in 580 

migration of both TOTM and DINCH was observed. 

After A at 140°C, the WCA was higher and so the surface was less hydrophilic. Indeed, A 

causes cross-linking of the PDA by the formation of indole derivatives that reduce the number 

of amine groups (Luo et al., 2013).  

For DINCH, post-treatment with cold plasma limited the migration: 1.67 ± 0.31% and 1.87 ± 585 

0.28% after 24 and 72 hours, respectively, which correspond to a 38% decrease in migration 

relative to PVC-NT. Thermal post-treatment was not associated with any particular 

improvement – even after 72 hours. Indeed, the amount of DINCH migration at 72 hours was 

even higher than that observed for PVC-NT (3.43 ± 0.61% vs 3.02 ± 0.49%, respectively). We 

hypothesized that thermal post-treatment caused DINCH to migrate to the surface and thus 590 

increased migration. Indeed, Hankett et al. (Hankett et al., 2012) have reported that post-thermal 

treatment caused DEHP to migrate to the surface of the sample. Given that DEHP and DINCH 

are both small molecules (molecular weight: 390.6 for DEHP and 424.6 g/mol for DINCH), 

they can migrate easily to the surface. 

In contrast, thermal post-treatment did not appear to facilitate the migration of TOTM to the 595 

surface because the value fell by more than 60%. This is probably due the fact that TOTM tends 

to migrate less than DINCH. Moreover, TOTM has a higher molecular weight (546.8 g/mol) 

than DINCH and DEHP, and so A has less impact on the plasticizer’s migration to the surface.  

Migration of plasticizers cannot be reduced solely by modifying the hydrophilicity and 

lipophilicity of the surface, other parameters must also be taken into account, such as polarity, 600 

volatility, molecular weight and steric hindrance.  

 

In hospitals, a large number of PVC medical devices are used in the treatment of patients; the 

latter are therefore exposed extensively to plasticizers. A study carried out in a neonatal 

intensive care unit found that 44 different PVC-containing medical devices were used. The 605 

plasticizer content in the PVC is these devices ranged from 36% to 48% m/m. Another study 

of cardiovascular resuscitation showed that the levels of TOTM released were 31.8 ± 2.3 under 

static conditions, 39.0 ± 0.5 under low-flow-rate conditions, and 10.1 ± 0.3 µg/mL under high-
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flow-rate conditions. These high migration rates were mainly due to the extracorporeal 

membrane oxygenation cannulas, which contain blood and held at body temperature. By 610 

applying the treatments described in our study, we suggest these levels could be lowered to 

12.72 µg/mL under static conditions, 15.6 µg/mL under low-flow-rate conditions and 4.04 

µg/mL mg/L under high-flow-rate conditions. Similarly, Faessler et al. (Faessler et al., 2017) 

showed that DINCH migrated at concentrations of 5.8 ± 0.11 µg/mL (with Intralipid 20%) and 

5.1 ± 0.4 µg/mL (with ClinOleic 20%). Our treatments might decrease this migration to 3.48 615 

and 3.06 µg/mL, respectively.  

 

This study was carried out on plasticized PVC film. For industrial use, many parameters in 

terms of diffusion of plasma inside the tube, sterilization and brown coloration (Lee et al., 2007) 

will have to be adjusted to transpose the functionalization processes to tubes.  620 

 

 

5. Conclusion 

 
Our results showed that a combination of surface treatment (low-pressure cold plasma), PDA 625 

coating, and surface post-treatments (with cold plasma or heat) significantly limited plasticizer 

migration from PVC (by about 40% and 60% for DINCH and TOTM, respectively). Low-

pressure cold plasma pretreatment of the PVC was mandatory: otherwise, the PDA coating did 

not adhere. PDA coating alone did not prevent plasticizer migration. However, the post-

treatment of PDA-coated PVC favored cross-linking and led to a decrease in plasticizer 630 

migration. The extent of the migration also depended on the plasticizer’s molecular weight. 

DINCH has a low molecular weight (like DEHP) and migrates more easily than TOTM; this 

explains why the treatments intended to reduce migration were less effective for DINCH. Our 

results are promising with regard to limiting the migration of plasticizers into the patient’s blood 

and thus enabling the development of safer medical devices. Before this approach can be 635 

validated for use in medical devices, additional studies (particularly mechanical testing and 

ageing studies) are required. 

 

 
 640 
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Highlights  650 
 
- Plasticizers migration from PVC can be toxic for patient.  

- Migration is different according to the plasticizer type 

- Plasma alone does not reduce plasticizers migration 

- Polydopamine coating combined with plasma and annealing limit migration  655 
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 845 
Figure 1: infrared spectrum of PVC-TOTM treated with P2 (orange), P2+PDA (blue), 

P2+PDA+R (green) and P2+PDA+P2 (red). 
 

Figure 2: infrared spectrum of PVC-DINCH treated with P2 (orange), P2+PDA (blue), 850 
P2+PDA+R (green) and P2+PDA+P2 (red). 


