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A B S T R A C T   

This study aims to hydrophilize thermoplastic polyurethane (TPU) surface via selective segregation of amphi-
philic block copolymers from bulk TPU matrix, namely “inverted grafting-to” approach. To this end, hydrophilic 
poly(ethylene glycol) (PEG) polymer chain was employed in either diblock (polycaprolactone-b-poly(ethylene 
glycol) (PCL-b-PEG)) or triblock (poly(ethylene glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol) (PEG-b- 
PPO-b-PEG)) amphiphilic copolymer additives in polymer matrix. Greatly reduced water contact angles, as low 
as ca. 13◦, from ≥90◦ for bare substrate proved the successful hydrophilization of TPU surface by this approach, 
although the degree of hydrophilization was significantly affected by the structure and concentration of 
embedded amphiphilic copolymers. Moreover, PEG-functionalized TPU surfaces in this approach displayed a 
reduction of coefficient of friction (COF) by two orders of magnitude. Given that TPU is a widely used material 
for urinary catheter or other medical devices, we demonstrated a first promising application as lubricious coating 
to TPU-based urinary catheter tubes.   

Hydrophobic properties of polymers are advantageous for a number 
of engineering applications where water or moisture vapor should be 
kept away. In some contexts, however, hydrophobic properties of 
polymers rather hinder a better performance such as surface lubricity. 
Utilization of polymers as sliding bearing materials is typically avoided 
in aqueous environment due to poor wettability and retention of water, 
causing failure to form a boundary lubricating film under load, which 
can result in excessive mechanical wear and energy dissipation [1]. 
Grafting of hydrophilic polymer brushes has been recognized as an 
effective means to impart excellent hydrophilicity by attracting and 
holding water molecules at the solid/water interface [1–6]. Polymer 
brushes can be formed on surfaces by two main techniques of “grafting- 
to” or “grafting-from” for lubrication purposes [7–9]. Grafting-to 
method usually comprises adsorption of additive from solution or se-
lective covalent bonding of longer chains to the surface. Grafting-from 
consists of polymerizing chains out from the surface by feeding mono-
mers to an immobilized initiator on the surface. Some commonly com-
mented drawbacks for these two approaches are either low grafting 
densities (“grafting-to”) [9,10,11] or multi-step preparation (“grafting- 
from”) via surface initiated polymerization [4,9,12], which may result 
in poor stability or costly and time-consuming procedures to fabricate 

the surfaces. Previously, we have presented cross-linked silicone 
matrices embedded with 10–20 wt% amphiphilic diblock copolymers, 
yielding surfaces with coefficients of friction (COF) down to 0.001 in 
aqueous environment by selective surface segregation – or “inverted 
grafting-to” – of hydrophilic poly(acrylic acid) (PAA) chains [13]. Se-
lective segregation of hydrophilic chains at the matrix polymer/water 
interface provides an efficient means to form polymer brushes and to 
impart surface lubricity [13]. This approach is particularly adequate for 
applications where a harsh mechanical stress on the surface is acting, e. 
g. in tribological contacts in bearing systems as it is possible to replenish 
the polymer brushes from internal matrix even if a firstly formed layer is 
damaged from tribostress. 

In the present study, we challenge to extend the scope of this 
approach in three aspects. Firstly, in addition to silicone polymer in the 
previous study [13], we aim to verify the general applicability of this 
approach by employing another matrix polymer, namely thermoplastic 
polyurethane (TPU). TPU is utilized in various medical contexts such as 
urinary catheters, endoscopes, and guide catheters for stents, which 
often require effective lubrication to reduce discomfort and tissue 
damage [14,15]. Moreover, while PAA-embedded silicone matrix was 
added as a coating to substrates such as silicone slab, glass, or stainless 
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steel [10], TPU has a potential to be used as both the matrix and the 
substrate too. Secondly, as embedding amphiphilic copolymer with 
segregating hydrophilic block, we have chosen poly(ethylene glycol) 
(PEG) that is copolymerized with hydrophobic block polymers, not only 
in diblock configuration, namely polycaprolactone-block-poly(ethylene 
glycol) (PCL-b-PEG) (see abstract), but also in a triblock structure, 
namely a series of ‘Poloxamers’ (poly(ethylene glycol)-b-poly(propylene 
glycol)-b-poly(ethylene glycol) (PEG-b-PPO-b-PEG)) (see Fig. 1 and ab-
stract). Lastly, as a first practical application, we utilize this approach to 
create a lubricious coating onto urinary catheter tubes. 

PCL-b-PEG diblock copolymers were purchased from Polymer Source 
Inc. (Quebec, Canada) and used as received. They are denoted as PCL 
(X)-b-PEG(Y), where X and Y represent the molecular weights of PCL 
block and PEG block in kDa, respectively. Examples include PCL(5)-b- 
PEG(5), PCL(5)-b-PEG(10), and PCL(5)-b-PEG(24.5). The polydispersity 
index (PDI) of the diblock copolymers was ≤1.3. Poloxamers ‘F127’ and 
‘L121’ (Pluronics) were purchased from Sigma-Aldrich and used as 
received. F127 comprises PEG(4.2)-b-PPO(3.6)-b-PEG(4.2) and L121 
PEG(0.2)-b-PPO(3.6)-b-PEG(0.2) according to [16]. Stabilized tetrahy-
drofuran (THF (st.)) ≥99% was purchased from VWR. Thermoplastic 
polyurethanes (TPU) 11T80 and 2363-80AE of Lubrizol were obtained 
from Bjørn Thorsen A/S (Copenhagen, Denmark). TPUs of 11T80 and 
2363-80AE are based on PCL and polyether, respectively. Two different 
types of TPU were utilized to test feasibility of the segregation approach 
with and without major matrix parts comprising the same hydrophobic 
chains as copolymer additive, i.e. PCL. 

Pellets of 11T80 or 2363-80AE were melted in custom-made Teflon 
molds in an oven at 180–200 ◦C to yield disks (30 mm in diameter and 5 
mm in thickness) after cooling, which were used as substrates. In order 
to embed amphiphilic copolymers within the TPU matrices, stock so-
lutions of 5 wt% 11T80 or 2363-80AE were made first by dissolving and 
agitating in THF(st.) overnight. These solutions were turbid and viscous, 
but homogeneous. Block copolymers were then added to the stock TPU 
solutions to afford 5, 10, 20 or 30 wt% block copolymer dry content, and 
TPU matrix 11T80 or 2363-80AE accounted for the remaining dry part. 
For the cases where these solutions were employed as coating, they were 
added on the TPU substrate by dripping ca. 0.8 mL of the solution and 
letting the solvent evaporate overnight. The disks were thus drip-coated 
with films being ca. 10–15 μm in thickness (see Fig. 1 for schematic). The 
fabricated polymer films were designated as ‘Z%PCL(X)-b-PEG(Y)’, 
where polymer films with Z wt% of PCL(X)-b-PEG(Y) in a (100-Z)% 
11T80 TPU matrix were used. Samples of 10%, 20% or 30% PEG-b-PPO- 
b-PEG triblock copolymers in 11T80 matrix were made in the same 
manner and labeled e.g. ‘Z%F127’ or ‘Z%L121’. For L121, 20% sample 

only was prepared. For polymer film samples of 2363-80AE matrix, the 
name ‘Z%PCL(X)-b-PEG(Y) in 80AE’ was chosen. Bulk disks consisting 
of TPU and embedded amphiphilic copolymer were fabricated by melt- 
mixing 90 wt% 11T80 and 10 wt% F127 in an oven at 200 ◦C and casting 
the bulk disks in Teflon molds and were denoted as ‘10%F127-melt’. A 
photo image of the sample surfaces is shown in the Supplementary 
Material (Fig. S1). It was attempted to fabricate the bulk disk samples 
with the wt% of 80:20 and 70:30 for 11T80:F127 (corresponding to 
‘20%F127-melt’ and ‘30%F127-melt’) too, but they were not mechi-
cally robust enough for the purpose of pin-on-disk tribometer experi-
ments (see below). 

Wettability by water on the polymer films was characterized with a 
Ramé-hart goniometer (model 200-F1, Succasunna, NJ) with a software 
version 2.4.11. A volume of 5 μL of MilliQ water was applied to the 
surfaces and static water contact angles (WCA) were measured after 30 
s. Averages and standard deviations of 3–4 measurements were ac-
quired. It should be noted that in ‘inverted grafting-to’ approach, it is 
very difficult to determine the grafting density of hydrophilic polymer 
brush films in a direct manner. Thus, surface wettability by water is not 
only an evaluation of the functional properties induced by surface- 
grafted polymer brushes, but serves as an indirect method to gauge 
the density/efficacy of grafted polymer brushes as well [17,18]. Fig. 2 
shows the determined static WCA of the polymer samples. 100%11T80 
displayed a static WCA of 89.1 ± 2.7◦ that is typical for pristine polymer 
materials. Samples II-IV in Fig. 2 show the WCAs of the polymer film 
comprising varied amounts of PCL(5)-b-PEG (5) and 11T80 matrix on 
11T80 substrate disk, namely 5%, 10% and 20% block copolymer, 
respectively. The sample 5%PCL(5)-b-PEG(5) showed also a reduced 
WCA of 68.2 ± 2.0◦ compared to the reference 11T80, but it was still 
moderately hydrophobic. Meanwhile, 10%PCL(5)-b-PEG(5) showed a 
substantially reduced WCA of 24.3 ± 2.0◦, suggesting a successful se-
lective segregation and exposing of PEG (5) chains to the surface. Lastly, 
20%PCL(5)-b-PEG(5) showed the WCA of 21.9 ± 1.0◦ that was almost 
indistinguishable from 10%PCL(5)-b-PEG(5). These observations sug-
gest that the selective segregation of PEG (5) chains from the 11T80 
matrix is saturated at 10% block copolymer content of PCL(5)-b-PEG (5). 

Fig. 1. Schematic representations of i) substrate disk of bulk TPU with coating 
comprising the same TPU (matrix) and amphiphilic copolymer (additive), ii) 
close up of coating with matrix TPU blended with diblock copolymers in air 
(lower left), which surface segregate upon hydration (right). 

Fig. 2. Static water contact angle (WCA) of produced surfaces. Values are av-
erages of 3 measurements, error bars indicate standard deviation. Turquoies 
bars: PCL-based matrix and PCL-based diblocks additives, Green bars: PCL- 
based matrix and poloxamer-based triblock additives, Orange: polyether- 
based matrix and PCL-based diblocks. I: 100%11T80, II: 5%PCL(5)-b-PEG 
(5), III: 10%PCL(5)-b-PEG(5), IV: 20%PCL(5)-b-PEG(5), V: 20%PCL(10)-b- 
PEG(5), VI: 20%PCL(24.5)-b-PEG(5), VII: 10%F127-melt, VIII: 20%F127, IX: 
30%F127, X: 20%L121, XI: 100%80AE, XII: 20%PCL(5)-b-PEG(5) in 80AE. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Comparison of samples IV, V and VI in Fig. 2 shows the influence of PCL 
block size on the water wettability of the yielded films. The WCAs were 
24.3 ± 2.0◦, 72.8 ± 2.2◦ and 79.4 ± 2.1◦ for 20%PCL(X)-b-PEG (5), 
where X is 5 (IV), 10 (V), and 24.5 (VI), respectively. These values 
indicate that the mobility of 20%PCL(X)-b-PEG (5) within the matrix is 
severely hampered when the molecular weight of PCL block is 10 kDa or 
higher. 

Static WCAs for polymer film samples of 10%F127-melt, 20%F127, 
30%F127 and 20%L121 are displayed in Fig. 2 too. 20%F127 (VIII) and 
30%F127 (IX in Fig. 2) were very hydrophilic with WCAs of 13.3 ± 0.6◦

and 16.5 ± 1.7◦, which indicates an effective migration and segregation 
of the PEG chains on the matrix surface for these triblock copolymers as 
well. 10%F127-melt (VII in Fig. 2) showed somewhat higher WCA at 
29.9 ± 9.9◦. We ascribe it to the lower F127 concentration of 10%F127- 
melt and inhomogeneity of the film when water comes in contact with 
the surface. Similar trends have been reported by Lee et al. who utilized 
segregation of poloxamers from TPU matrix at the polymer/water 
interface, but did not investigate the surfaces' tribological properties 
[14,19]. The WCA of 20%L121 (X in Fig. 2) was 38.1 ± 5.5◦. When 
comparing F127 and L121, the molecular weight of hydrophobic blocks 
is 3.6 kDa for both, but that of PEO blocks are vastly different, namely 
0.2 kDa (L121) and 4.2 kDa (F127), and it is likely to be responsible for a 
superior hydrophilicity of 20%F127. 

Lastly, the influence of the matrix was investigated by employing 2 
different TPUs, 11T80 and 80AE as the matrix substrate, having 
different structure and 20%PCL(5)-b-PEG(5) as the embedded amphi-
philic copolymer. 11T80 is a TPU based on PCL segments, whereas 80AE 
is based on polyether-type polytetrahydrofuran, poly(THF). Thus, the 
point of interest was whether PCL(5)-b-PEG (5) can migrate in a matrix 
of 80AE, where the hydrophobic soft segments are not the same type. 
20%PCL(5)-b-PEG(5) in 80AE showed a clear reduction in the WCA 
(65.5 ± 10.3◦, XII in Fig. 2) compared to 100%80AE substrate (107 ±
2.3◦, XI in Fig. 2). This undoubtedly indicates that PCL(5)-b-PEG (5) can 
migrate in the 80AE matrix to some extent, albeit the resulting surface is 
not as hydrophilic as the 20%PCL(5)-b-PEG(5) in 11T80 matrix (24.3 ±
2.0◦). 

The lubricating capabilities of the drip-coated films and bulk disks in 
an aqueous environment were characterized with a pin-on-disk trib-
ometer (CSM Instruments with 4.4 M software version). Details on the 
operational principles of the tribometer are available in previous pub-
lications [13]. Unless otherwise stated, the slider (pin) was smooth 
PDMS (hemispherical, with 3 mm radius at the apex). The calculated 

contact pressures between polyurethane disk (ca. 4.0 MPa Young's 
modulus) and a PDMS pin (2.0 MPa Young's modulus) or 316 steel ball 
(190 GPa Young's modulus) were 0.34 MPa or 0.71 MPa, respectively 
(pin or ball with the diameter 6 mm). The experiments were conducted 
at room temperature, recording the mean COF (= Ffriction / Load) values 
over a minimum of 20 laps for each speed measured with standard 
normal load of 2 N. Error bars in COF vs sliding speed plots designate the 
standard deviation. Longer-term lubricity tests with pin-on-disk were 
also performed with PDMS pins and TPU substrate with 10 N load (0.57 
MPa contact pressure) over 100,000 laps. 

Fig. 3(a) displays the tribological testing results of 11T80 TPU sur-
faces with varying amount of PCL(5)-b-PEG (5) in PBS at pH 7.4. 20% 
PCL(5)-b-PEG(5) and 10%PCL(5)-b-PEG(5) showed good lubricating 
properties with COF ≈ 0.03 at higher sliding speeds (25–100 mm/s) and 
gradually lowering COF down to 0.02–0.01 at the lowest sliding speed. 
Reference 11T80 TPU surface resulted in COF ≥ 1 throughout the entire 
range of tested sliding speeds. Thus, incorporation of 10 and 20%PCL 
(5)-b-PEG (5) in the TPU film reduces the friction of the TPU surface by a 
factor of 50–100. 5%PCL(5)-b-PEG(5) also showed a good lubricity in 
the high speed range, >25 mm/s, however, at lower sliding speeds, the 
COFs were ca. 0.1, which suggests poor boundary lubricating capabil-
ities. The pin-on-disk tribometry results of 5, 10, and 20%PCL(5)-b-PEG 
(5) samples (Fig. 3(a)) corroborate well the WCA data (Fig. 2) that 
showed the inferior surface hydrophilicity by 5%PCL(5)-b-PEG(5) 
compared to 10%PCL(5)-b-PEG(5) and 20%PCL(5)-b-PEG(5). Addi-
tionally, 20%PCL(5)-b-PEG(5) displayed low COFs, 0.02–0.06, when 
slid against a stainless steel pin despite a higher apparent contact pres-
sure (0.71 MPa) than PDMS pin (0.34 MPa) and higher surface rough-
ness (Fig. 4). The influence of PCL block length on the lubricity of the 
films was also investigated, and the results are shown in Fig. 3(b). 20% 
PCL(5)-b-PEG(5) showed a good lubricity (data reproduced from Fig. 3 
(a)), whereas 20%PCL(10)-b-PEG(5) showed a mediocre lubricity at the 
very highest sliding speeds. Finally, 20%PCL(24.5)-b-PEG(5) did not 
show any friction reduction (the COFs data were collected at 1, 10 and 
100 mm/s only) compared to reference 11T80 TPU. Thus, the COF vs 
speed plots in Fig. 3(b) also corroborate very well the wettability by 
observed WCAs shown in Fig. 2. These results indicate that increase of 
PCL block size adversely affects surface segregation and probably limits 
migration in matrix polymer. 

Poloxamers F68 and F127 have been previously reported as aqueous 
lubricant additives by showing adsorption at the interface of the sliding 
contact [20–22]. The hydrophilic PEG chains and the poloxamers' ability 

Fig. 3. Pin-on-disk tribometry results of produced TPU surfaces with different contents of PCL(5)-b-PEG (5) (A), TPU surfaces with diblock PCL(x)-b-PEG (5) co-
polymers of different PCL block size (B). Error bars indicate standard deviation. 
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to gel and adsorb on various surfaces are some of the properties to be 
responsible for them functioning as aqueous lubricant additives [17]. In 
this study, we have investigated the lubricity of F127 embedded in 
11T80 matrix as films or in bulk melt. As shown in Fig. 4, the COFs of 
20%F127 were at the level of 0.02–0.04 in high-to-medium sliding 
speeds (100–5 mm/s), but gradually increased to ca. 0.6 with lowered 
sliding speed. The tribological behavior of 10%F127 was similar to that 
of 20%F127 in that the COF was very low only at the highest speed (100 
mm/s), but rapidly increased in medium-to-low speed regime (data not 
shown). Unlike the cases of PCL-b-PEG above, the correlation between 
surface wettability and lubricity is not excellent. The very low WCA, 
13.3 ± 0.6◦, yet a limited lubricity of 20%F127 suggests that while PEG 
chains were initially formed at a high grafting density, some of them 
might be removed from tribological stress during pin-on-disk tribometry 
experiments. In a control experiment, the test buffer solution of 20% 
F127 film was collected and another tribological experiment was con-
ducted between a new pristine 100%11T80 disk and a PDMS pin using 
this buffer solution. This resulted in intermediate COF values between 
the reference disk and the 20%F127 film (data not shown). We interpret 
this behavior as leaching of F127 into the solution under tribostress from 
the initial experiment, where leached F127 contributes to the lubricity. 
In contrast, no leaching of PCL(5)-b-PEG(5) into solution was indicated 
from the same type of control experiments. The molecular weight/hy-
drophobicity of the PCL(5) block are apparently sufficient for it to act as 
a stable and effective anchoring block at the water/matrix interface 
without leaching, whereas those of PPO(3.6) in F127 are not. 

Fig. 4 also includes pin-on-disk testing results of a disk 10%F127- 
melt, displaying a good lubricity throughout the entire sliding speed 
range. This is in a stark contrast to 20%F127, where an effective 
lubrication was observed in high-speed regime only. Although wt% of 
F127 is higher in 20%F127 than 10%F127-melt, and the WCA for 20% 
F127 is distinctly lower than that of 10%F127-melt (Fig. 2), the 
embedded F127 is present in a ca. 10–15 μm thick coating only in the 
former, whereas it is present within the entire disk block (ca. 5 mm in 
thickness) in the latter. Thus, ample amount of available F127 within 
TPU matrix and continuous replenishment at the surface following 
tribostress-induced loss appear to be driving the superior lubricity of 
10%F127-melt. This observation also suggests that the correlation be-
tween water wettability and lubricity is not necessarily proportional to 
each other when the segregated polymers chains are not stable under 

tribostress; while the wettability by water is mainly determined by the 
initial surface hydrophilicity of polymer-covered surface, it is more 
important to maintain the surface hydrophilicity for effective lubricity 
in water. In fact, a minor degree of turbidity of the solution was observed 
after the tribological tests of 10%F127-melt. Sample 20%L121 had 
very poor boundary lubricity with COFs in the range 0.5–0.9 in medium 
and low sliding speeds range, only with some lubricity (COF = 0.01) at 
the very highest sliding speed of 100 mm/s (data not shown). The short 
length PEG chains (0.2 kDa) seem insufficient to form lubricious water 
film, which is consistent with its mediocre wettability compared to F127 
(Fig. 2). 

Lastly, we have investigated the longer term lubricity of 20%PCL(5)- 
b-PEG(5) where the surface was slid against PDMS pin at 10 N load. The 
results are displayed in Supplementary Material (Fig. S4). The 20%PCL 
(5)-b-PEG(5) film maintained its lubricity with COF = 0.01–0.02 for 
100,000 labs (> 10 h) despite extensive tribostress. 

As a first practical application of this approach, uncoated pristine PU 
urinary catheters were dip-coated in a solution of ‘30%F127’ with a 
total dry polymer content of 5–6 wt% (Fig. S2). The catheters were dried 
overnight after dip coating to render a ca. 30 μm thick film (see SEM 
image in Fig. S3). The slipperiness of urinary catheters was evaluated 
with in-vitro PDMS-based urethra model and reciprocal motion friction 
tester; the details are found in a recent paper [23] and its schematic 
representation in Fig. S5. Briefly, PDMS-based model urethras were with 
a duct through the center of cylindrical model urethra, where catheters 
can be inserted for simulated catheterization. Soft PDMS ducts were 
materialized by casting and curing Sylgard 527/184 (Dow Corning) 
mixed in 20/1 wt. ratio. The duct diameter was 3.75 mm whereas tested 
catheters were 4.7 mm in diameter. The catheters' diameter, larger than 
that of the soft PDMS duct, was selected in order to emulate the resis-
tance from opening the urinary tract's mucosal folds. A thin steel rod was 
inserted first as guide wire into the catheters to minimize buckling of 
catheter tubes during insertion. Catheters were pre-wetted in PBS pH 7.4 
for 2–3 s prior to tests. Friction tests were performed under immersion of 
PDMS model urethras in PBS pH 7.4. 

Fig. 5 displays the measured forces (average of 4 cycles) from the in- 
vitro catheter friction tester. To provide a reference for an uncoated 
catheter, a PVC catheter with a diameter of 4.7 mm was attempted to be 
inserted into the PDMS duct, but the test failed due to high friction 
resistance (force >1 N) and resulting buckling of catheter tubes. Fig. 5 
shows the observed force cycles of the 30%F127 coating versus 
commercially available ‘Curicat’ (Curion, Mediq, Denmark) catheter – 
with hydrophilic polyvinylpyrrolidone (PVP) coating – during simulated 
catheterization. It is emphasized that the forces observed in the catheter 
tests are not solely caused by friction, but can be a combination of elastic 
opening of the duct during insertion, surface friction, and strain forces 
[23]. PU catheters coated with 30%F127-coating yielded peak forces 
(0.25 N), still larger than Curicat catheters during insertion (0.08 N), but 
represent substantially lower forces than the uncoated reference. The 
average peak forces during retraction were 0.05 N for Curicat and 0.10 N 
for 30%F127-coating, where plateau forces were 0.01 N and 0.07 N, 
respectively. The 30%F127 coating is reasonably lubricious compared 
to the PVP-coated Curicat catheters albeit observed peak forces during 
insertion gave the largest differences. The friction tester results of 
catheters 30%F127 display the film's lubricity and a potential applica-
tion for urinary catheters or other tubular medical entities. 

In summary, this study has shown successful surface functionaliza-
tion of TPU via selective segregation of amphiphilic block copolymers 
from bulk TPU matrix to impart hydrophilicity to the polymer/water 
interface and reduce COF up to two orders of magnitude. The observed 
lubricity was generally well corroborated with wettability. One of the 
main factors to determine the segregation of the amphiphilic PCL-b-PEG 
diblock copolymers to the matrix polymer/water interface was observed 
to be the molecular weight of PCL block. PCL-b-PEG diblock copolymers 
yielded stable lubricity without leaching, whereas TPU films with 
poloxamer F127 were observed to passably leach. TPU films containing 

Fig. 4. Pin-on-disk tribometry results of F127 and PCL(5)-b-PEG (5) containing 
TPU surfaces, in 80AE matrix and 316 steel pin (red squares). Lines connecting 
the points are a guide to the eye. Error bars indicate standard deviation. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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F127 also showed potential to lubricate tubular medical devices such as 
urinary catheters in aqueous environment. 
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