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Abstract

A medical grade segmented polyetherurethane (PEU) was treated with a low-powered gas plasma using O,, Ar, N, and NHj as
the treatment gases. Changes in the surface functional group chemistry were studied using X-ray photoelectron spectroscopy. The
wettability of the surfaces was examined using dynamic contact angle measurements and the surface morphology was evaluated
using atomic force microscopy. The influence of the surface modification to the polyurethane on the blood response to the
polyetherurethane was investigated by measuring changes in the activation of the contact phase activation of the intrinsic
coagulation cascade. The data demonstrate that the plasma treatment process caused surface modifications to the PEU that in all
cases increased the polar nature of the surfaces. O, and Ar plasmas resulted in the incorporation of oxygen-containing groups that
remained present following storage in an aqueous environment. N, and NH; plasmas resulted in the incorporation of nitrogen-
containing groups but these were replaced with oxygen-containing groups following storage in the aqueous environment. In all
plasma treatments there was a lowering of contact phase activation compared to the untreated surface, the N, and NH; treatments

dramatically so.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyurethanes (PUs) have been widely used in the
medical device industry because of their good mechan-
ical and biological properties, i.e. high tensile strength,
lubricity and biocompatibility [1]. It is well understood
that polyester-urea-urethanes are susceptible to hydro-
lytic degradation [2,3] and polyether urethanes to
oxidation [4,5] and consequently some concerns have
been raised about the feasibility of their use in long-term
biological environments. However, the use of PUs in
short- and medium-term applications is widely accepted,
whilst their intrinsic biostability and therefore potential
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for long-term application is being continuously im-
proved [6,7].

PUs, as a general class of materials have blood-
contacting properties that are suitable for short-term
applications such as vascular cannulae [8,9]. Use of PU
in longer-term applications such as indwelling central
venous access devices presents problems of a thrombotic
nature [10]. In addition to thrombophlebitis [11,12],
which is related to material hardness and vessel wall
irritation, reported problems due to the use of indwel-
ling catheters are characterised by surface thrombus [13—
15], which can reduce the performance of catheter-
mounted biosensors [16], embolism [15,17] and vessel
occlusion [18], which are clearly undesirable.

It is accepted that the host response to the insertion of
a biomaterial into blood is controlled by the nature of
the proteins adsorbed on the surface and their con-
formation, which is governed by the chemistry and
energetics of the surface. Other than the influence of
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negative charge [19], fatty acids [20], various crystalline
substances [21] and some other generic structures, it is
not yet clear how these different parameters control the
degree of initial factor XII (fXII) activation, and
therefore the initiation of the intrinsic coagulation
cascade. Ultimately, contact activation, whereby fXII
and its cofactors are assembled in such a way that it is
activated to become fXIIa, and then able to activate fXI,
can proceed only when the surface chemistry allows a
suitable conformational arrangement of adsorbed fXII
that allows autoactivation. The rate of the progression
of cascade activation, therefore, is dependant on the
specific spatial arrangement of chemical species and
their number at the surface. The arrangement which
either permits or prevents correct conformational
organisation is as yet unknown.

Many different formulations of PU are available
(different soft segment chemistries, e.g. ethers, esters and
carbonates; backbones based on aliphatic or aromatic
structures), presumably with different surface chemis-
tries. However, experience of their use in biological
environments has shown that PUs tend not to exhibit
greatly different responses to these environments. Sur-
face modifications of PU using coating technologies or
macromolecular attachment have been investigated. For
example, use of hydrophilic coatings such as polyvinyl-
pyrollidone (PVP) have been utilised on intravascular
devices with some success [22] as a strategy for
improving thromboresistance, but the manufacturing
process is made much more complex with the potential
for complicated regulatory approval issues. Likewise,
surface modification with anticoagulants [23,24] and
other macromolecules [25,26] has been utilised over
many years but is complicated and expensive. Use of
certain dialysis membranes and other high surface area:
volume ratio applications has highlighted the potential
problems resulting from the activation of the contact
phase of the intrinsic coagulation pathway despite
effective coagulative therapy [27]. The activation of the
contact phase system is known to result in the release of
vasoactive peptides such as bradykinin from high
molecular weight kininogen [28,29], which can lead to
highly dangerous systemic conditions such as anaphy-
lactic shock. Heparin is well known for its effective
anticoagulant properties [30] and has contributed to the
success of invasive cardiovascular procedures [31]. On
the other hand, heparin, including its low molecular
weight fractions, have been implicated in the enhanced
aggregatory response of platelets in high shear environ-
ments [32,33]. Many manufacturers would find it
desirable, therefore, to be able to modify the perfor-
mance of PUs without expensive manufacturing pro-
cesses. Modification of the surface chemistry whilst
preserving the bulk chemical properties would be highly
attractive. Preparing surfaces which have the added
advantage of reducing undesirable biological activation

which would otherwise be masked by attached anti-
coagulants would be additionally beneficial.

Gas plasma modification has been used previously as
a strategy for enhancing various polymer properties [34],
for example enriching the surface with oxygen species
[35,36], nitrogen species [37,38] or more complex
functional groups [39]. Most chemical modifications
have only a limited effect on the biological response to
polymers and it has not been shown previously that the
activation of the blood coagulation system can be
extensively reduced by gas plasma modification.

The aim of the present study was to change the
surface properties of a commercial PU without the need
to introduce additives or chemical groups, which could
leach out of or migrate to the surface in an uncontrolled
fashion. If the nature of the surface can be controlled
such that it is relatively stable to hydrolytic and
oxidative processes [40], while at the same time
improving cellular interactions, a new generation of
polymers with enhanced biocompatibility and biost-
ability may be possible.

In this study the surface of a medical grade
polyetherurethane (PEU) was modified by treatment in
a low-powered gas plasma. The modifications thus
produced were analysed using X-ray photoelectron
spectroscopy (XPS), dynamic contact angle measure-
ments (DCA) and atomic force microscopy (AFM)
immediately after treatment and following aging in air
or an aqueous environment. The influence of the surface
modifications on the thrombogenicity of the surfaces
was assessed by measuring the activation of the contact
phase of intrinsic coagulation using a partial thrombo-
plastin time (PTT) assay.

2. Materials and methods
2.1. Materials

An additive-free thermoplastic medical grade PEU
was obtained from Eurothane Ltd (Worcester, UK) in
2mm thick sheets. The PEU comprised alternating
“hard” and ‘‘soft” segments of 4,4-diphenyl-methyl
diisocyanate (MDI) and polytetramethylene oxide
(PTMO), respectively, with butanediol as the chain
extender. The polymer was cut into 10 x 20 mm pieces
and cleaned using diethyl ether to remove surface
contaminants and low molecular weight species. There-
after all samples were handled with surgical gloves and
tweezers to minimise contamination.

Four ultrapurity grade reactor gases, O,: 99.5%, Ar:
99.998%, N, 99.998% and NHj: 99.99%, (BOC,
Guildford, Surrey, UK) were used as supplied. Two
liquids were used in contact angle measurements,
phosphate-buffered saline solution (PBS from Sigma,
Poole, UK) and 1-bromonaphthalene (purchased as a
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98% liquid from Aldrich, Poole, UK). PBS was made up
in distilled water following the manufacturer’s instruc-
tions. This yielded a solution of pH 7.4 with the
following composition: 10 mm phosphate buffer (80%
NaH,PO, and 20% Na,HPO,), 270 pm KCl and 137 mMm
NaCl.

2.2. Plasma treatment

The radio frequency (rf) equipment and treatment
procedure used in this study has been outlined in detail
previously [37]. Briefly, a low-powered plasma was
produced in a half-wave helical resonator formed from
a 100-turn copper wire wound directly on the outside of
a glass tube. The excitation frequency and rf power
being 13.6 MHz and <1W, respectively. In all experi-
ments, treatment time was fixed at 1min, the gas
pressure set at 8 x 10" >mbar and the flow rate 85 sccm.
The gas species admitted to the reactor (O,, Ar, N, and
NH;) was the only variable implemented during sample
treatment.

2.3. Ageing procedure

Materials were stored in plastic vials containing air or
PBS at 37°C in the dark for time periods of up to 1
month. Untreated specimens underwent the same ageing
procedure for comparison. Samples aged in air were
wrapped in aluminium foil to minimise hydrocarbon
contamination, whereas samples aged in PBS were
thoroughly washed in deionised water and then dried
using pressurised air before analysis.

2.4. X-ray photoelectron spectroscopy (XPS)

Detailed characterisation of the untreated and mod-
ified surfaces was carried out using XPS to evaluate the
elemental and chemical groups present in the surface. A
VG Scientific ESCALAB MXII spectrometer (East
Grinstead, West Sussex, UK) with a 260W AIK,
radiation source was used to obtain spectra in CAE
(constant angle energy) mode. The operating pressure
was maintained at 10~® mbar enabling the field emission
gun to deliver a primary beam current of 10 nA onto the
sample as a 30nm spot. A pass energy of 100eV was
used to record the widescan spectra (0-1000eV) and
20¢eV for high-resolution C1, N1 and Ols spectra. All
measurements were obtained at a take-off angle of 45°,
corresponding to an approximate depth profile of 5nm.
Binding energies were referenced to the Cls hydro-
carbon peak set at 285eV, with FWHM of 1.6eV, such
that surface elemental compositions could be calculated
from the relative peak areas. The Cls, Nls and Ols
envelopes were analysed and peak-fitted using a
combination of Gaussian and Lorentzian peak shapes
obtained from the ESCALAB software package.

2.5. Dynamic contact angle (DCA)

DCA measurements were obtained using the Wilhel-
my plate technique [41] to determine the hydrophilicity
of the PEU surface and the effect of plasma treatment
on surface wettability. A number of advancing (04) and
receding angles (0r) were recorded using a Cahn
DCA322 surface force analyser (Manchester, UK) to
allow for standard errors. Treated and untreated
surfaces were consecutively immersed in and removed
from PBS and I-bromonaphthalene at a speed of
60 ummin~'. Curves relating the interfacial tension to
the immersion depth were plotted and used to calculate
0a and 0Oy, the advancing and receding contact angles,
respectively. A representative contact angle was calcu-
lated for each formulation using the mean and standard
deviation of six independent measurements.

2.6. Atomic force microscopy (AFM)

The polymer surfaces were examined on a sub-micron
scale using AFM [42,43] to evaluate the effect of the
surface treatment on the surface morphology. A Digital
Instruments Nanoscope III AFM (Santa Barbara, CA,
USA) equipped with a 16 um scanner and a multimode
AFM head which could be operated in both “contact”
and “tapping” mode to record images was employed.
The latter mode was chosen since it has the advantage of
offering low shear and contact forces and a 125mm
etched silicon tip resonant at 300kHz was used. Tests
were repeated over approximately four sample areas to
improve the reproducibility of the results.

2.7. Contact phase activation

Contact phase activation of the intrinsic coagulation
cascade was estimated by way of a PTT assay [44].
Venous blood was collected from consenting adult male
volunteers who had fasted for more than 4h and had
been free from medication for at least 14 days.
Phlebotomy of a median cubital vein was performed
using a 19-G needle without the use of a tourniquet to
reduce the release of tissue factor. The blood was
anticoagulated by adding a one-tenth volume of 3.8%
(w/v) tri-sodium citrate. Platelet poor plasma (PPP) was
produced by centrifugation of blood aliquots at 13 000g
in a microcentrifuge. A large pool of unactivated PPP
with little variation in coagulation activation was
created by collecting together the plasmas of several
volunteers, then snap freezing individual 250 pl aliquots
in 500 pul eppendorf tubes in liquid nitrogen. To perform
plasma-surface contact, aliquots of PPP were defrosted
and pre-warmed for exactly 1 min at 37°C in a water
bath. PTT assays were performed by statically incubat-
ing surfaces with 200 pl of PPP at 37°C for 10 min in a
humidified chamber. Following incubation, 80 ul of PPP
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were removed from the surface and added to 80 ul of
25mm CaCl, and 80pul platelet substitute (partial
thromboplastin) (Diagnostic Reagents Ltd, Thame,
UK), both already pre-warmed to 37°C. The clotting
time of the plasma after the addition of CaCl, was
measured by following the turbidity of the plasma using
an Instrumentation Laboratory ACL300 Research
coagulometer (Milan, Italy). Experimental variation
(e.g. time, temperature) was reduced by performing the
incubations and coagulation determinations for all
materials at the same time. Plasma turbidity of each
sample was determined 10 times per second for 400s.

Table 1
Effect of ageing environment on the surface elemental ratios of the
PEU modification

Treatment Elemental ratios
o/C N/C N/O

Untreated 0.18(0.01) 0.05(0.01) 0.32(0.01)
1 month in PBS 0.19(0.01) 0.07(0.01) 0.37(0.01)
O, treated 0.29(0.01) 0.04(0.01) 0.14(0.01)
1 month in PBS 0.26(0.01) 0.05(0.01) 0.14(0.01)
1 month in air 0.15(0.01) 0.05(0.01) 0.36(0.01)
Ar treated 0.23(0.01) 0.03(0.01) 0.13(0.01)
1 month in PBS 0.28(0.02) 0.05(0.01) 0.13(0.01)
1 month in air 0.20(0.02) 0.03(0.01) 0.15(0.01)
N, treated 0.18(0.01) 0.24(0.04) 1.33(0.04)
1 month in PBS 0.24(0.01) 0.06(0.01) 0.25(0.01)
1 month in air 0.26(0.01) 0.11(0.01) 0.42(0.01)
NH; treated 0.24(0.01) 0.18(0.01) 0.75(0.01)
1 month in PBS 0.30(0.01) 0.04(0.02) 0.20(0.01)
1 month in air 0.20(0.01) 0.06(0.01) 0.30(0.01)

The atomic ratios are determined from the relative areas of the Cls,
Ols and Nls peaks for the virgin and modified PEU material.
Presented as the mean and standard deviation in brackets for n = 3.

Unactivated PPP and kaolin-treated plasma (500 pg/ml
kaolin final concentration) were used as the negative and
positive controls, respectively.

3. Results
3.1. XPS

Widescan and high-resolution XPS spectra were
recorded for the PEU material to determine the existing
functionality present in the surface region and show
subsequent changes in species introduced by each
treatment. Table 1 shows the corrected atomic ratios
determined from the relative areas of the C1, Ol and
N1s peaks for the virgin and modified PEU material as
means and standard deviations in brackets for three
samples. Peak fitting of the Cls spectral envelope is
commonly employed in XPS to estimate the proportion
of different carbon bonds at the surface of a polymer
[34,45] and Table 2 summarises the relative percentages
of each component observed after Gaussian and
Lorentzian peak fitting algorithms are applied to the
data. The data presented are representative of the
changes measured.

The Cls peak for the untreated PEU surface can be
resolved into four component peaks at 285, 285.8, 286.5
and 289e¢V (Fig. la). These peaks correspond to
aliphatic carbon [C-R, where R denotes C or H], amine
[C-N], ether [C-O-C] and carbamate [HNCOO],
respectively. The latter two oxidative functionalities
are an integral part of the repeat unit for soft and hard
segments, respectively.

Following oxygen plasma treatment there is an
increase in the intensity of the Ols signal relative to
that of the Cls. This is concomitant with a decrease in
the N/O ratio. Consequently, the shape and intensity of

Table 2

Representative XPS high-resolution Cls peak fit data for untreated, plasma treated and aged PEU surfaces

Treatment —-C-R- —C-N- -C-0-C- -C=N- —-C=0- or -N-C-O- ~HNCOO-
Untreated 56.5 4.3 34.8 43
1 month in PBS 58.7 44 31.5 44
O, treated 47.6 3.5 36.9 8.3 3.7
1 month in PBS 47.4 3.7 37.1 7.8 4.0
1 month in air 63.6 3.6 25.6 5.0 2.1
Ar treated 44.4 3.4 38.2 10.0 3.8
1 month in PBS 414 3.7 36.1 13.1 5.6
1 month in air 52.8 3.5 32.6 7.4 3.7
N, treated 37.7 5.7 27.8 12.9 10.8 5.0
1 month in PBS 59.5 3.8 22.0 6.0 5.7 2.9
1 month in air 522 4.8 23.7 10.0 6.6 2.8
NH; treat 41.0 5.0 30.0 12.0 8.0 4.0
1 month in PBS 37.3 4.8 30.0 10.3 13.0 4.5
1 month in air 40.3 5.7 30.9 9.3 10.0 39

The relative percentages of each component were recorded after Gaussian and Lorentzian peak fitting algorithms were applied to the data.
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Fig. 1. High-resolution XPS spectra of the Cls peak for (a) untreated; (b) O, treated; (c) Ar treated; (d) N, treated PEU; (e) Ols peak for Ar treated

PEU; (f) Nls peak for N, treated PEU.

the Cls spectrum is affected such that the envelope is
broadened and can be deconvoluted into five peaks
as shown in Fig. 1b. In addition to the peaks identified
for the untreated material, there is also a further
peak at 288 ¢V that corresponds to a carbon experien-
cing greater electron delocalisation than that of the
C-O-C ether environment. This can be attributed to
some kind of C-O, functionality and probably results
from O—C-O or C=0. It is also likely that the increase
in the component identified at 286.5¢V could infer
C—OH bonds [46] but binding energies are indistinguish-
able from the ether functionality and cannot be
separated.

The susceptibility of this polymer to Ar plasma can be
illustrated by the decrease of the Cls and Nls with
respect to the Ols signal, resulting from the incorpora-
tion of oxygen-containing groups. Changes to the
symmetry of the Cls envelope, Fig. lc, are very similar
to those observed for the oxygen plasma including
the appearance of the component at 288 eV. Changes
in the Ols envelope (Fig. le) also fit this explanation.
Since the nitrogen-containing functionality is only
present in the hard urethane blocks of the PEU [47]
the small reduction of the N/C ratio after treatment with
O, and Ar plasmas could represent changes in the
concentration of hard segment at the surface region
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compared with the untreated material. Alternatively,
this suggests surface enrichment with polyether soft
segments, which is consistent with the increase of the
peak at 286.5¢V in the Cls high-resolution spectra.

In the case of nitrogen plasma treated PEU there is
significant incorporation of nitrogen-containing groups.
The Ols signal is unaffected, but it is likely that the
incorporation of oxygen moieties occurs on exposure to
air after plasma treatment but at the expense of
oxygenated molecules lost at the surface during plasma
exposure. The exact identification of functionalities
bound to the surface is difficult, however the Cls
spectrum can be deconvolved into six peaks as
illustrated in Fig. 1d. In addition to C-O-C type
moieties the component at 286.5e¢V may include
C-NH,, C-NH or C-N=C groups. The peak located
at 287eV corresponds to C=N, whilst that at 288 eV
could imply N-C-O, CONH, or O-C-O type function-
alities. However, on the basis of the amount of nitrogen
incorporated compared to that of oxygen, it is likely that
nitrogen-containing species have formed (Fig. 1f). The
surface chemistry of the NHj; plasma treated surface was
very similar to the N, treated surface resulting in the
incorporation of nitrogen-containing groups.

The effect of ageing for 1 month in PBS on the surface
chemistry of the untreated material is negligible and the
Cls spectra shows only a small enhancement associated
with the carbamate component identified at 289eV.
Following storage in PBS of the oxygen plasma treated
samples there is little effect on the intensity of the Ols
and Nls signals and the full-width at half-maximum
(FWHM) of the Cls is comparable with that obtained
for immediate plasma processing. There is, however,
slight enhancement in the 286.5eV region of the
spectrum (Table 2) and this can be attributed to
additional incorporation of oxygen-containing species,
i.e. C—-O—C/C-OH bonds. This signifies that the changes
occurring in the surface region following O, plasma
treatment are relatively stable in the aqueous medium.
The Ar plasma treated surface shows a relative increase
in the Ols peak with respect to the Cls signal after 1
month in PBS such that the Cls envelope is very similar
in shape and has the same characteristics when
deconvoluted as that of the O, plasma treated surface.
In the case of N, plasma treatment, there is a relative
reduction in intensity of the Nls, concomitant with an
enhancement of the Ols signal following 1 month
storage in PBS. There is a reduction of the FWHM of
the Cls envelope which appears to be more symmetrical
and less pronounced at the higher binding energy region
of the spectrum. This suggests that storage in an
aqueous environment facilitates loss of N, containing
species introduced by this plasma and replacement with
hydroxyl groups. As above, similar results were ob-
served following PBS storage of the NH; treated
surface.

Storage in air had an effect on the chemistry of O,
treated surfaces in particular. There was a considerable
decrease in intensity of the Ols signal compared to the
relative intensities of the Cls and N1s peaks and this can
be clearly seen by the elemental ratios in Table 1. There
was also a decrease in the FWHM of the Cls envelope
and the peak heights of the oxygen-containing function-
alities at 286.5 and 288 ¢V are most affected in intensity
(Table 2). The Ar plasma treated sample also shows the
same trends in the Cls envelope as that for O, treated
PEU, but to a lesser extent. This would imply that the
Ar plasma causes changes in the surface structure which
are not affected in the same way as for O, plasma
processing and induces a relative degree of permanency
within the surface region. There is very little difference
in the FWHM for the Cls envelope obtained for the N,
plasma treated surface after ageing in air compared with
that following storage in PBS, except a slight increase in
the N-containing groups suggesting some kind of chain
reorientation where the surface free energy is favoured
by the hard segment.

3.2. Contact angle measurements

The rationale behind recording wettability measure-
ments is that the technique provides information about
the interfacial region of a biological medium and has a
high degree of sensitivity regarding the very uppermost
layers of the PEU/air interface. In such a way it is
possible to correlate the findings with molecular
information collected by XPS. This creates a more
accurate picture of the functionality dominating the
polymer interfacial region. Changes to the polar and
apolar components of the total surface energies, of
untreated and plasma treated materials were obtained
by measuring contact angle in PBS (0°®) and 1I-
bromonaphthalene (0°°). Untreated surfaces exhibited
both hydrophobic and hydrophilic behaviour charac-
terised by relatively high values of advancing angle
(ngs =85°) and low receding angles (0‘1’{bs = 42°),
All plasma treatments caused a significant reduction
(Table 3) in the Hr/ibs to values in the range 46-62° as
shown in Fig. 2a. The effect of plasma treatment on 05>
was not significant for any surface treated except NH;
(p =0.0013) and occurred in the range 29-43°. The
contact angle hysteresis, Af was found to be small, in the
range 3—-16°, for the O,, Ar and N, plasma treatments
compared to the value for the untreated material of 42°.
The corresponding value for NH; treatment was 25°.

Changes in the apolar contributions to the surface
energy were also observed by measuring the advancing
and receding angles in 1-bromonaphthalene, Fig. 2b.
92"’ measured on O,, Ar, N, and NHj; treated surfaces
reduced from 46° to values in the range 31-42° and 05
changed from 37° to values in the range 25-40°.
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Table 3
Statistical significance of differences (p-values) between experimental values for the dynamic contact angle data measured in PBS for the following
Oxygen Argon Nitrogen Ammonia

Virgin® O 4.7%107° 12x1078 3.1x107° 2.7%x1077
Or 0.102 0.615 0.093 0.0013

1 month in PBS" Oa 6.24x 107 0.87 0.00557 3.37x107°
Or 0.055 2.25% 1077 0.509 8.31x107°

1 month in air® O 1.17x 10710 7.67x 1078 7.27x107° 6.96 x 1077
Or 6.48 x 107° 0.0149 0.597 8.25x107*

#Comparison of the advancing and receding angles on the untreated materials with the plasma treated materials.
® Comparison of the advancing and receding angles for each plasma treated material with the same treated material after 1 month storage in PBS.
€ Comparison of the advancing and receding angles for each plasma treated material with the same treated material after 1 month storage in air.
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Storage in PBS resulted in a small increase in
wettability for the untreated, O,, N, and NH; plasma
treated materials as illustrated by a decrease in 6% (Fig.
2¢). However, the advancing angle measured for Ar
processed surfaces stored in the aqueous environment
remained essentially unchanged. Storage in PBS also
resulted in a decrease in 03 for all treated surfaces to an
extent where there was complete wetting, corresponding
to an increase in apolar contribution to surface energy.
For example, the change in these angles for the
ammonia treated surface are presented in Fig. 2e. A
similar wetting behaviour value was observed with 05
for all plasma treatments.

Following ageing in air for 1 month the value of ngs
significantly increased (Table 3) for all treated surfaces
to within the range 76-93° (Fig. 2d). 0% also increased
after storage in air, most notably in the case of O,
treatment. Therefore, the 0, increase for the O, plasma
treated surface, which exceeds that of untreated PEU, is
further indication that the mechanism of modification is
restricting the hard segment mobility. Environmental
ageing in air had little effect on the apolar characteristics
as illustrated by the range of values of 9/'1“’ (34-47°) and
05 (20-28°) obtained.

3.3. Atomic force microscopy

There is a microphase separation between the hard
and soft segments [48] of the untreated PEU (Fig. 3).
This incompatibility of the phases allows the unusual
physical and mechanical properties associated with PUs
[49,50]. The stone like protrusions that are about 0.5 um
in diameter are indicative of the polar domains (crystal-
line regions), and these appear to adopt a random
orientation at the surface. All the plasma treatments
modify the surface morphology of the PEU. Fig. 4a
illustrates the surface topography following O, plasma
treatment and indicated the mildest modification within
the surface region of all three of the plasmas considered.
The resulting surface shows a fine globular texture
superimposed onto the original morphology suggesting
a mild etching mechanism throughout both the hard and
soft segments. The corrugated pattern shown for the Ar
plasma in Fig. 4b illustrates pronounced surface
modification and/or reorientation of the hard and soft
segment domains. For the N, and NH; plasma treated
PEU materials the surface morphology is pitted and
results primarily due to etching of the soft segment. The
original topography of the parent material is changed
significantly for all the plasmas with the Ar plasma
having the greatest effect. The observations of the AFM
complement the information obtained for the other
surface techniques, in that the modification mechanism
for each gas is slightly different.

Fig. 3. AFM micrograph of the untreated polyetherurethane surface.

3.4. PTT analysis

The results of the PTT experiment are presented in
Fig. 5. The coagulation times of the PPP in contact with
all the surfaces lie within the positive and negative
controls. The effect of incubating PPP with untreated
PEU caused significant contact phase activation, result-
ing in the coagulation time decreasing from 241 to 170s
(p = 0.00002). Plasma treatment in all cases resulted in a
decreased level of contact phase activation, the clotting
times increasing in comparison with the untreated
surface. In particular the N, treated surface resulted in
an apparent contact phase activation unchanged com-
pared with PPP which has not been in contact with a
biomaterial (p = 0.43 for difference between negative
control and N, treatment), the clotting time being
253s. The N, treatment is therefore highly significan-
tly different from the untreated PEU sample
(p = 0.00002). Whilst the assay was not explicitly cali-
brated, in other experiments it has been possible to
demonstrate a relationship between plasma clotting time
and kaolin concentration (Fig. 6), where the response of
the activation of fXII with a potent, negatively charged
contact activator (kaolin) was observed to be propor-
tional to log (kaolin concentration) over a range of
concentrations from 1 to 1000 pg/ml. The rate of un-
activated plasma clotting is highly variable between
plasma pools, but the slope of log (kaolin concentration)
and clotting time is quite well conserved. One can
estimate, therefore, that the difference in contact phase
activating power fits approximately to the following
equation:

[(tx - ly)/lun) X 56],
AA =10,

where A4 is the difference in activating power, ¢, and ¢,
are the test clotting times and ¢, is the negative control
clotting time.

The calculation above gives an indication of the
activation response relative to untreated PEU due to
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(d)

(b) 15 0

Fig. 4. AFM micrographs of (a) O, treated; (b) Ar treated; (c) N, treated; (d) NHj3 treated PEU.
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Fig. 5. Partial thromboplastin clotting times of the untreated and
plasma treated surfaces in comparison with controls (seconds), Mean
+SEM, n = 6.

incubation of the treated surfaces with PPP, as
presented in Table 4.

4. Discussion

The primary objective of this investigation has been to
compare the effect of a number of plasma treatments on

120.0%
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Clotting time relative to unactivated control

0.0% T T T
0.1 1 10 100 1000
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Fig. 6. Relationship between plasma clotting time relative to the
negative control and kaolin concentration for two different plasma
pools.

a PEU surface used for biomedical applications.
Furthermore subsequent ageing in air and PBS at
37°C was monitored to assess the degree of permanency
of any changes introduced following plasma treatment.
It is further demonstrated that the observed changes in
the surface functionality significantly influences the
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Table 4
Degree of contact phase activation of each treated surface as a
proportion of the untreated PEU following incubation with PPP

Plasma treatment Proportion of fXII activation

relative to untreated PU

0, 0.90
Ar 0.81
NH, 0.04
N, 0.00

blood coagulation response. Consequently, a compar-
ison of the extent of the surface modification and the
mechanism involved for each of the charge gases has
been hypothesised. Such an understanding is necessary
to successfully engineer biomaterial surfaces and the
attachment of chemical groups in a controlled and
predetermined manner.

4.1. Surface chemistry

The nature of the unmodified materials investigated in
vacuo by XPS, which provides a model for the behaviour
in air, appear to be predominantly governed by
relatively non-polar soft segments containing mainly
carbon and some oxygen, but only a small amount of
nitrogen associated with the hard segment. This
observation can be explained by thermodynamic re-
arrangement at the polymer/air interface and subse-
quent movement of hard segments into the bulk thus
minimising the surface free energy [S1]. Therefore in
effect, plasma treatment is primarily directed towards
the polyether segment of the block copolymer due to the
overall predominance of this soft segment in the surface
region.

For all the plasma treatments there is a decrease in the
relative aliphatic (C—R) character of the material which
drops by between 10% and 20% and is most
pronounced for nitrogen plasma treatment (Table 2).
In all cases the plasma process involves some kind of
“modification mechanism” but the combination of
additions and subsequent rearrangement of functional-
ities is different for each of the gases used. From the
XPS data obtained it would appear that the mechanism
of the Ar and O, plasmas is quite similar such that the
relative percentage of oxygen introduced into the
interfacial layer is increased and carbonyl group
formation can also be identified at 288eV. The slight
reduction in the amount of nitrogen to carbon at the
surface following both of these plasma treatments
suggests that the hard segments are not greatly affected
by the energetic species in both cases, but rather a
modification of the polyether segment occurs. In the
case of N, and NHj; plasmas the relative peak area of
the C-O region decreases (Table 2) and can be
interpreted as loss of polyether through a plasma

erosion process. At the same time there is an increase
of the carbamate group which can be attributed to
exposure of deeper lying nitrogen rich functionality.
Surface processing using nitrogen gas also results in
incorporation of N-moicties as illustrated by the
additional peak identified at 287¢V in Fig. 1d, and is
assigned to a C=N group. Curve fitting of the Cls
region indicated there is formation of highly oxygenated
carbon functionality and results in a change in
the interfacial properties due to oxidation of the
surface [52].

4.2. Wettability

DCA measurements are able to illustrate the surface
molecular mobility, surface roughness and surface
homogeneity at the polymer/air/water interface. The
poor wettability of the untreated surface was supported
by a high advancing angle of 84.5° that is fairly typical
of that seen in PEUs [52], and reflects the existence of
aliphatic carbon on the surface from the soft segment.
At the same time the receding angle of 42.2° indicates
that there is also a relatively high concentration of polar
hard segment at the interface. Therefore, the observed
contact angle hysteresis of ~40° indicates the untreated
PEU has both hydrophilic and hydrophobic phases
residing at the interface, with opposing surface energies.
This substantiates the dynamic nature of the material
and results in a driving force for rearrangement
depending upon the contacting environment of the
molecular chains at the surface to minimise the
interfacial free energy [53]. A large hysteresis may be
observed when there are surface features resulting from
etching and mould scars. However, on the basis of the
XPS studies the values of 0, and 60y support the
existence of a microphase separated structure [54] as
displayed by the AFM in Fig. 3.

After plasma processing the wettability of treated
surfaces increased which correlated well with the
measured chemical modification. It has been shown
that PU is susceptible to plasma treatment based on the
significant decrease in advancing angles observed (Table
3) and has been reported elsewhere [52,55]. If polar
groups are being lost through plasma treatment an
increase in Or would be expected. However, the receding
angle does not change substantially and this indicates
that plasma treatment is introducing new functionalities
such that the net effect of gain and loss is balanced.
Therefore, there is an overall decrease in the height of
the energy barriers between 05 and 0g, i.e. the contact
angle hysteresis, of the untreated and plasma treated
surfaces (Fig. 2a). In particular, the Ar plasma appears
to introduce highly polar groups such as —OH onto the
surface so that 65 decreases to a comparable value with
Or. In the case of nitrogen treatment there is no as high a
concentration of polar groups at the surface since the
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contact hysteresis is higher than for Ar and O, plasmas,
respectively.

4.3. Effect of ageing environments

An important consideration of a modification to
surface chemistry is how permanent the changes are.
Therefore, the effect of storage times and conditions on
the rearrangement and migration of groups following
plasma exposure establishes the potential use of these
modification in biomedical applications. Storage in PBS
does not affect the surface chemistry of the untreated
material illustrating that any observed chemical mod-
ification in the surface region results from pre-treatment
with the plasma gas. The oxygen-containing species
introduced following Ar and O, treatment are not lost
to the aqueous medium over the time period investigated
as little change is witnessed in the XPS spectra. In
contrast, the N, and NH; modified PEUs lose most of
the nitrogen-containing groups and gain oxygen func-
tionality after 1 month storage in PBS suggesting that
these surfaces can reorientate in this medium. Untreated
PEU surfaces show a reduction in the contact angle
hysteresis following storage in PBS that can be
attributed to either water absorption or hard segment
enrichment [53,54]. The wettability of plasma treated
surfaces stored in the same medium remains essentially
unchanged.

The plasma treated PUs that were placed in air for 1
month lose the effects of the surface treatments and
become less hydrophilic over time, such that there is an
increase in advancing angle to a value similar to the
untreated material. This occurs due to the enrichment of
the energetically favourable hydrophobic soft segment
at the air/polyurethane interface and suggests that some
of the polar groups introduced by plasma treatment may
be lost under ambient conditions or indeed diffuse into
the bulk over time. The driving force for this mechanism
comes from the thermodynamic requirement of mini-
mising surface tension. The observed decrease in
wettability is also associated with rotational (i.e.
torsional) motions of the polymer chains. However,
the loss of weakly bound volatile oxygen species cannot
be ruled out. The rate of hydrophilicity loss is related to
the thermal motion of polymer chains and hydrophilic
groups. The effect is particularly pronounced for the O,
plasma, which shows an increase in 64 exceeding that of
the untreated material. Interfacing the material with a
high-energy environment such as PBS causes a change in
the reorganisational behaviour since the polar groups
introduced are attracted to the surface by its contact
with the liquid and is consistent with the findings of the
XPS data.

The importance of surface modifications becomes
apparent when their interaction with the biological
environment is evaluated. Thrombus formation by

foreign surfaces is triggered by contact phase activation
of the plasma coagulation pathway. Static contact of
PPP with the untreated PEU resulted in a decrease in the
clotting time, suggesting a significant material-induced
plasma clotting, which would be observed as an
increased propensity for thrombus formation when
deployed clinically. The O, and Ar plasmas produced
surfaces, which did not significantly alter the contact
activation response compared with the untreated PEU.
It can be deduced that the core properties of the PEU
with respect to the adsorbed proteins is therefore not
changed after treatment with these gases. The ability of
a surface to promote contact activation depends on the
conformational arrangement of fXII after adsorption,
and the assembly of kallikrein and its cofactor high
molecular weight kininogen (HMWK). Factor XII is
activated to a-fXIla when the Arg—Val bond between
residues 353 and 354 is cleaved and so the rate of plasma
clotting will depend on the number of adsorbed fXII
molecules that are sterically arranged to allow this
cleavage by kallikrein to occur. The generalised ob-
servations that negatively charged substances (glass,
kaolin, sulfatides, etc. [56,57]) enhance the activation
response of fXII point to the manner in which this
sterically favourable conformation is achieved. It is
therefore interesting that the surfaces that have a
promotion of oxygen-bearing groups (the Ar and O,
plasmas), and therefore a greater propensity to form
negative charges at the surface (principally C=0 and
C-OH) induce the greater contact activation, compared
to oxygen depleting and nitrogen enriching surfaces (the
N, and NHj; plasmas). The O:N ratios for these surfaces
are 7.1, 7.7, 1.33 and 0.75 for O,, Ar, NH; and N,
respectively. One can speculate, therefore, that when the
O:N ratio falls to a threshold value, contact activation is
effectively prevented. This needs further investigation to
determine the absolute and spatial requirements of the O
and N groups for contact activation to occur.

5. Conclusions

The results obtained in this study indicate that plasma
modification occurs in a mechanism particular for each
gas studied, as exhibited by the different morphologies
seen in AFM, but in all cases acts to increase the surface
free energy of the PEU. XPS spectra showed that the
technique has been successful in the formation of surface
species that are not seen in the untreated material, for
example the appearance of C= O functionalities for Ar
and O, treatments, and nitrogen-containing groups for
the N, plasma. For all the treated surfaces there is an
increase in the polar character as displayed by an
increase in wettability.

The degree of permanency of each modified surface is
dependant on the plasma and storage conditions. For
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N, and NH; plasma treated surfaces there was loss of
the introduced groups and subsequent oxidation on
storage in an aqueous environment. In contrast, very
little change was observed for O, and Ar treated
surfaces.

The biological response to these surfaces demon-
strated that the O, and Ar treated surfaces had an
insignificant effect on the thrombogenicity of the PEU,
but a significant reduction in activation for the NHjs-
treated surface and almost complete prevention of the
contact activation in the N,-treated PEU.
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