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ABSTRACT: As a part of long-term project aimed at bio-
membrane mimicking polyurethanes (PU) with excellent
biocompatibility and good mechanical properties, in this
work, we report the surface and bulk properties of two se-
ries blends of fluorinated phosphatidylcholine polyur-
ethanes (FPCPU) with poly(ether urethane)s (PEU). The
blend films were prepared by solution mixing, and the
surface and bulk properties were investigated by contact
angle measurement, XPS, DSC, and Instron. Our results
demonstrated that the surface with high percentage of
phosphorus, fluorine, and nitrogen content could be
achieved by blending FPCPU with PEU, because of the
migration of FPCPU to the surface, resulting in a
decreased water contact angle and increased hystersis. The
blend films showed a reversible rearrangement of surface

structure according to the change of environment from dry
state to hydrated state. DSC result suggested that FPCPU
could be phase miscible with PEU well in a broad compo-
sition region (as the content of FPCPU is less than 50 wt %).
The blends showed an increased tensile strength and elon-
gation at break compared with FPCPU, and increased
modulus compared with PEU. Combined with the im-
proved mechanical properties and much reduced price, to-
gether with the excellent blood compatibility, it can be
expected these materials may play important roles in
future medical application. © 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 108: 548-553, 2008
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INTRODUCTION

Segmented polyurethanes (PU) with two-phase
structure have been used to fabricate biomedical
devices for the last two decades because of their
favorable tensile and fatigue properties as well as
their thromboresistance."” The applications include
vascular prosthesis, catheters, heart valves, cardiac
assist devices, and the total artificial heart. The
widely spread biomedical application of this class of
polymers have resulted in extensive research activ-
ities in this field.> In vivo application demands poly-
mers with better biocompatible and mechanical
properties. These properties in the surface region of
the polymers are even more important since the sur-
face chemistry between blood/body tissues and the
implanted medical devices plays a significant role in
the usefulness of the devices. The use of surface
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modification methods can greatly improve the
blood/tissue compatibility and resistance to the deg-
radation of the implanted devices and, therefore, can
extend the lifetime of the devices and reduce the cost
of implantation. Many attempts concerned with the
surface modification of PU have been reported.*”

Recently, much effort has been concentrated on
molecular design and synthesis of even more bio-
compatible PU containing phospholipid functional-
ity, and particularly to those with the phosphatidyl-
choline (PC) group, which is a major component of
the cellular membrane of the phospholipid bilayer.
Up to now, various polymeric materials containing
the PC group were synthesized and the biocompati-
bility and blood compatibility of these polymers
were carefully evaluated.'®'® Tt was showed excel-
lent nonthrombogenicity even when the PC poly-
mers came in contact with whole human blood in
the absence of anticoagulants.'%!!1%1>17

As an alternative to synthesize new PC-containing
polymers with good mechanical properties and
cheaper price, polymer blends is a more effective
technique to modify PU, and offer the opportunity
to further investigate the surface properties of the
blend film containing PC group. Anderson and co-
workers carried out the blending of polymeric materi-
als having a ternary amino group into PU and eval-
uated protein adsorption and cell adhesion on the
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modified materials.'®2° Both protein adsorption and
cell adhesion on the polyurethane surface could be
reduced by the addition of polymeric materials hav-
ing a ternary amino group. Furthermore, a series of
2-methacryloyloxyethyl phospho grlchohne (MPC)
and PU blends were reported.”’* The blood com-
patibility of the PU/MPC polymer blend with atten-
tion to platelet adhesion and protein adsorption was
superior compared with that of the original PU.

In our previous work, a novel chain extender with
long fluorinated side chain PC and a series of fluori-
nated phosphatidylcholine polyurethanes (FPCPU)
attached to the hard block were designed and syn-
thesized.*® The long side chain fluorinated alkyl
group has low surface free energy so that the PC
polar group can be very easily transferred to the
surface or subsurfaces of PU. And an overturn and
rearrangement of the fluorinated PC side groups
with PC polar head groups located on the outermost
surface area could provide biomembrane mimicry
under hot water condition.”” Our previous study
also showed that the fluorinated phosphorylcholine
polyurethanes (FPCPU) had good mechanical prop-
erties superior to that of phospholipid PU reported
in literature, and could effectively suppress protein
adsorption even at a low content of PC in the bulk.
However, it should be noted that the tensile proper-
ties of the FPCPU are lower than that of normal PU.
Especially, the tensile strength of series fluorinated
phosphatidylcholine poly(ether urethane)s (FPCPEU)
is decreased to only 20% of normal poly(ether ure-
thane)s (PEU).?*%* Also the price of FPCPU is much
higher than that of normal PEU.

In this study, two series of FPCPU blends were
prepared by mixing fluorinated phosphatidylcholine
poly(carbonate urethane)s (FPCPCU) with PEU, or
FPCPEU with PEU to obtain biomembrane mimick-
ing PU with excellent biocompatibility and biostabil-
ity on one hand, and good mechanical properties
and cheap price on the other hand, by using as less
FPCPU as possible. The polymer blend membranes
were prepared with solution blending method. X-ray
photoelectron spectroscopy (XPS), contact angle mea-
surements (CA), DSC measurements, mechanical
testing was carried out for evaluation of the surface
structure and mechanical properties of the series of
polymer blends prepared. The biocompatibility will
be reported elsewhere.

EXPERIMENTAL
Materials

Fluorinated phosphatidylcholine poly(carbonate ure-
thane)s (FPCPCU) and fluorinated phosphatidylcho-
line poly(ether urethane)s (FPCPEU) were synthe-
sized in our laboratory by the method reported pre-
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Figure 1 The schematic structure of fluorinated phospha-
tidylcholine polyurethanes, n =1, 2,3, ..., m =0, 1, 2
. Soft segment is PTMO or PHPCD.

viously.”® The extender with long fluorinated side
chain PC used took 50% of the total chain extender.
The schematic structure of FPCPU is shown in Fig-
ure 1. Poly(ether urethane)s (PEU) was synthesized
with methylenebis(phenyleneisocyanate) (MDI), poly-
tetramethyleneoxide (PTMO), and 1,4-butandiol
(BDO) (moral ratio 2 : 1 : 1) using two-step bulk
polymerization.”® The number-average-molecular
weight (M,) (GPC) of PEU, FPCPCU, and FPCPEU
are 585 x 10% 1.8125 x10* and 1.19 71 x 10%
respectively. N,N-dimethylacetamide (DMAc) was
dried over CaH, for 2 days at room temperature and
distilled under vacuum, and stored over 4 A molec-
ular sieves. Other reagents and solvents were com-
mercial extra-pure reagent grade and used without
further purification.

Sample preparation

Two series mixture of PEU/FPCPEU blends and
PEU/FPCPCU blends were prepared in 5% (w/v)
DMACc solution. The content of FPCPEU or FPCPCU
in the blends is 10, 25, 40, and 50 wt %, and labeled
as 10FPCPEU, 25FPCPEU, 40FPCPEU, and 50FPC-
PEU, or 10FPCPCU, 25FPCPCU, 40FPCPCU, and
50FPCPCU, respectively. The sample films were pre-
pared by casting the solution onto clean hydrophilic
glass plates, and then put the plates into an oven at
50°C for 24 h, then under vacuum at 50°C for 48 h,
80 °C for 2 h. These specimens were used for XPS,
water contact angle, and Instron measurements.

Contact angle measurement

Contact angles were measured with an Eyma contact
angle goniometer. Air-facing side of the membranes
were analyzed, stationary, advancing, and receding
contact angles were measured by using of distill-
deionized water at room temperature, and the
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results in the study are the mean values of six repli-
cates.

X-ray photoelectron spectroscopy

XPS was carried out on an XSAM-800 electron spec-
trometer. The spectrometer was equipped with a Mg
Ko achromatic X-ray source (20 KV, 10 mA) and two
take-off angles of 30° and 90° were used with X-ray
source. The take-off angle represents the depth
having been detected as 30° that is near the surface
(50 A) and 90° that is 10 nm away from the surface.
Air-facing side of the membranes was analyzed.

DSC measurement

The DSC heating data were collected at 10°C/min
from —100 to 100°C by TA instrument 2910 thermal
analyzer. During the measurement, dried N, gas
was purged at a constant flow rate. The temperature
reading and calorific measurement were calibrated
by using standard indium.

Mechanical testing

Mechanical testing was carried out with an Instron
4302 Model Universal Testing machine at 23°C (73 F)
and relative humidity of 50%.The blend films were
cut into dumbbell of 5 cm in length and 1 cm in
width; the narrow section was 2 cm X 0.5 cm in area
and about 0.25 mm in thickness. The results reported
are the mean values of five replicates.

RESULTS AND DISCUSSION
Water contact angles analysis

The surface microheterogeneity sensitivity of contact
angle measurement is about 0.5-1.0 nm on polymer
surface.”® To study the surface property of two series
of FPCPU and PEU blends, the measurement of
water contact angle was carried out. The results are
summarized in Table L

From the contact angle measurement, it is seen
that all advancing and receding contact angle of the
blends are decreased compared with that of pure
PEU. For example, the advancing and receding con-
tact angles are decreased from 71.5° and 58.5° for
PEU to 58.8°, 28.5° for 50FPCPCU, respectively.
Moreover, the trend of decrease for PEU/FPCPCU
blends is more apparent than that for PEU/FPCPEU
blends.

Usually, a decreased water contact angle indicates
an increased hydrophilicity.> Thus, this result sug-
gests that the polymer blends are more hydrophilic
than that of PEU. But the increased hystersis indi-
cates a possible rearrangement of surface structure

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Contact Angles Results
Water
Sample 0, 0, AO

PEU 715 =15 585 *+ 1.5 13.0 = 3.0
10FPCPEU 67.7 = 1.3 418 £ 1.5 259 = 3.2
25FPCPEU 66.3 + 1.9 388 = 1.8 275 *+ 3.7
40FPCPEU 63.5 £ 1.3 36.7 = 1.3 26.8 £ 2.6
50FPCPEU 62.3 = 0.8 342 =09 281 = 1.7
FPCPEU 700 = 1.9 33.6 £ 1.1 364 = 3.0
10FPCPCU 69 £ 1.7 535 *+ 3.8 155 £ 55
25FPCPCU 66.2 = 0.8 476 = 1.8 18.6 = 2.6
40FPCPCU 602 + 1.1 30.7 = 2.0 295 = 3.1
50FPCPCU 58.8 = 1.0 285 + 1.7 303 = 2.7
FPCPCU 66.0 + 1.3 263 +1.2 199 = 3.2

Advancing 6, and receding 60, angles with corresponding
hysteresis AO = 6,—0, values.

as a rule.®? In this article, we will show the rear-
rangement and reversible surface change for these
polymer blends. The change of surface structure was
investigated by water contact measurement in each
case after dried in vacuum or treated in hot water.
In the air (vacuum)-equilibrated state, lower surface
free energy components (hydrophobic fluorinated
alkyl groups) are enriched at the air-solid interface,
whereas in the water-equilibrated state, higher sur-
face free energy components (hydrophilic PC polar
head groups) are enriched at the water-solid inter-
face. So the surface change from hydrophobic in dry
state to hydrophilic in hydrated state is a reversible
process. To prove the fact, the films of 40FPCPCU
blends and 40 FPCPEU blends were chosen for this
experiment. A film of 40 FPCPCU blends was first
dried in vacuum at 50°C for 12 h, and then the water
contact angle was measured. One observes an
increased hydrophobic surface with a contact angle
of 71.8°. Then the same film of 40 FPCPCU blends
was treated in distill-deionized hot water at 80°C for
1 h. After dried quickly at room temperature by
using nitrogen (N,), the water contact angle was
measured. Expectedly, in this case a hydrophilic sur-
face is observed with a contact angle of 50°. The same
method was used to treat the films of 40FPCPEU
blends, and the similar result was obtained, as listed
in Table II.

In our previous study,” the mechanism of fluori-
nated PC groups with environmental responsiveness
have been verified by ATR-IR and XPS techniques.
The novel segmented poly(carbonate urethane)s con-
taining both hydrophobic fluorinated alkyl group
and hydrophilic PC polar head groups on the side
chain( FPCPCU in this article) showed smart surface
behavior. The contact angle measurement, XPS, to-
gether with ATR-IR investigation indeed indicated a
reversible overturn of the PC groups with the move-
ment of the hydrophobic fluorinated alkyl groups
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TABLE II
The Stationary Contact Angles for 40FPCPU in
Different Environment

Sample Dry state (°) Hydrated state (°)
40FPCPCU 71.8 £ 2.2 50 + 3.0
40FPCPEU 69.1 £ 1.9 545 = 3.5

when the samples were treated in dry air or water.
In this study, the contact angle analysis shows a sim-
ilar phenomenon for these polymer blends, a hydro-
phobic surface with a contact angle of 71.8° in dry
state and a hydrophilic surface with a contact angle
of 50° in hydrated state for 40FPCPCU blends com-
pared to the contact angle of 77.7° and 57.5° reported
by Tan et al,”® and all these experiments were
repeated several times. Therefore, we presume that
the surface change of these polymer blends could
also be reversible with the changed environment.
Although there may exist another possibility that the
surface change is due to temperature difference as
treated in vacuum at 50°C and in hot water at 80°C.
To rule out this possibility, the same experiment was
repeated by using conventional PEU. No change of
water contact angle was observed, indicating that
the treated temperature in our study will not give
rise to an obvious difference in change of surface
structure.

XPS analysis

If the fluorinated PC groups were really condensed
at the surface of blend films, one should detect the
change of elements of phosphorus (P2,) and fluorine
(F15) and nitrogen (Ny5) by the XPS experiment. The
atomic percentage of P»,, Fi;, and Ny, at the depth
of 5 nm (take-off angle 30°) and 10 nm (take-off
angle 90°) away from surface of the two series blend
films are listed in Table III. And the amount of ele-
mental phosphorus and fluorine at surface repre-
sents the amount of PC polar group and fluorinated
side chain that migrate to the surface respectively. In
addition, the elemental nitrogen was not detected at
the depth of 5 nm (take-off angle 30°) on the surface
of PEU as the same as our previous study results
(Table IIT).* Since the hard segments of PEU are
usually in their glassy state, the soft segments have
higher mobility and can easily migrate to the surface
region, as suggested in literature.*>*

From the Figure 2, it could be clearly observed
that the atomic percentage of fluorine element on the
surface of PEU/FPCPEU blends increase with
increasing content of FPCPEU, and the fluorine con-
tent on the surface of 40FPCPEU blends is the high-
est, nearly equal to that of FPCPEU among the fluo-
rine content on the surfaces of PEU/FPCPEU blend
films. Phosphorus is not detected on the surface of

TABLE III
Atomic Percentage of Phosphorus, Fluorine, and
Nitrogen at the Depth of About 5 and 10 nm on the
Blend Film Surfaces

Pap, (%) Fis (%) Nis (%)
Take-off Take-off Take-off
angle angle angle

Sample 30° 90° 30° 90° 30° 90°
PEU 0.0 0.0 0.0 0.0 0.0 1.0
10FPCPEU 0.0 0.0 3.7 2.7 0.0 2.6
25FPCPEU 0.0 0.0 7.9 5.7 1.2 2.7
40FPCPEU 0.0 0.2 9.9 9.0 2.0 2.6
50FPCPEU 0.0 0.0 6.9 5.9 2.0 3.7
FPCPEU 1.2 0.5 10.3 9.3 2.3 3.0
10FPCPCU 0.0 0.0 7.9 44 29 3.0
25FPCPCU 0.4 0.7 17.8 13.2 2.9 3.8
40FPCPCU 1.3 0.7 22.7 16.0 2.6 3.1
50FPCPCU 0.8 1.0 19.0 15.4 2.2 3.2
FPCPCU 1.2 0.9 16.1 14.5 24.2 24

series of PEU/FPCPEU blends by XPS except the
40FPCPEU blend membrane probably because of
low rate of migration of fluorinated PC chains to the
surface in this blend system. Or this is due to the
possible down position of hydrophilic PC group
during XPS experiment. On the other hand, com-
pared with the pure FPCPEU, the atomic percentage
of fluorine and phosphorus element on the surface is
decreased for the blend films with all the composi-
tion studied. This result is expected and can be
understood because of the dilute effect, as FPCPEU
is blended with PEU.

For the PEU/FPCPCU blend system (Table III and
Fig. 2), the similar trend is observed that the atomic
percentage of fluorine, phosphorus, and nitrogen ele-
ment on the surface is increased with increasing con-

24 =8 —PEUFPCPEY blends
=0=—PEU/FPCPCU blends

O S ¥
F L= ]

F content at surface (atom %)
I o [=-] -D. 3

L)

% 0 20 30 4 50 &0 70 @0 @0 100
FPCPU content (wit%s)

Figure 2 The XPS results of fluorine content (at %) at the
surface of blend films depend on the FPCPU content.
Take-off angle 30° (solid line) and take-off angle 90° (dash
dot line).
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Figure 3 DSC curves of fluorinated phosphatidylcholine polyurethanes and poly(etherurethane)s. (A) poly(ether ure-

thane)s series, (B) poly(carbonate urethane)s series.

tent of FPCPCU. It is interesting to see that the
atomic percentage of phosphorus, fluorine, and
nitrogen element on the blend films surface is even
higher that for pure FPCPCU as FPCPCU content is
more than 25 wt %. For example, the atomic percent-
age of phosphorus, fluorine, and nitrogen element
on the surface at the depth of 5 nm (take-off angle
30°) for 40 FPCPCU is 1.3%, 22.7.0%, and 2.6%,
respectively, compared with 1.2%, 16.1%, and 2.2%
for the pure FPCPCU.

DSC analysis

The DSC curves of two series blend of FPCPU with
PEU blends compared with that of PEU and two
sets of pure FPCPU are shown in Figure 3, and the
glass transition temperatures of the polymer blends
are listed in Table IV.

TABLE IV
Glass Transition Temperature of Poly(ether urethane)s
and Fluorinated Phosphatidylcholine
Polyurethanes Blends

Tg(soft seg) T(onset) T(terminal) ATb
Sample (o (O (O (O
PEU —44.77 —54.99 —34.55 20.44
10FPCPEU —45.43 —54.54 —34.67 19.87
25FPCPEU —46.20 —56.93 —35.44 21.49
40FPCPEU —47.89 —56.82 —38.95 17.87
50FPCPEU —47.44 —55.95 —38.93 17.02
FPCPEU —52.20 —62 —42 20
10FPCPCU —44.02 —55.77 —32.19 23.58
25FPCPCU —41.49 —52.60 —30.71 21.89
40FPCPCU —43.16 —54.58 —35.50 19.08
50FPCPCU —47.73 —52.64 0.11 52.77
—7.52
FPCPCU —9.40 —16.79 5.49 22.28

AT? = T(terminal) — T(onset).

Journal of Applied Polymer Science DOI 10.1002/app

For PEU/FPCPEU blends, the T, and the width of
glass transition are found to decrease slightly with
an increase in FPCPEU content [Table 1V, Fig. 3(A)].
The result indicates that FPCPEU and PEU are most
likely miscible because of the similar structure of the
backbone. Whereas, the change trend of glass transi-
tion temperature for PEU/FPCPCU blends is compli-
cated. It is shown that T,s and the width of T, of the
blends are almost the same as that of PEU with
increasing content of FPCPCU till to 40 wt % [Table
IV, Fig. 3(B)]. This result suggests that the FPCPCU
could be miscible with PEU till to 40 wt % of
FPCPCU. However, two Tgs (—47.74°C, —7.52°C) are
observed from the DSC curve of 50FPCPCU, which
correspond to the T, of PEU and FPCPCU, respec-
tively. Also a much wider glass transition region is
seen for this blend. Since the width of glass transi-
tion tem]gerature could also reflect the phase hetero-
geneity,” the existence of two T,s and enlarged glass
transition temperature region for 50FPCPCU may
suggest phase separated structure in this blend. The
change of T, of PEU should be treated with care due
to the fact that DSC analytical methods often
brought to controversial or inconclusive results
because of the lack of reliable models to determine
accurate glass transition temperatures. Therefore,
more work is needed to further confirm it using
other methods, such as DMA, and this is under
going in our group.

Mechanical properties analysis

Finally, let’s look at mechanical properties of these
blends. The tensile properties of 40FPCPEU and
40FPCPCU were measured to evaluate the bulk
property change of PEU by adding the FPCPEU or
FPCPCU, and the results are listed in Table V.
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TABLE V
Mechanical Properties of the Poly(ether urethane)s and
Fluorinated Phosphatidylcholine Polyurethanes Blends

Ultimate tensile Tensile Elongation
Sample strength (MPa) modulus (MPa) at break (%)
PEU 30.7 = 2.8 16.7 =+ 2.8 1051.9 + 106.7
40FPCPEU 165 + 1.2 21.7 =52 868.4 = 29.6
FPCPEU 83 = 0.5 26.9 = 9.0 152.7 £ 9.3
40FPCPCU 241 *+ 1.6 30.6 = 6.7 521.7 + 67.0
FPCPCU 228 = 4.1 355 = 0.9 387.8 = 45.1

It is noted that the tensile strength of polymer
blends is lower than that of normal PEU. However,
the tensile strength of 40FPCPEU blends is doubled
compared with that of pure FPCPEU. The modulus
of the two polymer blends is also larger than that of
PEU. A decreased elongation is seen for both blends
compared with PEU. However, compared the
FPCPEU, a largely improved elongation is achieved.
For example, the elongation at break of 40FPCPEU
blend membrane (868.4%) is about 5 times higher
than that of FPCPEU (152.7%). The enhanced tensile
properties for polymer blends could be understood
because of the phase mixed structure in the blends.

CONCLUSION

In this study, we examined the surface and bulk
properties of PEU/FPCPU blends by the contact
angle and XPS, DSC, and tensile testing measure-
ments. It has been demonstrated that fluorinated PC
units were enriched on the surface by blending
FPCPU with PEU. These blends also showed smart
surface behavior because of the alternating change of
up and down between hydrophobic fluorinated
group and hydrophilic PC group with the change of
environment from dry state to hydrated state. DSC
result suggested that the FPCPEU blends were misci-
ble well with PEU because of the similar backbone
structure, and the FPCPCU blends also could be mis-
cible with PEU as the content of FPCPCU is less
than 50 wt %. The blends (40FPCPCU and 40FPC-
PEU) showed an increased tensile strength and elon-
gation at break compared with FPCPU, and in-
creased modulus compared with PEU. Because of
the largely enriched fluorinated PC units on the sur-
face, particularly for PEU/FPCPCU blends films, a
biomembrane mimicking PU with excellent biocom-
patibilities and biostability could be expected (this
has been proven by the measurement of blood com-
patibility, and will be reported elsewhere). Our
result indicates that blending of PEU with FPCPU is
simple yet effective way to prepare PU with good
mechanical properties, excellent blood compatibility
and cheap price.
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