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Abstract The thermodynamic miscibility, morphology,
phase distribution, mechanical properties, surface proper-
ties, water sorption, bacterial adhesion and cytotoxicity of
semi-interpenetrating polymer networks (semi-IPNs) based
on crosslinked polyurethane (PU) and poly(hydroxyethyl-
methacrylate) (PHEMA) were studied to give an insight into
their structure and properties.

The free energies of mixing of the two polymers in semi-
IPNs have been determined and it was shown that the values
are positive and depend on the amount of PHEMA. This
demonstrates that the components are immiscible, the extent
of which is dependent upon variations in composition.

The morphology of the semi-IPNs was analyzed with
scanning electron microscopy and tapping mode atomic force
microscopy (TMAFM). The micrographs of the semi-IPNs
and TMAFM phase images indicated that distinct phase sep-
aration at the nanometer scale is observed.

The mechanical properties reflect the changes in structure
of semi-IPNs with composition. The stress at break increases
from 3.4 MPa to 23.9 MPa, and the Young’s modulus from
12.7 MPa up to 658.5 MPa with increasing amounts of
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PHEMA, but strain at break has a maximum at 40.4%
PHEMA.

The bacterial adhesion and cytotoxicity data suggest that
semi-IPNs with PHEMA content above 22% may be used
for biomedical material applications.

1 Introduction

Polyurethane materials are extensively used in blood contact-
ing applications and organ reconstruction. Although PUs are
relatively biocompatible materials [1], they are also known
to be prone to biodegradation [2], stress induced degrada-
tion [3] and to surface cracking [4]. Recently a lot of effort
has also been focused on improving the biocompatibility of
polymers used in medical implants [5, 6]. One of the most
powerful approaches that can be used to improve biocompat-
ibility and enhance the mechanical properties and resistance
to degradation of polymers is to create interpenetrating poly-
mer networks (IPNs).

Interpenetrating polymer networks are materials based on
two or more polymers, each of them chemically crosslinked
and at least one network synthesized in the presence of the
others [7-9]. The properties of IPN materials are determined
by the kinetics of formation of the growing networks and
by the thermodynamics of mixing of the constituent poly-
mers [10—12]. The miscibility of the constituent components
of the IPNs is of great importance in determining the IPNs
morphology [13—15]. The synthesis of IPNs is usually carried
out under thermodynamically unstable conditions. This pro-
cess starts from the thermodynamic equilibrium state with a
mixture of the monomer(s) or polymer network swelled with
a second monomer(s). During the process of polymerization,
conversion of monomer to polymer results in a sharp decrease
in the combinatorial entropy of mixing of the system. The
result is that the Gibbs free energy of mixing of two polymers
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could become positive resulting in the phase separation of the
system. Many other factors play an important role in deter-
mining the properties of IPNs, including the method of syn-
thesis, overall composition, crosslink density in both poly-
mers, glass transition temperature and crystallinity [16-20].
As a result, IPN-based materials with improved mechanical
properties [11], gas transport membranes [21] and optical
gradient elements [22] can be obtained various IPN-based
materials have also previously been proposed for biomedi-
cal applications [23-25]. In this study, semi-IPNs based on
PU and PHEMA were synthesized and their properties in-
vestigated with a view to developing improved materials for
biomedical applications by combining the mechanical prop-
erties of PU with the high biocompatibility of PHEMA.

2 Experimental
2.1 Materials

The semi-IPNs were prepared on the basis of the PU net-
work and linear PHEMA. First the PU network was synthe-
sized by a two step method. The first step was the prepa-
ration of the adduct of 1,1,1-trimethylolpropane (TMP) and
toluylene diisocyanate (TDI). TDI was distilled under re-
duced pressure and TMP was dried at 308 K in vacuo.
The TMP was then dissolved in ethyl acetate. The adduct
of TMP and TDI was prepared by reacting 1 equivalent
of TMP with 1.5 equivalents of TDI at 338 K. The reac-
tion was carried out until the theoretical isocyanate content
was reached, which was determined by the di-n-butylamine
titration method. The second step was the synthesis of the
cross-linked polyurethane. The polyurethane network was
obtained from poly(oxypropylene)glycol (M,, = 2000) and
the adduct of TMP and TDI (ratio 1:2 equiv.) at a temper-
ature of 353 K in a nitrogen atmosphere over 48 h. The
poly(oxypropylene)glycol was degassed at 343 K for 8 h un-
der vacuum before use. Unreacted materials were extracted
from the polyurethane network by Soxhlet extraction method
using ethyl acetate as a solvent. A polyurethane network of
the following structure was the desired end result:
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The semi-IPNs were obtained by a sequential method,
in which the polyurethane network was swollen in
2-hydroxyethyl methacrylate, freshly distilled in vacuo, con-
taining Irgacure 651 as a photoinitiator. The swelling was car-
ried out to the equilibrium state, and followed by the photo-
polymerization of the monomer in a temperature-controlled
chamber for two hours. The wavelength of UV light was
340 nm.

The prepared semi-IPNs were then held in a vacuum
(1073 Pa) at 353 K for 36 h to reach a constant weight. A
wide range of semi-IPNs with different compositions were
obtained using this procedure

2.2 Vapour sorption

Methylene chloride vapour sorption by the semi-IPNs was
studied using a vacuum installation and a McBain balance.
The change in partial free energy of methylene chloride
(A1) by sorption (dissolution) was determined from the
experimental data of methylene chloride vapour sorption by
different polymer systems:

Apy = (1/M)RT In(P/Py) ()

where M is the molecular mass of methylene chloride and
P/P,istherelative vapor pressure. The value of At changes
from 0 to —oo as the weight fraction of solvent (w;) changes
from unity to zero.

To calculate the free energy of mixing of the polymer com-
ponents with solvent, it is necessary to know the changes in
partial free energy of the polymers (Au;) (individual poly-
mers or semi-IPNs).

A, is the difference between the polymer chemical po-
tential in solution of a given concentration and the one in
the pure polymer under the same conditions. Au, for the
polymer components have been calculated according to the
Gibbs-Duhem equation for a two component system:

wid(Apy)/dw; + wrd(Aps)/dwy =0 )
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where w; and w, are respectively the weight fractions of the
solvent and of the polymer(s).

/ d(Aps) = — / (@1 Jond(Au) 3)

Hence by integration over definite limits, the values Au, can
be found from the experimental data.

The average free energy of mixing Ag™ of the solvent
with individual polymers or semi-IPNs of various composi-
tions for solutions of different concentrations, was estimated
according to the equation:

Ag" = w1 Apy + w2 Apy )

2.3 Morphological analysis

Electron micrographs were obtained using a JEOL JSM
6310 scanning electron microscope (SEM). Samples of the
semi-IPNs were fractured in liquid nitrogen and chemically
treated with aqueous /I, and KI. They were then freeze-dried
overnight before being examined by electron microscopy.
After drying the specimens were sputter coated with gold
to avoid electrostatic charges and to improve image resolu-
tion. For the best representation, the whole sample area was
examined before representative micrographs were taken.

2.4 Atomic force microscopy

Surface topography and phase images were obtained using
a multimode Nanoscope IIla atomic force microscope. Tap-
ping mode was employed in airusinga 125 umssilicon tip. To-
pographic and phase images were obtained simultaneously.

2.5 Mechanical testing

The mechanical properties of the semi-IPNs were measured
using a Series IX Automated Instron Materials Testing Sys-
tem. The samples were cut into micro dumb-bell shapes with
a gauge length of 20 mm, widths between 2—5 mm, and sam-
ple thickness between 0.7-0.9 mm. Samples were elongated
at a continuous strain rate of 25 mm/min. The mechanical
properties of the semi-IPNs were measured for samples in a
dry state and for samples in a hydrated state following 48 h
in water.

2.6 Surface properties

The surface properties of semi-IPNs have been investi-
gated using a Cahn 322 dynamic contact angle analyser and
WinDCA software.

2.7 Sorption of water

The sorption of water by the samples of PU, PHEMA and the
semi-IPNs was measured by a weight method at 25°C under
equilibrium conditions.

2.8 Bacterial adhesion

The adhesion of Staphylococcus aureus 10788 (NCTC) to
the surface of the samples was used to assess bacterial adhe-
sion of the semi-IPNs. Sample materials were cut into 1 cm?
pieces and sterilised under UV before incubating with 1 ml
of bacteria at 1x 10® cells/ml. Samples were incubated with
the bacteria for 4 h at 37°C, shaking at 120 rpm. Adhesion
of S. aureus was assessed by quantifying the amount of ATP
released from the adherent cells using a Vialight microbial
detection kit (BioWhittaker UK Ltd.); ATP was released from
the bacterial cells after incubation in a lysis buffer (Bactol-
yse) for 15 min at room temperature and then detected using
a 96 well plate luminometer (Anthos Lucy I) after addition of
ATP monitoring reagent. The number of adherent bacterial
cells per sample was calculated against a standard curve of
known bacterial concentrations.

2.9 Cytotoxicity of the semi-IPNs

The cytotoxicity of the semi-IPNs was investigated to assess
the effect of material leachate on mammalian cells in order
to determine the viability of these materials for use as bioma-
terials. Cytotoxicity was evaluated using a colony formation
assay [ISO/TC194; Japanese guidelines for basic biological
tests of medical materials and devices]. Each sample ma-
terial (0.4 g) was UV sterilised and cut into small pieces
(~2 x 5 mm). Each sample was then incubated with 4 ml of
Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen)
supplemented with 5% foetal calf serum (FCS) and 1% peni-
cillin and streptomycin for 24 h in a cell culture incubator
set at 37°C and 5% CO,. V79 cells, maintained in the above
supplemented media were seeded at 50 cells per well in 24
well tissue culture plates and incubated for 24 h in a cell cul-
ture incubator. After incubation the material extracts were
diluted in media to 100, 50, 25, 12.5, 6.3, 3.1, 1.6 and 0% of
the original extract. After 24 h the media was removed from
the cells and 0.5 ml of each dilution was added to the wells (3
replicate wells per sample dilution). The plates were then in-
cubated for a further 5 days. The resulting cell colonies were
fixed in methanol and stained with 10% Giemsa stain. The
colonies were then counted and the average number for each
dilution and sample type was calculated. The cytotoxicity of
each material type was determined by the reduction in colony
formation compared to the control wells (0% extract) and
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the EC50% values (the extract concentration which reduced
colony formation by 50%) calculated.

3 Results and discussion
3.1 Miscibility of the semi-IPNs

Previous studies have shown that microphase separation is
typical for IPNs and semi-IPNs, and that the systems have
a “frozen” non-equilibrium structure [10, 11, 16, 17]. This
non-equilibrium structure is the result of two processes: the
chemical reaction of the IPNs formation and the physical
process of microphase separation accompanying the reac-
tion. The optical transparency of the resulting semi-IPNs is
not sufficient evidence to allow firm conclusions to be drawn
regarding the miscibility of the polymer components. To esti-
mate the thermodynamic state of the semi-IPNs we calculated
the free energy of mixing of the constituent polymers. For
this purpose we have studied the sorption of methylene chlo-
ride vapour by all the samples under investigation. Figure 1
demonstrates sorption isotherms of methylene chloride at
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Fig. 1 Sorption isotherms of methylene chloride vapour by
Polyurethane (1), poly(hydroxyethyl methacrylate) (2), semi-IPNs with
10.72% (3), 16.15% (4), 21.40% (5), 31.89% (6), 40.35% (7) and
57.48% (8) of poly(hydroxyethyl methacrylate). x/m—wt% methylene
chloride sorped per gram of dry sample; P/P,-relative pressure of
methylene chloride
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20°C by PU (1), PHEMA (2) and semi-IPNs of various com-
positions (3—8). The isotherm of PU (1) has a shape typical
of an elastomer. For PHEMA (2), the sorption of methylene
chloride is very small in the range of the relative pressures up
to 0.4, then it increases. This behaviour is typical of glassy
state polymers [26]. At a relative pressure of methylene chlo-
ride in the region of 0.4, the amount of solvent in the sample
of PHEMA is enough to allow the transition of the polymer
from a glassy state to an elastic state. From this point the
sorption of the solvent by the PHEMA increases. The be-
haviour of the semi-IPNs (Fig. 1, curves 3-8) lies between
the two extremes for the individual constituent polymers.
The thermodynamic parameters were calculated from the
methylene chloride vapour sorption data using the method
described earlier. In Fig. 2, the change of the free en-
ergy of mixing of methylene chloride with individual PU
(curve 1), with PHEMA (curve 2) and with semi-IPNs
(curves 3-8)is shown. Itis evident that all the systems studied
(PU—methylene chloride, PHEMA—methylene chloride
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Fig. 2 Free energy of mixing Ag”™ versus weight fraction of polymer
(semi-TPNs) w? with solvent: (1) PU, poly(hydroxyethyl methacrylate)
(2), semi-IPNs with 10.72% (3), 16.15% (4), 21.40% (5), 31.89% (6),
40.35% (7) and 57.48% (8) of poly(hydroxyethyl methacrylate)
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Table 1 Variation of the free energy of mixing (Ag™) of
polyurethane and poly(hydroxyethylmethacrylate) in semi-
IPNs

Composition of semi-IPN Ag" g™
Semi-IPN with 10.72% PHEMA +0.20
Semi-IPN with 16.15% PHEMA +0.35
Semi-IPN with 21.40% PHEMA +0.40
Semi-IPN with 31.89% PHEMA +0.50
Semi-IPN with 40.35% PHEMA +1.20
Semi-IPN with 57.48% PHEMA +2.75

and semi-IPNs- methylene chloride) are thermodynamically
stable (d>Ag™ /d w% > (). There is a great difference between
the affinity of methylene chloride for PU and for PHEMA and
this affinity is lower in the case of the methylene chloride-
PHEMA system (Fig. 2, curve 2) than for methylene chloride-
polyurethane (Fig. 2, curve 1). The affinity of methylene
chloride for the semi-IPNs rises as the amount of PU in the
samples increases (Fig. 2, curves 3-8).

From the concentration dependence of the free energy of
mixing of methylene chloride and the system components
(Fig. 2), using the thermodynamic cycles [26], we have cal-
culated the changes in free energy of mixing between the PU
and PHEMA in semi-IPNs with a wide range of composi-
tions. The data are presented in Table 1.

From the data shown in Table 1 it is evident that the values
of the free energy of mixing are positive. This demonstrates
that the components are immiscible, the whole semi-IPN be-
ing thermodynamically unstable. Thermodynamic stability
of these semi-IPNs cannot be reached due to the network
of PU which prevents further full phase separation. This
suggests that complete phase separation of the immiscible
polymer components of semi-IPN did not occur, the pro-
cess of phase separation being prevented by the PU network
formation.

3.2 Mechanical behaviour

The mechanical behaviour of semi-IPN samples was exam-
ined both in a dry state and a hydrated state. The stress-strain
curves for the dry samples (Fig. 3(a) and (b)), are the median
curves for six studies made with each semi-IPN sample. They
indicate that the ultimate strength increased with increasing
PHEMA content in semi-IPNs. At the same time the strain
at break also increased with increasing the PHEMA content
up to 40.4%. For the last sample, with a PHEMA content of
57.7%, the strain at break decreased sharply with an increase
in the stress at break. The curve for PU (Fig. 3(a), curve 1)
is typical of elastomers [27]. The same type of stress-strain
curve is observed for semi-IPNs with a PHEMA content of
6.6-40.4% (Fig. 3(a) and (b), curves 2—7). This could signify
that PU forms a continuous phase in these samples. The me-
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Fig.3 Stress-strain curves of semi-IPN films: (a) PU (1); 6.6% PHEMA
(2); 10.7 % PHEMA (3); 16.2% PHEMA (4); 21.4% PHEMA (5); (b)
31.9% PHEMA (6), 40.4% PHEMA (7); 57.7% PHEMA (8)

chanical properties of the semi-IPNs change with increasing
PHEMA content up to 57.7% (Fig. 3(b), curve 8). Firstly, the
shape of curve changed significantly. This material demon-
strated ductility, and the stress at break increased sharply
in comparison with the previous samples. The stress-strain
curve of the semi-IPN containing 57.7% PHEMA is typical of
amorphous glassy polymers containing an elastomeric phase
as a filler [27]. This could suggest that in semi-IPNs contain-
ing 57.7% PHEMA, the PHEMA forms a second continuous
phase.

The mechanical properties of semi-IPNs are given in more
details in Table 2. The data reflect changes in the structure of
semi-IPNs with increasing amounts of PHEMA in the sys-
tem. The strain at break has a maximum at 40.4% of PHEMA.
The stress at break increases from 3.4 MPa to 23.9 MPa with
increasing PHEMA content in the semi-IPNs (Table 2). It is
important to note that the Young’s modulus increases from
7.6 MPa up to 658.5 MPa with increasing PHEMA content
in the samples. Moreover, the Young’s modulus increases
sharply from 157.3 MPa to 658.5 MPa as the amount of
PHEMA increases from 40.3% to 57.7%. This evidence sup-
ports the notion of a second continuous phase in semi-IPNs
containing 57.7% PHEMA.
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Table 2 Mechanical properties
of the semi-interpenetrating
polymer networks based on
Polyurethane and
Poly(hydroxyethyl
methacrylate)

Strain at  Stress at Strain at Stress at Young’s Modulus
Sample peak (%) peak (MPa) break (%) break (MPa) (MPa)
PU 56.8 2.5 58.2 24 7.7
Semi-IPN 6.6% PHEMA 82.6 34 83.3 34 12.7
Semi-IPN 10.7% PHEMA 64.2 33 64.7 3.0 16.8
Semi-IPN 16.2% PHEMA 96.2 5.1 96.8 5.0 26.2
Semi-IPN 21.4% PHEMA  100.2 5.6 100.8 5.1 429
Semi-IPN 31.9% PHEMA  136.8 9.9 137.6 9.8 65.0
Semi-IPN 40.4% PHEMA 1414 13.7 141.7 13.7 157.3
Semi-IPN 57.7% PHEMA 76.6 26.4 78.6 239 658.5
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Fig.4 Stress-strain curves of semi-IPN films after 48 h conditioning in
water: (a) PU (1), 10.72% PHEMA (2), 16.15% PHEMA (3), 21.40%
PHEMA (4), (b) 31.89% PHEMA (5), 40.35% PHEMA (6), 57.70%
PHEMA (7)

It is important to understand the mechanical properties
of materials in their hydrated state if they are intended for
use in bioengineering applications and implantation into the
body. The mechanical behaviour of semi-IPNs was there-
fore examined in samples that were swollen in water for
48 h prior to testing. The results are presented in Fig. 4.
The curve for PU in its hydrated state (Fig. 4(a), curve 1)
did not change greatly in comparison with the dry sample
(Fig. 3(a), curve 1). The same type of stress-strain curve is

@ Springer

observed for all hydrated semi-IPNs with a PHEMA content
in the range 6.6-57.7% (Fig. 4(a) and (b), curves 2—8). This
type of stress-strain curve is typical for elastomers, suggest-
ing transition of swollen PHEMA from a glassy to elastic
state.

The strain at break for samples of semi-IPNs in a hy-
drated state increased in comparison with samples in dry
state. However, the ultimate strength of samples in a hydrated
state sharply decreased, with all samples demonstrating an
ultimate strength of between 1 MPa and 1.5 MPa (Fig. 4).
This demonstrates that the mechanical behaviour of semi-
IPNs in their hydrated state is mainly governed by the PU’s
behaviour. Therefore, hydrated semi-IPNs based on PU and
PHEMA retain their mechanical properties to a level appro-
priate for use for bioengineering applications.

3.3 Sorption of water by semi-IPNs

Although PHEMA displays good biocompatibility, allegedly
due to its hydrophilicity, it is a hygroscopic material and its
mechanical properties are affected by atmospheric humidity.
The synthesis of semi-IPNs based on PU and PHEMA of-
fers a means of overcoming such limitations. The sorption
kinetics of water vapour by the samples of PU, PHEMA and
semi-IPNs at 25°C and 100% relative humidity are shown
in Fig. 5. Sorption of water by PU is low, being only 2 wt%
compared to that for pure PHEMA (32% wt%). For the semi-
IPNs, the sorption of water increased from 4% to 21.5% as
the PHEMA content increased from 6.6% to 57.7%. The
reduced water sorption at equilibrium led to improved me-
chanical properties of the IPNs when compared to PHEMA
alone and allowed preservation of the mechanical properties
of hydrated semi-IPNs to a tolerable level (Fig. 4).

3.4 Surface properties of semi-IPNs

Despite the extraordinary versatility of polymers, there is one
property that markedly limits their medical applications, and
that is surface hydrophobicity. It makes the typical polymer
difficult to wet, coat and adhere. With surface energies lower
than in most materials, polymers are often incompatible with
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Fig.5 Sorption of water vapour by PU (1), PHEMA (2) and their semi-
IPNs with 6.6% (3), 10.7% (4), 16.2% (5), 21.% (6), 31.% (7), 40.%
(8) and 57.% (9) of PHEMA

other higher energy materials. When placed in arelatively hy-
drophilic environment such as the human body, these poly-
mers may be rejected. Any improvement in the hydrophilicity
of hydrophobic polymers could lead to their better biocom-
patibility.

The surface properties of semi-IPNs were investigated us-
ing dynamic contact angle analysis. The advancing contact
angle at the air-water interface for the semi-IPNs changes ina
non-monotonic way with maximum at low PHEMA contents
in the semi-IPNs (Table 3). With increasing PHEMA con-
tent, the advancing contact angle gradually decreases. The

Table 3 Variation of the dynamic contact angle in the semi-
IPNs based on polyurethane and poly(hydroxyethyl methacry-

late)
PHEMA Advancing Receding
(Wt%) contact angle contact angle
0 (PU) 78.3 53.0
6.6 92.1 58.6
10.7 93.7 60.2
16.2 77.4 54.0
31.9 72.8 21.2
40.4 75.0 39.1
57.7 69.3 16.1
100 90.7 29.5

same regularity could be seen for the receding contact angle
(Table 3). Contact angle hysteresis is well known and may be
due to anumber of factors including molecular reorganisation
at the surface [28]. In this complex system it is also possible
that the variation in contact angle could be attributed to the
changes in the microrugosity of the surface caused by dif-
ferences in the primary phases domains at the surface (see
below). Although it is difficult to make any direct correlation
between the biocompatibility of the material and its surface
properties, this increased surface hydrophilicity may result
in improved biocompatibility of semi-IPNs with vascular tis-
sues [29-31].

3.5 Morphology of semi-IPNs

The 1-mm-thick PU, PHEMA and semi-IPNs sheets were
visually transparent although the thermodynamic studies in-
dicated that PU and PHEMA are immiscible in these semi-
IPNs. This could signify that PHEMA domains in PU matrix
are smaller than the wavelength of visible light. Scanning
electron microscopy was therefore used to investigate the de-
tails of the semi-IPNs morphology (Figs. 6 and 7). The pure
PU network (Fig. 6(a) and (b)) demonstrated the segregation
of hard and soft segments within the PU. The micrograph
of PHEMA (Fig. 6(c) and (d)) revealed a smooth structure.
The semi-IPNs, however, demonstrated complicated domain
structures indicating phase separation in the nanoscale size
range (Fig. 6(f) and (h); Fig. 7(b), (f) and (h)). With increas-
ing PHEMA content, up to concentration of 21.4%, separate
small domains of PHEMA in the PU matrix were observed
(Fig. 6 (f) and (h); Fig. 7(b)). The brittle failure of semi-IPNs
above 21.4% PHEMA demonstrated significant changes in
structure in these materials in comparison to the previous
samples (Fig. 7(c), (e) and (g)). At this point the micrographs
demonstrated smoother structures (Fig. 7(d), (f) and (h)),
suggesting the appearance of a bicontinuous phase structure
in semi-IPNs containing greater than 21.4% PHEMA. Fi-
nally, the micrograph for the semi-IPN with 57.7% PHEMA
showed that an inversion of phases occurred (Fig 7(g) and
(h)) with PHEMA becoming a matrix containing phase do-
mains of PU. These results are in agreement with the changes
in the mechanical properties of the semi-IPNs: above 40.4%
PHEMA the stress-strain curve of semi-IPNs also changed
significantly (Fig. 3(b), curve 8).

3.6 Atomic force microscopy

Phase imaging is a powerful extension of tapping mode
atomic force microscopy that provides nanometre scale in-
formation about surface structure not revealed by other tech-
niques. Phase imaging goes beyond simple topographical
mapping to detect variations in composition, viscoelastic-
ity, adhesion and other properties. This technique allows the
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g

Fig. 6 Scanning electron micrographs of different semi-IPNs based on PU and PHEMA: (a) and (b) pure PU, (c) and (d) pure PHEMA, (e) and (f)

10.7% PHEMA, (g) and (h) 16.2% PHEMA

@ Springer
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Fig. 7 Scanning electron micrographs of semi-IPNs based on PU and PHEMA: (a) and (b) 21.4% PHEMA, (c) and (d) 31.9% PHEMA, (e) and
(f) 40.4% PHEMA, (g) and (h) 57.7% PHEMA
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Fig. 8 Tapping mode AFM topography (left) and phase images (right) for the various polymers: PU (a, b); PHEMA (c, d); 10.72% PHEMA (e, f)
and 16.15% PHEMA (g, h)
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Fig. 9 Tapping mode AFM topography (left) and phase images (right) for the various polymers: 21.40% PHEMA (a, b); 31.89% PHEMA (c, d);

40.35% PHEMA (e, f); 57.70% PHEMA (g, h)
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Fig. 10 Staphylococcus aureus adhesion to PU, PHEMA and the semi-IPN materials (Mean =+ sd, n = 6-9)
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Fig. 11 Cytotoxicity of PU, PHEMA and semi-IPN materials. The
ECsy is the extract concentration which reduced colony formation by
50% (mean £ SD, n = 3). British standard (PVC containing 0.57%

identification of different components in composite materi-
als, and different regions of high and low surface adhesion
or hardness at very high resolution.

Phase and topography images of PU and PHEMA semi
IPNs are presented in Figs. 8 and 9. Pure PU demonstrated
the segregation of hard and soft segments (Fig. 8(a) and (b)).
Pure PHEMA displays no phase separation with the surface

@ Springer

dibutyl tin dimaleate (Portex Ltd, UK)) material was used as an internal
control material.

of the sample appearing homogeneous and flat (Fig. 8(c)
and (d)). In the semi-IPNs a distinct phase separation is ob-
served at the nanometer scale (Fig. 8(e) and (f), (g) and (h);
Fig. 9(a)—(h)). Phase domains of 15-25 nm could be observed
in the semi-IPNs with a PHEMA content of 10.72-16.15%.
With increasing amounts of PHEMA in the semi-IPNs up
to 40.35%, the size of the domains increased to 25-50 nm
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(Fig. 9(a)—(f)). A bi-continuous phase structure could be ob-
served in the semi-IPN with 57.7% PHEMA (Fig. 9(g) and
(h)) and an inversion of phases could be seen.

3.7 Bacterial adhesion

The adhesion of S. aureus 10788 (NCTC) may be used as a
preliminary test of microbial adherence to polymers. Bacte-
rial adhesion to samples of PU and semi-IPNs based on PU
and PHEMA are shown in Fig. 10. Although the adhesion of
S. aureus to PU is four times grater than that to PHEMA, the
dependence of bacterial adhesion on the PHEMA content in
the semi-IPNs is complex and may be related to the changes in
the microstructure on the surface of the material. Taking into
account that the mechanical properties of the PU-PHEMA
semi-IPNs are improved compared to pure PU (Figs. 3 and
(4)), and that the semi-IPNs with PHEMA content above
22% are less toxic (Fig. 11), this result suggests that semi-
IPN compositions containing 22, 40 and 58% PHEMA have
optimised characteristics for use as biomedical materials.

3.8 Cytotoxicity of the semi-IPNs materials

The cytotoxicity of extracts from the semi-IPN samples was
determined using a mammalian cell colony forming assay.
The concentration of extracts from the semi-IPN samples
needed to reduce colony formation by 50% is shown in
Fig. 11. It is clear from the data shown that PHEMA is
less toxic than PU. For semi-IPNs the cytotoxicity decreases
with increasing amounts of PHEMA in the samples. In com-
parison with the British Standard, which is also presented
in Fig. 11, the semi-IPN samples with a concentration of
PHEMA above 22% show reduced toxicity. This means that
semi-IPNs based on PU and PHEMA could be used for bio-
engineering purposes.

4 Conclusions

The thermodynamic miscibility, morphology, phase dis-
tribution, mechanical properties, surface properties, water
sorption, bacterial adhesion and cytotoxicity of semi-
interpenetrating polymer networks based on cross-linked PU
and PHEMA have been investigated. The free energies of
mixing of the semi-IPN components are positive and depend
on the amount of PHEMA in the semi-IPN samples, demon-
strating that the components are immiscible. The different
levels of immiscibility in the semi-IPNs are related to the
variations in composition. The morphological investigations
show that the semi-IPNs have complicated domain struc-
tures indicating phase separation at the nanoscale size range.
A bi-continuous phase structure appeared in the semi-IPNs
above 21.4% PHEMA. Finally, an inversion of phases oc-

curred in the semi-IPN with 57.7% PHEMA, with PHEMA
becoming the primary matrix in the semi-IPN of this compo-
sition. These results suggest that the studied semi-IPNs are
two-phase systems with incomplete phase separation. The
results of the morphological investigations concur with me-
chanical properties of the semi-IPNs. Above 40.3% PHEMA
a marked change is observed in the stress-strain curves of
the materials. The mechanical properties reflect the changes
in structure of semi-IPNs with increasing PHEMA content
in the system. The stress at break changes from 3.4 MPa
to 23.9 MPa with increasing PHEMA content in the semi-
IPNss, but strain at break has a maximum at 40.4% PHEMA.
It is important to note that Young’s modulus increases from
12.7 MPa up to 658.5 MPa with increasing PHEMA content.
The bacterial adhesion and cytotoxicity data suggest that the
semi-IPNs with PHEMA content of 22, 40 and 58% may be
used for biomedical material applications.
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