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Of the various polymers used in medical devices, polyurethanes have been relatively successful
because of their acceptable mechanical and biological properties. However, over the past decade,
increasing concerns have arisen in relation to the long-term biostability of polyurethanes when
exposed to the harsh environment of the human body. Lysosomal enzymes released from inflamma-
tory cells have been proposed to be important mediators in the degradation of biomedical polyur-
ethanes. In order to increase the biostability of polyurethanes to lysosomal enzymes, a series of
surface-modifying macromolecules (SMMs) were synthesized in this work and then combined into a
base polyurethane to reduce the material's susceptibility to hydrolysis. X-ray photoelectron spectro-
scopy (XPS) studies showed that the SMMs were enriched within the upper 10nm of the surface.

in vitro biodegradation test results indicated that the degradation of a polyester—urea—urethane could
be inhibited by the new SMM surface. It was aiso found that different SMM formulations provided
varying degrees of inhibition against the biodegradation of the polyester—urea—urethane. Certain
formulations of the SMMs were shown to be physically incompatible with the polyurethane and
distorted surface morphology to the extent that biodegradation was enhanced. T 1996 Elsevier

Science Limited
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Polyurethane materials are a class of thermoplastic
elastomers possessing unique physical properties’.
These properties, coupled with good biocompatibility,
have led to the use of polyurethanes in many
biomedical applications, including ventricular assist
bladders, A-V shunts and vascular grafts’'?. However,
questions regarding their long-term biostability have
been raised” *. Despite many studies that have explored
the interactions of cells and enzymes at polymer-blood
interfaces®”, the specific mechanism of biodegradation
is still unclear. One of the technical limitations which
hamper identifying a clearer mechanism of what is
occurring is the difficulty in obtaining analytically
quantitative and physiologically relevant information
on the exact nature of the surface chemistry at the
biological interface®.

It is known that the surface characteristics of
biomaterials are more important when considering
their interactions with tissue and blood than their bulk
properties®. The surface modification of polymers,
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specifically for the purpose of enhancing a material’s
biocompatibility characteristics, has often been
achieved by covalently attaching chemical or biological
agents to the polymer®'’. For example, methods that
have been used in an attempt to overcome the problems
related to thrombus formation at the biomaterial surface
have included the incorporation of heparin'’,
albumin'® and peptide ligands for the attachment of
endothelial cells'”.

A less common approach to modifying the properties
of a polymer is to introduce additives that can migrate
to the film surface and alter the surface chemistry
while leaving the bulk properties intact'*'®. Ward
et al.'* showed that this method was efficient because
only a small weight percentage of additive was required
to modify the surface properties while maintaining the
bulk properties unaltered. Their studies indicated that
a surface-modifying amphiphilic polymer additive
showed very promising results for implanted
polyether-urea—urethane catheters'®. Likewise, Ratner
et al'® blended Advawax® (Morton Thikol), a
stearamide used as an extrusion lubricant for
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processing polvurethanes. into commercial
Pellethane”. X-rav photoelectron spectroscopy (XPS)
showed that the surface of the polvmer mixture looked
almost identical to that of the Advawax" alone. The
new hydrocarbon-rich surface was thought to be
responsible for the subsequent reduction in platelet
adhesion'”. Brunstedt ef al.'” mixed an antifoam agent,
Methacrol 2138F. into a base polvether~urea—urethane
which had a similar composition to that of Biomer".
Protein adsorption studies indicated that. with loading
of this additive. the degree of fibrinogen adsorption
was significantly reduced'”. Despite these findings, the
use of surface-active additives to enhance the
biocompatibility of polvurethanes requires consider-
able further studv. since there is concern that the
additives might leach out of the polvmer. This might
result in loss of the protective coating for the polvmer
and, more importantly, the release of these materials
may induce undesirable tissue responses. Ratner
et al.'” found that their additive (Advawax) was easilv
extracted from the polvurethane after the polvmer was
exposed to water.

In order to obtain an effective surface modification
with improved additive stabilitv, a series of novel
surface-modifyving macromolecules (SMMs] have been
designed. Because of the amphipathic nature of these
macromolecules, thev not only migrate towards the
surface of the polvmer mixture. but also stabilize
themselves within the polvurethanes'®. This occurs
because of chemical similarities between the
prepolvmers of the base polvurethanes. In a previous
study'®, the synthesis of these novel SMMs was
described and their abilitv to migrate to the surface of
polyurethanes was shown. In the present work, the
SMMs were incorporated into a polvester—urea—
urethane and the modified polyurethane was evaluated
for its hydrolytic stability in the presence of the enzyme
cholesterol esterase. This studv seeks to demonstrate
the ability of an SMM to reduce the biodegradation of
polvurethanes.

MATERIALS AND METHODS

Synthesis of polyester-urea-urethane

The base polymer in this work was a polvester—urea—
urethane. hereafter referred to as TDI/PCL/ED. This
material was previously used as a positive control for
susceptibility to hydrolytic degradation by cholesterol
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esterase (CE)'*", carboxyl esterase™ and elastase”'.

TDI/PCL/ED was synthesized wusing 2,4-toluene
diisocvanate (TDI; obtained from Eastman Kodak,
Rochester, NY, USA), polycaprolactone diol 1250
(PCL; obtained from Aldrich Chemical Company,
Milwaukee, WI, USA) and ethylene diamine (ED; also
obtained from Aldrich). The polymerization was
carried out by a conventional two-step procedure and
incorporated a '*C-TDI label for use in biodegradation
tests'". The '*C-TDI was custom manufactured by
Dupont Canada (product no. CUS030C). For the
polvmer synthesis, '*C-TDI was added to the non-
radiolabelled TDI in order to yield a total TDI-labelled
aliquot for the polymerization that contained 0.2 mCi.
This amount of radiolabel produced a detectable count
of released product from the polymer when incubated
with CE™*".

Synthesis of surface-modifying macromolecules

The SMMs were synthesized using 1,6-hexanediisocya-
nate {HDI; obtained from Aldrich). Since the SMM
materials were designed to reside at the interface, it
was desirable to select reactant diisocyanate
components which had not been identified as potential
carcinogens®. Within the class of diisocyanates that
have been used in biomedical polyurethanes', HDI has
been identified as one potential candidate which has
not been associated with carcinogenic behaviour. Two
polvols  were used: polypropylene oxide (PPO
(molecular weight = 1000); Aldrich) and polytetra-
methyvlene oxide (PTMO (molecular weight ~ 1000);
Dupont, Mississauga, ON, Canada). A monofunctional
fluorinated alcohol, BA-L (see Figure 1, obtained from
Van Waters & Rogers, Montreal, PQ. Canada), was used
to cap the prepolymer.

A series of SMMs was synthesized with different
combinations and stoichiometries of the above
reagents. The details of the synthesis conditions were
described previously'™ and the chemical structure of a
typical SMM is given in Figure 1. Prior to the synthesis,
HDI was vacuum distilled at 70 C and 0.025 mmHg,
PPO and PTMO were degassed overnight at 40°C and
0.1 mmHg. BA-L was distilled into three fractions. The
first fraction was a clear liquid, called BA-L (L), and
was distilled at 102 C and atmospheric pressure. The
second fraction was a white semi-solid material called
BA-L (1) and was distilled between 70 and 80 C at
0.01 mmHg. The last fraction, referred to as BA-L (H),
was a pale vellow solid and was distilled between 80

n

PTMO-322 SMM

BA-L: CFaA{—CF2+ CH,— CH, —OH
m

m=odd number from3to 17

Figure 1 Chemical structure of a typical surface-modifying macromolecule (SMM).
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Table 1 SMM nomenclature

e.g. PPO-322|

PPO The first sequence of letters indicates the soft
segment component of the SMM. Polypropy-
lene oxide 1000 is the polyether used in this
example.

322 The sequence of numbers indicates the

diisocyanate:polyol:fluorinated alcohol
stoichiometry. In this case, the mole ratio of
HDI:PPO:BA-L (l) is 3:2:2 respectively.

The final letter indicates the fraction of the
fluorinated alcohol used in the synthesis. The
intermediate fraction of BA-L is used here.

and 100 C at 0.01 mmHg. The size of the chains in the
three fractions varies in the following manner: L < I <
H. The detailed procedure describing the separation
and conditions under which the materials were
distilled has been given elsewhere'®. The solvent for
the SMM synthesis was N,N-dimethylacetamide
(DMAC; Aldrich). Because of the low reactivity of HDI
with polyols, dibutyltin dilaurate was used as a catalyst
in the reaction.

Table 1 defines the SMM nomenclature used in this
paper. The SMMs were polymerized using a two-step
process. In the first step, a prepolymer was formed by
reacting HDI with either PTMO or PPO and the
stoichiometry was selected to favour the formation of
an isocyanated end-capped prepolymer. In the second
step, BA-L was added to the prepolymer to cap the
molecules. The resulting polymer was then precipitated
with distilled water, washed and dried in an oven at
50 C for 48 h. The latter step was repeated three times.
The final polvmer was then analysed by gel permeation
chromatography (GPC) methods to assess the presence
of residual monomers.

Molecular weight determination

Molecular weights were determined by GPC. Three
Ultrastyragel columns (Waters) with pore sizes of 10",
10* and 10°A were used in combination with a
differential refractive index detector. The operating
temperature was 80 C and the mobile phase was N,N-
dimethylformamide containing 0.05M LiBr. Samples
(2004])  having a polymer concentration of
approximatelv 0.2g per 100ml were introduced into
the mobile phase flowing at a rate of 1mlmin~'. The
system was calibrated with polystyrene standards
(Toson Corporation). Hence, all molecular weight
values are reported as polystyrene equivalent
molecular weights.

Elemental analysis

SMM samples and TDI/PCL/ED were sent to Guelph
Chemical Laboratories (GCL) Ltd., Guelph, ON.
Canada, for fluorine elemental analysis. Samples were
combusted with sodium peroxide in an oxygen-rich
atmosphere using a Schoniger oxygen flask with
distilled water as the absorbing medium. An aliquot of
the resulting solution (after filtration) was then titrated
with thorium nitrate using alizarin red S as an
indicator. The volume of required titrant was then
used to determine the percentage of fluorine in the
sample. The detection limit of the analysis method
was reported by GCL to be 0.01% by weight.

X-ray photoelectron spectroscopy

XPS surface characterization was carried out at the
Center for Biomaterials, University of Toronto,
Toronto, ON, Canada. Data were taken at a series of
take-off angles to determine whether a compositional
gradient existed near the surface of the samples. The
take-off angle (measured from the surface to the X-ray
lens) controlled the depth from which photoelectrons
were detected as they emerged from the sample. In this
case, the lower the take-off angle, the greater the
surface contribution to the compositional information.
A low-resolution/high-sensitivity spectrum of each
element present was obtained at several angles over a
range of 15 to 90 . Intermediate resolution spectra of
the carbon 1s peak were used to determine the presence
or absence of C-C, C—0O, ester, urethane/urea, CF, and
CF, groups.

The samples included TDI/PCL/ED and mixtures of
SMM with TDI/PCL/ED (5% of SMM relative to TDI/
PCL/ED). Aluminium plates were coated with solutions
of the polymer, made up in DMAC and dried in an oven
for 48h. After further drying in a vacuum oven for
another 24 h, the samples were washed with HPLC-
grade 1,1,2-trichlorotrifluoroethane in order to remove
any laboratory contaminants such as silicone grease.
The surfaces were then rinsed with deionized water,
covered with a tissue filter and dried in a vacuum
oven for 24 h at 50 C.

Enzyme biodegradation experiment

SMMs were mixed into '*C-TDI/PCL/ED at concentra-
tions of 1.0, 2.5 and 5.0%. The polymer mixtures were
then dissolved in DMAC to a concentration of 10%
(w/w). A solution of "C-TDI/PCL/ED in DMAC was
also prepared. Sample preparation and biodegradation
tests were carried out using previously established
methods*®. The solutions were coated onto small
hollow tubes (3mm o.d., 2mm id.), providing a
standard surface area for each test sample. After the
coated tubes were dried in an oven at 50°C for 24h,
they were coated again. Altogether, four coatings were
applied to the glass tubing. After the final coating, the
tubes were allowed to dry in a vacuum oven at 50 C
for 48h at 760 mmHg (gauge pressure). After drying,
the tubing was sectioned into 10 pieces of length
2.55¢m each (a total surface area of approximately
36cm?) and placed into a sterile 15ml Vacutainer”.
All incubation tubes were prepared and sampled in a
laminar flow hood. All solutions were sterile filtered
using a 0.22um filter. The model enzyme solution
consisted of sodium phosphate {0.05M) buffer at pH
7.0 with 0.1 unit per ml of CE (No. C 70-1081-01,
Bovine pancreas. Genzyme). CE has been used as a
model enzyme to degrade polyurethanes in previous
work and the rationale for the selection of this enzyme
was addressed elsewhere'”*. The units of enzyme
activity per ml were calculated based on the specifica-
tions of the esterase as thev were obtained from
Genzyme. The actual enzyme activity for this work
was determined using p-nitrophenylacetate at pH 7.0
and 25°C. (A unit of activity was defined for this study
as a change in absorbance of 0.01min"' at a wavelength
of 410 nm.)

During the degradation tests, aliquots of this
incubation solution were removed and radiolabelled
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products counted in a liquid scintillation counter.
Samples were removed once every 5 days for 15 days.
Fresh enzyme was added daily in order to maintain an
effective enzyme activity. Each reaction condition was
run in triplicate. In order to prevent bacterial contamina-
tion, antibiotics were added to the incubation solutions.
For these studies, 2 units per ml of penicillin and
0.002mg per ml of streptomycin were included.
Bacterial cultures were run on samples at the conclusion
of the tests in order to determine whether sterility was
maintained throughout the experiment.

RESULTS

Polymer synthesis and characterization

Elemental analysis for fluorine and tin (a catalyst
residue) content was performed. No tin residue was
found in any of the samples. This finding is important
since there was concern that the presence of tin could
effect the toxicity of the material towards cells** in
future studies. Figure 2 shows the relation between the
measured weight-average molecular weight and the
fluorine content of different SMMs. The data show a
general trend in which the fluorine content decreased
with increasing SMM molecular weight. Control of the
reaction synthesis was difficult to establish in systems
containing the PTMO soft segments since there appeared
to be preferential growth of the prepolyvmer chain relative
to end-capping by the fluorinated alcohols, under
specific reaction conditions. For this reason. the data
presented in Figure 2 do not show specific trends that
relate distilled BA-L fractions and SMM fluorine
content. In general, SMMs with molecular weights
exceeding 4 x 10° were products from reactions that

showed poor control of reaction parameters.
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Figure 2 Weight-average molecular weight and fluorine
content of SMMs: SMM1 (PTMO-432l); SMM2 (PTMO-212L);
SMM4 (PTMO-212H); SMMS5 (PTMO-2121); SMMé6 (PPO-
212L); SMM7 (PP0O-3221); SMM8 (PTMO-322H); SMMS (PPO-
322H); SMM10 (PTMO-3221}; SMM11 (PTMO-432L); SMM12
(PTMO-432H). No fluorine was detected in SMM1 and
SMM11.

Nonetheless, these latter materials are of value in order
to show the importance of molecular weight size on the
SMM’s ability to function as an inhibitor of polyurethane
degradation. Further characterization of the materials
and more detailed information on the synthesis
pathways were described previously'®.

Surface characterization: XPS analysis

The existence of an amphipathic nature in the SMMs (i.e.
the tails of the macromolecules are significantly more
hydrophobic than the mid-section of the SMM] raises
the possible concern that the SMM compounds may act
as surfactants by generating stable phases of SMMs
within the polymer matrix. If such a phase separation is
produced during sample preparation it would be a clear
indication of incompatibility between the SMM
formulation and the base polymer. Within the group of
11 macromolecules examined in this study, three SMMs
exhibited phase separation behaviour during casting
with the TDI/PCL/ED material. It was found that the
surfaces of cast polymer mixtures containing PTMO-
212L, PTMO-2121 and PTMQ-212H exhibited phase
separation and rough surface morphology, while the
surfaces of the other polymer/SMM mixtures were all
smooth, with no apparent phase separation. Due to the
unevenness of the films and obvious non-uniformity of
SMM distribution for these three SMMs, XPS analysis of
the materials was not carried out.

In order to identify which components of the SMMs
were located at the surface of the polymer, elemental
nitrogen and fluorine contents were used as markers
for the urethane/urea segments and fluorine tails of the
SMMs, respectively. The results of the XPS elemental
analysis at the surface of the TDI/PCL/ED material
which contained the various SMMs are presented in
Table 2, as a function of depth into the solid. The data
abtained at a take-off angle of 90° provide information

Table 2 XPS data: low resolution (atomic %)

Polymer Take off angle F N
)
SMM1 10 1.4 20
(PTMO-4321) 45 34 20
90 3.1 3.3
(PPO-212L) 10 54.9 21
45 413 3.5
90 26.3 3.6
(PPO-3221) 10 536 1.8
45 329 341
90 26.3 3.4
(PTMO-322H) 10 52.2 14
45 38.0 3.3
90 31.6 3.8
(PPC-322H) 10 40.4 1.3
45 19.7 29
90 14.9 2.8
(PTMO-3221) 10 56.5 1.6
45 43.7 3.5
90 38.7 39
(PTMO-432L) 10 19.9 1.5
45 6.5 3.4
90 4.8 3.2
(PTMO-432H) 10 62.4 1.1
45 46.9 2.1
90 39.9 2.4
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Table 3 XPS data: high resolution (atomic%y)

Polymer Take-off c-C C-0 Ester, urea/ CF, CF,
angle () urethane
(PTMO-4321) 10 37.7 56.6 4.7 N.F 1.00
45 45.7 459 8.2 N.F 0.12
90 46.6 431 10.2 N.F. 0.05
(PPO-212L) 10 13.9 26.9 7.8 38.8 12.6
45 256 37.3 10.7 211 5.3
90 295 42.4 10.7 14.3 3.1
(PPO-3221) 10 18.3 35.2 4.5 339 8.1
45 29.8 48.8 6.5 12.8 2.1
90 31.0 52.8 7.0 8.4 0.8
(PTMO-322H; 10 255 23.9 49 37.8 79
45 35.6 359 7.7 18.1 26
90 39.2 40.8 71 121 0.9
(PPO-322H) 10 30.7 457 3.5 17.3 2.8
45 36.4 54.5 47 4.4 N.F.
90 38.6 51.9 6.7 28 N.F.
(PTMO-3221) 10 221 18.8 4.9 42.5 11.7
45 30.5 329 8.7 23.8 4.1
90 322 412 7.6 171 1.9
(PTMO-432L) 10 443 49.6 1.7 N.F. 4.4
45 431 48.9 71 N.F. 0.9
90 411 498 8.2 N.F. 0.9
(PTMO-432H) 10 14.9 19.9 5.0 497 10.5
45 28.8 326 6.4 28.1 41
90 337 386 6.0 18.9 2.8

N.F .. not found

for the top 10 nm of the surface, while data obtained at
an angle of 10" reflect the sample composition within
the top 2 nm.

Data for all mixtures of 5% SMM in TDI/PCL/ED show
an increase in fluorine content towards the surface,
suggesting a surface enrichment of SMM in the polymer
mixtures. It is also noted that certain SMMs (i.e. PTMO-
4321 and PTMO-432L) which show no detectable
fluorine content by elemental analysis (see Figure 2) do
show a measurable presence of fluorine at the surface of
the polymers (see Table 2). However, this presence of
fluorine is significantly lower than that of the other
SMM/base polymer mixtures and is near the observed
background levels (approximately 1%) at the depth of
10nm. The recorded levels of fluorine at the surface of
TDI/PCL/ED with PPO-212L, PPO-3221, PPO-322H,
PTMO-322H, PTMO-3221 and PTMO-432H are
equivalent to XPS data reported by Han et al.*® when
perfluoroalkyl chains were grafted to a polyurethane.
XPS data for the samples which contained these latter
SMMs suggest that the fluorinated macromolecules
dominate the surface.

Table 3 lists the high-resolution C,, XPS data. As
shown, the CF, and CF; groups are predominantly
located in the surface region of each mixture of SMM/
base polyurethane (with the exception of PTMO-4321
and PTMO-432L), indicating a high degree of SMM
migration to the surface. It is interesting to note that
although the elemental XPS data for PTMO-432I and
PTMO-432L. showed some evidence of fluorine
content, the high-resolution data indicate that there are
only traces of the fluorine tail chemistry found at the
surface. This may result from the difficulty in resolving
these very small peaks with the curve fitting routine of
the XPS instrument, as well as the relatively poor
chemical stability for finite amounts of fluorocarbons
in the presence of the high-energy sources, during XPS

analysis”®. The materials which contain a high
concentration of fluorine atoms (CF, and CF;) at the
surface show a significant depletion of C-C groups.
This again suggests that the XPS detectable layer, i.e.
the outermost 10nm layer, is dominated by the SMM
fluorine tails. More specifically, the CF,/C-C ratio
measured at 10" take-off angle is in the range of two
for many of the samples. This would be the
approximate CF,/C-C ratio if the material was made
up of only fluorine tails.

It is also observed that the CF,/CF, ratio is highest at
the upper surface (see Table 3). This indicates a
preferential end-orientation of the SMM tails towards
the interface. The XPS data clearly indicate that the
SMMs, and specifically the fluorine tails of the SMMs,
reside at the surface of the polyurethanes. These
fluorine-containing macromolecules can possibly
provide a masking effect for the functional groups
contained within the various segments of the
polyurethane and which would be susceptible to
hydrolytic degradation.

Biodegradation test results

The biodegradation tests carried out in this work were
conducted using a radiolabelled base polyester—urea—
urethane (**C-TDI/PCL/ED) exposed to CE (an in vitro
system) and were described previously by Santerre
et al.*®. The radiolabelled products released into the
incubation medium during the tests provide a measure
of polymer degradation by the enzymes. The purpose
of these studies was not to evaluate the degradation of
the polyester—urea—urethane and its degradation
products, since this topic has been treated separately
in other studies®®??, but instead to assess if SMMs
could inhibit degradation. Furthermore, it was desired
to identify formulations which may mnot inhibit
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degradation in an attempt to select formulation 1800 1
parameters which could be essential in subsequently
predicting an SMM's ability to inhibit the degradation 1500 - /{
process. Nine SMMs were mixed with '*C-TDI/PCL/ED e
at different SMM concentrations. The statistical s

X : ; . - /E
analysis associated with this work was based on a 1200 4 s —

Student t-test, where each SMM/base polymer mixture
was compared to base polymer without SMM (control
condition), with respect to radiolabel release caused by
CE. In all cases, a difference was defined as being
significant for a P value < 0.05.

The biodegradation results are shown in Figures 3
and 4 and Table 4. Figure 3 shows data for PPO-212L,
an SMM which was able to enhance the hydrolytic
stability of the polvester—urea—urethane. Figure 4
contains a typical degradation kinetics curve for an
SMM (PTMO-212L) which reduced the biostability of
the base polyurethane and resulted in the generation
of more radiolabelled degradation products. It is
interesting to note that the fundamental difference
between these two SMMs is the fact that one contains
a PTMO segment and the other a PPO segment. Based
on the data in Table 2. it can be seen that both materials

Cumulative Radiolabel Release (CPM/mL)

0 T T T 1
0 100 200 300 400

Time (hours)

Figure 3 Biodegradation results for PP0O-212L incubated
with cholesterol esterase at 37 C for 360h: @, base
polymer; W, 1.0% PPO-212L in base polymer: &, 2.5% PPO-
212L in base polymer; ¥, 5.0% PPO-212L in base polymer.

Cumulative Radiolabel Release (CPM/mL)

07 T T T —
0 100 200 300 400
Time (hours)

Figure 4 Biodegradation results for PTMO-212L incubated
with cholesterol esterase at 37 C for 360h: @, base
polymer; B, 1.0% PTMO-212L in base polymer: &, 2.5%
PTMO-212L in base polymer.

have relatively low molecular weights and elevated
fluorine content.

Degradation data for the remaining SMMs are
presented in Table 4 and indicate that four of the
SMMs (PP(Q-3221. PTM0-3221, PPO-322H and PTMO-
322H) inhibited to different extents the hydrolytic
degradation of *C-TDI/PCL/ED by CE, while the other
three SMMs (PTMO-212[, PTMO-212H and PTMO-
432H) enhanced degradation or had no positive effect
on inhibiting degradation of the polyurethane.

It is observed that among the tive SMMs which
inhibited degradation (Figure 3 and Table 4), three of
these materials (PPO-322H, PPO-212L, PTMO-322H)
showed a saturated effect with respect to the influence
of SMM loading on the generation of radiolabelled
degradation products.

DISCUSSION

The bulk character of the SMMs presented in this study
(Figure 2) is not solely defined by the reaction stoichio-
metry of the synthesis, but also by the heterogenicity of
the chemical reagents in the synthesis. It was shown in

Table 4 Cumulative radiolabel® release from polyurethanes following biodegradation by cholesterol esterase. at 360 (counts per

minute per ml}

SMM 0% of SMM in 1.0% of SMM in 2.5% of SMM in 5.0% of SMM in
base polymer (control) base polymer base polymer base polymer
PTMO-212H 885+ 18 1011 + 71 1153 = 47 N.D.C
PTMO-212I 1120 + 151 1127 + 168 1364 - 60 1429 + 122
PTMO-432H 1141 + 28 1056 + 53 1343 = 58 1198 + 24
PPO-322i 941 + 35 854 + 17 725+ 29 591 +8
PTMO-322| 821 + 34 650 + 9 621 + 53 504 + 15
PPO-322H° 471 + 18 276 + 18 306 + 2 279 + 10
PTMO-322H 818 + 80 533 +7 523 + 31 503 + 36

2The data are reported as mean = standard error

"The specific radioactivity of the base polymer in this experiment was approximately 50% less than that for other batches of polyurethanes used with SMMs in the

table.
°N.D: not done
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previous work that the length of the fluoro-alcohol
chain (i.e. L < I < H; see Materials and Methods
section) could influence the ability of the fluorine
compounds to effectively react with the prepolymer'®.
The enhanced reaction kinetics of PTMO segments
versus PPO segments could further influence the result
of the reaction®®. For these reasons and others which
were explained in more detail elsewhere'®, it is not
possible to directly associate material formulations
which contain the larger BA-L molecules with the
purified SMMs that have high fluorine contents.
Likewise, relationships between SMM materials made
with PPO versus PTMO and having various stoichiome-
tries will be difficult to establish. Since it was the
intention of this paper to look specifically at how
SMMs of various character could influence hydrolytic
degradation, no further discussion of SMM synthesis
kinetics will be pursued in this work. A more
comprehensive discussion of this topic has been
published previously'®.

The SMMs were synthesized in a manner to tailor
both soft-segment and fluorine distribution at the
surface of a base polymer'®. The oligomeric diol/
diisocyanate prepolymer of the SMM was used to
physically anchor the SMM within the TDI/PCL/ED
matrix. The fluorine tails have been selected to
enhance the migration of the SMM towards the
surface. As shown previously'®, this migration occurs
as a result of the chemical incompatibility of the
hydrophobic flucrine tail with the TDI/PCL/ED
molecules, as well as the system’s natural tendency
towards minimizing the surface energy of the polymer
substrate. If a good balance between the anchoring
process and surface migration is achieved, the SMM
should remain stable at the surface of the polymer
mixture and be evenly distributed. A demonstration of
both good and poor compatibility with the base
polymer has been given for SMMs presented in
Figures 3 and 4.

It was noted in the Results section that three SMMs
(PTMO-212L, PTMO-212I and PTMO-212H) generated
distorted surface morphology compared to the other
SMMs. It was more interesting to note that the same
three SMMs all showed increases in the degree of
radiolabel release when incubated with enzyme
(Figure 4 and Table 4). The only common theme that
these three SMMs had was that they were all
synthesized using a 2:1:2 stoichiometry formulation
and contained the soft segment PTMO. Data in Figure 2
show that they varied widely in molecular weight,
fluorine content and type of fluorine tail. It would
appear that the unique combination of a PTMO chain
with a 2:1:2 stoichiometry is important with respect to
the SMM'’s ability to be blended with this particular
polyester—urea—urethane. This is supported by the fact
that an SMM synthesized with 2:1:2 stoichiometry but
with a different soft segment (i.e. PPO-212L) is capable
of being blended with the base polymer and inhibiting
its  degradation. Likewise, SMM formulations
containing the PTMO segment but having a different
stoichiometry (PTMO-3221 and PTMO-322H) were
capable of showing an inhibitory effect. These
observations indicate that the SMMs are not universal
and do require a preliminary assessment of substrate
compatibility, even within a general family of polymers
such as polyurethanes.

Despite the fact that some formulations did not
function well as inhibitors of degradation, there were
results that indicated the viability of using fluorinated
SMMs to alter the surface chemistry of polyurethanes
and then inhibit the enzyme-driven hydrolysis of the
polymer. XPS data of the modified materials indicated
that the surfaces of the polymer mixtures were
dominated by the SMMs and that there was a definite
fluorine enrichment at the surface (see Tables 2 and 3).
Evidence of the tendency for the fluorine tails of the
SMMs to migrate at the surface was apparent even
when fluorine content in the SMMs was below the
detectable limit of 100 ppm (detection limit of the bulk
chemical elemental analysis methods). The sensitivity
of the XPS technique allowed for measurable amounts
of fluorine to be detected in the upper 2nm of the
surface (see Table 2), although the values were
significantly lower at the 10 nm depth from the surface
and possibly undectable beyond this level, as the bulk
analysis techniques would indicate (see Figure 2). The
degree of fluorine enrichment provided to the substrate
suggests that the surface was almost completely
composed of SMM chemistry. In the cases where there
was no evidence of optical contrast or distortion of the
surfaces (i.e. PPO212L, PPO-3221, PPO-322H, PTMO-
3221 and PTMO-322H), the exposed fluorine tail
effectively acted as a protective barrier to enzymatic
biodegradation.

PTMO-432H (Table 4) showed little effect on the
biodegradation of the base polyurethane, although the
XPS data (Tables 2 and 3} do show that this surface
had the highest fluorine content of all viable SMMs.
This anomalous behaviour again indicates that the
inhibiting effect on biodegradation is not solely related
to the presence of the SMM and specifically its fluorine
tails at the surface, following casting of the
polyurethane films. The observation that this SMM
and others (PTMO-212L, PTMO-212I and PTMO-212H)
do not protect the surface chemistry of this specific
polyurethane from degradation has led to the
hypothesis that there must be sufficient integration of
the SMM with the base polymer to stabilize the
macromolecule additives at the surface and inhibit
exposure of the polyurethane’s hydrolysable
components to the bioenvironment.

Three SMM formulations, PPO-212L (Figure 3), PPO-
322H (Table 4) and PTMQ-322H (Table 4), do not
show any significant increase in the inhibition of
degradation for polymer mixtures at SMM concentra-
tions greater than 1%. By way of explanation, it was
noted that PPO-212L has the lowest molecular weight
and the highest fluorine content of the SMMs. These
features favour migration of the SMM’s fluorine tails to
the surface. Since PPO-212L’s molecular weight is
only 2.2 x 10° compared to 1.2 x 10° for the base
polymer'®, the degree of van der Waals and entangle-
ment interactions between the SMM chains and TDI/
PCL/ED molecules is expected to be minimized and an
effective and rapid surface migration is anticipated to
take place. Previous work'® which defined the
microstructure of this SMM indicated that there were
strong interactions between the SMM chains
themselves. If formed at the surface, these structures
could lead to a more highly ordered SMM surface
layer. Hence, displacement of the SMM from the
surface to expose hydrolysable polyurethane groups is
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minimized, even at the lower SMM concentrations. The
data would then be indicating that a 1% mass fraction
of SMM is sufficient to allow for a significant protection
of the hydrolysable bonds from degradation. The fact
that 100% inhibition is not achieved although the XPS
data show almost complete domination of the surface
by the SMM, following casting, would suggest that
some SMM molecules are more stable at the surface
than others. The identification of the more stable
domains will be an important goal in future work.

The explanation for the saturation behaviour of the
PPO-322H and PTMO-322H materials must be
somewhat different from that of PPO-212L, since the
molecules are quite different in size and fluorine
content. The fact that these two macromolecules
contain a longer fluorine segment (i.e. BA-L(H)) than
the PPO-212L molecule (i.e. BA-L(L)) may be a
contributing factor to the inhibition effect observed. A
further study into the mechanism of action for these
three SMMs at the established saturation values and at
lower concentrations will be required.

The SMM formulations of PP0-3221 and PTMO-
3221, however, do not saturate the biodegradation
effect at a 1% SMM concentration. If Figure 2 is
examined along with the biodegradation data (Figure
3 and Table 4), it is noted that there are no obvious
relationships between biodegradation results and the
molecular weight or fluorine content of the five
SMMs which showed inhibition; this could help
explain the absence of saturation at 1% SMM
concentration. In fact, the only clear trend that can be
derived from Figure 2 and the biodegradation data is
that if the fluorine content is extremely low or non-
detectable by bulk analytical methods and the
molecular weight is very high, there is no inhibition
of biodegradation observed. Conversely. the presence
of fluorine in the SMM (see Figure 2) with low
molecular weight does not ensure inhibition of
degradation, since PTMO-212L does not inhibit
degradation. This implies that intermolecular
interactions between the SMMs themselves and with
the base polyurethane are critical in allowing for
surface migration of the SMM to proceed in a manner
that discourages exposure of the polyurethane’s
hydrolysable sites to an aqueous enzyme solution. A
further study of the SMM'’s microstructure in TDI/
PCL/ED will be required to identify the optimal SMM
criteria. Since there appears to be a strong dependence
on intermolecular interactions, it can also be suggested
that the SMM formulations which perform quite well
in this particular polyester—urea—urethane may not
necessarily perform appropriately well in a different
polyurethane. Work is currently in progress to evaluate
further polyurethanes with the SMMs.

In conclusion it has been demonstrated that novel
surface-modifying macromolecules containing
fluorinated end-groups are capable of inhibiting
polyurethane degradation by hydrolytic enzymes.
While this demonstrates an alternative approach to
addressing the problem of polymer breakdown by
biological systems, the specific mechanism by which
this inhibitory action is achieved needs to be further
explored. Of particular interest will be the nature of
enzyme interactions with the modified surfaces and
the physical state of the SMM within the polymer
matrix.
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