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This paper will discuss the biocompatibility and dynamic fatigue properties of polystyreoérsobutylenes-
polystyrene thermoplastic elastomer with 30 wt % polystyrene (SIBS30), an emerging FDA-approved biomaterial.
SIBS30 is a very soft, transparent biomaterial resembling silicone rubber, with superior mechanical properties.
Using the hysteresis method adopted for soft biomaterials, the dynamic fatigue properties of SIBS30 were found
to be between those of polyurethane and silicone rubber, with fatigue life twice as long as that of silicone. Under
single load testing (SLT, 1.25 MPa), SIBS30 displayed less than half the dynamic creep compared to silicone,
both in air and in vitro (37C, simulated body fluid). Hemolysis and 30- and 180-day implantation studies revealed
excellent biocompatibility of the new biomaterial. The results presented in this paper indicate that, in comparison
with silicone rubber, SIBS30 has similar biocompatibility and superior dynamic fatigue properties.

Introduction properties equivalent to those of cross-linked and reinforced
rubbers (thermoset8)Silicone rubbers are classified as “ther-
Polystyreneb-polyisobutylenes-polystyrene triblock copoly-  moset rubber® They are based on poly(dimethylsiloxane),
mer with about 30 wt % polystyrene (SIBS30) is a new carrying functional groups for cross-linking (vulcanization) with
biomateriaft~* It has been in clinical practice as the drug-eluting peroxides or platinum, and are filled with silica to reinforce
coating on the Taxus coronary stent under the trade name ofthe weak cross-linked “gum” rubber (SIL). The exact chemical
Translute, which received FDA approval in 2008IBS30isa  composition of medical-grade silicone rubber is usually pro-
transparent material, categorized as a thermoplastic e|a3t0mebrietary; Figure 3 shows a general example. Reinforced medical-
(TPE)? TPEs do not need to be vulcanized and therefore offer grade ‘silicone rubber is still weak in comparison with other
many advantages over chemically cross-linked rubbers, while rejnforced rubber&?-13The unique stability of silicone rubbers
being processible as classical thermoplastics. Figure 1 comparegn the biological environment has been a driving force for their
the network structure of SIBS30 (AB—A type triblock) with continued use.
(A—B)n type TPEs (polyesters or polyurethanes) and chemically  hjs work will report the results of biocompatibility studies
cross-linked (thermoset) rubbers. Multiblock TPE polyesters and 4., dynamic fatigue and creep testing of SIBS30 using the
polyurethaqes With_ similar r_1etwork structures have long been hysteresis method in air and in simulated body fluid (SBF) at
used as biomateriafs'? With Shore A > 100 hardness, 54 and 37°C, and compare the results with those reported for
medical-grade polyesters can hardly be considered elastomericgjected polyester (PED26), polyurethane (PU), and silicone
and are used in woven or knitted structures to yield increased ,pper (SIL) biomaterial&*-16 Understanding the dynamic
flexibility. Polyurgthane blo_matenals are characterized by fatigue and creep properties of biomaterials designed for long-
excellent mechanical and fatigue properties. However, they arégm implant applications is of great importance, since they are
subject to biodegradation; the in vivo hydrolysis of polyure-  gypected to remain structurally stable and durable under long-
thanes may lead to potentially toxic diamiriésin TPE term cyclic loading. In general, two experimental strategies can
biomaterials, microphase separation occurs because of the,q anilied to investigate the fatigue properties of polymers: One
chemical incompatibility between the different blocks; the qiginates from fracture mechanics and investigates flex cracking
chemical structure of SIBS30 is shown in Figure 2a. SIBS30 54 crack growth behavid?.In the rubber industry, a typical
has well-ordered nanostructure (see Figure 2b), while polyestersexamp|e is the de Mattia flex fatigue test (ASTM D-813 and
and polyurethanes have less-ordered nanophases. The hardgTv D-430). Since some materials such as styréngadiene
blocks in polyurethanes are semicrystalline and are reinforced r,pper are resistant to cracking/failure due to flexing alone, crack
additionally by hydrogen bonding, which contributes to good jnitiation is recommended. This is close to real-life conditions
fatigue properties. SIBS30 contains amorphous hard polystyrene,yhere soft materials are exposed to small cuts. However, no
blocks, and its segregated phase morphology leads to tensile;qrelation with actual service life is claimed in the procedure.
T Szcze0in University of Technology The other strategy is the so-called hysteresis me%ﬁb?j/yhich
* Pomeranian Medical University. : is less known and has just recently been applied to bioma-
terials14~16 including silicone rubber designed for optimum

§ The University of Akron.
'University of Bayreuth. fatigue (tendon prosthesis). This method measures hysteresis
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Figure 1. Schematics of the network structure of SIBS30 (a) in comparison with thermoplastic elastomer polyesters (b) and thermoset silicone
rubber rubber (c).
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Figure 3. General chemical structure, cross-linking, and reinforcing

of SIL.

increasing load testing) is carried out to monitor dynamic

modulus profiles. SILT stages are set in the rang®&&% of

the ultimate tensile strength (UTS). At each step, dynamic

loading is applied for a predetermined number of cycles. The

phase shift between stress and strain is minimized, and the

frequency is kept low (34 Hz) to avoid hysteretic heat

generation. (Incidentally, this frequency range coincides with

natural physiological frequencies occurring in the human body.)

Dynamic creep is determined from SLT (single load testing).

The load level for SLT is selected from the SILT profile, where

the drop in dynamic modulus exceeds 5%. SLT then is carried

out for a predetermined number of cycles, and dimensional

changes are monitored. For biomaterial testing, SILT and SLT

need to be carried out in air as well as in vitro (&7, simulated

body fluid, SBF). It is well-known that fatigue failure in

synthetic polymers is accelerated in the simultaneous presence

of stress and liquids/solvents. The structural integrity of

Figure 2. (a) Chemical structure and (b) AFM image of the phase polymers designed for endoprostheses (i.e., in vivo long-term

morphology of SIBS30. implants) can be compromised by fatigue failure under cyclic
stress, assisted by corrosive physiological conditions. This was

loops under stress-controlled or strain-controlled conditions, and demonstrated in the case of cardiac valve prostheses made of

dynamic moduli are determined from the mid-curve intersecting glutaraldehyde and silicone-rubber-based tendon prosthe-

the loops for equal strain or stress. Dynamic creep (dimensionalsest’%2

change under cyclic stress) or dynamic stress relaxation (energy This hysteresis method will be used to evaluate the dynamic

dissipation under cyclic strain) data can also be obtained from fatigue and creep properties of SIBS30.

the loops. Since this method is not well-known and generated

int_erest from polymer chemists working with biomaterials, a Experimental Section

brief summary of the stress-controlled method to be used in

this work will be presented here. First, the quasi-static tensile  Materials. A sample of commercially test-marketed SIBS30 (TS

properties of the specimen are measured. Then, SILT (stepwisepolymer, low MW type) with 30 wt % PS hard blocks, specific grav%v
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Figure 4. General chemical structures of (a) PED26 and (b) PU.
= 0.95 g/cnd, JIS-A hardness= 56, tensile stress 10.8 MPa with in SBF was carried out at 24 and 3C; the temperature was controlled

440% elongation, and MFR (23, 2.16 kg)= 5.8 g/10 min, was using a Lauda A100 pump. The DynMat Hysteresis Measurement
obtained by courtesy of Kuraray America, Inc., New York, a subsidiary Software V.1.1.0.1 (BASF AG) was used for the evaluation of the
of Kuraray Co., Ltd., Osaka, Japan. Its molecular weight (MW) and hysteresis loops.
molecular weight distribution (MWD) were measured to ldg = Stepwise Increasing Load Test (SILBpecimens were subjected
60 000 g/mol and MWD= 1.562! Silicone rubber (Mentor Medical  to a stress-controlled sinusoidal oscillation wigh= 0.1. The stress
System BV, The Netherlands) used in clinical practice as breast implant was kept constant for 1000 cycles before raising it to the next level.
prostheses was used as a control for implantation tests. SBF wasAn interval of 100 cycles was implemented between every step to allow
prepared as previously descrit#d. the controller to reach the higher loading level. The frequency of the
Procedures.Sample Preparationf-or hemolysis and implantation,  cyclic loading was varied according to the stress levels: 5%, 10%,
circular disks with 9 mm diameter and 1 mm thickness were die-cut and 15% UTS— 4 Hz; 20%, 25%, and 30% 3 Hz; 35% and 40%-
from compression molded (15 at 8 MPa, 3 min) SIBS30 sheets. 2 Hz; 45% and 50%— 1 Hz. The temperature of the samples was
Silicone rubber disks of 9 mm diameter and 0.5 mm thickness were monitored with a thermocouple, and no hysteretic heating was observed.
cut from the breast implant shell. S-2 dumbbells (3 mm thick with a Single Load Test (SLT)Specimens were subjected to a stress-
cross-sectional area of 12 MASTM D 1897-77) for tensile and  conrolled sinusoidal oscillation with 1 Hz frequency @Re: 0.1. The
fatigue testing were prepared by injection molding SIBS30 at 50 MPa maximum stress was set to a value determined from SILT as the load
pressure and 16€C. The mold-lock pressure was 10 000 N, and the  |evel where the drop in the dynamic modulus exceeded 5% (Table 2).
mold was kept at room temperature. STL was carried out for 100 000 cycles in air atZ2 and for 36 000
HemolysisThe hemolysis tests were performed according to ASTM  cycles in the environmental chamber. The first 12 000 cycles were
F756. Human and sheep red blood cells (5%) were suspended in tryptecarried out in air at room temperature to establish a baseline, followed
soy agar.Streptococcatlusters were used as control. by 12 000 cycles in SBF at 24 before raising the temperature to 37

In vivo Biocompatibility.Ethylene oxide (EtO) sterilized SIBS30  °C (24 000 to 36 000 cycles). The temperature of the samples was
and silicone rubber disks were implanted in the soft tissue of the ab- monitored, and no hysteretic heating was observed.

dominal wall and muscle tissue of male white mice weighing-28

g under aseptic conditions. The samples were retrieved from mice

sacrificed after 30 and 180 days and were embedded in paraffin. Results and Discussion

Semithin (4-6 um) sections were stained with hamatoxylin and eosin

(HE) for cellular detail and morphology, and examined by light Hemolysis.SIBS30 was assessed to be nontoxic, since this
microscopy using a Leica Q600 Qwin image analyzer using a material exhibited no hemolytic responses; the hemolytic indices
magnification of 200. Capsule thickness in direct contact with the were 0, in comparison witStreptococcatlusters that caused
polymer after 180 days was measured at 5 separate locations. Thenemolysis. Figure 6 shows SIBS30 disks immersed in human
number of vessels (per capsule unit length) and the number of gnq sheep red blood cells, with no visible reaction, while
inﬂammatory _cell_s were evaluated by counting at 3 random locations hemolytic activity was detected for twBtreptococcatlusters

and a magnification of 400. (bottom of the Petri dish). After removal of the polymer disks

Tensile TestingQuasi-static tensile data were collected at room from the agar/cells suspension, no sign of hemolysis was
temperature with an Instron 1161 tensile tester, equipped with a 500 N detected ’

load cell, at a crosshead speed of 100 mm/min (ASTM D 638). Strain . . o .
was measured by clamp displacement. The results reported are averaged In V'VO, BIOC0mp.athI|Ity.' Figure 7 ,demonStra,te,S that, after
for 6 specimens. 30 days |mplantat|on, no inflammation _an_d minimal a(_jyerse
Fatigue TestingFatigue testing was carried out using a servo- lSSU€ reaction to SIBS30 were found, similarly to the silicone
hydraulic test machine with a digital controller (Instron 8400/8800), control disks, thus demonstrating good biocompatibility of the
equipped with a 200 N load cell, a 10 kN cylinder and an environmental Polymer. Histological investigations confirmed the appearance
chamber (Figure 5). For all tests, the load r&ies omin/omaxWas held of fibrous connective tissue enveloping the SIBS30 and silicone
constant at 0.1. The strain was measured as the real-time clampimplants (Figure 7a,b; magnification 40. Predominantly,
displacement. The possible phase shift between the stress and straigranulocytes, lymphocytes, and a few fibroblasts were detected,
signals was minimized below 265 by the experimental setup. Testing  which is considered a typical tissue response to the presenéﬁ)g;
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Figure 5. Environmental chamber for fatigue testing.

Table 1. Cell Count after Long-Term (180 days) Implantation® data need to be generated. The success of the Taxus stent in
cell type (number) SIBS30 control p clinical practice, on the other hand, verifies excellent biocom-
total inflammatory cells  18.93+9.53 18.3+9.23 0.97 patibility -
lymphocytes 930+721 996+579 0.27 The biocompatibility of SIBS30 most likely is related to the
neutrophiles 3704+ 311 1.334+253 0.0002 fact that the surface of SIBS30 is covered with a thin (10 nm)
plasma cells 1.814+211 4.81+4.31 0.0001 pure polyisobutylene layer, on account of the lower surface
eosinophiles 0.26 +0.56 0.784+1.19 0.12 energy of the rubber phase. This was suggested first by Krausch
giant cells 0.70 + 1.64 040 et al. for block copolymers with polybutadiene rubber seg-
histiocytes 315+335 175+136 0.17 ments?® Subsequently. photoelectron spectroscopy (XPS) was

used to verify this for SIBS3®! Thus, only polyisobutylene is

aGrading: 1+.22 . . . . . . .
rading in direct contact with biological tissues, while the polystyrene

Table 2. Quasi-Static Tensile Properties of SIBS30 phases are buried within the material, providing reinforcement
o (UTS) 6 Enod of the rubber phase; see Figure 8.
sample code [MPa] [%] [MPa] Shore A Dynamic Fatigue Properties.The quasi-static tensile proper-
SIBS30 56408 220+10 12417 56 ties of SIBS30 obtained with 100 and 500 mm/min crosshead
(80+1.0% (230+11% (11 + 2.39) speeds are listed in Table 2 (deviation from the nominal values
listed in the Experimental Section is due to different testing
@ Crosshead speed: 500 mm/min. o, = stress at break (ultimate tensile conditions). Stepwise increasing load test (SILT) was carried

strength, UTS), € = elongation at break, Enoq = Young's modulus. . . . R .
9 )€ g mod g out as described in the Experimental Section, and Figure 9 shows

a foreign body. The formation of a 0.1 mm thick fibrous capsule the change in dynamic modulus versus cycle number within
containing collagen fibers was observed, possibly the result of €ach step. It was found that at each stress level the dynamic
a nonspecific response by the tissue to the physical presence omodulus,Eqyn, exponentially decreased, with a steady overall
the implant. The thickness of the fibrous layer found around decline. SIBS30 failed around 10 000 cycles (40% UTS load).
the silicone implant was in the range 008095 mm. The  Equivalent SILT data for PED26, PU, and SIL published
superiority of fibroblasts, the small number of granulocytes, and earlief**>were plotted on the same graph. PED26 displays the
the lack of giant cells reflect a nonprotractembnspecific ~ smallest overall slope and failed at 12 000 cycles (50% UTS
inflammatory reaction, indicating good biocompatibility of the load). PU failed at about 10 000 cycles (40% UTS load). At
tested polymeric materials. Long-term implantation (180 days) failure, SIBS30 and PU have similar strengths §MPa). The
resulted in average compact capsule thicknesses of 47 and 2difference in behavior can be explained in terms of differences
um for SIBS30 and the silicone control, respectively. The total in the chemical and network structures of the TPEs (SIBS30,
numbers of inflammatory cells were comparable, as shown in PU, and PED26), shown in Figures 1, 3, and 4 (the exact
Table 1, with more neutrophils (acute inflammation), but fewer structure of the commercial PU is unknown, so general structures
plasma cells (chronic inflammation) for SIBS30. All cell counts are shown in Figure 4b). The structure of the TPEs is stabilized
fell into the lowest gradet{1) reported for biomateriaf8.While by physical cross-links (polystyrene glassy domains in SIBS30,
these data support good biocompatibility, because of the limited crystalline ester domains in PED26, and urethane segments in
number of samples they must be viewed with caution and more PU). The much higher initial dynamic moduli values of the %V
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Figure 7. Histopathological slides of tissue around SIBS30 polymeric implant (a) and silicone control (b) (30 days of implantation).

prostheses in hand arthroplasty for many y&&fand is known
to be susceptible to fracture. This susceptibility was usually
O explained by its relatively low tear strengthhut silicone rubber
has relatively high tear strength in comparison with other
PIB rubbers. The testing methodology currently used for fatigue
) rupture testing of silicone breast implants showed that these
Figure 8. Surface topology of SIBS30. devices should not rupture under loads well in excess of those
expected in vivo. However, silicone breast implants are known
50 - to rupture in vivo, thus the validity of the current compression
method was questioned by the FDA (Food and Drug Admin-
PU istration, U.S.A.X8 We propose that the pattern in dynamic
modulus change under oscillatory deformation, displayed in
Figure 9, is a more important factor influencing the failure of
silicone implants in load-bearing applications. In comparison,
SIBS30 performed remarkably well, surviving twice as long as

Esyn [MPa]

or s silicone rubber, despite its softness and amorphous structure.
0 L{‘_—f’“ L L I L ! Dynamic Creep Properties The load for the single load test
0 2000 4000 6000 8000 10000 12000 14000 (SLT) for SIBS30 was determined to be 1.25 MPa. Figure 10
N shows the dynamic creep profile in air at 28. The instanta-
Figure 9. SILT: Dynamic moduli — cycle number profiles. neous elastic deformation is 20%, which subsequently increases

slowly and reaches about 30% at 100 000 cycles. At that point,
coupled with faster decrease, was interpreted by hydrogenthe test was terminated. For comparison, the profiles published
bonding, but under cyclic deformation, destruction of the hard for PED26, PU, and SH*!° are also shown in Figure 10,
domains and/or intermixing of the hard and soft segments wastogether with the load valuesi{ t) used for the individual
observed? SIBS30 has only amorphous hard domains, while polymers. Thus, SIL was loaded only with 0.5 MPa, in
PED26 has semicrystalline hard segments. In these terms, thecomparison with 1.25 MPa for SIBS30 and PED26 and 2 MPa
best fatigue resistance of PED26 can be understb8uSIL for PU: These values were determined from SILT as described
shows a significantly different pattern Ey,, change. Starting  in the Experimental Section. SIL shows 28% instantaneous
from an extremely low dynamic modulus, it failed at 5000 cycles elastic deformatiorr40% higher than SIBS at 4 times higher
(only 15% of its UTS). Such poor behavior in terms of dynamic loading—but it remains practically constant up to 100 000 cycles.
modulus decrease and failure under cyclical loading may explain Both PU and PED26 display about 10% instantaneous elastic
the premature failure of silicone rubber in load-bearing medical deformation, leveling off below 15% total deformation. The
applications. Silicone rubber has been used in flexible joint relatively small instantaneous deformation, coupled with mogefs-v



Biocompatibility and Fatigue of SIBS30 Biomacromolecules, Vol. 7, No. 3, 2006 849

[- SIL (0.5 MPa) 11a), SIBS30 creeps an additional 3% for the 12% of SIL. In
0F _I_______m________{ e the third phase (37C in SBF), SIBS30 has an additional 9%
T creep, compared to about 6% for SIL. The cumulative dynamic
251 T "\\ creep of SIBS30 is significantly lower than that of SIL (16%
7 SIBS30 (1.25 MPa) and 38%, respectively). Both PED26 and PU are quite resistant
20 to dynamic creep in vitro (56%). Comparison of the dynamic
_ PU (2 MPa) creep behavior of SIBS30 with PED26, PU, and SIL can be
15l seen in Figure 11b. The difference in behavior can be explained
& T in terms of differences in the chemical structure of the TPEs as
B ' already discusseecrystalline phases and hydrogen bonding in
PED26 (1.25 MPa) PED26 and PU versus amorphous structure of SIBS30. The poor
5| performance of covalently cross-linked and reinforced silicone
was somewhat unexpected. At the same time, the findings
0 . \ , ) , ) \ , ) presented here may explain the clinical experience of poor shape
0 20000 40000 60000 80000 100000 retention and rupture of silicone breast implant shells (both
N silicone gel and saline filled implant®)More research is needed
Figure 10. Dynamic creep plots for SIBS30, PED26, PU, and SIL. to understand the underlying causes.
Test frequency: 1 Hz. N = number of cycles; T = 24 °C.
(a)m_ 1.25 MPa sl Conclusions
e In our study, SIBS30 showed good biocompatibility, with
120} /__,._,—»-———— no adverse biological effects. Its tissue response in 30- and 180-
(______....—« day implantation was similar to medical-grade silicone rubber.
100 = - qr SIBS30 displayed superior fatigue properties in comparison with
T —, silicone, in air and in the presence of a simulated in vitro
& environment. The dynamic modulus of SIBS30 was measured
¥ gof to be 20 MPa, nearly 10 times higher than that reported for
SIBS30 silicone rubber designed for tendon prosthesis. SIBS30 also had
40r /,>_L—— much better creep resistance in vitro (SBF, °&). With the
% — py. PED26 development of medical technology and the growth in artificial
L/ — implants, there is a need for new biomaterials over a range of
s S ) dynamic properties. SIBS30 is transparent and resembles
- a0 25000 200 medical-grade silicone rubber, but does not need reinforcing
N fillers and chemical cross-linkers. This, coupled with the
(b) p excellent biocompatibility of SIBS30, predicts a bright future
7 I 24C, air for this novel biomaterial. Preliminary experiments showed that
a5 [ 24°C air + 24°C SBF the recently developed dendritic SIBS materials have even better
Il 24°C air + 24°C SBF + 37°C SBF dynamic fatigue and creep properties, because of their branched
= ¥ structure?4:29.:30
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Figure 11. Comparison of the dynamic creep of SIBS30, PED26,
PU, and SIL: (a) dynamic creep (¢) plots; (b) cumulative creep (Ae).
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