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Abstract : ABCBA type amphiphilic block copolymers comprising polyldimethyl siloxane), poly
{ethylene oxide), and heparin segments were synthesized by coupling reactions between in-
termediate and end-functicnalized oligomers. These multiblock copolymers were identified using
'H-NMR and FT-IR. The compositions of synthesized block copolymers were determined by end
group analysis, sulfur elemental analysis, and integration of NMR signals. The degrees of sweiling of
the multiblock copolymers increased by increasing the molecular weight of PEO in water. By
utilizing Wilhelmy plate contact angle measurement and electron microscopy, the surfaces of the
block copolymers were characterized. Contact angle measurements demonstrated the hydrophilic
effect of PEQ and heparin on the hysteresis of the block copolymers and the heparinized block co-

polymers.

Introduction

Block copolymers are composed of two or
which are segregated into

blocks along the polymer chain.’ Furthermore,

more monomers

this segregate factor plays a dominant role in
determining the inherent properties with a given
pair of segments. Many basic characteristics of
block copolymer systems usually exhibit two-
phase morphology., which occurs on a micro
scale rather than the macro scale dimension of
incompatible physical blends.? This is due to the
influence of the intersegment linkge. which res-
tricts the extent to which the phases can be
separated. Interblock chain-chain compatibilities.
measured as empirical interaction parameters,
also affect the microdomain structure.

Surface heterogeneities formed by micro do-
mains have been implicated in surface en-
ergetics and chain mobilities as well as the bio-
logical responses® Surface charaterization of po-
lymeric biomaterials has been considered very
important in biomaterials development, testing,
and manufacture. Therefore, the more tradi-
which primarily
deal with the bulk material. are ineffective in

tional analytical techniques,
providing information on chemistry or organiza-
tion of the surface region.

Amphiphilic copolymers composed of hy-
drophilic and hydrophobic blocks have demon-
strated unique properties and behaviors.! The
surfaces of block copolymers which exhibit the
heterogeneous microphase-separated

structures of hydrophilic and hydrophobic mi-

surface
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crodomains have shown an ability to suppress
the platelet adhesion and morphological chan-
ges by adhered platelets.

Hydrophilic/hydrophebic  microphase-separat -
ed structure is a key parameter in controlling
the antithrombogenic activity of polymers in
consideration of its apparent inhibition of pla-
telet aggregation. Vulic et al® reported syn-
thesis of ABC type block copolymers contain-
ing a heparin block, a hydrophilic poly(ethylene
oxide) block, and a hydrophobic polystyrene
block, and characterization of their blood com-
patibility.

Silicone polymers have been proved as good
biomaterials in implant and pharmaceutical ap-
plications and are widely used now.” Poly
{ethylene oxide} (PEO} has many interesting
properties, which have been studied by numer-
ous investigators.?

Recently, Sung, et al’” reported the bulk and
surface characteristics of biocompatible poly
{dimethyl siloxane), polylethylene oxide), and
heparin multiblock copolymers. Kim, et al.' re-
ported the synthesis and thermal properties of
amphiphilic ABCBA type block copolymers con-
taining poly(dimethyl siloxane), poly{ethylene
oxide}, and heparin. The purposes of these
works are to prepare the blood-compatible, he-
parinized coating to improve the bulk and sur-
face properties of the existing polymer sub-
strates. However. the swelling and surface prop-
erties such as contact angle of these block co-
polymers have not been studied yet in detail.

In this work, we describe the synthesis of
ABCBA type amphiphilic block copolymers
containing poly(dimethy! siloxane)(PDMS), PEO,
and bioactive heparin via a series of coupling
reactions using functionalized prepolymers such
as diisocyanates and derivatized heparin. The
degree of swelling of the block copolymers by
water was also measured. Wilhelmy plate con-
tact angle measurement was conducted for the
examination of the effect of hydrophilic PEQ
and heparin on the hysteresis of the block co-
polymers. The morphology of the block co-
pelymers was observed by electron microscopy.
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Experimental

Synthesis of Multiblock Copolymers.
Heparin-PEQ-PDMS-PEQ-Heparin penta block
copolymers were synthesized via a coupling
reaction of PDMS{PECNH:). with derivatized
heparin. PEO-PDMS-PEQ block copolymer(1 g)
was initially dissolved in THF(50 mL} and water
{(1.5ml) was then added slowly with stirring
until a clear solution was obtained. Heparin{1.25
g) was dissolved in another water bottle{65 mL)
and THF(50 mL) was added by drop with stir-
ring. Then the two solutions were mixed and pH
was adjusted at 6.5 by incorporating 1 N HCI
and 1 N NaOH. Sodium cyanoborohydride((.1
g} was dissolved in water(1 mL) and THF{5 mL)
was added. This solution was then added to the
copolymer-heparin solution, and was stirred at
room temperature for 5 days. After NaCNBH:
(0.07 g) was added to the solution it was stirred
for 3 days. Reaction products were recovered
by removing THF and solid was separated. The
solid was dissolved in toluene and filtered. Un-
reacted heparin and NaCNBH: were removed
by soaking in water for 24 hours, filtration, rins-
ing and freeze-drying to vyield 0.5g of white
block copolymer solid.

Identification of Block Copolymers. In-
frared spectra of the prepolymers and block
copolymers were obtained from film cast on so-
dium chloride cells using a Nicolet 5-MX spec-
trophotometer. Proton NMR spectra were ob-
tained from samples in chloroform-d1l using a
Varian EM 360A instrument. Amino group func-
tionalization for the PDMS and PEQ pre-
polymers as well as the PDMSIPEOQ-NH,): co-
polymers was performed by potentiometric ti-
tration. Sulfur elemental analysis was conducted
on a Lecox Corp. model SC132IR analyzer{U.S.
Al

Swelling Measurements. Solutions of block
copolymers in chloroform{5% W/V) were cast
on silanized petri dishes and air dried for 24
hours followed by vacuum drying for 24 hours.
Films were removed, measured for thickness
with a micrometer, and cut into pieces of iden-
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tical geometry and size using a grid pattern.
Film pieces were immersed completely into solu-
tion of water for 2 hours to measure the degree
of swelling.

Contact Angle Measurement, Contact an-
gle measurement by the Wilhelmy plate method
provides both advancing and receding angles
on either dry or hydrated samples. The ap-
paratus consisted of a Cahn electrobalance sup-
ported by a beaker of distilled water. A thin
thread was connected to the electrobalance
which was used to support the test material as
it is submerged and withdrawn from the beaker
of water. The beaker was raised and lowered at
40 mm/minute. The sample chamber was main-
tained at 30 percent relative humidity and 21
°C. Glass coverlips were cleaned in hot chromic
acid, followed by ethanol and distilled water
rinse, and Freen reflux. These coverslips were
then coated with PDMS(1% w/v in THF) and
cured at 50°C in vacuum, soaked in water for
12 hours. and re-dried in vacuum. Coverslips
were then coated in ftriplicate with block co-
polymers and heparinized block copolymers(2%
w/v in THF) and vacuum dried at 40°C. Water-
soaking was repeated to remove leachables,
and plates were vacuum dried for dynamic ad-
vancing and receding contact angle meas-
urements.

Electron Microscopy. The morphologies of
the homopolymer and the block copolymer
were observed by means of scanning electron
microscopy{Model shimazu, Japan). The sample
was placed on double sided tape on a specimen
stub and coated by gold sputtering.

Results and Discussion

Identification of Multiblock Copolymers.
The IR spectra of PDMS{NH.};, PDMS(TDI).
and PEO(NH,). are shown in Figure 1. Telechel-
ic isocyanated PDMS was prepared by using
the TDI in solution coupling reactions. IR spec-
tra demonstrate evidence for urea bond in this
reaction by the presence of N-H stretch at 3320
cm’”, amide I at 1645 cm™ and amide I at 1540
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Figure 1. IR spectra for PDMS(NH,) (A), PDMS(TDI},
(B), and PEO(NH,);(C).

cm” as shown in Figure 1({B). These.peaks were
observed for the TDI functionalizations, which
are not found in simple mixtures of the PDMS
and diisocyanates. A strong adsorption at 2270
cm’? is the characteristic of the free isocyanates
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Figure 2. [R spectra for block copolymers; PDMS
(PEO-NH;),{A) and PDMS (PEO-Hep),{B).
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group. The IR spectra of the block copolymer
and heparinized block copolymers are also
shown in Figures 2{A)} and 2(B), respectively.
When these isocyanated prepolymers were
coupled to amino telechelic PEO, IR spectra de-
monstrate new N-H stretching absorbance shifts
at 3520 and 3380 cm™ as well as amide | and 1l
peaks at 1670 and 1540 em™, respectively, and
the prominent isocyanate peak disappears in-
dicating the formation of urea linkages between
PDMS and PEQ in two different chemical en-
vironments. The proton NMR spectra of PEQ,
PDMS and PEQ-PDMS-PEO block copolymer
are shown in Figures 3 and 4, respectively. It
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Figure 3. NMR spectra for PDMS and PEO.
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Figure 4. NMR spectra for PDMS{(PEQ-NH;), block co-
polymer.
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shows CHs- proton resonance of siloxane back-
bone at 0.1 ppm and -CH:- resonance at 3.4-3.8
ppm. Integration of the signals confirms the
proper ratio of protons in the block copolymer
constituents as listed in Table I. NMR integral ra-
tios indicate that coupling reactions in the desir-
ed stoichiometry have been accomplished. End-
group analysis as shown in Table . demon-
strates the presence of functional amino groups
in all steps of the synthesis. This adds strength
to the assertion that the desired stoichiometric
produts were obtained. Pure heparin contained
6.1% sulfur by weight, while the sulfur content
of PDMS(PEQ-Hep): was 1.3% by weight. This
indicates that about 21.3%(W/W) of heparin
was incorporated into the heparinized block co-
polymers. This result showes that 2 moles of he-
parin were coupled to the polymer chain, in-
dicating that ABCBA type block copolymer has
been formed.

Swelling Property. The degree of swelling of
the block copolymers by water are shown in Fig-
ure 5. The heparinized block copolymers con-
taining PEQ 6000 vielded pasty. and white
films with less mechanical strength. The hepar-
inized block copolymer containing the PEO 4000
vielded a rubbery, flexible, and translucent film
with less tear resistence while the unheparinized
block copolymers were tough. The swelling de-
grees of the block copolymers increased by in-
creasing the molecular weight of PEO in water.
The strengths of the heparinized block co-
polymers containing PEQ 4000 and PEO 6000
of films appeared to be improved with in-
creased exposure time to air, indicating that
some siloxane vulcanization might occur. Pieces

Table 1. Composition and End-Group Concentration
in Block Copolymers

Mole Ratio® i
Polymer  PEQ molth —mm 0 Amino Group
PEQ PDMS (molefg x 107)
PDMS{PEO2*), 10.2 1 45 4.38
PDMS{PEO4*), 205 1 1.9 414
PDMS{PEQ6*), 30.7 1 1.3 1.26

®:in feed, *: by 'H-NMR peak integration.
* 2, 4, 6 mean mol. wt. of 2000, 4000, and 6000.
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Figure 5. The degree of swelling of block copolymers.

(2 X 2 cm) turned gray in color and lost their ri-
gidity immediately on contact with water. After
2 hours of hydration, the films of heparinized
bleck copolymers containing PEQ 2000 de-
monstrated nearly 250%{=40%) absorption of
water by weight. Measurements after 5 hours
were not possible due to loss of mechanical in-
tegrity. It appears as if the PEO phase main-
tained a dominant influence on the physical
properties of the block copolymers.

Contact Angle. Interpretation of a contact
angle measurement on a solid assumes that the
surface tension of the probe liguid is well-
known.'' Hydrated contact angles were measur-
ed after 1 and 12 hours of continuous immer-
sion in double distilled water. In order to ex-
amine the hydration effects on the polymers,
the contact angle analysis was performed on
the same films for a series of hydration times.

Results for Wilhelmy Plate contact angle
measurement on films of PDMS, block copoly-
mers, and heparinized block copolymers are
shown in Table II. The resuli of the hysteresis
comparison is that, after the initial immersion in
water, the heparinized block copolymer also dis-
played hysteresis, like PDMS and block co-
polymer. Another result is that, in the case of
block copolymer, the extended hydration seem-
ed to be affected in advancing and receding an-
gles or hysteresis by iritial wetting. However, in
the case of PDMS, it did not seem to be af-
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Table il. The Withelmy Plate Contact Angle
Measurement Results

Hydration  Adv. Rec.

Polymer Timelthrs)  Angle Angle Hysteresis
PDMS 0 1094 614 48.0
6 1088 620 46.0
24 1076 614 46.2
PDMS(PEO4), 0 75.1 446 305
6 69.8 395 304
24 63.9 295 34.5
PDMS(PEO4-Hep), 0 816 64.5 351
6 657 350 307

24 564 295 269

* PEO4 means mol. wt. of 4000.

fected. One possible explanation is that, after
immersion, water penetrated readily into the
block copolymer and heparinized block co-
polymer films. Therefore, dry films could quick-
ly reach a hydrated state during Wilhelmy im-
mersion. The initial immersions of first ad-
vancing angle for both block copolymer and
heparinized block copolymer showed little
changes. These results could indicate that the
surfaces in the dry state are very hydrophobic
and probably rich in PDMS. However, these co-
polymer surfaces were quickly reoriented be-
cause receding angles of PDMS were sub-
stantially lower than those of the heparinized
block copolymer. One explanation for these
nearly instantaneously reduced advancing an-
gles in the amphiphilic block copolmer cases is
that PDMS, originally exposed at the surface.
buried itself under PEO domains upon exposure
to water. This PDMS rich overlayer was reo-
riented to minimize the interfacial tension by hid-
ing away the hydrophobic PDMS regions from
the interface and exposing hydrophilic PEQ and
heparin. PEQ and heparin could be reorganized
on the water swollen surface and act to reduce
the mobility of PDMS. All the effects might act
in unison to reduce the advancing contact angle,
and prevent PDMS from resurfacing in air by
restricting its mobility, and thus, demonstrate
reduced hysteresis, particularly in the case of
heparinized block copolymer. Both the Si-O

bond present in PDMS and the C-O bond
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present in PEQ and heparin are very mobile,
and are flexible linkages imparting unique phy-
sical characteristics and structural rearrange-
ments observed for these molecules. This per-
mited the hydrophobic PDMS to be reoriented
during the immersion and withdrawing, man-
ifested as hysteresis. Time dependent changes
upon hydration were minimized due to min-
imum water uptake by these PDMS films. Ad-
vancing angles for PDMS indicated its high hy-
drophobicity, as expected, at all hydration times.
Hysteresis for this substrate was rather large as
found by others, suggesting some degree of re-
orientation to minimize interfacial energies
between water. Receding angle, indicative of the
hydrophilic portion of a surface, demonstrated
that heparinized block copolymer had greater
hydrophilicity than either PDMS or block co-
polymer as expected. In addition, its low hys-
teresis suggests that water penetrated quickly
into the hydrophilic heparinized block co-
polymer surface. creating a swollen gel like ma-
trix where PDMS maight be buried away from
the surface.

Electron Microscopy. Scanning electron mi-
crographs of block copolymers and heparinized
block copolymers were shown in Figures 6, and
7. respectively. In Figure 6, the SEM resuli of
the block copolymer showed the nearly separat-
ed phases; one phase of PEQ{dark} and the oth-
er phase of PDMS{white). The large phase segre-

Figure 6. A scanning electron micrograph of PDMS
{PEQ4), block copolymer.
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Figure 7. A scanning electron micrograph of PDMS
(PEQ-Hep4); block copolymer.

gations were also found in the heparinized block
copolymers as shown in Figure 7.

Conclusions

PDMS(PEQ-NH;): block copolymers were syn-
thesized by adding diisocyanated PDMS. He-
parin was introduced to PDMS(PEQ-NH.:
block copolymers by sodium cyanoborohydride.
These were identified by ‘H-NMR spectrometer
and FT-IR spectrophotometer. From the ‘H-
NMR spectra and end-group analyses of these
block copolymers. it was found that the ABCBA
type block copolymers were obtained.

The degree of swelling of the block co-
polymers and the heparinized block copolymers
by water increased by increasing the molecular
weight PEO in the block copolymers. In the
Wilhelmy plate contact angle measurements. the
hysteresis of the heparinized block copolymers
was reduced on the reoriented surface of the he-
parin segment in the block copolymers. Scan-
ning electron micrographs showed the segre-
gations of the block copolymers.
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