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Polyisobutylene (PIB)-based block copolymers have attracted significant interest as biomaterials. Poly(styrene-
b-isobutyleneb-styrene) (SIBS) has been shown to be vascularly compatible and, when loaded with paclitaxel
(PTx) and coated on a coronary stent, has the ability to deliver the drug directly to arterial walls. Modulation of
drug release from this polymer has been achieved by varying the drug/polymer ratio, by blending SIBS with
other polymers, and by derivatizing the styrene end blocks to vary the hydrophilicity of the copolymer. In this
paper, results are reported on the synthesis, physical properties, and drug elution profile of PIB-based block
copolymers containing methacrylate end blocks. The preparation ef i (alkyl methacrylate) block copolymers

has been accomplished by a new synthetic methodology using living cationic and anionic polymerization techniques.
1,1-Diphenylethylene end-functionalized PIB was prepared from the reaction of living PIB and 1,4-bis(1-
phenylethenyl)benzene, followed by the methylation of the resulting diphenyl carbenium ion with dimethylzinc
(Zn(CHg),). PIB-DPE was quantitatively metalated withbutyllithium in tetrahydrofuran, and the resulting
macroinitiator could initiate the polymerization of methacrylate monomers, yielding block copolymers with high
blocking efficiency. Poly(methyl methacrylakeisobutyleneb-methyl methacrylate) (PMMA-PIB-b-PMMA)

and poly(hydroxyethyl methacrylateisobutyleneb-hydroxyethyl methacrylate) (PHEMA-PIB-b-PHEMA)

triblock copolymers were synthesized and used as drug delivery matrixes for coatings on coronary stents. The
PMMA-b-PIB-b-PMMA/PTx system displayed zero-order drug release, while stents coated with PHERMB-
b-PHEMA/PTx formulations exhibited a significant initial burst release of PTx. Physical characterization using
atomic force microscopy and differential scanning calorimetry of the formulated PNMN?AB-b-PMMA coating

matrix indicated the partial miscibility of PTx with the PMMA microphase of the matrix.

Introduction The SIBS polymer is relatively hydrophobic, with both the
backbone and side pendant groups containing only carbon

Poly(styreneb-isobutyleneb—;tyrene). (SIBS) triblock co- carbon and carbenhydrogen bonds. Since PTx contains both
polymers are used as drug eluting coatings for the TAXUS stent. hydrophobic and hydrophilic portions, the drug is incompatible

These stents are used in the coronary vasculature to dilate th‘?/vith SIBS. The polymer and drug separate into separate
arteries and to provide a scaffold to maintain patency. The y,mains and PTx diffusion through SIBS is extremely slow.
introduction of a paclitaxel (PTx) containing stent coating that Recently’ it was shown that the hydrophilic nature of the end
delivers the drug directly to the vessel wall has been shown to blocks an,d the polarity effects on the drtgolymer miscibility

greatly reduce restenosis rates in several controlled clinical in a ol ;
g A . . . poly(hydroxystyrend-isobutyleneb-hydroxystyrene)/PTx
trials1~7 The coatings must be biocompatible, sterilizable, be system allows flexibility in tuning the drug release rit@&oth

able to withstand handling during the manufacturing process differential scanning calorimetry (DSC) and atomic force

and general use, and expand in the vasculature while maintainingmicroscopy (AFM) data support the conclusion that the drug is
structural integrity as they are passed through complex Iesions.at least partially miscible with the more polar poly(hydroxy

ABA triblock copolymers consisting of rubbery mid-blocks and styrene) end blocks

glassy or crystalline end-blocks exhibit properties that make Isobutylene (IB) .can be polymerized only by cationic

them uniquely suited for application as a stent coating and drug
delivery matrixd-20 In the case of the SIBS copolymers, the Methods. However, many polar monomers, for example, meth-

rubbery mid-block imparts excellent adhesion and elongation crylates, do not undergo cationic polymerization. Recently,
to the coating, while the hard segments provide physical theré has been much interest in the synthesis of block copoly-
strength. Since the copolymers are not chemically cross-linked, Mers using two different living polymerization methods. The

they can be processed from solution with no post-coating cure OMbination of various polymerization techniques provides a
step. They can be sterilized by ethylene oxide without changesUnique approach to block copolymers not available by a single
in the physical or chemical properties and have proven bio- Method. Since relatively few monomers can be polymerized by

compatibility and noninflammatory propertiés. cationic or anionic polymerization compared with other living
polymerization methods, there have been many efforts to
* Corresponding author. combine cationic and anionic polymerization. Block copolymers
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of IB and polar monomers, such as acrylates and methacrylates
combine the biocompatibility and the thermal, oxidative, and
biostability of elastomeric, nonpolar polyisobutylene (PIB) with

a variety of properties of polar polymers.

Methacrylate-based polymers such as poly(methyl methacry-
late) (PMMA) and poly(hydroxyethyl methacrylate) (PHEMA)
have a significant history and track record of safety in
implantable medical device applications. PMMA is a key
component of the bone cement used in artificial knee and hip
implants!? and PHEMA has been used extensively in contact
lens application$® Therefore, triblock copolymers based on

these polymers have been considered outstanding candidate%:

for polymer matrixes for the application of drug-eluting stent
coatings.

Since PIB can only be obtained by carbocationic polymeri-
zation, many attempts have been reported to transform living
PIB to a macroinitiator for anionic polymerization. Recently,
Mueller et al. reported that polyisobutylebgrolymethacrylate
(PIB-b-PMA) block copolymers could be prepared by the
combination of cationic and anionic polymerizatidAd>First,
1,1-diphenyl-1-methoxy or 2,2-diphenylvinyl end-functionalized
PIB was prepared by the reaction of 1,1-diphenylethylene (DPE)
and living PIB. The chain end of DPE-end-capped PIB was
metalated with alkali metals, in tetrahydrofuran (THF) at room

Cho et al.

Experimental Section

Materials. 2-Chloro-2,4,4-trimethylpentane (TMPCI) andtést-
butyl-1,3-bis(1-chloro-1-methylethyl)benzenBDiCumcCl) were syn-
thesized following the procedures reported elsewPEfe?DDPE was
prepared by using procedures analogous to those reported by Tung and
Lo.?2 2,6-Di-tert-butylpyridine (DTBP, Aldrich, 97%), titanium tetra-
chloride (TiCl, Aldrich, 99.9%), dimethylzinc (Zn(Ck),, Aldrich, 2.0
M in toluene),n-BuLi (Aldrich, 1.6 M in HX), triethylaluminum (AIE$,
Aldrich, 25 wt % in toluene), and trioctylaluminum (AIQgtAldrich,

25 wt % in HX) were used as received. DPE (Aldrich, 97%) was used
without further purification. THF (Aldrich, 99%) was distilled from

aH, and from Na metal sequentially and was then distilled into a
ask containing Na/benzophene. Methyl methacrylate (MMA, Aldrich,
99%) was dried over Catfor 24 h and then distilled into a flask
containing AIE$.22 When a yellow color persisted for several hours at
room temperature, MMA was distilled into an ampule with a break-
seal and then sealed off with a flame. 2-[(Trimethylsilyl)oxy]ethyl
methacrylate (TMSIOEMA, Gelest; 95%) was dried over Cator

24 h and then distilled into a flask containing Al@&t?* When the
TMSIOEMA/AIOct3 solution exhibited a yellow color, TMSIOEMA
was distilled into an ampule with a break-seal. A small amount of THF
was distilled into the ampule to dilute the monomer, and the ampule
was sealed off with a flame. Hexanes (HX), methyl chloride (MeCl),
methylene chloride (CkCl,), and IB (Airgas) were purified as described
previously?>-27

Synthesis ofw-DPE-Functionalized PIB (PIB-DPE). The prepara-

temperature, and the resulting macroanion obtained by meta-tion of PIB-DPE was carried out at80 °C under a dry nitrogen

lation with a K/Na alloy was used to initiate the living anionic
polymerization otert-butyl methacrylatetBMA), yielding PIB-
b-PtBMA block copolymers. A series of linear PMMB-PIB-
b-PMMA block copolymers and star-shaped F3EPMMA)3
block copolymers were also successfully synthesized by replac-
ing K* with Li* by using excess LiCl. The linear triblock
copolymers, however, exhibited rather poor mechanical proper-
ties, suggesting diblock contamination. Metalation using alkali
metal compounds is also inconvenient, and lithiation with
alkyllithium would be preferable. However, the lithiation of 2,2-
diphenylvinyl-end-functionalized PIB with alkyllithium does not
proceed quantitative2 An improved method for the cationic
anionic transformation, reported receriflynvolves the prepara-
tion of 2-polyisobutenyl-thiophene in a simple addition reaction
of thiophene and living PIB, followed by metalation of the
thiophene end using-butyllithium (n-BuLi). The resulting
stable macrocarbanion was used to initiate the living anionic
polymerization otBMA, yielding PIB-b-PtBMA block copoly-
mers with high (about 80%) blocking efficienéy.

We recently reported that DPE-end-functionalized PIB (PIB-
DPE) could be prepared by the monoaddition reaction of 1,3-
bis(1-phenylethenyl)benzenenétadouble DPE, MDDPE) or
1,4-bis(1-phenylethenyl)benzengata-double DPE, PDDPE)
and living PIB1819|t was found that the use of PDDPE for the
preparation of PIB-DPE is more advantageous than using
MDDPE because the coupling reaction was absent, and func-
tionalization was~100%.

In this study, we report a new methodology to prepare block
copolymers comprised of PIB and PMMA or PHEMA by using
PIB-DPE. The PIB-DPE macromonomer can be easily and
efficiently metalated with alkyllithium compounds, and the
resulting diphenyl carbanion is an efficient initiator for the
polymerization of methacrylates.

We also report on the miscibility of PTx with the acrylate
end blocks and the effect of the nature of the end blocks on
diffusion and drug release from stent coatings.

atmosphere in an MBraun 150-M glovebox. To a prechilled 500 mL
three-neck flask equipped with a mechanical stirrer were added 180
mL of HX, 120 mL of MeCl, 0.1 mL of TMPCI (0.6 mmol), 0.2 mL

of DTBP (0.9 mmol), and 4.7 mL of IB (60 mmol), sequentially. Then
1.18 mL of TiCl, (10.8 mmol) dissolved in HX/MeCl was added to
polymerize IB. After the completion of the polymerization, 0.34 g of
PDDPE (1.2 mmol) dissolved in 40 mL of GEl, was added into the
reactor ([PDDPE]/[TMPCI]= 2/1). After 3 h, 27 mL of prechilled
Zn(CHs), (54 mmol) was added to the reactor ([Zn(§HTICl,4] =

5/1). Following the methylation, the reaction mixture was quenched
with prechilled methanol and poured into a methanol/ammonium
hydroxide 90/10 (v/v) solution. After the evaporation of solvent, the
crude product was dissolved in HX, and the inorganic salts were
removed by filtration. The polymer solution was poured into methanol
to precipitate the polymer, and the solvent was decanted. The
dissolution/precipitation procedure of the polymer was repeated three
times to remove unreacted PDDPE. Finally, the obtained polymer was
dried in a vacuum oven at 5TC for at least 48 h.

Synthesis ofo,»-DPE-Functionalized PIB (DPE-PIB-DPE).DPE-
PIB-DPE was prepared usindBuDiCumCl as an initiator for the
polymerization of IB in a manner similar to that for the synthesis of
PIB-DPE. To a prechilled 500 mL three-neck flask equipped with a
mechanical stirrer were added 167 mL of HX and 111 mL of MeCl.
Then, 0.086 g oftBuDiCumCl (0.3 mmol), 0.2 mL of DTBP (0.9
mmol), and 21 mL of IB (0.27 mol) were added sequentially. To
polymerize 1B, 1.18 mL of TiCJ (10.8 mmol) dissolved in HX/MeCl
was added. Afte2 h of polymerization time, 0.34 g of PDDPE (1.2
mmol) dissolved in 40 mL of methylene chloride was added into the
reactor (([PDDPE]JfBuDiCumClI] = 4/1). The end-capping reaction was
allowed to proceed for 3 h, after which 27 mL of Zn(€}#(54 mmol)
was added to the reactor ([Zn(G@H[TICl4 = 5/1). After 2 h, the
reaction mixture was quenched with prechilled methanol and poured
into methanol. The MeCl was allowed to evaporate prior to the isolation
of the polymer from the HX/methanol mixture solvents by decantation
and then redissolving in HX. The polymer solution was washed with
a 7.5% NaCl/77.5% water/15% 2-propanol solution three times and
with distilled water two times. Then, the dissolution/precipitation
procedure was repeated three times. Finally, the purified polymer
solution was precipitated into methanol to give a clear polymer, which
was dried in a vacuum oven at 3C for 48 h. CDV



Synthesis and Characterization of PMA-b-PIB-b-PMA

UV —Visible (UV—vis) SpectroscopyIn situ UV—vis spectroscopic
monitoring of the PDDPE end-capping and the ZnNteethylation

reaction was carried out using a quartz immersion probe (661.300-

QX, Hellma, optical path: 0.02 cm) connected to a fiber optic visible
(Tungsten light source, Ocean Optics) and UV (AIS model UV-2,
Analytical Instrument Systems, Inc.) light source, and a Zeiss MMS
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P(TMSIOEMA) block was cleaved, the block copolymer did not
precipitate in methanol. To characterize the PHEBIRIB-b-PHEMA
copolymer using gel permeation chromatography (GPC) and NMR, it
was esterified with benzoic anhydriéfe.

Nuclear Magnetic ResonancéH NMR spectra were measured on
a Bruker 250 or 500 MHz spectrometer using CP&$ a solvent.

256 photodiode array detector was used. The latter was connected to a Molecular Weight Characterization. Molecular weights and mo-
personal computer via a TECS interface, and the spectra were recordedecular weight distributions of polymers were measured using a Waters

using the “Aspect Plus” software (Zeiss).

Preparation of 1,1-Diphenylhexyllithium (DPHLi). DPHLI solu-
tion was prepared according to the following representative proce-
dure: To a 250 mL flask were added 47.5 mL of THF and 0.6 mL of
n-BuLi (0.96 mmol) under high vacuum conditions10 ¢ mbar). Then,
at—78°C, 0.032 g of DPE (0.18 mmol) was added to the reactor. The
red-colored solution was kept at room temperaturefo todecompose
the unreactedh-BuLi. The solution was stored in a refrigerator until
use.

Synthesis of PIBb-PMMA. All the polymerizations of MMA were
carried out under high vacuum conditions1(0~® mbar) using break-
seals and Rotaflo stopcocks. A 0.34 g portion of PIB-DRE € 4900,
0.07 mmol) dissolved in 200 mL of HX was stirred over Gdbrr 24
h, and then Caklwas removed by filtration. After the evaporation of
HX, 30 mL of THF was added to the polymer, and the polymer solution

high-performance liquid chromatography (HPLC) system equipped with
a model 510 HPLC pump, a model 410 differential refractometer, a
model 486 UV~vis detector, a model 712 sample processor, and five
Waters ultraStyragel columns connected in series (509,118, 1,
and 100 A). THF was used as an eluent at a flow rate of 1 mL/min.
Differential Scanning Calorimetry. Films of the PMMAb-PIB-
b-PMMA and PHEMA®b-PIB-b-PHEMA copolymers blended with
between 0 and 25% PTx were prepared for analysis using DSC. The
glass transition temperature3g( of the copolymer blends were
determined by a TA Instruments Q1000 differential scanning calorim-
eter using a heating rate of 2@/min. Samples for compatibility
evaluations were heated above thgjron the first heat to provide a
consistent history. They were then cooled at°2Imin to eliminate
effects from residual solvents and variations in sample preparation. Data
were collected on the second heating cycle for compatibility analysis.

was delivered to the reactor. Then, DPHLI solution was added dropwise The results presented are the average values determined from multiple

to the reactor at room temperature until the color of the polymer solution
turned yellow, indicating that there were no protic impurities in the
polymer solution. After DPHLi cleansing, two different lithiation
procedures were employed to metalate PIB-DPE to form the anionic
PIB macroinitiator. In the first method, the polymer solution was cooled
to —78 °C and 0.22 mL ofn-BuLi (0.35 mmol) was added into the
reactor with vigorous stirring. After 1 h, the polymer solution was heated
to 40 °C and kept for 1 h. Then, the polymer solution was cooled to
—78°C, and 2 mL of MMA (18.6 mmol) was distilled into the reactor.
The second lithiation method, 2 times excess-BuLi was added

at room temperature for-510 min. After the completion of the
polymerization of MMA at—78 °C, degassed methanol was added to
the reactor to terminate the living polymer. The solution was poured
into methanol to give a white solid polymer, which was dried in a
vacuum oven. The polymer was stirred with HX to remove the
deactivated PIB macromonomer at room temperature for 24 h.

Synthesis of PMMA--PIB-b-PMMA. The synthesis of the triblock
copolymer was carried out using DPE-PIB-DPE in a manner similar
to that of PIBb-PMMA. A 6.7 g portion of DPE-PIB-DPEN],
54 000, 0.12 mmol) dissolved in 300 mL of HX was stirred over gaH
for 24 h, and then the CaHwvas removed by filtration. After the
evaporation of HX, 170 mL of THF was added to the polymer, and
the polymer solution was added & 1 L reactor. Then, 180 mL of
THF and 130 mL of HX were added into reactor. DPHLi was then
added dropwise into the reactor at room temperature until the color of
the polymer solution turned yellow. The polymer solution was cooled
to —78 °C, and 0.42 mL oin-BuLi (0.67 mmol), which was diluted
with 20 mL of HX, was added into the reactor with vigorous stirring.
After 1 h, the polymer solution was heated to 4D and kept for 1 h
to destroy the unreactedBuLi. Then, the polymer solution was cooled
to —78 °C, and 5.0 mL of MMA (46.7 mmol) was distilled into the
reactor. Afte 1 h polymerization time, degassed methanol was added

sample runs. All instruments were calibrated against indium.

Films of SIBS containing 0, 10, and 25% PTx were cast from a 5%
solids solution containing 5% THF/90% toluene into a Teflon dish.
The samples were dried under ambient conditions for 16 h, followed
by 24 h at 65°C under vacuum. Prior to evaluation, the test samples
were cut using a 3/8 in. die punch.

Test samples of PMMA-PIB-b-PMMA with varying levels of PTx
from 0 to 25% in 5% increments were prepared from 5% solids
solutions in 95% CKLCl,. Samples of PHEMAs-PIB-b-PHEMA with
0, 10, and 25% PTx were prepared from 15% solid solutions in 85%
THF. Both sets of samples were cast directly into aluminum DSC pans
and dried at 40C with a vacuum for at least 40 h.

Mechanical Properties. The tensile properties were measured on
solution-cast or compression-molded samples according to ASTM
D638-02a. Solution-cast samples were prepared by dissolving the
polymer in toluene (5 wt %). After complete dissolution, the solution
was poured into a Teflon mold. The poured sample was dried slowly
for ~5 days at room temperature to avoid bubbles in the sample
followed by vacuum-drying for 2 days at room temperature. Compres-
sion molding was carried out at 18C for 20 min (5 min under 1000
Ib followed by 15 min at 9000 Ib).

Scanning Electron Microscopy (SEM) Stents were coated with a
drug/polymer layer by a proprietary process. The mechanical integrity
of the coated stents was examined using a JEOL JSM-6460 scanning
electron microscope (Tokyo, Japan). Coated stents did not require an
additional coating of a conductive thin layer (e.g., gold or carbon) prior
to examination. An accelerating voltage of 1 kV was used for collecting
the secondary electron images.

Atomic Force Microscopy. Polymer morphologies at the stent
coating surface were determined using AFM analysis. A Dimension
3100 AFM (Digital Instruments/Veeco Metrology, Santa Barbara, CA)
controlled with NanoScope IV and NanoScope Extender electronics

to the reactor to quench the reaction. The polymer solution was pouredwas used. Stents coated with SIBS and PMHRIB-b-PMMA

into methanol, and the obtained polymer was dried in a vacuum oven.

The polymer was purified by the extraction of the deactivated PIB
macromer with HX.

Synthesis of PHEMAb-PIB-b-PHEMA. The polymerization of
TMSIOEMA was carried out similarly to that of MMA above using
the difunctional macroinitiator from the reaction of DPE-PIB-DPE with
n-BuLi in THF/HX 70/30 (v/v). After the polymerization of TM-
SIOEMA, the reaction was quenched with a few drops of methanol.
The polymer solution was precipitated into HX. As the polymer solution
was exposed to air and the trimethylsilyl protecting group of the

polymers with and without PTx were analyzed by AFM.

Stent samples were initially examined in the dry state using the
tapping mode. Subsequently, the stents were exposed to an excess of
the release medium (phosphate-buffered saline (PB&Egen 20) at
room temperature while mounted in the AFM sample holder. AFM
images of the stent surface were gathered at specific time intervals as
PTx was released from the coating by running with the AFM probe tip
submerged in the release medium. Information regarding the release
of PTx and its effect on the polymer morphology was gathered.

Because of the hydrophilic nature of the PHEMA polymer, it VEBV
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Scheme 1. Synthesis of w-DPE-Functionalized PIB (PIB-DPE) the release medium using a proprietary method. At each time point,
GH  GH, CH,8 GHy the release medium was analyzed for the level of PTx.
H,C—¢—CHz¢—Cl+ CH=C CTBPITCL: 30T PIB—CHF ¢ Ti,Cl;
CHE CHS CH:, HX/MeCl (60/40 viv) ¢H
3

Results and Discussion
oo
o-DPE-Functionalized PIB (PIB-DPE). Living PIB was
prepared by the polymerization of 1B with the TMPCI/TiClI

Ti,Cly ST . )
SO i initiating system in the presence of DTBP as a proton trap in

?3

PIB—CH;?—CH;C—O—C

CH, @ HX/MeCl 60/40 (v/v) at—80 °C. PIB-DPE was obtained by
the reaction of living PIB with 2 equiv of PDDPE, followed by
methylation of the resulting diphenyl carbenium ion with a large

\z“‘c"ﬁz excess of Zn(Ch), (Zn(CHs)zJ/[TiCl4 = 5/1)182Figure 1
shows théH NMR spectra of PIB and DPE end-functionalized

§Hs PIB-DPEL and PIB-DPE2. After the reaction of living PIB with
PIB= °”"f'°”'°'©‘°'© PDDPE, peaks at 1.99 and 1.72 ppm assigned to the methylene
CHe and methyl protons at the PHECI chain end disappeared, and
new peaks at 7.427.20, 5.48-5.43, 3.07, and 2.52 ppm
not possible to observe the PHEMAPIB-b-PHEMA-coated stent app_eared due to the p_resc_ance of the PDDP_E moiety 6_1t the PIB
surface using AFM. In general, the probe tip stuck to the surface, Cain end, as shown in Figure 1a,b. By using the ratit/pf
resulting in poor imaging, and, after hydration with the release medium, (GPC)Mn (NMR), 95% and 108% DPE functionality was
no phase morphology was visible. calculated for PIB-DPE1 and PIB-DPEZ2, reSpeCtiVely. Thus,
Drug Release Individual stents were analyzed for drug release in  Capping is virtually quantitative. Figure 1c,d shows that, after
1.5 mL of the release medium (PBSween 20) at 37C. Previous methylation with Zn(CH),, a new peak at 1.82 ppm, assigned
studies have demonstrated that, because of the sampling frequency antP the methyl proton at the PIB-DPEL1 chain end, was observed,
sample size, sink conditions are maintained. In addition, the complete however, after 2 h, the peak at 3.07 ppm assigned to methoxy
recovery of PTx has been demonstrated using mass balance evaluationprotons at the PIB-DPE chain end was still observed (Figure
after release. Elution of PTx was determined using HPLC analysis of 1c¢) as a result of incomplete (94%) methylation.

d b b
CH3 c CH a CH
H,C- c—[CH c]—CH c cl a
CH, CH, CH,
(a) /
A
3 2 |
CH,4 OCH,  CH,
PlB—CHz—g—CHZ—c—@c—@ 3
"
1 2 4
(b) I *

3’ 2’
CH 4’ CH;

PIB-CH, C CH, C—.—”—.
“ @

g ,
© ﬁ’ s b

@ N [ LL_

(Ppm)
Figure 1. H NMR spectra of (a) PIB, (b) PIB-DPE1 before, and (c) after methylation with Zn(CHs),, and (d) 100% methylated PIB-DPE2.
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/Addition of ZnMe,

1.2 4
1.0+
0.8
0.6

0.4

Absorbance@518 nm

0.2

0.0

T T T 1
15000 20000 25000 30000

Time (Sec.)

Figure 2. Plot of the absorbance at 4 = 518 nm vs time for the
PDDPE capping reaction and ZnMe, methylation of living PIB (M, =
6100 g/mol; Myw/M, = 1.10). Reaction conditions: [PIB] = 0.002 M;
[TiCls] = 0.036 M; [DTBP] = 0.004 M; [PDDPE] = 0.004 M; HX/MeCl
= 60/40; —80 °C; [Zn(CHg).)/[TiCls] = 5/1.

T T T
0 5000 10000

Table 1. Characteristics of DPE-End-Functionalized PIB2

DPE methylation
PIB PIB-DPE _ functionality yield
polymer My, My/My, My MM, (%)° (%)°
PIB-DPE1 4300 1.08 4900 1.05 95 94
PIB-DPE2 6100 1.10 6500 1.09 108 100
PIB-DPE3 6900 1.06 7200 1.08 110 100

a Functionalization conditions: [PDDPEJ/[TMPCI] = 2/1; [Zn(CHs),)/
[TiCly] = 5/1. DPE functionality (%) = M, (GPC)/M, (NMR) x 100.
¢ Determined by *H NMR.

In the synthesis of PIB-DPEZ2, in-situ UWis spectroscopy
was employed to follow capping and methylation. According
to Figure 2, capping is complete in 3 h; however, complete

methylation, confirmed by the absence of resonances at 3.07

ppm in Figure 1d, required 5 h. The low reactivity of the cation
arising from capping living PIB with PDDPE is attributed to

higher resonance stabilization compared to that formed in the

capping reaction of living PIB with DPE, which could be
methylated quantitatively in 2 h.

Table 1 presents the characteristics of PIB-DPE prepared

using PDDPE and Zn(Chb. The fact that there is little
difference in theM,,/M, of PIB and that of PIB-DPE confirms

the absence of a coupling reaction during the functionalization

process.
PIB-b-PMMA. To avoid the termination of lithiated PIB
formed in the reaction of PIB-DPE with-BuLi, it is essential

to ensure the complete absence of protic impurities in the PIB
macromonomer. Since DPHLIi cannot react with DPE because
of steric hindrance, DPHL.I could be utilized as a cleansing agent

Scheme 2. Synthesis of PIB-b-PMA Copolymer Using PIB-DPE
CH, CH, CH,

3

; ; G n-BulLi (excess)
PIB-CH;?—CH;C—O—C—O THF/-78°C/1h

11
——————p PIB-CHy(—Chy —O— L’
T —
n-BulLi (1.5 x excess) CHa
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to remove protic impurities present in the polymer without
reaction with PIB-DPE. For instance, Abetz et al. reported that
protic impurities can be efficiently removed from a DPE-end-
capped poly(1,2-butadiene) macromonomer by titration with a
dilute solution of DPHLC Therefore, before lithiation of PIB-
DPE with n-BuLi, dilute DPHLi solution, prepared by the
reaction of PIB-DPE with excessBuLi in THF at—78°C for

1 h, was added dropwise to the polymer solution until a
yellowish color persisted. After DPHLI cleansing, two different
lithiation procedures were employed to metalate PIB-DPE to
form the anionic PIB macroinitiator (Scheme 2). In the first
method, the polymer solution was cooled+@8 °C and 5-6
times excess-BuLi was added. After 1 h, the polymer solution
was warmed to 40C and kept at that temperaturer fb h to
decompose unreacteeBuLi.3! Then, the polymer solution was
cooled to—78 °C, and MMA was distilled into the reactor. In
the second, simplified procedure, PIB-DPE was lithiated by 1.5
times excess-BuLi at room temperature for-510 min. Upon

the addition of n-BuLi, a blood-red color developed im-
mediately, indicating the formation of PIB diphenyl carbanion.
NMR (Figure 3) and UV~vis studies (not shown) showed that
the lithiation of PIB-DPE is quantitative in 1 min. It is presumed
that, during the remaining time, excas8uli is destroyed by
THF.

To determine the blocking efficiency, the GPC UV trace (254
nm) can be used because it detects the phenyl rings at the chain
end of PIB-DPE1. As shown in Figure 4, the GPC UV trace of
the block copolymer is bimodal. Since double bonds could not
be detected in théH NMR spectrum of homoPIB extracted
with HX, metalation was quantitative. Therefore, the presence
of homoPIB suggests that the PIB-DPE1 macroinitiator was
deactivated during lithiation or MMA polymerization.

Table 2 shows the blocking efficiency of the block copoly-
mers. Representative samples were extracted with HX, a
selective solvent for homoPIB. The results agreed well with
the calculated blocking efficiencies from the GPC UV traces.
When the PIB macromonomer was not treated with DPHLI,
the blocking efficiency was 5670%, even though a large excess
of n-BuLi ([n-BuLi]o/[PIB-DPE]}, = 10/1) was used for the
lithiation of macromonomer. In contrast, when protic impurities
were eliminated by titration with a small amount of DPHLI
([DPHLIi]/[PIB-DPE}, = 0.1/1), the blocking efficiency in-
creased up to 90%.

o,w-DPE-Functionalized PIB (DPE-PIB-DPE).DPE-PIB-
DPE with high molecular weight was prepared ustBgDi-
CumcCl. The obtained difunctional macromonomer had narrow
Mw/M, (<1.11), indicating the absence of a coupling reaction.

PMMA- b-PIB-b-PMMA and PHEMA- b-PIB-b-PHEMA.

The macromonomer was titrated with dilute DPHLI solution to
remove impurities. The difunctional macroinitiator was obtained
in the reaction of DPE-PIB-DPE with exces®8uLi. Since high
molecular weight PIB is insoluble in THF at78 °C, THF/HX
70/30 (v/v) mixture solvents were used for the polymerization
of MMA or TMSIOEMA. 15

Hy  GH G

THF / RT / 5-10 min

140°CI 1h
lMAI-78°C

PIB-b-PMA cDV
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Figure 4. GPC traces of PIB-DPE1 (M, = 4900; M/M, = 1.05) and
the AB5 copolymer: (a) RI trace of PIB-DPE1; (b) UV trace of AB5
copolymer; (c) RI trace of AB5 copolymer.

1H NMR spectrum of DPHLi-cleansed PIB-DPE2 (I) and the methanol-quenched PIB-DPE2 metalation product (Il). (The singlet at

Table 2. M, and Blocking Efficiencies (f) of PIB-b-PMMA
Copolymers from PIB-DPE

il _PIB-DPE _ [pBuLily/ [DPHLilY M, MdM, f
] ‘.. polymer M, M\/M, [PIB-DPE], [PIB-DPE], (block) (block) (%)2

r AB1 4900 1.08 10 0 23300 1.14 56

! i AB2 10 0 37200 1.10 61

/ 3 AB3 10 0 29900 1.09 70

i 3 AB4 4900 1.05 5 0.1 31100 117 79

i AB5 5 0.1 38200 1.11 83
(b) AB6 6500 1.09 15 01 31100 117 82
AB7 5 0.1 38200 1.11 80

AB8 7200 1.08 2 0.1 32800 1.13 90

2 Determined by the area of PIB precursor at GPC UV trace (254 nm).

7 and 8, respectively. Thgy measured aroune68 °C in both
samples corresponds to PIB in both copolymers. The second
measuredy's at 122 and 95C correspond to the PMMA and

The crude polymer was extracted with HX for 24 h to isolate PHEMA segments, respectively. The presence of fiys
the PIB precursor from the block copolymer. Figure 5 shows indicates the expected phase separation in both triblock copoly-
the GPC refractive index (RI) traces of PIB and the block mers.

copolymer (ABAL). After extraction, thévi,/M, of ABAL
decreased from 1.16 to 1.13. Accordingth NMR measure-
ments, the extracted polymer was homoPIB. TWg/M,, of
block copolymer ABA4 did not change before and after
purification as presented in Figure 6.

Table 3 shows th#l,, theM,/M,, the compositions, and the
homoPIB contamination of the triblock copolymers. Thus,

deactivated DPE-PIB-DPE could be reduced from 16% when a temperature between thig of PTx and that of PMMA

macromonomer was not titrated with DPHLi to as low as0.4
1% when PIB macromonomer was treated with DPHLI.
Differential Scanning Calorimetry. The DSC scans of
PMMA-b-PIB-b-PMMA (ABA4) and PHEMAb-PIB-b-PHE-
MA (ABA10) copolymers exhibit twdly's, as shown in Figures

Figures 7 and 8 also show DSC plots for PMMARIB-b-
PMMA and PHEMAb-PIB-b-PHEMA block copolymers after
the addition of the therapeutic agent, PTx. Miscibility between
the drug and a segment of a block copolymer would be
demonstrated by a shift in the specific block glass transition
toward the PTXTy (150 °C). As shown in Figure 7, a shift in
the Tg of the hard PMMA block of PMMAb-PIB-b-PMMA to

suggests miscibility between the PMMA and the PTx. In
addition, the PMMAT, increases with the amount of PTx added
to the sample, and the plots show no indication of the Pgx
The DSC plot generated for blends of PHEMARIB-b-
PHEMA with 0, 10, and 25% PTx are shown in Figure S'CADV
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Table 3. M, and IB wt % of Triblock Copolymers from a DPE-PIB-DPE Macromer

deactivated
macromer [n-BuLi]o/ [DPHLi]o/ IB? macromer
polymer? M, M M [macromer], [macromer], Mn M/ M (wt %) (%)?
ABA1¢ 55 400 1.11 6 0 133000 1.13 45 16
ABA2¢ 55 400 111 6 0.1 100 600 112 57 11
ABA3¢ 56 800 1.04 6 0.2 109 400 1.14 57 6
ABA4¢ 56 800 1.04 6 0.2 83 400 1.30 67 1
ABA5¢ 64 000 1.14 6 0.1 87 000 1.15 74 4
ABAG® 65 300 1.12 5 0.2 92 600 112 70 1
ABAT7¢ 54 200 1.16 15 0.1 81 200 1.18 68 5
ABA8¢ 65 000 1.12 15 0.1 99 700 1.10 64 0.4
ABA9Y 53 300 1.08 6 0.3 86 700¢ 62 10
ABA10Y 53 300 1.10 15 0.1 87 300¢ 1.18 67 5

aHX soluble part. » Determined by 'H NMR. ¢ PMMA-PIB—PMMA triblock copolymer. ¢ PHEMA-PIB—PHEMA triblock copolymer. € Determined by
GPC of the benzoylated derivative and H NMR.

average tensile strength and 370% elongation at break. Since

(@) (b) (c) the tensile strength is very sensitive to the presence of diblock
copolymer, the excellent tensile strength suggests that the
diblock contamination, if any, is very low.

SEM of Stent Coatings. SEM images of representative
coated stents are shown in Figure 10. The coating formulation
shown in Figure 10 is 25% PTx/75% PMMB-PIB-b-PMMA
(ABAZ2). After application of the coating solution to the stent
using a proprietary technique, the coated stents were dried to
remove solvents. The total coverage (drug and polymer) was
adjusted so all stents contained the same total amount of PTx.

M L L L T T T T A smooth conformal coating is produced, which completely
104 106 10° covers the stent struts without filling in the interstitial spaces
MW (g/mol) between struts. During use and deployment, the stent is
Figure 5. GPC Rl traces of (a) DPE-PIB-DPE (M, = 55 400, My/Mj expanded by an angioplasty balloon until it presses against the
= 1.11), (b) crude ABAL copolymer (M, = 121 800; Ma/My = 1.16), blood vessel wall. The polymeric-based coating undergoes a
and (c) purified ABAL copolymer (My = 130 500; Mu/Mn = 1.13). significant degree of rapid expansion in the struts joints (up to
300% elongation for some stent platforms). In addition, the
(@) (b) [ \(c) coating is also subject to a small level of compression on the
opposite side of the strut. It is critical that the polymeric carrier
exhibit elastomeric properties that allow the elongation and
compression of the material to occur without cracking or
deformation of the coating as shown.

AFM of Stent Coatings. AFM phase images of the surface
of stents coated with the SIBS copolymer and formulations
containing 91.2% SIBS/8.8% PTx are shown in Figure 11. The
image in Figure 1la shows the expected phase-separated
morphology that results after coating and drying the block
| . — . ———rrrr copolymer. After incorporation of the PTx into the coating, a
104 108 108 third discrete dispersed phase is visible within the SIBS two-
MW (g/mol) phase morphology, as seen in Figure 11b. Examination of the
Figure 6. GPC RI traces of (a) DPE-PIB-DPE (M, = 55 400; My/M, drug-loaded stent surface after 24 h of exposure to the release
= 1.11), (b) crude ABA2 copolymer (M, = 94 700; My/M, = 1.12), media, as shown in Figure 11c, exhibits the voids that remain
(c) purified ABA2 copolymer (M, = 100 600; My/M, = 1.12). in the surface of the stent after elution of the drug. Interestingly,

shift in the Ty of the PHEMA end-blocks toward the PTh thebtv(;/o-?hascla morprfloll.?rgy of the copolymer remains undis-
also suggests some degree of miscibility between the PHEMA turbed after elution o X

d(Wt%) /dLog(MW)

d(Wt%) /dLog(MW)

and the PTx. Similar to the PMMA-PIB-b-PMMA and PTx Images of the PMMAB-PIB-b-PMMA (ABAG) copolymer
results, theTy of the HEMA block increases with the level of —and 75% PMMAB-PIB-b-PMMA (ABAG) copolymer/25% PTx
PTx in the blend, and no PTk; was detected. formulations are shown in Figure 12. Similar to images shown

Mechanical Properties.The tensile properties of representa- for the SIBS copolymer, the two-phase morphology of the block
tive PMMA-b-PIB-b-PMMA triblock copolymers were mea-  Copolymer is clearly visible. However, the dispersed drug is
sured on Compression_mo|ded or solution-cast fi|mS, as shown not visible in the formulations Containing 25% PTX, deSpite the
by the stressstrain plots for ABA8 in Figure 9. As expected, increase in the drug loading relative to the SIBS formulations.
based on previous repoifilms obtained by solution casting Figure 13 shows both the phase and topography images taken
showed much better properties (16.5 MPa tensile strength andfrom 75% PMMAb-PIB-b-PMMA (ABAG) copolymer/25%
560% ultimate elongation), indicating much better phase separa-PTx coated stents after immediate and 24 h exposure to release
tion. Compression-molded samples exhibited a 10.5 MPa medium. The two-phase morphology is visible after imag&'ﬂgv
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Figure 7. DSC thermograms of PMMA-b-PIB-b-PMMA films containing 0, 5, 10, 15, 20, and 25% PTx.
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Figure 8. DSC thermograms of PHEMA-b-PIB-b-PHEMA films containing 0, 10, and 25% PTx.
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under the release medium for both formulations. The surface void. These appear to be an eruption on the surface as the
of the coated stent after immediate exposure to fluid appears toembedded PTx is released from subsurface regions in the

be similar to the dry imaged surface, although there is some coating.

loss of resolution due to imaging under a fluid. However, it  Drug Release Figure 14 shows the cumulative % of loaded
appears that voids are visible in the images of the stents coatedPTx released from stents coated with 8.8% PTx and 91.1% of
with 75% PMMA-b-PIB-b-PMMA copolymer/25% PTx. Close  either PMMAb-PIB-b-PMMA (ABA3), PHEMA-b-PIB-b-

examination of the topography image shows that these may notPHEMA (ABA9), or SIBS.

In addition, Table 4 tabulates the

be voids, but rather raised regions that surround a very smallamount of PTx released within the initia-2 days of testingCDV
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Figure 9. Stress—strain plot for the ABA8 PMMA-b-PIB-b-PMMA
triblock copolymer.

c)
Figure 10. SEM images of coronary stents coated with 25% PTx
and 75% PMMA-b-PIB-b-PMMA (ABA2): (a) SEM micrograph of an
unexpanded coated stent at 40x; (b) SEM micrograph of an expanded
coated stent at 40x; (c) SEM micrograph of an expanded coated
stent at 200x.
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(b)

0 0.2 0.4 1.00 pm

Figure 11. High-resolution 1 um phase AFM image of the surface
of a stent coated with (a) SIBS copolymer imaged in air, (b) a blend
containing 75% SIBS/25% PTx imaged in air, and (c) a blend
containing 75% SIBS/25% PTx imaged after 24 h of incubation in
the release media showing holes remaining after the elution of PTx.

and the subsequent rate of PTx released over the remainder of
the test interval. The release from both the PHEWRIRIB-b-
PHEMA and SIBS copolymers is characterized by an initial
burst of PTx that occurs during the initia-2 days of testing,
followed by a slower sustained release. Both the burst and rate
of PTx release from stent coatings formulated with PHEMA
b-PIB-b-PHEMA are significantly greater than the amount
released from those with SIBS. Although the total release of
PTx from stents coated with PMMA-PIB-b-PMMA appears
to be similar to the SIBS copolymer, the release does not show
an initial burst release of PTx. Instead, the release profile shows
a slow, constant release of PTx over the time period of testing.
It is postulated that the increase in the hydrophilicity of the
PHEMA-b-PIB-b-PHEMA copolymer allows the aqueous re-
lease medium to rapidly diffuse into the coating to permit more
effective dissolution and extraction from the surface and
subsurface of the polymer coating, resulting in a rapid release
of PTx.

Changes in the release kinetics with the copolymer formula-
tion may be more apparent at higher loadings of PTx. Figure
15 shows the PTx released from stent coatings containing éBO@
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Figure 13. High-resolution tapping-mode 3 um AFM image taken of
75% PMMA-b-PIB-b-PMMA (ABA6)/25% PTx coated stent surfaces
after (2) 0 min and (b) 24 h exposure to release medium showing
the topography (left) and phase (right) data.
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Figure 12. High-resolution 3 um phase AFM image of the surface 10% +
of a stent coated with (a) 100% PMMA-b-PIB-b-PMMA (ABAG6) L
copolymer imaged in fluid and (b) 75% PMMA-PIB-PMMA copolymer 0% ,..4—%? e

(ABAG)/25% PTx imaged in air. 0 10 15
Time (days)
PTx blended with 75% of either PMMA-PIB-b-PMMA Figure 14. Release of PTx from coronary stents coated with
formulations containing 8.8% PTx and 91.2% of either PMMA-b-PIB-
(ABAZ), PHEMA-b-PIB-b-PHEMA (ABA9), or SIBS. The PTX /o) 1v1a (ABAS). PHEMA-b-PIB-b-PHEMA (ABA9), or PS-b-PIB-b-
release profile from coatings with both PHEMAPIB-b- PS. Error bars were used to show the spread in the data at each

PHEMA and SIBS appear to be similar to those measured from time point, but they are small and hidden by the symbols.

coatings formulated with 8.8% PTx. Interestingly, approximately Table 4. Cumulative % of Loaded PTx Rel d during the Initial
0 h aple 4. umulative % ot Loade X Release uring the Initia

36% of the _Ioadgd PTx burst from the PHEMAHB b 24 h of In Vitro Release Testing, and the Subsequent Rate of PTx

PHEMA coatings, independent of the drug formulation. HOW- Rejease after the Initial 24—48 h of Testing

ever, the measured rate of PTx eluting after the initial burst

release increased from approximately 1.6 to 2.0 cumulative

8.8% PTx formulations 25% PTx formulations

rate PTx rate PTx
%PTx/day as the loading increased from 8.8 to 25%. burst release burst release
The slow sustained release of PTx from stents coated with copolymer (6PTx) (6PTX/day) (%PTx) (%PTx/day)
. . . PS-b-PIB-b-PS 0.4 0.1 25 0.1
PMMA-b-PIB-b-PMMA is more evident with 25% PTx for-  ,uvia b oiB bPMMA 0.2 36 0 51

mulated in the coating. It is hypothesized that this slow sustained HEMA-b-PIB-b-HEMA 37 1.6 36 2.0
release profile is due to potential interactions between PTx and
PMMA end-blocks that may control the rate of diffusion of PTx  pppvA-b-PBA-b-PMMA, 3 indicating the importance of the
from the coating. Miscibility between PTx and the hard PMMA  chemical nature of both blocks in determining the distribution
end-blocks of the copolymer were detected by shifts inThe  of PTx.

of the PMMA blocks after the addition of PTx, as measured In summary, the burst release from the PHEMAIB-b-
using DSC and shown in Figure 7. In contrast, according to a PHEMA copolymer supports the theory that the polymer
recent report, PTx is miscible with the poly(butylacrylate) (PBA) hydrophilicity, resulting in increased swelling of the polymer
middle block and immiscible with the PMMA hard block in  matrix, plays a role in the release behavior. Similar reIe@BQ/
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Figure 15. Release of PTx from coronary stents coated with

formulations containing 25% PTx and 75% of either PMMA-b-PIB-
b-PMMA (ABA 3), PHEMA-b-PIB-b-PHEMA (ABA9), or PS-b-PIB-b-
PS.

profiles were measured previously for PIB-based block copoly-
mers with hydrophilic end block¥.Other factors, such as the
solubility of the drug in the polymer matrix, also play a role in
determining the PTx release profile, as demonstrated by
correlating the miscibility determined by DSC analysis of
PMMA-b-PIB-b-PMMA and PTx blends.

Conclusions

PIB—PMMA diblock and triblock copolymers were success-
fully synthesized by the combination of cationic and anionic
polymerization. Metalation of DPE-end-functionalized PIB
prepared from the reaction of living PIB with PDDPE was
achieved by simple reaction with+BuLi, and the yield was
guantitative. The resulting macroanion could efficiently initiate
the polymerization of MMA. This methodology is suggested
to be the most convenient for the synthesis of PIB-based block
copolymers. Cleansing of the PIB-DPE solution with DPHLI
eliminated the need for a critical purification of macromonomer,
which further simplified the synthesis of block copolymers by
avoiding the use of a large excessmeBuLi for the formation
of the macroinitiator and the warmirgooling steps for the
removal of unreacted-BulLi.

The resulting PMMADb-PIB-b-PMMA and PHEMA:b-PIB-
b-PHEMA copolymers exhibited physical properties suited for
stent-coating applications and were successfully formulated with
PTx and coated on coronary stents. DSC evaluations of PMMA
b-PIB-b-PMMA/PTx blends showed miscibility between the
PMMA end-blocks and PTx, resulting in a sustained first-order
release of PTx from coated stents. However, the hydrophilic
nature of PHEMA resulted in a burst release of PTx from the
PHEMA-b-PIB-b-PHEMA/PTx-coated stents. AFM analysis of
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