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Abstract

TAXUSTM is a coronary drug-eluting stent system utilizing a formulation consisting of cellular-target drug paclitaxel and
poly (styrene-isobutylene-styrene) (SIBS). The present study investigates the interaction and interfacial dynamics of paclitaxel
incorporated in a nano-polymeric matrix system. Solution and solid-state CP/MAS NMR experiments were designed to char-
acterize the microstructure of heterogeneous drug–polymer mixtures in terms of its composition, molecular mobility, molecular
order, paclitaxel–SIBS molecular interactions, and molecular mobility of the drug in the polymer matrix. The NMR spectra
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demonstrated unchanged chemical shifts between the neat and incorporated paclitaxel, and suggested that the level o
actions between paclitaxel and SIBS is limited to non-bonding interactions or physical interactions between paclitaxel a
when mixed in solution under NMR detection. Carbon spin-lattice relaxation time and proton spin-lattice relaxation t
the rotating frame offer further confirmation that the mobility of paclitaxel is increased in the paclitaxel–SIBS mixture
results also indicate that a change occurs from crystalline packing to amorphous packing in paclitaxel due to its interm
interaction with SIBS. Our studies were used in understanding the detailed structure, morphology, and molecular m
paclitaxel in the paclitaxel–SIBS system and to probe chemical and physical heterogeneity down to the nanometer sca
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1. Introduction

The polymer carrier technology in the TAXUSTM

drug-eluting stent consists of a thermoplastic ela
tomer poly (styrene-b-isobutylene-b-styrene) (SIBS)
with micro-phase separated morphology resulting
optimal properties for a drug delivery stent coatin
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Fig. 1. Chemical structures of paclitaxel (top) and poly (styrene-isobutylene-styrene) (bottom).

Comprehensive physical characterization of the stent
coatings and cast film formulations showed that pacli-
taxel exists primarily as discrete nano-particles embed-
ded in the SIBS matrix (Ranade et al., 2004, 2005).
The TAXUSTM coronary stent system consists of two
materials, paclitaxel and SIBS, as shown inFig. 1.
Paclitaxel (an anti-cancer drug) is incorporated within
the polymeric matrix in solution and then deposited as
a coating onto a stainless steel stent. The stent is a med-
ical device used to treat arteriosclerosis; drug-eluting
stents are used to treat restenosis. Paclitaxel is a struc-
turally complex molecule (Schiff et al., 1979; Guenard
et al., 1993a). SIBS is a thermoplastic elastomer; a
triblock copolymer (Storey et al., 1994) containing a
mid-segment of rubber (polyisobutylene, PIB) flanked
by glassy outer segments of polystyrene (PS). Previ-
ous studies did not detect any evidence of solubility
of paclitaxel in SIBS or of any molecular miscibil-

ity between paclitaxel and SIBS by DSC, DMTA or
microscopy (Ranade et al., 2004).

The clinical performance of the TAXUSTM stent
system has been described elsewhere (Grube et al.,
2003; Chieffo and Colombo, 2004; Stone et al.,
2004a,b). Paclitaxel is a naturally occurring lipophilic
drug that was originally extracted from the pacific yew
treeTaxus brevifolia. The drug interferes with micro-
tubule function and results in primary and post-mitotic
G1 arrest in smooth muscle cells, thereby inhibiting
proliferation of these cells without inducing apopto-
sis, or cell death (Belotti et al., 1996; Blagosklonny
et al., 2004; Jordan and Wilson, 2004). These findings
support that stent-based delivery of low doses of pacli-
taxel is cytostatic but not cytotoxic (Jordan et al., 1993;
Blagosklonny et al., 2004; Jordan and Wilson, 2004).

High resolution solid-state NMR is an ideal method
to characterize the microstructure of heterogeneous
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polymer systems (Schmidt-Rohr, 1995; Neagu et al.,
2000). 13C NMR, using crossing polarization (CP)
(Hartmann and Hahn, 1962; Pines et al., 1973) and
magic-angle spinning (MAS) (Andrew, 1981), is an
important analytical tool for the solid-state character-
ization of polymers (Schaefer et al., 1977; Sullivan
and Maciel, 1982). NMR spectroscopy applied to solid
materials leads to valuable information regarding com-
position, molecular mobility, and molecular order. It
is therefore capable of probing chemical or physical
heterogeneities down to a scale below 1 nm (Schmidt-
Rohr, 1995). Additionally, this method has the advan-
tage of retrieving information about phase separation in
a non-invasive manner and without any sample modifi-
cation. Hence, it could also use samples taken directly
from the industrial stream to be analyzed without any
further modification. Solid-state NMR can determine,
simultaneously, domain sizes and interface thickness
(Neagu et al., 2000).

Furthermore, since solid-state NMR can be used
to study the characterization of pharmaceutical solids
including drug substance and dosage form, it has
been become an integral technique in the field of
pharmaceutical sciences (Tishmack et al., 2003). For
example, Grant and co-workers (Harper et al., 2002,
2005) applied solid-state NMR to study paclitaxel poly-
morphs. Paclitaxel is a structurally complex molecule
important in chemistry, biology, and medicine.Li et al.
(2000)used fluorescence and solid-state NMR spec-
troscopy to examine the conformation of microtubule-
b
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cal characterization has been described in detail else-
where (Ranade et al., 2004, 2005, and references
therein). The following four samples were prepared
for liquid state NMR experiments: (a) 12.2 mg pacli-
taxel in 0.6 ml CDCl3; (b) 60 mg paclitaxel in 0.6 ml
CDCl3; (c) 60 mg:60 mg of paclitaxel/SIBS (1:1, w/w)
in 0.6 ml CDCl3; (d) 60 mg:120 mg of paclitaxel/SIBS
(1:2, w/w) in 0.6 ml CDCl3. Chemical shifts are refer-
enced to tetramethylsilane (TMS) for1H and to solvent
peak for13C.

The NMR measurements were carried out on a
Bruker AVANCE DMX500 spectrometer. The exper-
iments were carried out including: 1D proton, 1D
carbon, 2D COSYDQF, 2D HMQC, and 2D HMBC.
These experiments were designed to assign chemical
shifts and allow detection of chemical shift changes
between pure components and the paclitaxel–SIBS
mixture.

13C T1 relaxation can provide an approach to mea-
sure atomic-level dynamic behavior of molecules in
solution, and has served as an important tool for
evaluating the internal dynamics of small molecules
and large macromolecules (Voelker, 1991). In solu-
tion state, the spin-lattice (T1) relaxation time of the
various13C nuclei of a molecule may be determined
by using inversion recovery experiments. It is impor-
tant to use inverse-gated1H decoupling to improve
the spectral signal-to-noise ratio without selectively
enhancing peak intensities through NOE effects. In
our experiments,13C T1 inversion recovery experi-
m tion
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In this work, solution and solid-state CP/MA

MR experiments were designed to characterize
icrostructure of heterogeneous drug–polymer m

ures. Also in this work, experiments were designe
haracterize the microstructure of paclitaxel incor
ated in SIBS, in terms of its composition, molecu
obility, and molecular order, as well as drug–polym
olecular interactions (if any) and drug molecu
obility in the polymer matrix.

. Experimental methods

.1. Solution NMR samples and 1D/2D NMR
xperiments

Paclitaxel and SIBS (Fig. 1) were supplied b
oston Scientific Corporation. Their physical–che
ent was carried out at 125 MHz with data acquisi
6 scans, pulse delay 20.0 s, variable delays 0
.05 s, 0.1 s, 0.5 s, 1.0 s, 2.0 s, 4.0 s, 7.0 s, 10 s,
7 s, 20 s, 24 s, 27 s, 30 s, and 40 s.T1 calculation
as done by using Bruker Xwinnmr built-in mac
rogram.

.2. Solid-state NMR samples and 13C CP/MAS
xperiments

NMR sample (paclitaxel–SIBS, 1:2, w/w) was p
ared by first dissolving 60 mg of paclitaxel and 120
f SIBS in 0.6 ml of chloroform separately, then m

ng paclitaxel solution into SIBS solution, and sub
uently drying out the solvent under dry N2 gas. A thin
lm of the mixed sample was formed on the glass
f the small vial and it was subjected to vacuum pu

or 48 h to remove the residual solvent from the s
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ple. Such paclitaxel–SIBS formations were evaluated
as cast films to facilitate sample preparation for NMR
(Ranade et al., 2004). All samples were packed in 5 mm
zirconia pencil sample rotors. All sample preparations
described above were performed in a fume hood. The
following three NMR samples were prepared for solid-
state NMR experiments: (a) neat paclitaxel, (b) neat
SIBS, and (c) paclitaxel–SIBS mixture (1:2, w/w).

High power proton decoupling 13C CP/MAS NMR
spectra were recorded at 75 MHz, using a Chemag-
netics CMX300 NMR spectrometer with a commer-
cial double-bearing 5.0 mm MAS probe. The magic
angle was set using the79Br resonance of KBr. Sam-
ples (∼100 mg) were packed in zirconia pencil rotors
and spun at the magic angle at 10 kHz. The 90◦ pulse
widths for 13C were 4.14�s. A relaxation time of
2 s was used to allow thermal equilibrium, and 2048
or 10,240 acquisitions were utilized to achieve an
adequate signal–noise ratio. A 76 kHz proton decou-
pling field was used during the acquisition of the
free induction decay.13C spectra were recorded using
cross-polarization that improves sensitivity by transfer-
ring magnetization from1H to 13C (a typical contact
time, 1.5–5 ms). The Hartmann–Hahn match condition
for 13C was set experimentally using the13C labeled
glycine standard. Chemical shifts are given with respect
to TMS for using an external sample of solid glycine
(176.03 ppm) for13C.

Carbon spin-lattice relaxation time (13C T1xCP)
measurement was carried out by using CP-versionT1
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ation occurs; hence, by observing the13C intensity at
the end of the contact period as a function ofτ one
can obtain a measure ofT1ρH. T1ρH values were cal-
culated using curve-fitting analysis of variable proton
spin-lock time data with standard deviation less than
8% and a correlation coefficient,R2 > 0.9.

3. Results and discussion

3.1. High-resolution NMR study of
paclitaxel–SIBS interactions in solution

3.1.1. Chemical shift assignments
The proton and carbon signal assignments for both

paclitaxel and SIBS were done by 2D 1H-1H COSY-
DQF,1H-13C HMQC, and were then confirmed by1H-
13C HMBC experiments (data not shown). The results
corroborate data reported in the literature (Chmurny
et al., 1992; Moyna et al., 1997). Table 1 summa-
rizes the13C and1H chemical shifts of neat paclitaxel
and paclitaxel–SIBS mixture in CDCl3. The process of
accurately assigning chemical shifts for the targeted
compounds is necessary to enable interpretation of
solid-state NMR data later.

Chloroform was chosen as the solvent since it
provides a non-polar environment similar to the
hydrophobic polymer matrix (SIBS). In addition, a
non-polar solvent avoids the complications introduced
by solvent–sample interactions. Both paclitaxel and
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ulse program with acquisition parameters simila
regular CP/MAS experiments: contact time 1.5

ulse delay 2 s, acquisition scan 4096, magic-a
pinning rate 10 kHz, and temperature 298 K. Ex
ments in which relaxation periodτ is varied give a se
f data from which the13CT1xCPvalue can be obtaine
y analysis.

Proton spin-lattice relaxation time in rotating frame
T1ρH) values were measured through detecting ca
toms by inserting a variable proton spin-lock pe
efore the contact with the carbons is made. A
al cross-polarization pulse sequence is utilized w

nserting a variable1H spin-lock time, a relaxation tim
eriod with length ofτ incrementing from 0.01 m

o 25 ms, and proton decoupling power (76 kHz)
he beginning of the contact period at which time
artmann–Hahn condition is established. During

ime periodτ, the rotating frame1H spin-lattice relax
IBS have acceptable solubility in chloroform, wh
llows the preparation of the paclitaxel–SIBS sam
ixture. The sample containing a high ratio of pa

axel was prepared in order to generate measu
aclitaxel signals in paclitaxel/SIBS mixture by NM
xperiments. The detectable paclitaxel proton and
on signals are particularly critical for the later so
tate NMR experimental studies that were designe
robe the paclitaxel/SIBS interactions in the solid s
he experimental design, 1:1 or 1:2 (w/w) ratios
aclitaxel/SIBS, ensured that both solution and so
tate NMR experiments provided accurate and sen
ignals for the mixture (paclitaxel/SIBS) samples. F
hermore, it is reasonable to make an assumption
f there is no detectable chemical interaction betw
aclitaxel and SIBS in 1:1 or 1:2 (w/w) ratios then
reparation of the 1:3 (w/w) ratio of paclitaxel/SIB
ixture can be excluded.
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Table 1
13C andlH chemical shifts and13C T1 measurements of paclitaxel in CDCl3 and paclitaxel–SIBS mixtures in CDCl3

Carbons 60 mg Paclitaxel in CDCI3 60:60 mg Paclitaxel:SIBS 60:120 mg Paclitaxel:SIBS in CDCI3

13C (ppm) 13C T1 (ms) 1H (ppm) 13C (ppm) 1H (ppm) 13C (ppm) 13C T1 (ms) 1H (ppm)

C-9 203.57 1.387 203.57 203.57 1.124
C-28 170.33 1.467 170.34 170.35 1.211
C-30 171.18 1.59 171.18 171.17 1.163
C-1′ 172.63 1.506 172.65 172.66 1.113
C-5′ 166.87 1.63 166.85 166.84 –
C-11 133.07 1.284 133.07 133.08 1.065
C-12 141.88 1.067 141.86 141.86 1.102
C-21 167.14 1.954 167.18 167.2 1.791
C-22 129.1 1.56 129.13 129.15 1.312
C-23, 27 130.13 0.293 8.11 130.13 8.11 130.15 0.27 8.11
C-24, 26 128.66 0.313 7.49 128.66 7.49 128.66 0.4 7.48
C-25 133.64 0.351 7.6 133.64 7.59 133.62 0.32 7.58
C-32 133.58 0.284 133.58 133.58 0.317
C-33, 37 127.02 0.835 7.46 127.03 7.46 127.04 0.75 7.46
C-34, 36 128.92 0.709 7.37 129.91 7.36 128.91 0.612 7.35
C-35 128.25 0.352 7.33 128.23 7.33 128.23 0.312 7.32
C-38 137.94 1.543 137.95 137.98 1.313
C-39, 43 126.98 0.74 7.73 126.98 7.72 126.99 0.584 7.72
C-40, 42 128.6 0.757 7.4 128.6 7.39 128.6 0.7 7.39
C-41 131.88 0.371 7.47 131.88 7.47 131.87 0.317 7.46
C-1 78.88 3.002 78.86 78.86 3.104
C-2 74.89 0.306 5.66 74.89 5.66 74.91 0.247 5.66
C-3 45.61 3.109 3.78 45.61 3.78 45.64 3.128 3.78
C-4 81.04 0.366 81.04 81.05 0.395
C-5 84.33 – 4.92 84.33 4.92 84.33 – 4.91
C-6 35.62 0.315 2.51, 1.85 35.62 2.51, 1.85 35.62 0.316 2.50, 1.85
C-1 72.06 3.451 4.38 72.05 4.38 72.05 3.728 4.38
C-8 58.47 0.362 58.46 58.46 0.327
C-10 75.51 0.389 6.27 75.52 6.27 75.53 0.29 6.27
C-13 72.15 – 6.2 72.14 6.2 72.13 – 6.2
C-14 35.58 3.756 2.32, 2.27 35.6 2.31, 2.27 35.62 4.034 2.31, 2.27
C-15 43.09 1.412 43.09 43.1 –
C-17 26.76 0.2 1.22 26.76 1.21 26.76 0.26 1.21
C-16 21.75 1.049 1.12 21.76 ∼ 21.77 2.396 ∼
C-18 14.75 0.639 1.67 14.75 1.67 14.75 0.534 1.67
C-19 9.52 0.201 1.78 9.53 1.78 9.55 0.146 1.78
C-20 76.42 1.629 4.28, 4.18 76.41 4.28, 4.18 76.42 1.966 4.27, 4.18
C-29 22.53 1.474 2.36 22.53 2.36 22.54 1.618 2.36
C-31 20.8 0.378 2.21 20.8 2.2 20.81 0.362 2.19
C-2′ 73.16 0.355 4.77 73.15 4.77 73.16 0.375 4.77
C-3′ 55.06 5.76 55.08 5.76 55.09 5.76
C2′ –OH 3.84 3.9 3.94
C1–OH 1.98 2.04 2.06
C7–OH 2.56 2.6 2.61
N–H 7.11 ∼ ∼
(∼) The peak is overlapped with the peak from SIBS.
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Fig. 2. 1H 500 MHz spectra of paclitaxel in CDCl3 at concentrations of 100 mg/ml (A) and 20.3 mg/ml (B) at 298 K.

3.1.2. Comparison of chemical shift changes
These studies were designed to detect possible

changes in the chemical shift of paclitaxel before and
after incorporation into the SIBS matrix. The informa-
tion provided an understanding of: (i) types of interac-
tion between paclitaxel and SIBS, if any; (ii) chemical
reaction among the two, if any; (iii) detection of new
species that may be formed under different concentra-
tions.

Fig. 2 shows the concentration-dependent study of
neat paclitaxel sample in CDCl3 at 298 K. Solution1H
NMR spectra (Fig. 2) show that the proton signals of
paclitaxel retain the same chemical shifts except the
three OH protons. The three OH protons shifted up-
field (C2′–OH, 0.26 ppm; C1–OH, 0.20 ppm; C7–OH,
0.09 ppm) when the sample was diluted from a con-
centration of 100 mg/ml to 20.3 mg/ml. The result is as
expected since this is a typical NMR detection of the
phenomenon of intermolecular hydrogen bonding of
the OH groups. The crystal structure of paclitaxel indi-

cates that these three OH protons form intermolecular
hydrogen bonding (Mastropaolo et al., 1995).

When the paclitaxel was mixed with SIBS in CDCl3
solution, we anticipated observing an up-field shift sim-
ilar to the dilution effect on the hydroxyl groups in
paclitaxel since SIBS may act as another “solvent” to
“dilute” paclitaxel. However, our results showed the
opposite (Fig. 3), a down-field shifting of the chemical
shifts for the three OH groups. The proton resonance
of the three OH groups shifted down-field (C2′–OH,
0.10 ppm; C1–OH, 0.08 ppm; C7–OH, 0.05 ppm). A
possible interpretation is that adding SIBS solution
was not just like adding a solvent to dilute the con-
centration of paclitaxel. Instead, paclitaxel molecules
interrupted the SIBS polymer chain packing through
�–� interaction of aromatic ring structures between the
two compounds. This was also confirmed by the evi-
dence of the relatively larger proton signal down-field
shift for C2′–OH (0.10 ppm) and C1–OH (0.08 ppm)
than C7–OH (0.05 ppm) since C7–OH is farther away
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Fig. 3. Stack plot (up-field region) of1H 500 MHz spectra of neat paclitaxel (A), paclitaxel–SIBS mixture (1:1, w/w) (B), and paclitaxel–SIBS
mixture (1:2, w/w) (C) in CDCl3 at 298 K.

from aromatic side chains of paclitaxel molecules. We
hypothesize that the signal down-field shift of C2′ - and
C1–OH groups may be attributed to the aromatic side-
chain interactions between paclitaxel and SIBS. Such
non-bonded aromatic�–� interaction disrupts the side-
chain conformations of the paclitaxel molecule, result-
ing in the down-field shift of the C2′ - and C1–OH proton
signals.

Again, our data revealed that only physical or
non-bonding interactions occurred in mixing pacli-
taxel and SIBS in solution, and in addition, the
chemical shift changes of hydroxyl groups indicated
that the interaction is limited to non-bonded van
der Waals interaction between the two molecules in
solution.

3.1.3. Comparison of spin-lattice relaxation (T1)
changes

Fig. 4 shows stacked spectra of the13C T1 relax-
ation time measured by inversion recovery experiments
for paclitaxel–SIBS (1:2, w/w) mixture in CDCl3.
Table 1summarizes the13CT1 values of pure paclitaxel
and paclitaxel–SIBS mixtures (1:2, w/w) in CDCl3.
The experiments were designed to probe the molec-
ular mobility of free paclitaxel and SIBS-bound pacli-
taxel molecules, which provided further evidence of
paclitaxel–SIBS interactions.

As shown in Table 1, different 13C T1 values
detected between pure paclitaxel and paclitaxel–SIBS
samples indicate that the motion of paclitaxel
molecules is relatively restricted due to the interac-
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Fig. 4. Stack plot of solution NMR13C inversion recoveryT1 relaxation spectra for paclitaxel–SIBS mixture (1:2, w/w) in CDCl3 at 298 K.

tion between paclitaxel and SIBS in the mixture. The
decreases inT1 values revealed the mobility changes of
paclitaxel molecule due to the change from the free to
the SIBS-bound states. The increases inT1 values were
observed for methyl groups (C16, C18, C29, and C31)
which are attributed to the intramolecular dynamic pro-
cess or free rotation of the methyl groups. The13C T1
relaxation data may be used, in a qualitative fashion,

to describe the relative flexibility of13C–1H vectors of
paclitaxel molecule when bound to a macromolecule.
In general, it can be approximated that relatively shorter
13C T1 values are indicative of less mobile13C–1H
bond vectors for a small molecule in solution (Zhu et
al., 1999; LaPlante et al., 2000).

In summary,1H and 13C comparison studies of
paclitaxel and of the paclitaxel–SIBS mixture show
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Fig. 5. Stack plot of solution13C spectra of (A) paclitaxel in CDCl3, (B) paclitaxel–SIBS mixture (1:1, w/w) in CDCl3, and (C) paclitaxel–SIBS
mixture (1:2, w/w) in CDCl3 at 298 K.

that most of the paclitaxel1H and 13C peaks retain
unchanged chemical shifts. The results indicate that
the level of the interactions between paclitaxel and
SIBS are limited to non-bonded or physical interac-
tions occurring between paclitaxel and SIBS when
mixed in solution. In addition, we observed some
limited chemical shift changes for the certain car-
bon signals: C14 (0.04 ppm down-field), C21 (0.06 ppm
down-field), C22 (0.05 ppm down-field), and C25
(0.02 ppm up-field) (Fig. 5). Such small changes indi-
cate that the side-chain�–� interaction between pacli-
taxel and SIBS may influence the electronic environ-
ment of the sites near the C14 carbon and the C2
constituent. Several studies (Guenard et al., 1993b;
Chen et al., 1993) have also reported the important
role of the C2 benzoate group for biological activ-
ity.

3.2. 13C CP/MAS NMR study of paclitaxel–SIBS
in solid-state

CP/MAS NMR experiments were designed to
explore the paclitaxel–SIBS interactions in solid state
in terms of chemical shift changes, nuclear spin diffu-
sion, rotating frame relaxation rates, and to compare
these to observations made in solution.

3.2.1. Comparison of solution and solid-state
NMR spectra

Fig. 6shows a comparison of 1D13C NMR spectra
of paclitaxel molecules acquired in solution and solid
states. Chemical shift assignments of solid-state13C
NMR spectra were made on the basis of solution NMR
data. In order to easily interpret the spectra later, we
classified the spectrum into five regions: (i) Region I:
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Fig. 6. 13C NMR spectra of (A) paclitaxel in CDCl3 solution (solution NMR) and (B) solid-state paclitaxel CP/MAS NMR measured at 298 K
with 2048 acquisitions and a magic-angle spin-rate of 10 kHz.

the carbonyl carbons (>160 ppm); (ii) Region II: the
aromatic or double bond carbons (140–120 ppm); (iii)
Region III: the fused ring carbons or carbons adja-
cent to carbonyl group (86–70 ppm); (iv) Region IV:
other fused ring carbons (60–30 ppm); (v) Region V:
the methyl group carbons (<30 ppm).

The solid-state NMR spectral pattern (Fig. 6)
reflects the anisotropic motion of solid crystalline pacli-
taxel, and reveals structural information beyond that
available from the solution spectrum. In particular,

the double13C peak pattern in solid state indicates a
rigid crystalline packing for paclitaxel. For example,
the carbonyl C9 resonance (203.57 ppm) is split into
two major peaks, indicating a non-equivalent molecular
environment in the unit cell or conformational effects
in a rigid crystal packed molecule. The reported X-ray
crystal structure of paclitaxel (Mastropaolo et al., 1995)
has two molecules per unit cell. The two paclitaxel
molecules in the unit cell have different C-13 side-chain
conformations. The peak splitting observed here can be
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attributed to non-equivalence of two conformations in
the crystalline paclitaxel.

3.2.2. Comparison studies of paclitaxel, SIBS, and
their mixture

Fig. 7shows a stack plot for the13C CP/MAS spectra
of (A) SIBS, (B) paclitaxel, and (C) mixture (1:2, w/w)
paclitaxel–SIBS. The13C CP/MAS NMR spectrum of
SIBS (Fig. 7A) shows improved spectral quality to that
reported upon removing the spinning side band (SSB)
(Neagu et al., 2000). The broad line-width indicates
the larger size and slower motion of the SIBS molecule.
The spectrum is consistent with that reported by Neagu
showing two CP/MAS spectra for the different compo-
sitions of the SIBS polymer.

Fig. 7B shows sharp and well-resolved peaks for
paclitaxel, indicating a typical small molecule whereas
SIBS shows broad peak patterns except three sharp
peaks (60 ppm, 40 ppm, and 31 ppm) attributed to
the polyisobutylene block in the copolymer. Compar-
ing spectra (A) with (B) inFig. 7, there are three
broad peak regions, 140–150 ppm, 120–135 ppm, and
35–55 ppm, which tend to overlap with each other in
the paclitaxel–SIBS mixture spectrum (Fig. 7B and
C). Comparing (B) with (C) inFig. 7, the 13C spec-
trum of the paclitaxel–SIBS (1:2, w/w) mixture shows
that spectral intensity and resolution of the paclitaxel
peaks were dramatically decreased due to the presence
of larger size and lower mobility of polymer molecules
in the mixture and also due to lower molar ratio of
p
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to compare theT1 changes in paclitaxel signals (neat
versus in the SIBS mixture). The relatively lowerT1ρH

values of paclitaxel signals in the mixture indicated that
the paclitaxel molecule is less densely packed in the
SIBS mixture in comparison to the crystalline-packed
structure of paclitaxel.

The results show that in generalT1 values decreased
for paclitaxel in the paclitaxel–SIBS mixture. This is
consistent with restricted molecular motions in the
crystalline state, having correlation times comparable
to the more isotropic motions occurring in the amor-
phous state of the mixture (Menger et al., 1982). The
longer carbonT1 is observed for the crystalline state
compared to the amorphous state, which indicates that
internal molecular mobility of the paclitaxel in the
mixture is influenced by interactions with the SIBS
main chain.

In the neat paclitaxel sample, the crystal packing
and intermolecular H-bonding restricts the mobility
of paclitaxel molecules resulting in longerT1. When
paclitaxel is mixed with SIBS, the paclitaxel molecule
displayed increased mobility (shorterT1), due to non-
crystal packing of paclitaxel molecule and interfer-
ence by SIBS. The SIBS-bound paclitaxel molecules
tend to follow the internal motions of the polymer
chain.

Furthermore,Fig. 8 shows theT1ρH measurement
for paclitaxel–SIBS (1:2, w/w) mixture. TheT1ρH val-
ues for the neat samples of paclitaxel and SIBS are
summarized inTable 2. Rotating frame proton spin-
l ar
c d is
d am-
i ide
s f the
o

el
c ls at
2 nsi-
t for
t ntial
d data
c indi-
c d for
b repa-
r ith
t ed
i st
aclitaxel in the mixture.

.2.3. Carbon spin-lattice relaxation time (T1)
nd proton spin-lock relaxation time (T1ρH)
easurements
The solid-state CP-version13C spin-lattice relax

tion time experimentT1 (13C) was designed to me
ure changes in mobility of paclitaxel in the free a
olymer-mixed states.Table 2summarizes the chem
al shifts and CP-version inversion recoveryT1 (13C)
ime measurements of paclitaxel, SIBS and their m
ure (1:2, w/w). Due to the peak overlap in pa
axel and SIBS spectra in two regions 30–50 ppm
20–150 ppm, it is difficult to identify an appropria
eak for13C T1 calculations for paclitaxel molecu

n the mixture even with deconvolution of the spec
his may affect the accuracy ofT1 calculations. There

ore, the other three regions (I, III, and V) were u
attice relaxation timeT1ρH, characterizes molecul
hain motions in the kilohertz frequency range, an
esigned to probe the changes in the interfacial dyn

cs in the paclitaxel–SIBS mixture in order to prov
econdary evidence concerning the morphology o
rganic molecules at the polymer interface.

Fig. 9shows protonT1ρH data of selected paclitax
arbon (aliphatic carbons, carbonyl carbon signa
1 ppm, 75 ppm, and 169 ppm, respectively) inte

ies plotted as a function of spin-lock times (ms)
he neat and mixed paclitaxel samples. The expone
ecay of the neat paclitaxel and mixed paclitaxel
an be represented by a single relaxation time,
ating that a homogeneous system was observe
oth. This also indicates homogeneous sample p
ation of the paclitaxel–SIBS mixture. Combined w
he broad13C signals of paclitaxel molecule observ
n the 13C CP/MAS spectra (Fig. 7), the data sugge
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Fig. 7. Solid-state CP/MAS NMR spectra of (A) SIBS with 2048 acquisitions, (B) paclitaxel with 2048 acquisitions, and (C) mixture
paclitaxel–SIBS (1:2) with 10,240 acquisitions. All spectra were measured at 298 K with magic-angle spin-rate of 10 kHz.
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Table 2
13C chemical shifts of solution NMR and solid-state NMR CP/MAS,13C T1 andTlρH of solid-state NMR for the samples paclitaxel, SIBS and
mixture paclitaxel/SIBS

Carbons Solution NMR 13C Solid-state CP/MAS NMR

Paclitaxel Paclitaxel Paclitaxel/SIBS (1:2, w/w) SIBS

13C (ppm) 13C (ppm) T1 (s) T1ρH (ms) 13C (ppm) T1 (s) T1ρH (ms) 13C (ppm) T1 (s) T1ρH (ms)

C-9 203.57 205.7 35.6 14.4 202.9 47.6 9
203.5 35.6 14.4

C-l′ 172.63 172.8 79 14.5 172.3 41.2 10.2
C-30 171.18 170.8 79 14.5 169.5 41.2 11.7
C-21 167.14
C-5′ 166.87 166.9 42 13.9 166.9 33.3 11.6

165.2 42 13.9 10
146.4 46.6 8.6 146.1 52.9 9

C-12 141.88 143.8 87.3 11.4
141.9 87.3 11.8

C-38 137.94 139.5 60.5 11.5
136.1 55

C-25 133.64 134.8 38.8
C-11 133.07 133.5 34.8
C-41 131.88 132.5 51.5 14.1
C-24, 26 128.66 128.6 39.7 14.6 128.2 21.8 9.6 128 28.8 8.6
C-5 84.33 85.8 88.7 15.3 85 31.7 12.7

84 70.2 15.3 83.9 44 13.4
C-4 81.04 82.7 79.2 15.2 13.5

80.2 76.3 80.9 35.3 12.7
C-l 78.88 79.1 48.9 14.9
C-20 76.42 76.8 57.4 76.8 28.3
C-10 75.51 75.9 50.6 15.4 12.9

75.2 49.7 15.4
C-2′ 73.16 73.6 55.1 15.3 73.4 29.5
C-13 72.15 72.1 39.4 15.5 12.6
C-7 72.06 69.2 40.3 69.2 30.6

60 0.12 60.1 0.29 6
C-8 58.47 59.3 41.5 13.8 5.9

58.3 35.6 138
C-3′ 55.06 55.8 43.7 16.1
C-3 45.61 47.6 84 15.9 45.9 32.3
C-15 43.09 43.5 11.5 138 43.2 33.8 9.2

40.5 36.9 8.5 40.6 43.7 8.5
C-6 35.62 37.6 82.5 18.8 38.7 36.8 8.6
C-14 35.58 36.2 38.4 18.7

35 36.4 18.7
31.9 0.52 2.0 32 0.48 1.8

C-17 26.76 26 11.7 13.8 26.1 8.31 12.7
C-29 22.53 22.7 11.6 13.8
C-16 21.75 21.2 7.54 13.8 21.6 2.49 12.3
C-18 14.75 13.7 15.2 12.4 15.6 10.8

12.9 20.9 12.7 13.8 10.8 10.1
C-19 9.52 10.9 10.1 2.83 10.6
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Fig. 8. Stack plot of solid-state NMR protonT1ρH of paclitaxel–SIBS mixture (1:2, w/w). Each spectrum is a result of 4048 acquisitions at
298 K with magic-angle spin-rate of 10 kHz.

Fig. 9. ProtonT1ρH plot of the peak intensities of the carbon resonances at 21 ppm, 75 ppm, and 169 ppm as a function of spin-lock times (ms)
for neat paclitaxel (A) and paclitaxel–SIBS mixture (B); logI is the logarithm of the peak intensity.
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that paclitaxel in the mixture exists in a non-crystalline
amorphous state.

4. Summary

On the basis of our systematic solution and solid-
state NMR studies, we conclude that there is no signif-
icant chemical change in the paclitaxel molecule when
mixed with SIBS in solution and solid states. In other
words, there is no NMR-detectable new chemical bond
formation between paclitaxel and SIBS. Spin-lattice
relaxation time measurements showed shorterT1 (13C)
andT1ρH measurements for the paclitaxel in the mix-
ture compared to neat paclitaxel, indicating increased
mobility for paclitaxel in the paclitaxel–SIBS mixture.
The results suggest a change from crystalline packing
to amorphous state due to aromatic�–� interactions
between paclitaxel and SIBS.
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