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Abstract: Mapping the drug distribution in a polymeric
film and following the subsequent changes that result
during and after drug release is important to better
understand the mechanism of drug release. This under-
standing leads to more efficiently designed tailor-made
release profiles for drug-containing biomedical devices.
Coherent anti-Stokes Raman scattering (CARS) micros-
copy was used for in situ imaging of local drug distribu-
tion in polymeric films, taking advantage of the three-
dimensional (3D) resolution, high speed, high sensitivity,
and noninvasiveness of the technology. Additionally, the
morphological changes of poly(styrene-b-isobutylene-b-
styrene) (SIBS) films during paclitaxel release were char-
acterized by scanning electron microscopy, and drug
release was quantitatively determined by high perform-
ance liquid chromatography. The time-dependent changes
in the 3D distribution of paclitaxel in the polymer film

were visualized using CARS microscopy. CARS images
showed that the paclitaxel was uniformly distributed
throughout the SIBS matrix. Changes in the paclitaxel dis-
tribution during release were monitored using depth in-
tensity profiles and showed that, upon exposure of the
paclitaxel-loaded film to a release medium, the quantita-
tive CARS intensity of paclitaxel decreased. These results
indicate that paclitaxel was dissolved and depleted from
the SIBS film during in vitro drug elution, supporting the
use of CARS microscopy as an effective nondestructive
technique for chemical imaging of paclitaxel elution dy-
namics in polymer films. © 2008 Wiley Periodicals, Inc.
] Biomed Mater Res 87A: 913-920, 2008
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INTRODUCTION

Drug-eluting stents (DESs) have been effectively
used for controlling restenosis. Restenosis is a tem-
poral vascular process, which has been associated
with thrombosis, inflammation, migration of smooth
muscle cell and proliferation, and endothelializa-
tion." The success of DES mainly depends on the
control of temporal vascular interplay, which can be
modulated with the drug dose, spatial drug distribu-

Correspondence to: K. Park; e-mail: kpark@purdue.edu

Contract grant sponsor: National Institute of Health;
contract grant number: HL078715

Contract grant sponsor: Boston Scientific Corporation

© 2008 Wiley Periodicals, Inc.

tion, and the release rate, corresponding to vascular
processes over time. The effective dose of an antipro-
liferative drug needs to be estimated for therapeutic
effects due to toxicity to cells at high doses.” Spatial
mapping of the locally released drug was made to
study the drug partitioning in the vicinity of stent
struts.” In addition, drug release from a DES should
be sustained and controlled with consideration of
pharmacological and temporal pathological proce-
dures, depending on the mode of action of the drug.
Various methods have been developed for control-
ling the local drug release from DESs.*® Develop-
ment of DES formulations with an appropriate dose
and with the tailor-made release profile can be facili-
tated by understanding the three-dimensional (3D)
drug distribution in the formulation and its time-
dependent changes during release.
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The spatial information of paclitaxel in a polymer
film that can be coated on the stent surface can be
obtained with chemical imaging. Traditional chemical
imaging tools include Fourier transform infra-red
(FTIR),” confocal Raman microscopy,'®"" nuclear
magnetic resonance (NMR),'? and secondary ion mass
spectroscopy (SIMS),"*'* all of which have limitations
on resolution, sensitivity, or acquisition time of
images. IR microscopy suffers from poor spatial reso-
lution of 7 pm due to its long excitation wavelength,
and confocal Raman has low sensitivity not suitable
for studying the drug distribution in polymer films.
SIMS was used to trace chemical composition of the
drug and polymer from stents,'? but it is invasive to a
sample and not able to provide 3D imaging in situ.

Coherent anti-Stokes Raman scattering (CARS) is a
four-wave-mixing process in which a signal field at
s = 20, — o is generated. The signal is enhanced
when o, — o is tuned to the vibrational frequency of
a Raman band, thus providing a chemical selective
contrast. As a nonlinear process, the signal is only
generated at the laser focus, which provides inherent
3D resolution. In our previous study, the spatial distri-
bution of paclitaxel in various polymer films was
imaged using CARS microscopy with the resolution of
0.3 and 0.9 um in lateral axis and depth, respectively.15
Recent developments including the use of epi-detec-
tion, picosecond pulse excitation, and laser-scanning
have made CARS microscopy an attractive tool for
molecular imaging.'®"” In this study, CARS micros-
copy was used to examine the spatial distribution of
paclitaxel and its release profiles from polymer films
into isopropyl alcohol (IPA) solution.

MATERIALS AND METHODS

Materials

All the solvents and reagents used were purchased from
Sigma—Aldrich (Berkeley, CA) and used as received. Pacli-
taxel (FW 854) and poly(styrene-b-isobutylene-b-styrene)
(SIBS) were kindly supplied by Boston Scientific (Natick,
MA). The specific polymer studied in these experiments has
polydispersity index of 1.36 with a M,, of 109,000 and is rep-
resentative of that used in commercial DES product. SIBS
was studied extensively as the base materials for developing
Taxus = DES (Boston Scientific, Natick, MA)."*2° The coat-
ing formulation containing 35 wt % paclitaxel and 65 wt %
SIBS in a mixture of tetrahydrofuran and toluene (5:95 by
weight) was used to coat films onto clean cover glass (15 X
15 mm?). The thickness of the coated films was ~30 pm, as
measured by a confocal laser-scanning microscope.

Paclitaxel release study

Paclitaxel release from SIBS films was carried out using
isopropyl alcohol (100 vol % IPA) or 30 vol % IPA in phos-
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phate-buffered saline (PBS) as release media. IPA in PBS is
an accepted medium for accelerated drug release testing of
Taxus product. As an “accelerated” medium, it is nonphy-
siological and has been shown to be applicable to SIBS-
based matrix delivery system. Paclitaxel was released from
a SIBS film during immersion of the film in 10 mL of ei-
ther release medium at room temperature under static con-
ditions. After removal at predetermined times of 1 mL of
release medium for paclitaxel analysis, the remaining total
release medium was replaced at each sampling interval.
Acetonitrile (0.5 mL) was added to each sample and the
paclitaxel concentration was analyzed using a high-per-
formance liquid chromatography (HPLC) (Agilent 1100 se-
ries, Agilent Technologies, Wilmington, DE). A symmetry
column (C18, Waters, Milford, MA) and a diode array de-
tector at 227 nm were used for paclitaxel detection. Sam-
ples were run at the flow rate of 1.0 mL/min at 37°C. The
mobile phase was a 50:50 mixture of acetonitrile and
water.

Scanning electron microscopic observation

The SIBS films were cut into ~0.5 cm-by-0.5 cm sections
while immersed in liquid nitrogen and then attached on a
Si wafer with double side tape. The wafer was then placed
upright in a slit holder and secured with cryo adhesive.
Samples were first plunged into a liquid nitrogen slush to
freeze, transferred to the preparation stage of an Alto 2500
cryo-system (Gatan, Warrendale, PA) and coated with plat-
inum prior to transfer into a scanning specimen chamber.
The cross-sectional and surface images were obtained with
a NOVA nano field emission scanning electron microscopy
(FE-SEM) (FEI Company, Hillsboro, OR) with an Everhart-
Thornley secondary electron detector and a through-the-
lens detector, operating primarily at 2-3 kV, aperture 6,
spot size 3 and 4.5-5 mm working distance.

CARS microscopy

Details of our CARS microscope were described in our
previous publication.'” Briefly, two Tisapphire lasers
(Mira900, Coherent, Santa Clara, CA) were tightly
synchronized with an average timing jitter of 100 fs to gen-
erate 2.5 ps pump and Stokes beams at frequency o, and
o, respectively (o, > ). The two excitation beams were
collinearly combined and were directed into a confocal
laser-scanning microscope (FV300/1X70, Olympus Amer-
ica, Melville, NY).?'?*> The CARS signal was detected in
the forward direction with a photomultiplier tube.

To study the change in paclitaxel distribution within the
polymer during in vitro drug release, a glass slide coated
with a paclitaxel-loaded SIBS film was attached to the bot-
tom of a glass-petri dish (MatTek, Ashland, MA). A 1 cm
diameter area of the polymer film was exposed to the
release medium by adding the release medium. The
release medium of 2 mL was added and replaced with
fresh medium at predetermined times. CARS images were
captured over time through the film depth of Z axis to
examine the change of paclitaxel distribution in the film
during release.
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RESULTS

Paclitaxel release from SIBS films was character-
ized by measuring the amount of paclitaxel released
into medium as a function of time, as well as by
examining the resulting film morphology. SIBS films
loaded with 35% paclitaxel were exposed to either
100% IPA or 30% IPA in phosphate-buffered solu-
tion (PBS). The measured solubility of paclitaxel in
100% IPA and 30% IPA was >10 mg and 0.105 *
0.026 mg/mL, respectively. The two release media
were used to study the paclitaxel release mechanism
from SIBS films. Paclitaxel release profiles are shown
in Figure 1(A). In 100% IPA, ~85% of paclitaxel was
released within 2 h while only 50% of paclitaxel was
released after 13 days in 30% IPA. The SIBS films
loaded with the same amount of paclitaxel resulted
in different release profiles depending on the release
medium used. The observation that all paclitaxel
was released in a matter of hours into 100% IPA
indicates that IPA could diffuse into the SIBS film to
accelerate the paclitaxel dissolution and subsequent
release.

The experimental data were fitted to two mathe-
matical models, the Higuchi model and the power
law.**?* The curve fit to each model of the paclitaxel
release profile is presented in Figure 1(B,C). The
Higuchi model assumes pseudo-steady state ap-
proach, which is based on the condition that initial
drug concentration (C,) in the polymer matrix (i.e.,
SIBS film) is much higher than the solubility (Cs) of
the drug in the polymer matrix. Thus, dissolved
drugs and dispersed drugs (i.e.,, undissolved solid
drugs) coexist in the polymer matrix. The presence of
well dispersed paclitaxel in nano/microparticles in
SIBS films meets the criteria of suspended, i.e., dis-
persed, drug. As the dissolved paclitaxel is released
from the surface of the film, the dispersed paclitaxel
particles are then dissolved to maintain the saturation
concentration (Cg), and thus, a constant concentration
gradient. After the surface has released all the avail-
able drug, and the underlying dispersed drug has
dissolved, the dissolved drug boundary begins to be
released into the environment.

In the Higuchi model, the cumulative amount of
drug released (M) is described by the following
equation:

M; = S[DCy(Cq — Co)t]"?= Kt/

where S is the surface area and D is the diffusion
coefficient of paclitaxel through the SIBS matrix. All
parameters in the Higuchi equation are constants
and so the equation can be simplified to yield a
straight line as a function of t'/2. The paclitaxel
release data were also fit to the power law:
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Figure 1. Paclitaxel release as a function of time in 100%
IPA (IPA100) and 30% IPA (IPA30) (A), and model fitting
for the release data in IPA30 (B) and IPA100 (C). Solid line
and dashed line indicate Power model and Higuchi equa-
tion, respectively.
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where M; and M. are cumulative amount of drug
released at time f and infinite time at the constant
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Figure 2. SEM images of the cross section and surface of the films before paclitaxel release at t = 0 (A, B, and C) and
after paclitaxel release at t = 1 day (D, E, and F). Panels A and D are images of the cross sections of the film. Panels B
and E are magnified images of panels A and D, respectively. Panels C and F are the images of the film surface. Paclitaxel

was completely released in IPA100 for 2 h.

loading dose, respectively. A constant of k is related
to structural and geometrical characteristics, and  is
the release exponent, indicative of the mechanism of
drug release.

The values of k’ for the Higuchi model were 0.49
and 0.03 for 100% IPA and 30% IPA, respectively.
The Higuchi model was not able to fit the experi-
mental data very well for paclitaxel release in 100%
IPA. The power law model could fit the experimen-
tal data better, but the low calculated n value of 0.25
indicated that there were not enough data points to
have a meaningful statistical fitting of the data. This
was most likely due to the extremely fast release of
paclitaxel from SIBS films incubated in 100% IPA.
All paclitaxel was released in about 6 h [Fig. 1(C)],
and an insufficient number of data points were able
to be obtained. For paclitaxel release into 30% IPA,
both Higuchi and power law models were able to fit
the data very well [Fig. 1(B)]. The n value was 0.62,
indicating that the paclitaxel release was controlled
by both diffusion of paclitaxel through the SIBS film
and polymer chains undergoing relaxation by the
imbibed solvent.”® The Higuchi equation is the spe-
cial case of the power law where n = 0.5, and the
fact that the calculated n value of 0.62 suggests that
the dominating paclitaxel release mechanism is the
diffusion of dissolved paclitaxel through the SIBS
matrix.

Morphology of paclitaxel-loaded SIBS films was
examined by FE-SEM. FE-SEM images were taken of
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the films before and after drug release in 100% IPA.
All the paclitaxel was extracted after 2 h of incuba-
tion in 100% IPA. At t = 0, images of the cross-
section of the SIBS film showed that there were a
large number of micro/nanospherical particulates
dispersed throughout the film [Fig. 2(A)]. Those par-
ticulates were even more visible at higher magnifica-
tion of both cross section [Fig. 2(B)] and film surface
[Fig. 2(C)]. At t = 1 day, when most of the loaded
paclitaxel was released, the SEM images showed the
presence of isolated void areas [Fig. 2(D)]. The void
areas became more apparent at higher magnification
of cross section [Fig. 2(E)] and film surface [Fig.
2(F)]. Numerous pebble-like structures on the surface
of the film were observed, which is a similar feature
observed by others.'® Those structures became visi-
ble after 35% paclitaxel was released to expose void
spaces.

The spatial distributions, especially the depth pro-
files, of paclitaxel in the SIBS films were examined
by CARS microscopy. To provide chemical identities
of paclitaxel and SIBS, chemical-specific Raman
shifts were identified from Raman spectra [Fig.
3(A)]. The phenyl groups and alkyl bonds of pacli-
taxel contribute to a strong aromatic CH stretch
vibration band centered at 3070 cm ! and to CHj
stretch vibration at 2939 cm ™!, respectively. The
Raman spectrum of SIBS also showed peaks at 3052
cm ™! for aromatic CH stretch vibration of the sty-
rene monomer and at 2910 cm™' for asymmetric
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CH,, stretching. Thus, the CH stretching region was
not able to provide the peaks unique to paclitaxel.
As an alternative, the fingerprint region was exam-
ined. Paclitaxel has peaks at 1723 cm™ ' for C=0
bond and 1603 cm ! for C=C bond, whereas SIBS
has characteristic peak only at 1603 cm™'. Thus, the
peak at 1723 cm ™' for C=0 stretching was used for
paclitaxel imaging.

Both nonresonant and resonant fields contribute to
CARS signals, inferring that the two fields shift the
shape of CARS spectra, generating the peak and the
dip positions for each Raman band. Thus, accurate
Raman shifts were resolved by taking CARS spectra,
which were recorded by tuning the Stokes laser fre-
quency by point by point. The CARS signal from
paclitaxel or SIBS films was normalized by the non-
resonant signal from the glass. The CARS spectra at
3000 and 1600 cm ' region are shown in Figure
3(B,C), respectively. A strong peak and a dip of
paclitaxel were observed at 3060 and 3090 cm ',
respectively, from aromatic CH stretching as corre-
spondence to Raman spectra. SIBS, however, also
has a peak at this Raman shift because it has the aro-
matic CH bond on the benzyl group of the side
chain, which is the chemically equivalent bond of
paclitaxel. The peak at 3060 cm ™" did not differenti-
ate the Raman band between paclitaxel and SIBS
[Fig. 3(B)]. To distinguish chemical-specific Raman
band of paclitaxel, CARS spectra in the finger print
region were taken for SIBS and paclitaxel [Fig. 3(C)].
The peak and the dip characteristic of paclitaxel
were observed at 1700 and 1730 cm_l, while spec-
trum of SIBS at this region was dominated by the
nonresonant background. The subtraction between
the peak and dip only presents chemical-specific in-
tensity of paclitaxel and cancels SIBS signal. The dif-
ference signal between the peak at 1700 cm™' and
the dip 1730 cm ™' of paclitaxel, and the peak of SIBS
at 2840 cm™~' were determined to image paclitaxel
molecules and SIBS matrix in paclitaxel-loaded SIBS
films.

CARS spectra for pure paclitaxel and paclitaxel
dispersed in SIBS films may have different peak
positions because the intensity of the nonresonant
signal can be altered depending on the molecular
concentration of paclitaxel and molecular environ-
ment of the polymer matrix. The strong peak at 1600
cm ™! for C=C bond of paclitaxel may influence the
peak position of C=O bond, depending on the con-
centration of paclitaxel. Thus, CARS spectra in the
fingerprint region were recorded again using 35%
paclitaxel/SIBS film as shown in Figure 3(D). The
appearance of the peak shift at 1710 cm ™' was ideal
for the 35% paclitaxel/SIBS films, and the peak at
1710 em ™" and the dip at 1730 cm ™' were used for
imaging.
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SIBS films loaded with 35% paclitaxel were
imaged at each Raman shift of 1710, 1730, and 2840
cm ™. CARS images showed that paclitaxel embed-
ded in SIBS films was homogeneous throughout the
film depth. Paclitaxel was uniformly distributed
without any large aggregates (Panels A—C in Fig. 4).
For quantitative analysis of the paclitaxel concentra-
tion, depth profiles of CARS intensity through the
polymer film were used for mapping drug distribu-
tion and monitoring drug release. Figure 4(D)
presents depth profiles of CARS intensity through
the SIBS film at each Raman shift. For the chemical-
specific signal of the paclitaxel molecule, resonant
molecular vibration from CARS was isolated from
the nonresonant background. To remove nonreso-
nant background, the depth intensity profile taken at
1730 cm ™' was subtracted from the profile taken at
1710 cm™'. The difference intensity between the two
wavelengths was then normalized by the intensity at
1730 cm ™!, presenting the chemical-specific vibration
of paclitaxel [Fig. 4(E)]. Normalized difference CARS
intensity is proportional to the number of molecules,
i.e., the paclitaxel concentration.

Paclitaxel release over time was monitored by
evaluating changes of the depth intensity profile.
Paclitaxel-loaded SIBS films were exposed to 100%
IPA and 30% IPA in PBS, and changes of the depth
profile were examined (Fig. 5). The resonant CARS
contrast from paclitaxel showed uniform intensity
though the depth of the polymer film before drug
release, i.e.,, at t = 0. On exposure to 100% IPA, the
intensity of CARS depth profiles was significantly
reduced after only 8 min. This result showed that
paclitaxel was depleted from the SIBS matrix as IPA
was imbibed into the SIBS film. The data on depth
profiles showed that the gradient decreased near the
film surface, indicating that all the paclitaxel near
the surface was completely depleted. As the drug
elution time increased, the gradient became steeper,
partly supporting the Higuchi model where the
drug-depleted region migrated from the surface to-
ward the inner, bulk of the film. After a drug elution
time of 64 min, CARS intensity was close to zero
and the profile became flat. According to the HPLC
analysis, 72% of paclitaxel was released by this time.
The paclitaxel depth profiles of SIBS films incubated
in the 30% IPA are shown in Figure 5(B). The depth
profiles of the paclitaxel resonant signal constructed
over time showed that paclitaxel was released at a
considerably slower rate in this medium, as shown
in the HPLC analysis [Fig. 1(A)]. The gradient
changes of depth profile were moderate compared to
that released in pure IPA due to the slower release.
The intensity of depth profiles was lower near the
surface of polymer matrix, again indicating that
paclitaxel was released from the surface.

Journal of Biomedical Materials Research Part A
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which is available at www.interscience.wiley.com.]
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The change of film morphology was examined
using XY images of the films taken at different depth
by CARS microscopy before and after paclitaxel
release. Different depths of the same spot of the
same sample were taken during paclitaxel release in
100% IPA. Before paclitaxel release (f = 0), the film
from XY images was uniform in both bottom and
top (the first column in Fig. 6). After paclitaxel
release for 60 min, XY images showed the waved
feature of the film, indicating that depletion of pacli-
taxel generates the roughness of the film in both
mid-depth and surface (the second column in Fig. 6).

DISCUSSION

Numerous drug delivery systems have been devel-
oped for controlling drug release kinetics. However,
only a small number of studies have visualized the
spatial distribution of the loaded drug molecules,
especially without labeling the drugs. Understanding
the spatial drug distribution and its time-dependent
changes during drug release can lead to elucidation
of drug release mechanisms, and better prediction of
in vivo drug release profiles. In this study, CARS mi-
croscopy was used to image the spatial distribution
of paclitaxel in SIBS films and to follow the time-
dependent changes during the release experiments.
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Figure 5. Depth profiles of paclitaxel in the SIBS film as a
function of the release time in 100% IPA (A) and 30% IPA

(B).

CARS depth profiles of paclitaxel during release
from the SIBS matrix in IPA solution showed that it
was feasible to image the spatial distribution of the
loaded drug and its redistribution over the course of
the release experiment. In addition, morphological
changes of the drug-loaded polymer matrix were
observed during drug release due to absorption of
medium into the film. CARS microscopy was effec-
tive in analyzing the dynamic process of drug
release and monitoring the changes in the spatial
distribution of paclitaxel in the polymer films. IPA
was used to accelerate the release of paclitaxel so
that the dynamic release of paclitaxel from the SIBS
films could be studied using CARS in a reasonably
short time period. Paclitaxel in the SIBS matrix was
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imaged in the finger print region under an aqueous
environment. Imaging in the finger print region is
useful for a drug and polymer combination; both of
which have the same chemical identity at the CH
stretching region, such as that shown for paclitaxel
and SIBS. Furthermore, imaging in the finger print
region provides the advantage of avoiding the over-
lap of the water peak around 3200 cm™ ' with the
target peaks, in the event that the drug release study
is done in an aqueous medium. A single drug parti-
cle was followed to monitor local drug dissolution
and release over the course of time.'” Under condi-
tions where the drug aggregates are not discernible
due to uniform distribution of the drug at the molec-
ular and submicron level in the polymer matrix,
depth intensity profiles can be employed to compare
the relative drug concentrations. The trend in the
depth profiles provides a qualitative spatial drug
release pattern. Depth profiles of paclitaxel release
using CARS microscopy provided new information,
collected noninvasively, about the spatial distribu-
tion and temporal release of even an unlabeled drug.

Observing the changes in the morphology of a
drug-loaded film before and after drug release can
also lead to developing a sustainable mechanism for
drug release. Atomic force microscopy (AFM), fre-
quently used for in situ observation of drug release
from film surfaces, can only provide information rel-
ative to the surface and is not able to image bulk
dissolution of the drug. It is also technically difficult,
since the drug may saturate and crystallize in the
small scanning chamber.'® Access to the open cham-
ber placed in a sample stage of a CARS microscopy
system offers simple maintenance of the sink condi-
tion by allowing easy replacement of the release me-
dium. CARS also allows in situ imaging of the film
in mid-depth, in addition to the surface, and in a
noninvasive way without interruption of the release
experiment. These unique properties of CARS were
essential in studying the drug release mechanisms
from the paclitaxel-SIBS films.

A.Before PTX release B, After PTX release

-y

Bottom

5 pm

Figure 6. CARS images of the XY plane in the bottom and
top of the film at t = 0 (A) and t = 60 min (B) of paclitaxel
release in 100% IPA. The top and bottom images of the SIBS

film are shown. The images were taken at 2840 cm ™ ".

Journal of Biomedical Materials Research Part A



920

Many controlled release systems have been stud-
ied using mathematical models to elucidate drug
release mechanisms.**?® Models are developed based
on certain assumptions, and thus whether each
model can describe experimental data well or not
depends on the experimental conditions. In this
study, the Higuchi equation was a close fit to our
system wherein the paclitaxel was released in a 30%
IPA solution. The data on paclitaxel released into
100% IPA, however, did not fit well to either the
Higuchi equation or the power law model. This is
most likely attributed to the extremely fast release of
the loaded paclitaxel due to the IPA imbibed into
the polymer film. The study of CARS depth profiles
provided direct observation of spatial and temporal
drug distribution and closely matched the drug
release kinetics. Combining the depth profiles with
the mathematical modeling can provide a wealth of
information to establish or validate mechanisms of
drug release.

While CARS has been very useful in the study of
drug release from polymer films without labeling
the drug, it is important to know the limitation of
the technique in terms of sensitivity. The difference
CARS signal of paclitaxel was sensitive to low con-
centrations of about 1% paclitaxel to polymer ratio
found in the matrix after short-term release in 100%
IPA."® In this study, the depth profile was close to
zero, where 78% of the total drug (as measured by
HPLC) was released. This indicates that the pacli-
taxel concentration in the SIBS film fell below 1%
limit at that point. One of the ultimate objectives of
this CARS study was to visualize paclitaxel distribu-
tion in DES. CARS microscopy has both forward
and epi (reflected) signals. The epi-detected CARS
will be highly useful for imaging a very thin poly-
mer film coated on metal surfaces, such as on a
stent. This project is under progress.
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