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Abstract

Mechanisms underlying the release of paclitaxel (PTX) from poly(ethylene glycol)/poly(lactic-co-glycolic acid) (PEG/PLGA) blends were
investigated by coherent anti-Stokes Raman scattering (CARS) microscopy. PLGA, PEG, and PTX were selectively imaged by using the resonant
CARS signal from the CH3, CH2, and aromatic CH stretch vibrations, respectively. Phase segregation was observed in PLGA films containing 10
to 40 wt.% PEG in the absence of PTX loading. The PEG phase existed in the form of crystalline fibers in the (8:2, weight ratio) and (7:3) PLGA/
PEG films. CARS observation indicated that PTX preferentially partitioned into the PEG domains in the (9:1) and (8:2) PLGA/PTX films, but
exhibited a uniform mixing with both PLGA and PEG in the (7:3) PLGA/PEG film. The solid dispersion of PTX into PEG domains was attributed
to a strong interaction between PTX and PEG, supported by the disappearance of PEG crystallization in the PTX-loaded PLGA/PEG film
evidenced through X-ray diffraction analysis. PTX release was induced by exposing the film to an aqueous solution and monitored in real time by
CARS and two-photon fluorescence microscopy. Fast dissolution of both PEG and PTX was observed at the film surface. Upon infiltration of
water into the film, the PEG domains were rearranged into ring structures enriched by both PTX and PEG. The CARS data provided visual
evidence explaining the accelerated burst release followed by more sustained release of PTX from the PLGA/PEG films as measured by HPLC.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

PTX has been administered with a great success in the
treatment of in-stent restenosis [1–3]. Being biodegradable and
biocompatible, PLGA is widely used for delivery of PTX and
other drugs coated on stents [1,4–6]. To compromise the brittle
mechanical properties of PLGA, PEG of low glass transition
temperature was often added as a plastizer to the PLGA matrix
[6,7]. The PEG addition also resulted in accelerated or
decelerated drug release in a controlled manner [7–10]. For
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instance, adding 2% PEG to PLGA microparticles increased the
in vitro release rate of PTX, while higher portion of PEG slowed
down the PTX release [10].

In most studies, the drug release profiles were characterized
by chemical analysis methods such as HPLC. While convenient
and widely used, such chemical analysis does not tell the
redistribution of drugs inside a delivery system that may occur
during the release process. As a consequence, although the two
basic pathways (diffusion and degradation) for drug release
from a polymer matrix have been established [11], the detailed
mechanisms which may be related to phase segregation
according to polymer-drug interactions remain elusive.

Molecular imaging recently emerged as a new tool for drug
release studies. FT-IR imaging of PEG dissolution in an
aqueous environment has been implemented to investigate the
drug release mechanism [12–15]. While this method provides
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Fig. 1. CARS spectra of PEG, PLGA, and PTX in the CH vibration region. The
molecular structures are shown above the spectra. The two peaks at 2820 cm−1

and 2890 cm−1 arise from the symmetric and asymmetric CH2 stretch vibration
in PEG. The peak at 2940 cm−1 arises from the CH3 stretch vibration in PLGA.
The 3060 cm−1 peak arises from the aromatic CH stretch vibration in PTX.

Fig. 2. Phase segregation and crystallization in PEG/PLGA films visualized by
CARS microscopy. (A–D) CARS images of the (A) PEG10%/PLGA90%, (B)
PEG20%/PLGA20%, (C) PEG30%/PLGA70%, (D) PEG40%/PLGA60%
films. The red and green colors represent the CARS intensities for PEG and
PLGA, acquired at 2890 cm−1 and 2940 cm−1, respectively. (E–H) Polarization
analysis of the PEG20%/PLGA80% film. (E) Image taken at 2890 cm−1 with
vertical excitation polarization. (F) Image taken at 2890 cm−1 with horizontal
polarization. (G) Image taken at 2940 cm−1 with vertical polarization. (H) Image
taken at 2940 cm−1 with horizontal polarization. The CARS intensities along the
white lines in the images are shown on the right side. VT: vertical. HZ:
horizontal. An autumn color scheme was used to signify the CARS intensity
dependence on excitation polarization in (E) and (F).
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chemical selectivity, the long excitation wavelength used in FT-
IR microscopy offers the spatial resolution of several to tens
micrometer, which does not allow the visualization of 3D
distribution of drug molecules in thin polymer films or
microparticles. Raman microscopy [16–18] provides better
spatial resolution by using a shorter excitation wavelength, but
the weak Raman scattering necessitates a long image acquisi-
tion time from minutes to hours. A recently developed nonlinear
optical imaging technique that is based on coherent anti-Stokes
Raman scattering (CARS) circumvents these difficulties. In
CARS microscopy [19], a pump laser beam at frequency ωp and
a Stokes laser beam at frequency ωs are collinearly overlapped
and tightly focused into a sample to generate a signal at the anti-
Stokes frequency ωas=ωp−ωs+ωp. CARS microscopy offers
the following advantages. First, the CARS signal can be
significantly enhanced when ωp−ωs is tuned to a Raman-active
molecular vibration, which provides the molecular selectivity.
Second, the coherent addition produces a large CARS signal,
which allows high-speed imaging of dynamic systems. Third,
the nonlinear dependence of signal generation on the excitation
laser intensity ensures that the CARS signal is only produced at
the focal center, providing 3D spatial resolution. Recently, Kang
et al. demonstrated CARS imaging of PTX dispersion and
coagulation in films of different polymers [20]. In this work,
CARS microscopy was used to map the distribution of PTX in
spray-coated films of PLGA/PEG blend and to monitor the
reorganization of PEG and PTX during the release process. The
sample used in our study mimics the film coated on a drug-
eluting stent. The CARS imaging results interpret the PTX
release profiles measured by HPLC.

2. Materials and methods

2.1. Chemicals

Poly(ethylene glycol) (PEG, MW 2000) was obtained from
Sigma-Aldrich (Berkeley, CA). Poly(lactic-co-glycolic acid)
(PLGA, equimolar lactic and glycolic acids, nominal inherent
viscosity=0.59 dl/g, MW 4.4×104) was purchased from
Birmingham Polymers, Inc. (Pelham, AL). Paclitaxel (PTX,
MW 854) was kindly supplied by Samyang, Ltd. (Seoul,
Korea).

2.2. Film preparation

Solutions of 1 wt.% PLGA/PEG/PTX with various ratios
were prepared in the co-solvent composed of (4:1) tetrahydro-
furan/toluene. The solution was deposited on a cover glass by
spray coating. Micro mists were sprayed to the cover glass
through an air brush connected with an air compressor. The



Fig. 3. Distribution of paclitaxel (15% of the total weight) in films composed of (a) PEG10%/PLGA90%, (b) PEG20%/PLGA20%, (c) PEG30%/PLGA70%. Images in
the first column and the second column were taken at 2890 cm−1 and 2940 cm−1, respectively. Images in the third column were constructed from the signal difference
between 3060 cm−1 and 3090 cm−1. The forth column presents the CARS intensities along the white lines in the images.

Fig. 4. X-ray diffraction analysis of the PTX power and various polymer films.
The disappearance of the sharp peaks in the PEG20/PLGA80/15%PTX film
indicates a strong interaction between PEG and PTX.
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formed films were dried under the vacuum for 24 h at 25 °C to
completely remove the solvent. The film thickness was around
20 μm.

2.3. CARS microscopy

Details about our laser-scanning CARS microscope were
described elsewhere [21]. Briefly, two tightly synchronized Ti:
sapphire lasers (Mira900, Coherent Inc.) were used to generate
the 2.5-ps pump and Stokes beams, respectively. The two
parallel-polarized laser beams were collinearly combined and
directed into a laser scanning microscope (Olympus America
Inc, FV300/IX70). A Pockels cell was used to reduce the pulse
repetition rate from 76 MHz to 1.3 MHz. A water immersion
objective with a numerical aperture of 1.2 was used to focus the
laser beams into the polymer film sample. The CARS signal
from the sample was detected in the forward direction by a
photomultiplier tube (Hamamatsu, R3896). The acquisition
speed was 1.12 s/frame. The pump and Stokes power at the
sample was 1.0 and 0.4 mW, respectively. All the imaging
experiments were conducted at the optics lab temperature of
22 °C. The CARS spectra of PLGA, PEG, and PTX films were
recorded by manually tuning the Stokes laser wavelength. The
CARS signal from the sample was normalized by the
nonresonant CARS signal from the cover glass at each
wavelength to remove the intensity fluctuation induced by the
variation in laser power and detection efficiency.

2.4. HPLC analysis of PTX release profile

A cover glass coated with a PLGA/PEG/PTX film was
attached to the frame of a bottom-glass petri dish. PTX was
released at 25 °C in a phosphate-buffered saline (PBS, pH 7.4).
The release medium in the chamber was sampled and replaced
with a fresh medium at timed intervals. The released PTX in the
medium was analyzed using HPLC (Agilent 1100 series) at
37 °C. The PTX was measured by absorption at 227 nm. The
samples were run at a flow rate of 1.0 mL/min. Acetonitrile
(ACN) and water with ratio of 40:60 were used as the mobile
phase.

2.5. X-Ray diffraction analysis

X-ray diffraction (XRD) analysis was performed with a
Siemen's X-ray diffractometer equipped with Cu Kα radiation.
Film samples of pure PEG, PLGA/PEG, and PLGA/PEG/PTX
were analyzed in the range of 6 to 40° with an angular resolution
of 0.04°. The films were prepared by spray coating on the quartz



Fig. 5. Release of PTX from the PEG20%/PLGA80% film measured by HPLC.
Phosphate-buffered saline (PBS) was used as the releasing medium. (A) Short
term release in 24 h. (B) Long term release in 200 h.
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holder (Gem Dugout, PA) which has a low X-ray background.
The exposure time for each measurement was about 15 min.

3. Results

3.1. CARS spectra of PEG, PLGA, and PTX

CARS spectra of PEG, PLGA, or PTX in the CH vibration
region (Fig. 1) were recorded to determine the suitable Raman
bands for selective imaging of these molecules in the blend film.
For the PEG film, two broad peaks were observed around
2890 cm−1 and 2820 cm−1, corresponding to the asymmetric
and symmetric CH2 stretch vibration, respectively. For PLGA
which is abundant in CH3 groups, a pronounced peak arising
from the symmetric CH3 stretching appeared at 2940 cm

−1. For
PTX, we observed a peak at 3060 cm−1 and a dip at 3090 cm−1

that are characteristic of the CARS band of aromatic CH stretch
vibration.

The 2940 cm−1 peak allows the selective imaging of PLGA.
The 2820 cm−1 and 2890 cm−1 peaks give similar contrast in
CARS images of blend films. To reduce the laser wavelength
tuning range, the 2890 cm−1 peak was chosen for imaging PEG.
The CARS signal from PTX is relatively weak. In order to
completely remove the nonresonant background contributed by
PEG and PLGA, the CARS intensity at 3060 cm−1 (peak) was
subtracted by that from 3090 cm−1 (dip) and the difference
signal was used to map the distribution of PTX.

3.2. Phase segregation and crystallization in PLGA/PEG blend

CARS microscopy was first used to image the PLGA/PEG
films prepared without PTX loading. The weight percentage of
PEG in the films varied from 0 to 40%. The laser beams were
focused at the mid-depth of the films. The pure PLGA film
exhibited a uniform CARS intensity distribution (data not
shown). The CARS images for films containing 10 to 40% PEG
are shown in Fig. 2, with the red and green colors representing
the contrast for PEG and PLGA, respectively. Phase segregation
was observed in the (9:1) PLGA/PEG film, with the PEG
enriched phase separated as small islands in the percolating
PLGA matrix (Fig. 2A). In the (8:2) PLGA/PEG film, the PEG
enriched phase formed fibers in the continuous PLGA phase
(Fig. 2B). With the PEG percentage increased to 30%, the PEG
fibers were observed all over the film, whereas the area enriched
in PLGA was reduced (Fig. 2C). Phase separation was also
observed in the (6:4) PEG/PLGA film but with few fiber-like
structures (Fig. 2D).

Crystallization of polyethylene oxide in thin films has been
reported [22]. Herein, the dependence of the CARS signal on
excitation polarization was analyzed to determine the existence
of PEG crystallization in the blend film. For the (8:2) PLGA/
PEG film, the CARS intensity at 2890 cm−1 from the fiber
shows a clear dependence on laser polarization. An enhanced
contrast was observed when the incident beams were polarized
along the fiber (Fig. 2 E, F). Because the CARS signal from
symmetric CH2 stretch is maximized when the excitation
polarization is parallel with the dipole of the CH2 group [23],
our result indicates that the symmetry axis of most CH2 groups
is aligned along the fiber. The polarization dependence
demonstrates that PEG in the fiber exists in a crystalline form.
Meanwhile, the CARS intensity at 2940 cm−1 was not reliant on
the laser polarization (Fig. 2G, H), consistent with the
amorphous nature of PLGA. In films containing 10% and
40% PEG, no polarization dependence was observed for either
PEG or PLGA.

3.3. PTX distribution in PLGA/PEG films

PTX-loaded films were prepared by adding PTX (15 wt.% of
the total blend weight) to the solution of (8:2) PLGA/PEG blend
followed by spray coating. The distribution of PTX was mapped
by the CARS signal from aromatic CH vibration. The PTX
exhibited a uniform distribution in a PLGA film as shown in our
earlier work [20]. Phase segregation was clearly observed in
films containing 10% PEG (Fig. 3A, B). The CARS contrast
from PTX (Fig. 3C) showed the same spatial pattern as that
from PEG, indicating that PTX was localized in the PEG phase
(Fig. 3A). Moreover, PTX was uniformly distributed (i.e., no
coagulation) in the isolated PEG domains. As the PEG content
increased to 20%, PTX was still preferentially partitioned into
the confined PEG domains (Fig. 3D–F). Notably, no fiber
structure was observed from the PEG phase and no polarization
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dependence of the CARS signal was identified, indicating that
PEG crystallization could be prevented by the interaction
between PTX and PEG. For the film containing 30% PEG,
PLGA, PEG, and PTX exhibited the same spatial distribution
pattern (Fig. 3G–I), indicating a better miscibility between the
polymers and drug at this composition. The distribution of
PLGA, PEG, and PTX was quantified with line analysis shown
in the forth column of Fig. 3. For films containing 10% and 20%
PEG, the intensity profiles showed the same spatial pattern for
PEG and PTX and clear segregation between PEG and PLGA
phase.

To provide independent evidence for the observed spatial
colocalization of highly hydrophobic PTX with hydrophilic
PEG, we recorded the XRD spectra of PEG powder and
different films. The results are shown in Fig. 4. The crystalline
PEG powder showed intensive X-ray pattern, in coincidence
with previous studies [24–26]. The XRD spectrum of the (8:2)
PLGA/PEG film displayed two peaks at 19.3° and 23.5° which
were located at the same position with the PEG powder, and a
broad amorphous band between 10 to 30° which resulted from
the amorphous PLGA phase. The sharp XRD peaks indicate the
crystallization of PEG in the (8:2) PLGA/PEG film, in
consistence with the crystalline fibers observed in the CARS
images. A change in the XRD pattern was observed in PTX-
loaded (8:2) PLGA/PEG film: the sharp peaks at 19.3° and
23.5° disappeared and only the broad amorphous band over 10
to 30° was observed. This result suggested that PEG strongly
interacts with PTX in the film. Taken together, the CARS and
Fig. 6. PTX redistribution before and after the 40 min release process. The first row
represent CARS images taken at 3, 6, 10 μm deep into the film. PEG was visualized
difference between 3060 cm−1 and 3090 cm−1. The fifth column presents the CARS
XRD data demonstrated that PTX was dispersed in the solid
PEG phase. Its effect on PTX release is studied below.

3.4. Study of PTX release by HPLC and CARS microscopy

The amount of PTX released from the (8:2) PLGA/PEG
blend film and the PLGA film was analyzed by HPLC, using
PBS as the releasing medium. The short-term (24 h) and long-
term (200 h) release profiles were depicted in Fig. 5A and B,
respectively. Compared with PTX release from the PLGA
matrix, addition of 20% PEG accelerated the burst release of
PTX in the first 8 h (Fig. 5A). After the initial stage, the
accumulated PTX release rate from the PLGA/PEG film
became slower than that from the PLGA film (Fig. 5B).

To directly monitor the release of PTX that was initially
distributed in the PEG phase, we carried out time-lapse CARS
imaging of a (8:2) PLGA/PEG film loaded with 15 wt.% PTX
and placed in a releasing medium. The spectral overlap between
the OH stretch vibration in water and the aromatic CH vibration
in PTX was avoided by using deuterium water (D2O) as the
releasing medium. The PEG and PTX distribution before and
after 40 min release are shown in Fig. 6. Initially, PEG and PTX
were colocalized into islands at different depths of the sample.
After the 40 min release, pores were observed on the film
surface due to the dissolution of PEG. Meanwhile, the CARS
signal from PTX became weaker, indicative of PTX release
from the film surface (the first row of Fig. 6). After the 40 min
release, pores were also observed inside the film and ring
represents CARS images taken at the film surface. The second to fourth rows
by the CARS contrast at 2890 cm−1. PTX was visualized by the CARS signal
intensities along the white lines in the second and fourth columns.



Fig. 7. Temporally and spatially resolved CARS images of initial PEG dissolution in the PEG20/PLGA80/15%PTX film. The columns were arrayed as the time lapse
and the rows were arrayed as the depth into the film. CARS images were acquired at 2890 cm−1. The acquisition time for each image was 1.12 s.
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structures were formed around the pores. It is interesting that the
ring structures showed a bright contrast with the laser
wavelengths tuned to the aliphatic CH2 vibration for PEG and
the aromatic CH vibration for PTX (see the intensity profiles in
the last column of Fig. 6). The integrated CARS intensity of
PTX from the ring structure was roughly the same as that from
the isolated phase before the release. This result indicates that
PTX was largely redistributed at the interface of PLGA and
PEG phases and maintained inside the film.

Time- and depth- resolved CARS images of PEG dissolution
are shown in Fig. 7. At the film surface, pores and ring
structures appeared in 3 min after placing the film under
deuterium water. The CARS signal from the rings gradually
reduced with the dissolution of PEG in the aqueous phase. The
appearance of pores was delayed as a function of depth. At
10 μm under the surface, the rings appeared after the film was
exposed in D2O for 10 min. It is noteworthy that the ring
structures remained the same in the next 30 min, indicating that
the release of PTX and PEG was effectively reduced by the
continuous PLGA matrix in the film.
Fig. 8. Imaging of water filtration into the PLGAmatrix. (A) CARS image taken
at 2890 cm−1 at the mid-depth of a film PEG20/PLGA80/15%PTX exposed to
D2O for 30 min. (B) TPEF image of fluorescein (green) taken at the same
location. Fluorescein was used as the fluid phase marker.
To have a better understanding of the formation of the ring
structures, we further investigated the infiltration of water into
the film. Because water has a weak CARS signal, we used
fluorescein as a fluid phase marker. Simultaneously acquired
CARS images of PEG and two-photon fluorescence images of
fluorescein are shown in Fig. 8. After the film was immerged in
a fluorescein solution for 30 min, we observed significant
fluorescein signals from the PLGA matrix. Upon the contact of
the PEG phase with water, it is likely that PEG forms a gel at the
PEG/PGLA interface. Conceivably, this PEG dissolution
process brings the PTX to the interface, forming a ring structure.

4. Discussion

PEG has been widely used as a drug carrier. The aqueous
solubility of a poorly-water soluble drug was shown to be
significantly enhanced by up to five orders of magnitude at 80 wt.
% of PEG (MW 400) [27,28]. The PTX solubility in PEG
dendrimers was even higher than that in PEG (MW 400) solution
at the sameweight concentration [29,30], probably due to the high
local density and conformation arrangement inside the PEG
dendrimer. It has been hypothesized that the conformation of PEG
chains is rearranged from helix to Zig-Zag which contributes to
the high solubility of the drug in an aqueous solution [27]. It has
also been speculated that crystalline hydrophobic drug may form
hydrogen bonding with PEG in solid solution [31]. Additionally,
high miscibility of PEG and hydrophobic drugs including
ketoprofen and flurbiprofen was shown in a solid solution state
[25,26]. Nevertheless, direct visualization of PTX association
with PEG against a hydrophobic polymer has not been reported.
In the current study, we directly observed the dispersion of PTX in
the PEG domains of phase-segregated PLGA/PEG blend (Fig. 3).
The preferential distribution of PTX in the PEG phase over the
PLGAphase implied that PEG chainmay be entangled with PTX.
Suchmolecular interaction between PEG and PTXwas confirmed
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by XRD analysis which showed the disappearance of PEG
crystallization upon PTX addition (Fig. 4).

Combining the CARS imaging and the HPLC analysis
results, we further showed that the solid dispersion of PTX in
PEG phase played a critical role in modulating the release of
PTX. Due to local PTX partition in the PEG phase, the PEG
dissolution accelerated PTX release from the surface at the
initial stage. Inside the film, water infiltration redistributes PTX
and PEG into ring structures in the continuous PLGA phase.
The PLGAmatrix conceivably acted as a hydrophobic barrier of
PTX diffusion. As a consequence, in the period of 8 to 200 h,
we observed a more sustained PTX release from the (8:2)
PLGA/PEG film in comparison to the PTX release from the
PLGA film.

5. Conclusions

Spatial organization of PLGA, PEG, and PTX in spray-
coated blend films was characterized by CARS microscopy.
Without PTX loading, PLGA and PEGwere segregated into two
phases. PEG formed crystalline fibers inside the amorphous
PLGA matrix in the (8:2) and (7:3) PLGA/PEG films. With the
addition of 15% PTX to the (8:2) PLGA/PEG film, the PEG
crystallization disappeared as evidenced by XRD analysis.
Importantly, PTX was partitioned into the PEG phase, which
affected the release profiles of PTX. Compared with PTX release
from pure PLGA matrix, addition of PEG accelerated the burst
release of PTX through dissolution of PEG and PTX at the film
surface. The PTX inside the films was reorganized into ring
structures upon water infiltration and its release was retarded by
the continuous PLGA matrix. As a result, a sustained release in
8 to 200 h was observed. Our results show that drug release from
a polymer matrix is closely related with its distribution. With the
capability of visualizing drug and polymer molecules with 3D
spatial resolution and no need for labeling, CARS microscopy
holds a great potential in drug delivery formulation research.
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