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ABSTRACT: The enhanced chemical visualization of FTIR spectroscopic imaging combined with the
macro-ATR—IR approach has allowed us to study polymer/drug formulations in contact with aqueous
solution as a function of time. This imaging method enabled the analysis of both the drug and polymer
distribution via their corresponding IR bands. The evolution of these images as a function of time was
studied to reveal the mechanism of drug release. This method allowed us, for the first time, to
spectroscopially image the crystallization of ibuprofen molecularly dispersed in poly(ethylene glycol) (PEG)
during the dissolution process in water. The imaging of dissolution of inclusion complexes of the drug in
cyclodextrin has shown that this can prevent drug crystallization and enhances dissolution. This FTIR
imaging approach has considerable potential for revealing the underlying principles of controlled drug
release processes from many pharmaceutical formulations.

Introduction

Drug release is important phenomenon with direct
health implications. Drug release from formulations
with polymers for oral drug delivery is usually studied
by analysis of the total concentration of the drug in
solution as a function of time. However, such an
approach does not really address the important issue
as to whether drug release proceeds via drug diffusion
or polymer degradation and cannot delineate how the
molecular state of the drug affects the rate of drug
release. There is an urgent need to apply advanced
experimental techniques capable of obtaining spatially
resolved chemical information to probe the dissolution
phenomenon and drug release at a molecular level. The
process of dissolution and drug release from solid
dispersions of drugs in polymers includes diffusion of
water into the polymer/drug formulation: polymer
swelling, polymer dissolution, diffusion of drug, drug
dissolution. These phenomena largely control the drug
release process, but the overall process may be very
complex and many factors affect the drug release
mechanism. Comprehensive reviews with extended
bibliography on advanced drug delivery have recently
been published,’=3 where the implications of under-
standing the drug release mechanism for the prediction,
control of the release rate, and manufacturing of the
solid dispersion have been discussed,* pointing at an
urgent need to apply new experimental methods to
probe the dissolution phenomenon and drug release at
a molecular level. It turns out that the recently emerged
FTIR spectroscopic imaging® 12 can be the method of
choice to investigate formulations in contact with aque-
ous environments and to reveal the underlying prin-
ciples of this process. Unlike many of the other methods,
FTIR spectroscopic imaging provides detailed informa-
tion concerning the chemical composition due to the
inherent ability of IR spectra to provide specific infor-
mation on the molecular structure of materials. FTIR
imaging utilizes the advantage of the focal plane array
infrared detector to measure thousands of IR spectra
from different locations in the sample and to collect
simultaneously spatially resolved chemical information.
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This is the basis of chemically specific “photography”
offered by this method. It should be noted that many
methods have been used thus far to gain insight into
the mechanism of water uptake, polymer swelling and
dissolution, and drug release. Until recently, NMR
imaging was the only technique capable of obtaining
both chemical and spatial information on dynamic
polymer/solvent systems in a noninvasive and non-
destructive way.'*"16 However, chemical specificity,
spatial resolution, and acquisition times of FTIR imag-
ing are superior to those in NMR imaging. The image
acquisition time in FTIR imaging can be significantly
less than a minute. Conventional FTIR microscopy via
mapping requires long measurement times (usually
several hours depending on the measured area)!” and
thus is not suitable for studying dynamic processes.
Recently, we have demonstrated that enhanced spatial
resolution can be achieved with the ATR (attenuated
total reflectance)—IR microscopy using an immersed
objective made of a material with high refractive
index.1819 One of the most exciting opportunities for the
applications of FTIR imaging lies in its ability to study
dynamic processes by making spatially resolved IR
“snapshots” as a function of time. The feasibility of such
an approach has recently been successfully demon-
strated by Koenig and co-workers, who measured dif-
fusion in polymers and studied polymer dissolution in
mixed organic solvents.”12:2021 Their work inspired our
current imaging study of polymer/drug systems in
contact with aqueous solution. Unfortunately, their
transmission methodology would be challenging to
implement for studying aqueous solutions due to the
strong absorption of water in the mid-infrared. This will
necessitate the use of very short path lengths which may
hinder the overall dissolution process. Our approach to
study polymer/drug formulations in contact with water
is based on the combination of FTIR imaging in its
macro mode and the ATR—IR approach. The evanescent
wave that forms in ATR—IR spectroscopy probes a quite
shallow layer of the sample and typically ranges from
a fraction to a few micrometers. Therefore, ATR—IR
spectroscopic imaging is particularly well-suited for
studying aqueous solutions. It is also important to note
that a dynamic system, such as in polymer dissolution
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Figure 1. Schematic presentation for studying the polymer—
water interface using the macro-ATR-imaging approach.

and drug release, would change during the time of the
measurement needed to obtain one image. Fast acquisi-
tion in FTIR imaging allowed us to study relatively fast
dissolving systems such as formulations based on poly-
(ethylene glycol) (PEG)—one of the most common poly-
mers used for solid dispersions of drug.+??

Experimental Section

We have used the imaging system comprising the IFS 66/S
step-scan interferometer (Bruker Optics) interfaced with the
macrochamber equipped with a focal plane array (FPA) MCT
infrared detector (64 x 64 pixels). The spectral resolution was
16 cm™%, the frame rate was 210 Hz, and the number of co-
additions for each step was five.

Ibuprofen impregnated in poly(ethylene glycol) (PEG) has
been used as a model drug/polymer system to represent a
system for the drug with low solubility in water. Ibuprofen
was supplied by Whitehall International. PEG of average
molecular weights 1450 and 8000 has been purchased from
Sigma. Methyl-$-cyclodextrin was kindly supplied by Wacker-
Chemie GmbH. In addition, sodium benzoate was used as a
model of a water-soluble drug. A heated single-reflection
(incident angle of 45°) ATR (attenuated total reflectance)
accessory with ZnSe crystal (Specac Ltd.) has been utilized to
measure the FTIR spectra. We have recently shown'® that such
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geometry of the crystal will stretch the image in one direction,
and an aspect ratio correction of 1.4 is required. The film of
polymer/drug formulation has been attached to the ZnSe
crystal in a way to ensure good contact of the polymer sample
with the ATR crystal so that water would not leak into the
space between the polymer and crystal. The reproducible
contact between polymer film and ATR crystal was verified
by measuring the absorbance of the polymer spectral bands
for several prepared films. The absorbance of the polymer
bands for different films of the same polymer remained almost
the same in these measurements. The polymer film was then
surrounded by relatively thin spacers (a few hundred microme-
ters) and was covered by glass in such a way that water enters
only from the side. Half of the area on the ATR crystal to be
measured via the FPA detector was left uncovered by the
polymer for adding water. It is important to emphasize that
in this imaging arrangement we avoid the use of microscope
objectives. Thus, the spatial resolution would indeed be
determined by the pixel size of the FPA detector. This detector
has 64 x 64 pixels, each pixel of 62 x 62 um? size. Thus,
infrared spectra from the sample’s 4096 domains were collected
and measured directly with the corresponding FPA’s 4096
pixel. Figure 1 schematically shows how a large area of the
drug-containing polymer sample in contact with water was
measured using the FPA infrared detector. The temperature
of the experiments was 40 °C.

First, we demonstrate the feasibility of the ATR—IR imaging
approach to measure an interfacial area between polymer PEG
and water. The image of the interfacial area between the PEG
sample and water a few minutes after water was added is
presented in Figure 2. The image on the right is based on the
integration of the selected IR band of the polymer. The
integration of the band of the polymer was chosen in the range
1170—1020 cm™*. It is important to note that it is relatively
straightforward to differentiate between solid and dissolved
polymer due to the changes in the band shape. The image also
shows representative spectra from three different areas: area
of liquid water (blue), area of dissolved polymer (green), and
area of the solid polymer (red). Indeed, the selected spectra in
any of the “green” locations show that the band of PEG in the
region of 1170—1020 cm™* loses its distinct sharp features that
are present in the spectrum of PEG measured in any of the
“red” locations of the sample corresponding to the solid
polymer. In fact, spectra of the dissolved PEG exhibit some
other changes compared with the spectra of solid PEG such
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Figure 2. Representative IR spectra measured simultaneously from the different indicated locations in the sample of PEG film
in contact with water (top left spectrum shows the IR spectrum of water; top right shows the region of the IR spectrum of solid
polymer; bottom left shows the region of the IR spectrum of the dissolved polymer and water).
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as shift and broadening of a number of spectral bands. Thus,
the molecular state of the polymer (solid or dissolved) can be
easily verified in any of the measured locations in the sample.
Representative spectra also show the presence of the water
band at ca. 1635 cm™* in the sample locations where polymer
is dissolved and the absence of water in the locations of the
solid polymer. These spectral differences enabled us to verify
that water does not leak into the space between the polymer
and ATR crystal. Careful analysis of the IR spectra corre-
sponding to the green areas in Figure 2 showed spectral bands
of the dissolved PEG, thus providing evidence that the polymer
film does not simply delaminate upon water diffusion into the
polymer film.

The ATR—IR spectrum measured in the area far from the
polymer/water interface shows the typical spectrum of liquid
water. It should be noted that the molar absorptivity of the
polymer bands are usually pronounced for bands corresponding
to the vibrations of polar functional groups such as hydroxyl
and carbonyl moieties and is not expected to be significant for
the band of PEG centered at ca. 1100 cm~! which results from
the coupled stretching modes »(C—0), »(C—C) and deformation
0(CH,) modes. The band at ca. 1060 cm™ is typical of the
crystalline PEG band which disappears upon dissolution or
melting.? It should also be noted that the mode corresponding
to the »(C—OH) due to the presence of terminal OH groups in
PEG also absorbs at ca. 1060 cm™1, but this band is usually
not pronounced for PEG samples with relatively higher
molecular weight (1000 and higher). Thus, the integral ab-
sorbance of the PEG band in the range 1170—1020 cm™!
provides information on the concentration of PEG, and thus
images based on the distribution of the absorbance of the PEG
band effectively represent the image of the spatial distribution
of concentration of PEG in the field of view measured via the
FPA detector. This image also shows that the position of the
advancing dissolving front of polymer can be measured as a
function of time. This approach was used by Koenig to study
mechanism of dissolution of polymers in organic solvents.”810.1221
The plot for the dissolving interfacial front position of pure
PEG in water as a function of time was neither case Il nor
Fickian, implying an anomalous mechanism of the dissolution.
We would like to stress, however, that elucidation of the exact
mechanism of the dissolution of pure PEG was not the
objective of the current work. Rather, we demonstrate the
principle, method, and its potential to study polymer dissolu-
tion in water via FTIR imaging but apply this method to study
dissolution of polymer/drug formulations with the focus on the
drug release.

Results and Discussion

Drug dissolution rates can be enhanced by the prepa-
ration of solid dispersions of drug in a water-soluble
polymer matrix.1=424-26 However, the actual perfor-
mance of solid dispersion in drug delivery was often
unpredictable due to a cited lack of basic understand-
ing.* It has been shown that reduction in drug crystallite
size may increase the overall drug dissolution rates. It
is believed that ideally the drug needs to be dispersed
in a polymer as very small particles with a dimension
down to the molecular level. This is usually difficult to
achieve via conventional methods of preparation of solid
dispersions. Fortunately, there is a way to prepare solid
formulations with a molecularly dispersed drug via
supercritical fluid impregnation. We have recently
shown that supercritical fluid impregnation of ibuprofen
into poly(vinylpyrrolidone)?” and PEG?8 results in for-
mulations free of the solid drug crystallites while
conventional preparation produces polymer/drug for-
mulations where some amount of crystalline drug is still
present. It has also been demonstrated that supercritical
CO; reduces the melting temperature of PEG and
assists impregnation of drug molecules from solution in
CO,. Once the process is complete, CO, leaves the
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polymer, the polymer solidifies, and the drug molecules
are trapped within a polymer matrix without forming
crystallites. Therefore, a film of supercritical fluid
impregnated ibuprofen in PEG has been chosen to study
via FTIR imaging. A sample of PEG (M,, = 8000) with
impregnated ibuprofen (ca. 20 wt %) in which the
absence of the drug crystalline form was evident by the
position of the »(C=0) band at 1730 cm™~! rather than
at 1705 cm~1, which would be characteristic of the
crystalline ibuprofen. The shift of the ibuprofen carbonyl
band to the high-wavenumber region indicates that the
strong ibuprofen—ibuprofen interactions corresponding
to the crystalline form are broken. Figure 3 shows
images based on the distribution of the absorbance of
the v(C=0) band of the ibuprofen with integration from
1760 to 1665 cm~! (bottom row) and the distribution of
the absorbance of the band of PEG with integration from
1170 to 1020 cm™1 (top row) as a function of time. (The
shape of the film was circular, and the whole film was
measured in the field of view of the FPA detector.) At
time t = 0 the images have been obtained just before
water was added. The bottom left image shows uniform
distribution of the ibuprofen in PEG. The dissolution
of PEG can be observed via the images in the top row.
It should be noted that in this case the geometry of the
studied film makes it possible for the dissolving front
of water surrounding the sample to advance from all
directions as shown in Figure 3; thus, all the polymer
is dissolved within 40 min despite its relatively high
molecular weight. The most interesting observations
concern the images (bottom row) based on the spectral
band of the drug. These images show that as the
polymer dissolves, the drug accumulates in the region
of the initial surface layer. The images also show that,
despite the fact that the polymer dissolves quite uni-
formly, the distribution of drug does not appear to
parallel the distribution of polymer. Moreover, careful
analysis of the IR spectra in the “red” areas of the
bottom row in Figure 3 showed that the »(C=0) band
of ibuprofen absorbs at ca. 1705 cm~1 after the polymer
is dissolved while the spectra in the areas where
dissolved PEG is present show a very weak v(C=0)
band that appears at ca. 1720 cm™%, and in the areas
where polymer is not dissolved yet spectra show a
stronger band at 1730 cm~l. We interpret this as
evidence of the drug crystallization (red areas) with
precipitation of the drug crystallites on the ATR crystal.
Indeed, test experiments have been performed with
ibuprofen dissolved in water, and essentially no pres-
ence of the band at 1705 cm~! was detected for the
solution.

The integration range for »(C=0) of ibuprofen would
ensure that the effects of the shift of the »(C=0) band
as a result of crystallization, interaction with water in
solution or interaction with dissolved PEG, are taken
into account, and indeed the distribution of all forms of
ibuprofen is presented. The size of the formed drug
crystallites appears in the range 100—300 um. This
relatively large size of the drug crystallites will reduce
the rate of the drug dissolution in the aqueous environ-
ment. The drug crystallization, settling, and building
up to a high concentration at the surface layer have been
implied?®30 in the analysis of the mechanism of drug
release from solid dispersions, but this paper reports
for the first time direct experimental evidence. It should
be noted that the recrystallization suggested earlier has
occurred on cooling* while in this case the drug crystal-
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Figure 3. Macro-ATR—IR images of PEG/ibuprofen formulation show distribution of PEG and ibuprofen as a function of time
during contact with water. The images (size 3.8 x 5.3 mm?) are based on the distribution of the integral absorbance of the IR
band of PEG-8000 (top row, spectral band integration from 1170 to 1020 cm™?) and based on the distribution of the integral
absorbance of the »(C=0) band of ibuprofen (bottom row, integration from 1760 to 1665 cm™1) acquired sequentially as a function
of time. The right-hand column is the relative concentration scale. The inset shows representative IR spectra in the v(C=0)
region of ibuprofen to demonstrate spectral difference between molecularly dispersed and crystalline drug.

lized without cooling. Apparently, sparingly soluble
ibuprofen quickly reaches its solubility limit as erosion/
dissolution of polymer occurs due to its rather fast
dissolution rate. This would lead to the saturation and
consequently to the precipitation of the solid drug. The
dissolution of the drug crystallites is then limited by
the dissolution of the drug itself. The release of ibupro-
fen from dispersions in PEG has been studied via
conventional methods, and it has been reported that the
release rate depends on the PEG molecular weight and
the weight fraction of the loaded drug. Recent studies
implied that the release rate of the amorphous drug can
be much slower than the release of drug dispersed as
crystallites. This could be explained as a recrystalliza-
tion of the amorphous drug forming a continuous drug-
enriched layer that inhibits dissolution of the remaining
part of the sample. It is important to note that convec-
tion was essentially absent in our ATR—IR imaging
approach. This could result in slowing the rate of the
polymer dissolution due to formation of the gel-like layer
next to the area of the solid polymer.3! Koenig and co-
workers also mentioned!? that polymer chains remain-
ing at the polymer—solvent interface decrease the
overall dissolution rate and that convection would affect
the rate of dissolution when the dissolved layer is
greater than a few hundred microns (as in our case).
Our experimental approach allows incorporation of a
flow cell on top of the ATR crystal, thus inducing

convective flows, and this will be explored in future
studies. Despite the success of our ATR—IR imaging
approach, we also attempted to study the release of
ibuprofen from PEG using the IR transmission cell with
the possibility of flow. This was needed in order to prove
that the observation of the crystallized drug layer is not
the result of an artifact of the ATR—IR method, such
as affinity of the drug to the ATR crystal with consecu-
tive precipitation of the drug on the surface of the
crystal. Although transmission measurements of aque-
ous systems are challenging, given a relatively short
path length (ca. 6 um), one could, in principle, use weak
bands of the polymer and drug that are not obscured
either by bands of water or by the stronger bands of
the polymer. The advantage of the transmission ap-
proach is that one can also obtain a visible image of the
sample and compare or overlay this with the acquired
FTIR images. The resulting images are shown in Figure
4. The images obtained before addition of water show a
homogeneous distribution of both ibuprofen and PEG.

However, the images obtained after 1.5 h show the
segregation of drug with the formation of the drug-
enriched layer surrounding nondissolved area of the
sample. Similar images were first obtained after 40 min
and hardly changed later, indicating that a stagnant
layer was formed due to the drug crystallization. It is
clear that such a layer would indeed impede the
dissolution of the remaining part of the sample. To prove
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After flow

Figure 4. Transmission FTIR images (3.8 x 3.8 mm?) of ibuprofen/PEG show distribution of PEG (top row) and ibuprofen (bottom
row). The images on the left are obtained before addition of water. Images in the center were measured after 90 min contact with
water. Images on the right were measured after flow of water was applied in the transmission cell which has affected distribution
of PEG outside layer of crystalline drug (shown by a red ring) but had no effect on drug and polymer encircled by the drug layer.

that the gel layer of the polymer (indicated by the green
outer circle in the top image) surrounding the drug-
enriched layer (red circle layer in the bottom images)
does not play a major role in preventing drug release,
the flow of water was applied through the transmission
IR cell. The FTIR image obtained immediately after
such flow shows that although flow has removed most
of the gel layer of PEG surrounding nondissolved parts
of the sample, it had no effect on the drug-enriched layer
and the remaining solid sample. This image remained
essentially unchanged after some time, supporting our
argument that it is the drug-enriched layer that pre-
vents further dissolution of the sample. These measure-
ments also highlight the inherent problem of using
spectroscopic imaging in transmission to study aqueous
solutions. As Figure 4 shows, the small path length of
the transmission cell results in the crystallized ibupro-
fen, almost completely blocking access of water to the
rest of polymer/drug formulation. Our ATR—IR imaging
approach did not have this limitation, and the formation
and growth of the drug crystallites were not a result of
a being confined in space and did not prevent access of
water to the center of the sample. It might seem that
the ability of the ATR—IR approach to detect the
substances only in close vicinity to the surface of the
ATR crystal is a limitation of the technique. However,
this may actually be an advantage as this approach
analyzes the physiologically relevant situation to the
distribution of the drug on the surface of the gas-
trointestinal track rather than the distribution of the
drug in the whole volume of the surrounding fluids.
Next we consider FTIR imaging of the system with
water-soluble substances incorporated into PEG to
demonstrate that the observed drug crystallization is
limited to substances with low solubility in water. We
chose sodium benzoate (SB) as a model material because
of its high solubility in water, suitable IR bands to
monitor its release, and due to the fact that it is
frequently used as antimicrobial preservative and tablet
lubricant. The formulation of PEG with ca. 22% of SB
was prepared by melting. The spatial distribution of SB

as a function of time was followed using the band at
1550 cm™1, corresponding to the antisymmetric vibra-
tion of the COO moiety in SB. Figure 5 shows images
based on the distribution of the spectral absorbance of
SB and PEG as a function of time.

There is a remarkable similarity between these im-
ages showing that both drug and polymer dissolve
almost simultaneously. This could imply that drug
release proceeds via polymer dissolution rather than
diffusion of drug through the polymer. In any case there
was no evidence of formation of the drug-enriched layer
as was observed for the release of the ibuprofen.
Therefore, these results may imply that it is the
solubility of a drug that is essential if the formation of
the drug-enriched layer is to be prevented. The release
of ibuprofen from dispersions in PEG has been studied
via conventional methods,®? and it has been reported
that the release rate depends on the PEG molecular
weight and the weight fraction of the loaded drug.
However, the reduction of molecular weight of PEG from
8000 to 4000 did not show a significant effect on
formation of crystalline ibuprofen. Reducing ibuprofen/
PEG ratio or pH of aqueous solution, adding NaCl into
solution, and mixing surfactant or talc with the formu-
lation also did not have a noticeable effect on crystal-
lization of ibuprofen. It is important to note that
although formulation of PEG/ibuprofen in contact with
water represents a model system for studying drug
release, the change of pH (via addition of HCI) and
adding NaCl allowed us to mimic physiologically rel-
evant conditions of solvent using our in vitro approach.

Cyclodextrin and its derivatives are known to be able
to enhance dissolution rates of certain drugs due to their
ability to entrap molecules of certain drugs within the
internal cavity of cyclodextrin moiety.33 Foster and co-
workers®* reported the enhancement of dissolution rate
of ibuprofen from its inclusion complex formation with
methyl-g-cyclodextrin (MBCD). The enhanced dissolu-
tion rate in that work was assigned to the amorphous
nature of the product and improved wettability. In this
work the ATR—IR imaging was applied to monitor the
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Figure 5. Macro-ATR—IR images of PEG/sodium benzoate showing distribution of sodium benzoate (top row) and PEG (bottom
row) as a function of time. The images 3.8 x 5.3 mm? for sodium benzoate are based on the integral absorbance of the band from

1574 to 1510 cm™*.
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Figure 6. Macro-ATR—IR images of MBCD/ibuprofen showing distribution of MBCD (top row) and ibuprofen (bottom row) as a
function of time during contact with water. The images 3.8 x 5.3 mm? demonstrate almost total dissolution of ibuprofen after 40

min contact with water.

process of dissolution of an ibuprofen/MBCD complex
to investigate whether this complex would prevent the
crystallization of ibuprofen. Figure 6 shows images
based on the distribution of the absorbance of the MBCD
band (top row) and the distribution of the absorbance
of the carbonyl band of ibuprofen (bottom row) as a
function of time. The images on the left (at t = 0) have
been obtained just before water was added. The ob-
served dissolution pattern of MBCD is rather similar
to the dissolution pattern of PEG while the correspond-
ing images based on the distribution of ibuprofen in the
bottom row did not show any evidence of crystallization
(although the amount of drug was comparable to that
used in the experiment with PEG). In fact, the images
show the apparent “disappearance” of the ibuprofen as
MBCD dissolves. However, it should be noted that the
volume of the water surrounding the sample is much
greater than the volume of the sample. The implication
of this is that dissolved MBCD and ibuprofen disappear

from the imaging area due to partitioning into the
aqueous environment as the aqueous area does not
reach saturation with the amount of the polymer sample
used in this experiment.

Most importantly, these measurements prove that
using an inclusion complex (molecular ratio of ibuprofen/
MBCD not higher than 1:1, which corresponds to 12 wt
% of drug) does prevent crystallization of ibuprofen since
the molecules of MBCD are able to aid sample dispersal
prior to decomposition of MBCD and release of ibupro-
fen. Additional experiments have shown that an in-
crease in the ibuprofen/MBCD ratio results in aggre-
gation which causes the crystallization of the excess
drug. These results reveal the origin of enhanced
dissolution rates of ibuprofen and open new opportuni-
ties for studying controlled drug release with FTIR
imaging. For example, our data with ibuprofen as a
model drug provide a plausible explanation of the
previously observed enhancement in dissolution of nor-
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floxacin using an inclusion complex with cyclodextrins
compared to solid dispersion in PEG.3®

Conclusions and Implications

In summary, an ATR—IR imaging approach has
allowed us to simultaneously study the spatial distribu-
tion of both polymer and drug in contact with water as
a function of time. The important observation in our
study is that crystallization of the initially molecularly
dispersed drug occurs upon contact with the dissolution
medium, and this slows overall drug dissolution. Such
crystallization inhibits drug release and impacts its
bioavailability. The intriguing conclusion is that the
formation of drug crystallites and the drug-enriched
layer are enhanced due to the drug being molecularly
dispersed. Such a proposal was put forward by Sera-
juddin,?* and our data provide the first experimental
evidence for this. This may also help to understand
complex behavior of solid dispersions which were pre-
pared so far.# This also points to the possible value of
added surface-active carriers that could emulsify and
disperse drugs, thus preventing the formation of drug
crystallites from formulations using water-soluble poly-
mers. Finally, our imaging approach has allowed us to
visualize dissolution of inclusion complexes of ibuprofen
with cyclodextrins that allow prevention of drug crystal-
lization. The approach described in this paper is par-
ticularly applicable to the solid dispersions of drugs in
water-soluble polymers used for oral drug delivery. The
potential also exists to apply the presented approach
to the formulations where degradation occurs via an
enzymatic mechanism. The general principles of our
experimental methodology as described here will also
be applicable to study transdermal drug delivery and
release. Furthermore, this approach will have broader
technological implications, for example, in studies of
water uptake into polymers, adhesives, and personal
care products and in the release of active agents such
as flavors and fragrances. In addition, with recently
demonstrated suitability of the diamond ATR—IR ac-
cessory for imaging application,’® compaction of a
mixture of different components to a tablet directly on
the diamond and dissolution the can be studied in situ
via the ATR—IR imaging approach with enhanced
spatial resolution. This is the topic of our current
investigations and will be reported elsewhere.

Overall, this paper described a novel macro-ATR—IR
spectroscopic imaging approach that opens new op-
portunities for studying polymer dissolution in agqueous
solution and drug release and will provide guidance to
the design of pharmaceutical polymer-based formula-
tions with tailored release properties.
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