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ABSTRACT: The preparation of thin composite layers has promising
advantages in a variety of applications like transdermal, buccal, or
sublingual patches. Within this model study the impact of the matrix
material on the film forming properties of ibuprofen—matrix composite
films is investigated. As matrix materials polystyrene, methyl cellulose, or
hydroxyl-ethyl cellulose were used. The film properties were either varied
by the preparation route, i.e., spin coating or drop casting, or via changes
in the relative ratio of the ibuprofen and the matrix material. The
resulting films were investigated via X-ray diffraction and atomic force
microscope experiments. The results show that preferred (100) textures
can be induced via spin coating with respect to the glass surface, while the
drop casting results in a powder-like behavior. The morphologies of the films are strongly impacted by the ibuprofen amount
rather than the preparation method. A comparison of the various matrix materials in terms of their impact on the dissolution
properties show a two times faster zero order release from methyl cellulose matrix compared to a polystyrene matrix. The slowest
rate was observed within the hydroxyl ethyl cellulose as the active pharmaceutical ingredients (APIs) release is limited by
diffusion through a swollen matrix. The investigation reveals that the ibuprofen crystallization and film formation is only little
effected by the selected matrix material than that compared to the dissolution. A similar experimental approach using other
matrix materials may therefore allow to find an optimized composite layer useful for a defined application.
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Bl INTRODUCTION

The usage of administration routes other than oral provides the
opportunity to apply medications that show strong degradation
in the gastrointestinal tract, low solubility, and poor resorption
behavior or have a first pass effect through the liver.
Furthermore, patients having stomach sickness or swallow
problems require other routes than oral."* The peak plasma

carrying matrix material is desired."®'” For patch preparations,
various techniques can be applied including drop casting,16 spin
coating,"® immersion,"” and spray drying,** among others.
The preparation of patches within one process step requires
a deeper understanding of the film forming properties of the
composite material and the interactions of the individual
components. For instance, the usage of one class of matrix

levels of APIs can be reduced, which decreases side effects.>* A
promising approach is the usage of patches or thin films, which
can be applied transdermal,® buccal,*” or sublingual.® Various
classes of active pharmaceutical ingredients (APIs) or drug
molecules are applicable including nitroglycerine,” scopola-
min,'° clonidine,'! hormones,'* pain killers,"® and others.

The kind of patches are manifold and strongly depend on the
desired applications. For instance, single layer patches allow
releasing the drug molecules without the hindrance of a matrix,
while multilayers allow for retarded or multidrug formula-
tions."* State of the art layers incorporate the API into a matrix
, and the permeability is controlled by the epithelia barriers

material may enhance the crystallization speed, while others
may even suppress crystallization allowing amorphous phases
prolonging for a longer time.*"

Within this study a model substance, ibuprofen (Ibu), is
tested within three matrixes in terms of its crystalline properties
and film morphologies. Ibuprofen is used as a model substance,
but it is likely that it could be also applicable within sublingual
or transdermal application as its distribution factor (log P) is
around 4, which generally means sufficient bioavailability on
these application routes.”” The matrix materials used in this
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study are polystyrene, methyl cellulose and hydroxyl ethyl
cellulose. While polystyrene is a good matrix, which is insoluble
in water, the cellulose ethers dissolve well within aqueous
environments. This means that the former would be useful
within an application where the patch is removed after
application. Polystyrene works well for such application,* but
the toxicology may hinder its use in a living organism.**** The
celluloses are useful where a complete dissolution is desired like
in buccal or sublingual applications.

For the understanding of the film forming properties of these
composites, two types of deposition techniques are applied.
Spin coating is a well established coating technique allowing
layer thicknesses from a couple of nanometers up to hundreds
of nanometers to be reproducibly prepared.”® With drop
casting also a defined layer can form, but in addition, it provides
the ability to prepare much thicker films.>® The preparation
time for spin coating is shorter compared to drop casting
leaving the system less time to confine in an equilibrium state,
and an altered polymorph can form. Drop casting often means
that components have more time to adapt favorable confine-
ments resulting most often in favorable low energetic
polymorphs.*®

In this work, the effect of API amount with respect to the
matrix on the preparation of spin-casted or drop-casted samples
on a solid support (glass slides) is investigated. The samples are
investigated by atomic force microscopy to identify structures
at the air—sample surface interface, and the crystalline
properties of the films are investigated by X-ray diffraction
scans. Dissolution experiments will demonstrate the impact of
the matrix material on the API release.

B MATERIALS AND METHODS

Ibuprofen (Ibu) was provided by G.L. Pharma (Lannach,
Austria). Polystyrene (PS) from Sigma (Germany) with a M,,
of 100 kDa, methylcellulose (MC) from Gatt-Koller (Austria),
and hydroxyethyl (HEC) from Merck (Germany) were used
without further treatments. Milli-Q water, toluene (Sigma,
Germany), and ethanol (Fluke, Germany) were used for the
preparation of various solutions; 2 wt % PS was dissolved in
toluene and 0.5 wt % MC and HEC were dissolved in a 50:50
mixture of water and ethanol. Defined amounts of Ibu were
added to the matrix solutions and stirred prior use.

Samples were prepared onto conventional glass slides (Roth,
Germany). The glass slides were cut in 2.5 cm squares and
cleaned in ethanol solution and dried under a nitrogen stream
prior to usage. The spin coating process was performed using a
standard spin coater from “Ingenieurbiiro Jorg Reinmuth”
(Germany); to minimize the number of parameters, all samples
were deposited at a rotation speed of 25 rps for 20 s. Drop-
casted samples were prepared by placing a defined amount of
solution (250 pL) onto glass slides, and the solvent were
evaporated. All experiments were performed under ambient
conditions at room temperature (23 °C).

The topography of the films was determined with a FlexAFM
with an Easyscan 2 controller (Nanosurf, Switzerland) in
noncontact mode. As cantilever, TAP 190 (Budgetsensors,
Bulgaria) was used with a nominal resonance frequency of 190
kHz. Scans of various sizes were investigated. Data processing
and data evaluation were performed with the software package
Gwyddion.””

X-ray diffraction scans were performed with an Empyrian
reflectometer (Panalytical, Netherlands). The radiation with a
wavelength (1) of 0.154 nm was provided from a copper sealed
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tube. A Goebbel mirror on the primary side was used for
parallelizing the beam. The beam was further defined by a
primary side slit system. The diffracted intensities were
collected with a PixCel 3D detector. To reduce axial divergence,
a soller slit was used. Within such a geometry, netplanes, which
are mostly parallel to the surface, are measured; the 1D
detector means that planes, which are about 1.5° inclined to the
surface, are also able to contribute to the detector signal. For
the data interpretation the angular measurements are
recalculated to the wave vector notation (q,) via q, = 4«
sin(8)/A.

Differential scanning calorimetry was performed with a
Netzsch DSC 204 F1. Sample amounts of 10 mg were placed
into aluminum pans by drop casting. Repeated drop casting and
solvent evaporation was required to achieve the desired amount
of 10 mg. Between the sample preparation and the measure-
ments 1 week was waited allowing crystallization to be
completed.

Dissolution testing was performed in glass vessels containing
50 mL phosphate buffer with a pH value of 7.2. A glass vessel
was used as a standard USP apparatus would require the usage
of larger samples. The buffer temperature was kept constant
over the course of the experiments at 37 °C by placing the
vessels into an oven. For the sake of solution convection, a stir
bar was added. The dissolution experiments were performed by
placing one sample into each vessel. At defined times 4 uL of
the solution were withdrawn. A UV/vis spectrophotometer
(Implen, NanoPhotometer) with a nanodrop attachment was
used for the concentration determination. Dissolution experi-
ments were repeated three times for better statistics.

B RESULTS

Thermal Investigations. The DSC measurement of a pure
ibuprofen sample and the ibuprofen—composite samples show
the presence of a melting peak for all samples in the region
between 62 to 75 °C (the extracted T, are summarized in
Table 1). The pure Ibu has a melting point at 74.3 °C in
accordance with other literature values showing that the
preparation of the sample in this way results in a single
polymorphic structure; the polymorph with a crystal unit cell of
a=1439 nm, b =0.78 nm, ¢ = 1.05 nm, and @ =y = 90° and f
= 99.7°%® has its melting point at 75.3 °C,*® which is within
errors of our investigation and is also verified via X-ray
experiments (see below).

On the addition of a small amount of polystyrene, the
melting point remains; in the limit of accuracy, the same.
However, as the relative polystyrene content is increased, the
melting of Ibu takes place at lower temperatures; at a mass ratio
of Ibu—PS of 2, a T,, = 65.1 °C, and at a ratio of 1, the T,
reduced to 62.4 °C. This shows that at high PS contents, the
properties of ibuprofen are slightly changed.

The same experiments performed on the composite
consisting of cellulose matrix materials show a more or less
independent Ibu behavior. MC or HEC in any ratio
investigated did not change the melting point of Ibu at around
74 °C. The small variations present are most likely a result from
sample preparation, but as the amount is low, it is very likely
that ibuprofen hosted in the cellulose matrix behaves
independent of its hosts.

Morphology of Spin Coating Samples. In Figure 1 the
AFM height images of samples deposited via spin coating from
Ibu—PS—toluene solutions with different ratios are shown. (For
sake of clarity, the minimum—maximum extensions from the
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Table 1. Summary of the Samples, Their T,, Values, and the
Preferred Ibuprofen Texture with Respect to the Surface for
Spin or Drop Cast Films

texture
Ripy/matrix DSC AFM height scale

matrix (c/c) (°C) spin drop (nm)
PS 0.1 NA NA NA 30
PS 1.0 62.4 100 100 130
PS 2.0 65.1 100 powder 120
PS 3.0 74 100 powder 130
PS 4.0 73.3 100 powder 1420
PS S.0 74.5 100 powder 750
PS 20.0 73.6 100 powder NA
MC 0.4 72.4 100 NA 680
MC 4.0 73.4 100 100 720
MC 8.0 73.3 100 powder 780
MC 12.0 NA 100 powder 1590
MC 16.0 74.6 100 powder 1620
MC 20.0 73.5 100 powder 2100
HEC 0.4 72 100 Na 700
HEC 4.0 722 100 100 3390
HEC 8.0 73.5 100 powder 1900
HEC 12.0 73.2 100 powder 1400
HEC 16.0 74 100 powder 1550
HEC 20.0 73.5 100 powder 1440
IBU pure 74.3 100  powder NA

Figure 1. AFM height images of spin-coated Ibu—PS composite films
with Ibu—PS mass ratio of 0.1 (a), 1 (b), 2 (c), 3 (d), 4 (e), and 5 (f).

surface are listed in Table 1.) After the spin coating process, it is
expected that most of the toluene is evaporated. In addition, the
samples are stored for 1 week prior to the experiments, which
gives the system sufficient time to evaporate any residual

4086

solvent. At a low amount of ibuprofen the film surface shows
drop-like structures with varying size and shape. In addition, the
samples show more elongated structures, which are typically for
crystalline Ibu.*® Using an equal amount of Ibu and PS results
in a strong deviation of the morphology with now larger
elongated structures being present. A small scratch in the
sample is made to reveal the average layer thickness of the
sample; a line scan in this area shows an average film height of
320 nm from the surface. At a twice as large amount of Ibu with
respect to the matrix, large flat structures are still present. In
addition, these structures are disrupted. Assuming each plate is
a single crystal of ibuprofen, this shows that in the inspected
area several individual crystallites are present. The drop-like
structures suggest that some of the material remained in the
amorphous state; ie., additional time would be required to
crystallize all of these drop-like structures. The amount,
however, is very small; thus, it can be expected that these
fractions have only little or even no impact on the further
experiments. A similar morphology is obtained for the sample
containing three times more Ibu compared to PS. In a
composite, with four or five times larger amount of Ibu, the
plate-like structures are still observed but with the plates
forming multiple layers on top of each other.

The morphology of samples, now prepared from Ibu—methyl
cellulose (MC)—ethanol composite solutions, reveal again
homogeneous films as the solutions are spin coated on to glass
surfaces (see Figure 2). Compared to the film composed from
Ibu and PS, the morphology at low concentrations is
significantly different; the film exhibits structured particles.
These particles pack closely together, like in the case of the

Figure 2. AFM height images of spin-coated Ibu—methyl cellulose
composite films with a ratio of 0.4 (a), 4 (b), 8 (c), 12 (d), 16 (e), and
20 (f).
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sample with an Ibu—MC ratio of 0.4, more separated crystallites
are present (Figure 4a). Featureless drop-like structures, which
are observed in Ibu—PS composites, are absent showing that
full crystallization has most likely taken place. At a higher
concentration (ratio of 4), most of the particles are larger, and
their separation is increased (Figure 4b). In addition, smaller
particles can be noted in between. This means that the
preparation of such a sample results in the formation of
crystalline Ibu but with the crystals having a large size
distribution. More elongated plate-like structures are present
for a ratio of 8. Some of these plate-like structures even show
branching meaning that a single crystallite forks at some point
and continuous to grow along two branches simultaneously. An
increase in the relative Ibu concentration results in the lateral
extension of the crystallites being reduced but with the vertical
extension from the surface being increased (Figure 2d). This
larger structure packs denser as the concentration is further
increased (see Figure 2e,f)

The preparation of samples containing hydroxyl ethyl
cellulose reveal the formation of solid surface structures (see
Figure 3). At low Ibu—concentrations only some small crystals

Figure 3. AFM height images of spin-coated Ibu—hydroxy ethyl
cellulose composite films with a ratio of 0.4 (a), 4 (b), 8 (c), 12 (d), 16
(e), and 20 (f).

are distributed randomly over the entire surface (Figure 3a),
and as the concentration is increased, more plate-like structures
are noted (Figure 3b—d). Increasing the concentration further
results, similar to the previous samples, in structures that have a
higher extension along the surface normal (Figure 3e/f). In
addition to the crystallites, which can be addressed to Ibu
circular holes in the film, are noted. These holes are a
consequence of the hydroxyl—ethyl cellulose, which deposited
on its own already shows the formation of such structures.
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Morphology of Drop-Casted Composites. The prep-
aration of films containing Ibu and a matrix material via drop
casting results in the formation of thicker films on the silica
surface. In Figure 4, the AFM height images of some composite

Figure 4. Combined optical micrograph and AFM height images of
the drop-casted composite film containing hydroxyl ethyl cellulose (a).
In the bottom row, AFM height images of polystyrene (b) and
methylcellulose (c) films containing ibuprofen in a ratio of 4 with
respect to the matrix are shown.

films are shown. All depicted films have a four times higher
ibuprofen content compared to the matrix material. It must be
noted that films prepared via a drop casting process are less
homogeneous compared to films prepared from spin coating.
Often large structures on the surface of the samples form,
which hinder a detailed inspection of those structures with the
AFM. In Figure 4 (top), an optical microscope image in bright
field mode and an AFM image at the very same spot are taken
and overlaid; the optical micrograph gives information on the
bulk and the AFM image provides information on the surface
morphology. The optical microscope shows bright areas and
dark lines. The dark lines indicate the outer edges of the Ibu
crystals. On a small area, homogeneous parts can be found
allowing measuring the morphology with the AFM. The AFM
measurements shows again the presence of a plate-like
morphology within this drop-casted film.

The AFM measurements of the other samples show a similar
behavior with the plate-like structure. Differences in these
images are a result from poor sample position and are most
likely not significant.

X-ray Diffraction Experiments. The AFM measurements
reveal solid morphologies with the ibuprofen having formed
large crystals during the processing at the sample surfaces. For
the determination of the crystal structure and the polymorph
being present in the samples, specular X-ray diffraction
experiments are performed, and the results are depicted in
Figure 5. The measurement of the X-ray pattern of the sample
containing the lowest amount of Ibu hosted in the PS matrix

dx.doi.org/10.1021/mp500264e | Mol. Pharmaceutics 2014, 11, 4084—4091
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Figure S. Specular X-ray diffraction patterns of the various composite
samples containing different ratios of ibuprofen and polystyrene. The
lower diagram shows selected measurements of cellulose (MC and
HEC) composites prepared via spin coating or drop casting for one
concentration.

results in no peaks being visible within the scan independent of
the preparation method. This means that the amount of Ibu is
too low to be detected by the experimental setup in use.
Anyway increasing the amount of Ibu so that the ratio with the
matrix is 1, ie., the amount of both is the same, 3 peaks are
noted. The peak position are at 4.35, 8.70, and 17.4 nm™'
showing that this peak series is a result of one netplane series,
ie, with the 100 reflection, and its higher orders (200 and
400). Again this behavior is independent of the preparation
method. The 300 reflection is absent in accordance with the
known crystal structure with the monoclinic unit cell, a = 1.439
nm, b =0.78 nm, ¢ = 1.05 nm and a = y = 90° and f = 99.7° in
the space group P21/c.”’
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Increasing the amount of Ibu further, so that a twice as high
amount of Ibu is present in the sample, has no effect on the X-
ray pattern of the spin-coated samples. However, in the X-ray
pattern of the drop-casted sample, additional peaks appear
within the spectra. The peak position is located in between the
200 and 400 reflection, i.e., between 8.7 and 17.4 nm™". These
various peaks correspond again to Ibu in the same polymorphic
structure with 210, 012, and 202 being the most prominent
peaks. This shows that in the drop-casted samples at higher Ibu
loads a preferred orientation is absent and crystal formations in
more random arrangements take place. Increasing the Ibu—PS
ratio further results in the peak intensities being increased,
which agrees well with an increase in the amount of Ibu in the
sample but with the preferred textures in the spin-coated and
the powder-like character in the drop-casted film prevailing.

Similarly, the usage of the other matrix materials does not
significantly change this behavior. Exemplary X-ray patterns of a
spin-coated and a drop-casted MC sample are shown in Figure
S (bottom). Again the spin-coated samples show a preferred
orientation with a mainly 100 texture, and a powder-like
characteristic is found for the drop-casted samples. Using a
HEC matrix prevails this characteristic. Within some of the X-
ray patterns low intensity peaks besides the HOO series are
noted showing that the 100 texture is slightly disrupted for
some crystallites, but as the intensity is low, it can be concluded
that this crystallites are a minority species. Additional X-ray
data for other samples with varying Ibu concentration are
provided in the Supporting Information.

Dissolution Testing. The release of the API from the
samples is determined by dissolution experiments in Milli-Q
water. The amount of drug dissolved as a function of time for
three samples all containing the same amount of Ibu but
differing in their matrix material is plotted in Figure 6. For the

35
30 —0—7 \,{1_—_— ;ﬁ@

= e m el

E 25 : /A

.S 20 /

ERLN

3 10 // —5—IBU-MC

k7 A

= —2—IBU-PS
5 f/ —o—IBU - HEC
% 60 120 180 1000 1200

time [min]

Figure 6. Ibuprofen dissolution from the various matrix material as a
function of time. All samples contain a 20 times higher ibuprofen
content compared to the matrix material and were prepared via drop
casting. Lines are for eye guidance only.

sample made from MC, the increase of the API amount at short
times is very strong with 22.5 mg being released after 20 min
(see squares in Figure 6). After this first drug burst, the rate at
which the API is released decreases, and after 60 min, most of
the ibuprofen is dissolved. The sample containing the PS matrix
shows a similar dissolution profile but with the rate at the
beginning being lower compared to the MC sample (triangles
in Figure 6). The released Ibu amount is very similar to the MC
sample after and is about 30 mg.

dx.doi.org/10.1021/mp500264e | Mol. Pharmaceutics 2014, 11, 4084—4091
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The dissolution behavior of the sample consisting of the
HEC matrix deviates significanlty from the two others with the
rate being the slowest. This results in the API dissolution taking
much longer, and even after 180 min dissolution time, the API
concentration in the buffer increases. At a time of 1140 min, the
last measurement was taken and a slightly higher amount of the
API is dissolved compared to the others; 34.1 mg was dissolved
from the HEC matrix, while the MC matrix and the PS matrix
allowed the release of 32.4 and 31.2 mg, respectively, over this
period of time even though the mass amount of Ibu is the same
within each sample.

B DISCUSSION

Pure ibuprofen is an API that requires a long time for
crystallization as it is deposited onto the glass slides (see
Supporting Information). The evaporation of the solvent
results in a solvent free film in which the molecules adapt a
random conformation (amorphous state). In addition, Ibu is
delivered as a racemic mixture, which means that the sterical
arrangement of the carbon acid can vary. The molecules are
also asymmetric, which follows that crystallization rotational
and translation arrangements have to take place before the
molecules are able to pack into a low energetic crystalline state.
Even the formation of a stable nuclei is disfavored by these
facts. The addition of a matrix material like PS assists in
nucleation, and crystallization completes after a significantly
shorter time. Ibu deposited on glass requires at least 14 days at
ambient condition to transfer into a crystalline state, while the
presence of PS allows adapting such a crystalline arrangement
within 1 day (see Supporting Information). Some residual
amorphous fractions may still be present, but after 5 days, no
more significant changes of the crystalline properties can be
observed within an X-ray experiment. This is independent of
the matrix material, and a very similar behavior exists in the
samples containing cellulose. A miscibility of the two
components on the molecular level can be excluded for the
samples as the melting temperature remains very similar,
independent of the Ibu concentration. Only within the samples
containing the smallest Ibu amount in a PS matrix results in a
shift of the T,,. This is most likely a result of PS and Ibu having
a relatively large connecting surface area. PS is known to have a
T, that changes with layer thickness.>*" Within a composite,
fractions of Ibu and PS alter. Small portions may therefore
behave like a thin film influencing the properties of the Ibu in
its vicinity.

The investigation of the various samples prepared either via
spin casting or drop casting shows many similarities. First of all,
the surface structure strongly changes as the Ibu concentration
is changed. At low concentrations, small structures are noted
while, increasing Ibu concentrations results in large surface
structures. As the X-ray investigations show a unique crystal
polymorph is present, for all samples investigated, these surface
structures must be a result of Ibu crystallizing at the surface.
From the experiments, it cannot be decided if the crystallization
is a result from Ibu within the matrix inducing such
crystallization or if the structures are a result from crystallized
Ibu sitting on top of the matrix. Anyway, a certain amount of
the Ibu can be expected to be located within the matrix as the
dissolution profiles of the various samples should be more alike
in the case of all Ibu sitting on top.

A comparison of these results with literature shows that the
resulting surfaces may be a result from convection driven
processes.29 For instance, at low evaporation rates of EtOH
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from calcium stearate pellets, the material is dragged to the
surface as the liquid travels to the surface to get evaporated.
Repeating this process at elevated temperatures results in the
Ibu distribution within the pellet being more homogeneous. It
is very likely that the investigated structures in this study are a
result from a similar behavior; the Ibu is dragged to the
composite—air interface as the solvents evaporate. As both
types of samples, i.e., spin coated and drop casted, show very
similar behavior, it can be concluded that formation of the
composite layers behaves independent of the methods used
indicating that both methods are slow in terms of a convection
process.

The preparation of the spin-coated samples show a preferred
alignment of Ibu with respect to the surface; the X-ray
investigations reveal the 100, and its higher order reflections are
the most prominent. Some other peaks are also noted for some
samples, but as the relative peak intensities are low, it can be
conclude that this is a minority fraction. A random powder
should reveal higher intensities for peaks other than the HOO
series. In fact, the drop-casted samples show a powder-like
characteristic with various relatively intense peaks being
distributed over the entire spectra.

The differences in the preparation technique may be the
reason for their crystallographic differences. Spin coating results
in thin layers (about 300 nm in this study), while drop-casted
samples are much thicker (typically 10—100 times). The matrix
materials provide holes in which Ibu is hosted. As an enclosure
means many surfaces are present, nucleation can take place in
an abritratry direction resulting in the orientation of the
crystallites being also arbitrary. This results in a powder-like
characteristic observed in the specular X-ray diffraction scans of
the drop-casted films. Spin-coated samples may be just too thin,
for the bulk being able to contribute to the diffraction signal or
crystallization along certain directions is limited or hindered.

On the free surface, crystallization is not limited by a
surrounding enclosure, and large plate-like structures result. A
preferred orientation may therefore easier accessible. From the
experiments, however, it can not unambiguously followed
which orientation is present at the surface. Obviously plate-like
structures are present, which together with the strong HO0
reflections in the X-ray spectra may suggest that the upper
surface of the crystallites correspond to this plane.

The dissolution experiments reveal differences of the API
release dependent on the matrix material. Using a MC matrix, a
high dissolution rate is noted, while HEC retards the Ibu
release. A detailed inspection of the dissolution curve in Figure
6 shows that a linear increase of the dissoloved API amount is
present for the MC and the PS sample at the beginning; a slope
of 1.36 is determined for the MC sample and 0.52 for the PS
sample. A linear increase represents a zero order release
meaning that at each time interval the same amount of Ibu is
released into the dissolution media. The release from the MC
matrix is about double as fast compared to the PS matrix. The
dissolving MC matrix most likely allows the exposure of more
Ibu surface area to the Milli-Q water, which according to the
Whitney—Noley equation means faster dissolution. Within the
insoluble PS matrix, open pores are likely present, but the
surface area accessible for the dissolution media is smaller
compared to the disintegrating MC matrix; thus, a slower
dissolution is observed.

The dissolution behavior of the HEC samples are distinct
from the other two, and a nonlinear time dependence is
present. Via plotting the square root of the time vs the
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dissolution shows a linear behavior (see Supporting Informa-
tion), which accordingly to the simplified Higuchi model (M/
My, = kot'/?)** means that the dissolution is limited by a
diffusion process. As the HEC swells on the first contact with
water rather than dissolving, the API has to diffuse through the
swollen matrix to be able to transit into the dissolution media.
Thus, a retarded drug release is observed.

The AFM measurements show clearly surface structures,
which are expected to result in a similar dissolution being
present at the beginning of the experiment. However, the
dissolution curve significantly differs over the entire dissolution
experiment suggesting that the surface structure does not effect
the overall dissolution behavior. The amount of surface bound
material may be too low to actually have a large impact, or the
effect of the surface is just not accessible in the time intervals
chosen for the dissolution experiment, meaning that within the
first data point an immediate release has taken place leaving a
free surface (without Ibu) for the further experiments.

The three types of matrix material show a significant
difference in their dissolution behavior. The materials were
chosen as they promise application-relevant properties, i.e., the
insoluble PS matrix could be used in a transdermal usage, while
the others are applicable in buccal or sublingual patches.
However, the dissolution tests were performed in Milli-Q water
to simplify their direct comparison. More physiological
dissolution media may result in completely different dissolution
properties which may justify their usage or rejection. Other
matrix materials like chitosan, PLGA, or others were not tested,
but it can be expected that a similar approach can be applied to
such matrix materials, which would allow for identifying the
best API—matrix combination for an application within a living
organism.

B CONCLUSIONS

The preparation of the composite materials including Ibu
shows a variety of morphological and structural changes. The
preparation procedure has a decisive impact on the crystal
orientation with spin coating resulting in mainly 100 texture
and the drop casting showing a powder-like characteristic.
Besides the type of preparation, the amount of Ibu with respect
to the matrix material has a strong impact on the resulting film
morphology. At low concentrations, small surface structures are
present, and at high concentrations, the structure sizes increase.
Surprisingly, a strong impact of the matrix material on the Ibu
crystallization is only evident at low concentrations. At high
concentrations, similar morphologies form independent of the
matrix. The dissolution experiments show a strong influence of
the matrix material on drug release with the PS and MC
samples showing a zero order release, and the HEC matrix
retards the Ibu dissolution. It can be expected that composite
formation can be achieved using other matrix materials with
similar morphological and crystallographic properties. Most
likely these will differ in their dissolution properties.
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