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ABSTRACT: Despite the advantages offered by solid dispersions, the marketed
products based on this technology are few. The most frequent concern is the
stability of the amorphous drug. The state of the drug in solid dispersions is, in
general, poorly characterized as the number of characterization techniques available
to monitor nanometer-sized drug particles embedded in a matrix are limited. Here
we present a combination of localized NMR spectroscopic and NMR imaging
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techniques which allow in situ monitoring of the state of the drug during tablet disintegration and dissolution. '’F NMR relaxation is
shown to be sensitive to both the crystalline/amorphous state and the size of the model nanoparticles made of the drug substance
flutamide. The time course of drug mobilization and recrystallization is detected with spatial resolution within swelling solid
dispersion tablets. Comparing results from spatially resolved '°F, *H and "H NMR experiments, recrystallization is related to its
enabling factors such as local hydration level and local mobility of the polymer matrix. The initially amorphous drug may recrystallize
either by nanoparticle coalescence or by ripening of crystalline grains.
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M INTRODUCTION

A clear majority of the new lead candidates in the pharma-
ceutical pipeline are classified as poorly water-soluble. To
increase their bioavailability, the industry seeks new formulation
strategies." One such strategy is to solubilize and disperse drugs
in the liquid phase by surface active agents such as lipids. Another
strategy attempts to modify dissolution kinetics by dispersing the
drug as small solid particles, which increases the dissolution rate
via increased surface-to-volume ratio which increases solvent
access. Moreover, small particles with high curvature may shift
the solid form of drug to a state of higher free energy that may
increase solubility and the rate of dissolution. Having the drug in
amorphous instead of a crystalline phase can also improve
dissolution properties.” > In a broader perspective, nanotech-
nology-based approaches for particle size reduction are novel but
promising toward increasing improved dissolution characteris-
tics. One interesting approach is tablets or capsules consisting of
nanoparticles prepared from dried nanosuspensions.®

Solid dispersions, in which the drug in its supposedly amor-
phous form is incorporated in a solid matrix typically made of
hydrophilic polymer,” '" are favored over most other methods
as concerning oral delivery of hydrophobic drugs. However, the
success has been hampered by their instability. The amorphous
state with its higher internal energy and more molecular motion
is inherently thermodynamically unstable and is prone to recrystallize
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either during storage or at initial exposure to liquid environment.'>*?

If that happens, bioavailability may decrease.

Techniques which can be used to produce solid dispersions
are melting/solidification, melt extrusion, or solvent evaporation.7
Whichever path is selected, the outcome—the size and amorphous/
crystalline state of the particles—remains uncertain and must
be characterized in order to develop rational strategies to opti-
mize the created formulations. However, experimental techniques
that can obtain information about the state of nanometer-sized
drug particles embedded in a matrix are scarce; hence, the state of
solid dispersions is, in general, poorly characterized. The most
commonly used methods available for examining particle size
and amorphous/crystalline state have severe limitations when
applied to solid dispersions pressed into tablets.”'' Powder X-ray
diffraction (pXRD)"* and differential scanning calorimetry
(DSC)>'* are neither spatially resolved nor capable of distin-
guishing between the drug being molecularly dispersed or being
distributed as small amorphous grains or small (below a few
nanometers) crystalline grains. Optical and chemical character-
ization of amorphous or crystalline drug particles of micrometer
size can be performed by scanning electron microscopy (SEM)"”
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Figure 1. The molecular structure of flutamide.

or by micro-Raman spectroscopy.'”'® However, particles in the
nanometer size range are too small to be detected. To date, there
are only very few studies where one could obtain explicit and
verifiable information about the state of drugs in solid dispersions
where the drug component lacked the usual attributes of large
crystalline grains such as peaks in a pXRD pattern. Those inves-
tigations were performed with transmission electron mlcroscopy
(TEM)"?° and nanothermal analysis (nano-TA).*' Both tech-
niques observe surface behavior and are therefore invasive (that
is, require sufficiently thin slices) as concerning monitoring the
particle size in the bulk of a tablet (or during tablet dissolution).
Though not spatially resolved, pXRD coupled with the computa-
tion of pair distribution funct10n5227 shows promise for dis-
tinguishing between solid dispersions of amorphous particles and
solid drug/matrix solutions (that is, molecularly distributed drug)
systems. Magic angle spinning (MAS) solid-state NMR spectros-
copy also can distinguish between amorphous and crystalline states
of small drug particles,” > and may also be able to detect whether
or not one has a solid solution.

Here we present a combination of localized nuclear magnetic
resonance (NMR) spectroscopy and NMR imaging techniques®>*'
which allow in situ investigation of the drug under these particular
conditions. These techniques are often used, though typically
for observing the water and water dynamics in pharmaceutical
formulations.>* *® As we demonstrate below, the state of the
drug can also be monitored during tablet disintegration and
dissolution. In particular, we observe drug recrystallization from
the initial state identified as amorphous nanoparticle. The approach
we present may be useful in a broader perspective of material
characterization.

B MATERIAL AND METHODS

Sample Preparation. In preparing the solid dispersions, the
carrier hydroxypropyl methylcellulose (HPMC, Dow Chemical,
USA), the model drug flutamide (Sigma-Aldrich), whose struc-
ture is shown in Figure 1, and the solvents ethanol (Alco Suisse),
acetone (Shell) and distilled water were used. The solubility of
flutamide in water is 30 mg/L (ca. 110 uM, determined by UV/
vis spectrophotometry). D,O (99.9 atom % D, Sigma-Aldrich)
was used as penetrant solvent.

Solid dispersions with a flutamide concentration of 15 wt %
were prepared by rotoevaporation according to Dahlberg et al.*’
and milled to a particle size distribution of <200 gm. As a proof of
concept, solid dispersions with this fairly low drug content,
assumed (and also verified below) to be homogeneously distributed,
were used. Physical mixture with 15 wt % milled flutamide
(milled in the same manner as the solid dispersions) in HPMC
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Figure 2. Schematicimage of the positioning of the three different slices
deep within (at —1 and —2 mm measured from the original tablet
surface) and above (at +1 mm) the tablet, from which signal is acquired.

(used as received) was also prepared by thorough mixing in jars.
All powders were stored at 8 °C in a closed container.

For the °F longitudinal relaxation time measurements in bulk,
“gel samples” were prepared by thoroughly mixing 150 mg of
sample powder with 0.5 mL of D,0.

For the recrystallization kinetics experiments with spatial
resolution, 150 mg tablets (diameter 8.5 mm, height 3 mm) were
pressed directly in the sample tubes by using two pistons and a
laboratory press (Spectac, England). The homemade sample
tubes similar to those used by us earlier,*® restricting the swelhng
to one dimension, were produced from Teflon for the "H and *H
experiments and from Capron (PA-6) for the '°F experiments.
Tablet swelling and transformation was initiated by layering 2 mL
of D,O on the tablet top (marking time = 0 for the presented
data). Here we note that we have previously demonstrated the
high reproducrbrhty of our tablet preparation and NMR/MRI
protocols.*®

NMR and MRI Experiments. All experiments were performed
on a Bruker Avance III 500 spectrometer usmg a Bruker Diff 30
probe equipped with commerc1a1 H and *H radiofrequency (rf)
inserts and a homemade 'F rf insert, respectively.

All imaging experiments were set up to provide one-dimen-
sional images along the tablet axis direction that coincided with
the direction of the magnetic field By. In this arrangement, water
was layered on the top of the tablet resulting in vertical swell-
ing along the tablet axis. Constant tlme imaging (CTD**° was
implemented as previously described.** The experimental para-
meters are provided in detail as Supporting Information. As has
been discussed previously,****! under the selected experimen-
tal conditions and at lower hydration levels (such as in the orrg—
inal tablet volume and up to ca. 70—80% water content) the 'H
31gnal intensity reflects the local polymer mobility as imprinted in
the 'H transverse relaxation time. At higher water content such
as in the gel layer above the original tablet surface, the 'H signal
intensity reflects the local polymer concentration.

In the "F localized spectroscopy experiments different slices,
approximately 0.5 mm thick, were explored by Gaussian selective
pulses with 10% truncation level and a half-height of approximately
40 kHz. The slices presented here (see Figure 2) were positioned
2 mm below, 1 mm below and 1 mm above the original tablet
surface. We note that the results (see Figure 3) obtained in two
different tablets (see also below) show a close overlap which
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indicates good reproducibility. The apparent 'F transverse
relaxation rate Ry was estimated from the line width A (as
R} = wA) by fitting single Lorentzian lineshapes to the spectra
recorded for the different slices. Note that some spectra had
clearly two components (one somewhat narrower and another
one broader) and therefore our R3 data are to be considered as
rough estimates. Nevertheless, these data span over the full range
of swelling and therefore provide a comprehensive illustration.
The "F tranverse relaxation rate, R,, was also measured in bulk
samples in a spatially unresolved manner by fitting single
exponentials to data obtained by conventional spin—echo
experiments.

The "F longitudinal relaxation time T'; was measured in each
slice at certain time intervals by a modified inversion recovery
experiment consisting of a shaped Gaussian inversion pulse and a
nonselective detection pulse. By applying every second shaped
pulse very far off resonance and subtracting the data from every
second scan, the signal from the selected slice was retained and
the signal from everywhere else canceled. By varying the delay
between the inversion pulse and the detection pulse, the signal
intensity showed an apparent exponential decay to zero at large
waiting times. By fitting a single exponential to the decay points
(see examples in Supporting Information, Figure S1), T, was
obtained with an estimated precision of ca. 3%. CT1 is, in principle,
also capable of providing the spatial distribution of T';. We found,
however, that the results were forbiddingly sensitive to rf inho-
mogeneity which is a consequence of the large sensitivity of the
CTI signal to the flip angle.” The '°F longitudinal relaxation
time, T, was also measured in bulk samples in a spatially un-
resolved manner by fitting single exponentials to data obtained
by conventional inversion recovery experiments.

Powder X-ray Diffraction (pXRD). The analyses were per-
formed using a Nifilter and Cu Ko radiation, at a voltage of
45 kV and a current of 35 mA (XRD, PANalytical X’Pert PRO,
The Netherlands). The scanning rate was 0.1° s ' over the range
of 5—60°.

B RESULTS AND DISCUSSION

First of all, we would like to stress that, with samples prepared
as above and with water concentrations explored,* the NMR
signal obtained at different resonance frequencies (that of 'H, "°F
and *H) is selective as concerning molecular species: the 'H
signal arises mainly from the HPMC matrix (with minor con-
tributions from 'H in the drug and from "H spins transferred by
proton exchange to water), the ’H signal arises from the water
and the '°F signal arises from the drug, flutamide. In particular,
'F NMR can selectively monitor the molecular state of the drug
component in the presence of an overwhelming amount of water
and polymer matrix.>®

The results below can be grouped into three parts, closely
connected but necessarily discussed separately. The first two
parts form the background for the last part. The first part
concerns the manner by which NMR can be used to establish and
monitor the crystalline state of the model drug flutamide. In the
second part, we consider the initial state of the flutamide that is
embedded in the HPMC matrix. Finally and based on our
spatially resolved NMR parameters, we discuss the time course
of drug mobilization and recrystallization and the factors influen-
cing those within the swelling solid dispersion tablet.

Recrystallization of Flutamide in Bulk. We relZ on two
techniques to detect the crystalline state of flutamide.>* Of these,

powder X-ray diffraction (pXRD) is a widely used routine method.
The other investigated parameter, the longitudinal relaxation time
T}, cannot, in contrast to pXRD, be used for deducing the atomic
arrangement in crystals but, as has been exemplified,*>>>~% s
responsive to the crystalline form of a particular substance. T is
sensitive to the crystalline state, because the intermolecular poten-
tials in a lattice provide lattice-specific local molecular dynamics
on the time scale of the inverse Larmor frequency (here, on the
order of 10~ '°—~10"7 5). Besides, the NMR line width may also
carry information about the crystalline state although this latter
parameter is a more complex function of molecular dynamics
(and can often be measured less accurately).

Flutamide as received consisted of needle-like crystals.>* If
dispersed in water, those crystals reoriented in the sample tube
when placed in the magnetic field (as shown by the presence of a
clear dipole modulation pattern of the line shag)e“). Since T in
crystals is often orientation dependent,***° we milled our
flutamide (to small round grains) for the measurements below
in order to avoid orientation effects that would be absent in solid
dispersions. We followed the behavior of three materials after
having them mixed with water: flutamide, the physical mixture
(PM) of flutamide and hydroxypropyl methylcellulose (HPMC),
and the solid dispersion (SD) of flutamide in HPMC matrix. In
the latter two cases, mixing with water resulted in gels.

The initial state of flutamide in the dry SD (identical to “SD §
min” in Figure 4) is not crystalline as testified by the lack of
discrete scattering peaks and has a T value that is less than half of
that recorded for dry flutamide or flutamide in the PM (see
Figure S at t = 0). At the same point, the transverse relaxation
time T, = 1/R, obtained by spin echo was approximately 5SS us.
The shorter T, value and the fact that we are far from the extreme
narrowing regime (T, > T,) indicate that the molecular mobility
of flutamide is significantly higher in the SD than in the bulk
crystals; recrystallization suppresses mobility.>>*° T is domi-
nated by short-range effects which are expected to be similar in
small (~nm) and large (>>nm) crystals. Plausibly, the drug in the
SD either is in the form of amorphous grains or is molecularly
distributed in the matrix.

A few hours after mixing the SD powders with water, pXRD
peaks characteristic of flutamide crystals appear above the noise
threshold (see Figure 4), clearly indicating recrystallization of the
drug in the forming gel. The longitudinal relaxation time, T';, was
monitored over time for the different powders immersed into
water; the data obtained are shown in Figure S. During the first
hour, the transverse relaxation time T, obtained by spin echo
remained in the range S5—70 us (width comparable to experi-
mental accuracy), which indicates, on the other hand, that T, is
dominated by slow motions. Pure flutamide and the PM behave
similarly and show T, being insensitive to mixing with water (one
should note that the increased motional freedom of >m crystal-
line grains, now in water, has no effect on T, because T is solely
influenced by motions with short correlation times, on the order
of 10~ '°—10"7s). The increase of T} in SD clearly indicates that
flutamide involved in a HPMC gel recrystallizes, on the time scale
of hours, after having been placed in an aqueous environment.
At long times, the F T, for the SD is similar to that of the PM
and the pure flutamide.

The Initial State of Flutamide in the Solid Dispersion. As
discussed above, the initial state of the drug in a (dry) solid
dispersion is, in general, poorly characterized. From the lack of
sharp XRD peaks, it is clear that there are no large (>>10 nm)
crystalline particles present. From the '°F longitudinal relaxation,
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Figure 3. The variation of 'H polymer signal intensity (a, upper row), the apparent '°F transverse relaxation rate R} estimated from the line width
(b, middle row) and the '°F longitudinal relaxation time (¢, bottom row) in the different slices, see Figure 2, over time. The dashed line is marking the
position of ty,, see text. Filled and unfilled symbols represent measurements in two different tablets.
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Figure 4. X-ray powder diffraction pattern for wet flutamide and
flutamide/HPMC solid dispersion (SD) “gels”. The time of contact
between powder and water is increasing from below.
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Figure S. T, change in bulk over time for powders (flutamide, [J;
physical mixture, PM, O; and solid dispersion, SD, ®) mixed with water.
The time of first contact between the powder and the water is set to t = 0.

we know that the drug lacks short-range crystalline order which
indicates that the drug either is in the form of amorphous grains
or is molecularly distributed in the HPMC matrix. Below, we
shall explore the measured '9F relaxation rates (see Figure 3) to
gather some additional information.

1250

Spin relaxation®”®® depends on the random motion of parti-

cles (which, at this point, can be either grains or individual
molecules). If spin relaxation arises, as here, from intramolecular
spin interactions, it is the rotational diffusion that is the under-
lying dynamical mode. For a particle, the rotational correlation
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time, 7., can be expressed via the Debye—Stokes—Einstein
equation as

4

T. = m 77"H3 (1)
where kg is Boltzmann’s constant, T is the temperature, ry is the
hydrodynamic radius of the diffusing entity and # is the viscosity
of the surrounding medium. (Note that at low levels of hydration
and with a structural heterogeneity on the microscopic level, micro-
viscosity and (macroscopic) viscosity do not necessarily coincide.””)
For HPMC, macroscopic viscosity data have been measured at
accessibly low polymer concentrations (in dense gels like ours,
measuring viscosity is difficult by common measuring techniques
such as U-tube viscometers’®). Hence, for the same kind of
HPMC we use, the viscosity has been reported to be 100 mPa s in
aqueous solutions at the highest explored HPMC concentration
of 15 wt % at 20 °C.”" Any reasonable, linear or polynomial
on the logarithmic scale, extrapolation puts viscosity to S Pa>1# > 1 Pa
at ca. 70 wt % HPMC content.

At low hydration (that corresponds in Figure 3 to early (<t.;,)
times and at positions —1 and —2 mm within the tablet), the
transverse relaxation rate has been measured by spin echo
experiments in bulk samples (see above) to be in the range
Ry =1/T, ~ (14—18) x 10> s . In contrast, at low hydration
the inhomogeneous decay rate Ry deduced from the line width is
up to 50 x 10° s~ . The difference can be ascribed static dipolar
broadening that is not refocused in spin echo experiments.”
Even if bond rotation is typically fast enough for CF; groups in
organic substances to reduce the ""F—'°F dipole—dipole cou-
pling to a residual value,*** the static dipole—dipole broadening
is apparently not zero, which explains the R, < R situation. On
the other hand, at t,,,;,, in Figure 3 we experience R, ~ R}, which
thereby indicates the lack of static dipole—dipole at that level of
hydration (in addition, this finding also shows that other line
broadening effects such as magnetic field inhomogeneity are not
significant in setting the value of R3). The difference at any time
between transverse and longitudinal relaxation rates (see
Figures 3b and 3c) indicates that flutamide '°F spin relaxation
is far from the extreme narrowing regime. As the matrix becomes
hydrated, mobility increases,>>**”* which provides some reor-
ientational freedom for the flutamide particles (which, at this
point, can be assumed to be grains or individual molecules). This
leads to motional averaging of the residual coupling and, ultimately,
to a line width that is dominated by transverse relaxation. A
similar situation is often encountered in other materials, and the
model we use here (that is, for accounting for transverse relaxation
dominated by slower motions averaging a residual coupling) is
termed as the two-step model.”>~”® The motion responsible for
averaging the residual coupling must still be slow (o7, > 1) as
shown, indeed, by R, < R, for F in the whole investigated
region. Hence, at f,,;, the transverse relaxation rate R, for g
becomes directly proportional to the correlation time 7.

The main relaxation mechanism for '°F nuclei is via the
dipole—dipole coupling.®”%® In the case of a CF; group, the
dominant contribution originates from the '*F—'"F couplings
within the group. In general, the dipolar relaxation of three equiv-
alent spin-1/2 nuclei is a rather complex process””>* and is
further complicated by the fact that the dynamics is contributed
to by motional modes both fast (in our case, rotational diffusion
around the C—C bond) and slow (rotational diffusion of the
flutamide particles). However, the analysis can be simplified just

like other cases” ”® (i) by assuming that the bond rotation
mode is sufficiently fast”® not to contribute to the observed
transverse relaxation and (ii) by making use of the residual
dipole—dipole coupling (¥5h = 15.8 kHz"*) that is left unaver-
aged by the bond rotation and is available from static dipole—
dipole splitting data. If the rotational diffusion of the particles is
sufﬁécgiently slow, one can then express the transverse relaxation
rate " as

R("F) = 5 (gp )7 )
We shall below exploit this relaxation for deducing the state
of flutamide in the solid dispersion, both at low hydration and
at fin.

As water penetrates into the tablet, it softens up the HPMC
network, which results in a decreasing microviscosity with
increasing water content. Since flutamide solubility in water is
very low, we do not expect that increasing water content per se
changes the hydrophobic flutamide particles (such as particle
breakup, which would increase thermodynamically unfavorable
surface contact with water) that are embedded in the matrix.
However, it permits the flutamide particles to tumble faster,
which manifests itself, as discussed above, in a decrease of the'°F
line width because the tumbling averages the residual static
dipole—dipole coupling until a minimum (., in Figure 3b) is
reached. It is very important to note that the '°F longitudinal
relaxation is constant up to t.;, (see Figure 3c) which indicates
that the fast local motions and thereby the immediate molecular
environment for flutamide are also constant. Hence, we find that
the most plausible model that encompasses both of these obser-
vations is that the flutamide is in the form of amorphous grains
and not in the form of molecular solution; the overall tumbling of
the grains (reflected in the line width) responds to the increasing
hydration and thereby the decreasing viscosity while the local
molecular motions of the flutamide molecules (reflected in the
longitudinal relaxation) within the grains remain virtually unchanged,
at least up to .

Note that the initial state of the tablet is not completely dry;
from drying experiments, that initial water content is estimated to
a few wt %. For comparison, at 8 h (=t,;,,) after the initiation of
tablet hydration and swelling at 1 mm under the tablet surface the
amount of added water can be estimated from the “H NMR
signal intensity to approximately 25—30 wt %. Similar water
content is obtained at t,,;, for the slice at 2 mm under the tablet
surface. Our transverse relaxation data at t,,, provide, via eq 2,
that the rotational correlation time 7 of grains is approximately
30 us. By assuming that the viscosity at that level of hydration is
717 > 1 Pa, we obtain from eq 1 that the hydrodynamic radius of the
flutamide grains must be <3 nm. This size limit is robust because
the hydrodynamic radius obtained by this analysis depends
on the third root of viscosity. To illustrate, even if we take the
100 mPa s viscosity obtained at a much higher water content
(at 15 wt % HPMC), the particle size limit barely increases to
<6.5 nm. As concerning lower size limit, the hydrodynamic radius
of a single flutamide molecule is below 1 nm (see Figure 1).
Hence, a correlation time 7, in the order of 30 s would require
viscosities >30 Pa (unlikely, see above) to be able to account for
our observations under the hypothesis of a molecular solution.
In addition, we note that the rotational correlation times of single
molecular spin labels with sizes similar to that of flutamide have
been measured by ESR spectroscopy’ **! in HPMC tablets with
hydration levels similar to those here. Those rotational correlation
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Figure 6. Example of one-dimensional CT1I profiles of the water concentration (a/d), the concentration of mobile polymers (b/e) and the drug
concentration (c/f) along the z-axis of the dissolving tablet (positions in the originally dry tablet are on the negative x-axis). Profile (a) is acquired directly
after water addition, profiles (b, c) prior to water addition and profiles (d,e,f) 6 h after water addition. The dashed lines indicate the positions of the three

selected slices.

times were found to be <100 ns, more than 2 orders of magnitude
faster than the rotational correlation time obtained here for
flutamide. Considering that 7. o< i, that finding is consistent
with the molecular radius of <1 nm setting, in those experiments,
the correlation time for tumbling. This also excludes us having, at
least at t,,;,, a solid solution of flutamide in the matrix.

Hence, we conclude here that the most probable initial state of
the flutamide is amorphous grains of a few nm size. Below, we
investigate how this initial state responds to increasing hydration
and swelling.

Tablet Behavior and Drug Recrystallization Kinetics dur-
ing Swelling. As we have established above, '°F NMR relaxation
is sensitive to the crystalline state of flutamide. We shall explore
this finding below to map recrystallization within the SD tablet.
Additionally, we connect recrystallization to its enabling factors
such as local hydration level and local mobility of the polymer
matrix. This is made possible by the isotope and chemical
selectivity of NMR spectroscopy and NMR imaging; hence,
'“F NMR spectroscopy and NMR imaging will selectively report
on the state and distribution of the drug, '"H NMR imaging will
provide information about tablet swelling and about the changes
in local polymer mobility, and *H NMR imaging will measure
water penetration into the tablet.

The qualitative features of tablet swelling are illustrated by the
1D profiles presented in Figure 6. The data presented in Figure 3
illustrate further other aspects of tablet evolution. The long-
itudinal relaxation time T; in Figure 3c reflects molecular
dynamics in the 10~ '°—10"" s time scale. Since we are far from
the extreme narrowing regime,67’68 any decrease reflects increasing
molecular mobility. The transverse relaxation rate R3, as obtained
directly from the line width, is sensitive to changes on a much

1252
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broader time scale,67’68 in our case from 10> to 10~ % s. Far from

the extreme narrowing regime, the transverse relaxation reacts to
changes in molecular mobility oppositely to longitudinal relaxation.
Hence, a decrease in R} (that is, an increase in the corresponding
relaxation time) reflects increasing molecular mobility. This is the
reason for plotting the transverse relaxation rate and the long-
itudinal relaxation time together in Figure 3.

We note that, to some extent, all profiles presented in Figure 6
are influenced by relaxation effects although this effect is small
for the '°F and *H images while dominant for the 'H images.
In other words, they do not solely report on local concentration
but also on local molecular dynamics (for further details, see
Supporting Information). At the expense of experimental time,
these two effects can be separated. However, for our present
purpose such composite images suffice (one can also note that
slight additional distortions arise from the inhomogeneity of the
radiofrequency field). They confirm the chain of following
processes: water penetrates the tablet (*H profiles), polymer chains
in the hydrated regions become more mobile and the resulting
water rich gel expands upward ('H profiles), and the expanding
gel carries the drug ("F profiles). One can, in addition, see that in
the initial state the drug is homogeneously distributed within the
tablet. In contrast to the polymeric component whose transverse
relaxation rate changes by several orders of magnitude during the
course of hydration, R} for the drug component is changing by
less than a factor of S (see Figure 3). Hence, the F intensities
presented reflect less the changes in molecular mobility and more
the local drug concentration. Comparing the "H and "F profiles,
it is, nevertheless, clear the drug is “left behind” by the upward
expanding and progressively weakening gel (in this context, note
that the signal intensity that arises from dissolved flutamide is
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below noise level because of the small aqueous solubility of
flutamide®). Our analysis above led us to the suggestion that the
flutamide is initially collected in grains that are in the size range of
a few nanometers. Indeed, with such a structure the behavior
observed here can be easily rationalized by the polymer gel reach-
ing such a water content that the mesh size becomes comparable
to and/or exceeds the particle size.

In the volume above the original tablet surface, the increase of
"H intensity reflects the expansion of the polymer gel into that
volume. In parallel, the concentration of water as reflected by the
*H NMR intensity decreases above the tablet surface.*” Although
not shown specifically, at very long times (when the whole tablet
is well hydrated and swollen up and is in part dissolved) the water
(and polymer) signals reach the same values in all selected slices.
In the slice above the surface of the originally dry tablet, the
detected 'F T corresponds all the time to that of crystalline
drug (Figure 3c). This is not surprising since it takes a few hours
for the expanding polymer gel to reach that region and, as shown
in Figure 4, this time is sufficient for recrystallization of the
originally amorphous drug.

In contrast, the variation of spin-relaxation parameters in slices
within the originally dry tablet is far more dramatic and non-
trivial. There, early on in the dissolution process, R3 is decreasing
while T remains roughly constant. This can be, as discussed
above, rationalized by recalling that R3 is sensitive, in contrast to
T, to slower molecular dynamics. Hence, decreasing R} signifies
the increasing tumbling of the drug particles allowed by the
increasingly hydrated and thereby less viscous gel. It takes time
for water to diffuse deep into the tablet.*” Hence, the observed
variation in Figure 3 is slower and t,,;, is larger in the slice deeper
inside the tablet than those in the shallower slice. At all points in
the tablet the water content is continually increasing and thereby
the viscosity is continually decreasing. Hence, the increase of R3
above t,,;,, which indicates slower particle tumbling can only
be explained by the increase of particle size above f,,;,. On the
other hand, up to t,,;, the molecules within the grains do not
exhibit a change in their molecular environment as indicated by
the constant value of T).

The most remarkable observation is the close coincidence, in
the different slices, of the times at which R} reaches its minimum
with the point where T starts to increase. This indicates that
the local onset of recrystallization (T) coincides with onset of
growth of particles. While the most natural mechanism for the
growth of grains is ripening mediated by flutamide that becomes
dissolved in the penetrating water phase, the coincidence described
above prompts us to speculate about an alternative molecular
mechanism. As detailed above, increasing hydration increases the
tumbling of the small initial flutamide grains; this must be equally
valid for their translational diffusion. As the grains diffuse further
and further, they can come into contact with each other with
increasing frequency. Upon contact the grains may coalesce, and
that may increase grain size, leading to slower tumbling and
increasing R}, but it can also induce recrystallization as signified by
the increase of T). Recrystallization that proceeds by such a
scenario is known to other areas such as the transformation of
nanocrystalline anatase to rutile where the mechanism is termed
interface nucleation.*>”** The molecular explanation involves
both motional freedom and molecular supply at the point of contact
of amorphous grains which favors molecular rearrangement into
a thermodynamically stable crystalline state. Further growth can
progress by aggregation and/or ripening.**~*® Further studies
may help to distinguish between these possibilities.

B CONCLUSIONS

Our results improve the understanding of pharmaceutical
formulations in general and that of solid dispersions in particular
in two directions. First, we demonstrate that NMR imaging, with
support from a complementary technique (pXRD), is a highly
capable tool for following the changes in the state of matter
within swelling and dissolving pharmaceutical formulations. In
particular, the highly relevant process of recrystallization can be
assessed in detail and with a spatial resolution that is probably not
currently available by other methods. The same method can
plausibly be adapted in a straightforward manner for studying the
behavior of any other drug that contains fluorine. Moreover, the
same method could be applicable to model drugs that do not
contain fluorine assuming that one uses ">C localized spectros-
copy in samples prepared by in '*C-enriched drugs.

Further, we present convincing evidence that in our solid
dispersion the initial state of the drug is small (3—4 nm)
amorphous grains distributed homogeneously in the polymer
matrix. Upon hydration the motional freedom of drug nanopar-
ticles increases within the increasingly mobile polymer matrix.
We detect that the onset of recrystallization coincides with the
start of the increase of the grain size. This leads us to speculate
that interface nucleation instead of ripening may be the under-
lying mechanism for the recrystallization. Further studies of the
effect of drug properties, drug—carrier interactions, carrier
stabilization and manufacturing process are highly desirable to
improve our understanding of solid dispersions.

B ASSOCIATED CONTENT

© Supporting Information. Additional experimental details,
table of acquisition parameters for the different CTI experiments,
and figure depicting examples of data and fits for obtaining T
under different conditions. This material is available free of charge
via the Internet at http://pubs.acs.org.
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