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Abstract

The intermolecular interaction between mefenamic acid (MFA), a poorly water-soluble non-
steroidal anti-inflammatory drug, and Eudragit® EPO (EPO), a water-soluble polymer, is
investigated in their supersaturated solution using high-resolution magic-angle spinning (HRMAS)
nuclear magnetic resonance (NMR) spectroscopy. The stable supersaturated solution with a high
MFA concentration of 3.0 mg/mL is prepared by dispersing the amorphous solid dispersion into a
d-acetate buffer at pH 5.5 and 37 °C. By virtue of MAS at 2.7 kHz, the extremely broad and
unresolved 1H resonances of MFA in one-dimensional 1H NMR spectrum of the supersaturated
solution are well resolved, thus enabling the complete assignment of MFA 1H resonances in the
aqueous solution. Two-dimensional (2D) TH/H nuclear Overhauser effect spectroscopy (NOESY)
and radio frequency-driven recoupling (RFDR) under MAS conditions reveal the interaction of
MFA with EPO in the supersaturated solution at an atomic level. The strong cross-correlations
observed in the 2D TH/YH NMR spectra indicate a hydrophobic interaction between the aromatic
group of MFA and the backbone of EPO. Furthermore, the aminoalky! group in the side chain of
EPO forms a hydrophilic interaction, which can be either electrostatic or hydrogen bonding, with
the carboxyl group of MFA. We believe these hydrophobic and hydrophilic interactions between
MFA and EPO molecules play a key role in the formation of this extremely stable supersaturated
solution. In addition, 2D 1H/'H RFDR demonstrates that the molecular MFA-EPO interaction is
quite flexible and dynamic.
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INTRODUCTION

Strategies for pharmaceutical formulations must take into account the various characteristics
of active pharmaceutical ingredients (APIs) such as their taste, smell, color, stability,
solubility, and bioavailability.! In particular, enhancing the solubility of APIs is one of the
most challenging tasks in the development of new solid oral formulations because most drug
candidates are poor water-soluble substances.? In this regard, several methods have been
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applied to increase drug solubility such as designing its crystal form,2 3 complexation,?
amorphous solid dispersion,5-8 and nanoparticle formation.® Amorphous solid dispersion has
particularly been attracting a great deal of attention as a practical and useful technique in the
field of pharmaceutical sciences.19 When amorphous solid dispersion is dispersed into
water, a temporary enhancement of drug solubility can be generally achieved; this temporary
supersaturated state with drug concentration higher than drug solubility can contribute to a
significant enhancement of drug absorption into the body.11 Recently, solid dispersions
producing highly stable supersaturated solutions have been studied in order to obtain further
drug absorption using efficient polymers such as hydroxypropyl methylcellulose acetate
succinate® and methacrylate copolymers (Eudragit®).5 7 These polymers possess a strong
inhibitory effect on drug recrystallization in solutions, although the corresponding
stabilization mechanisms are yet to be understood. Eudragit® and its derivatives have been
extensively used as pharmaceutical excipients for a wide range of purposes.12

Mefenamic acid (MFA; Figure 1), which has a prevalent usage in high-dose drug
formulations, is a non-steroidal anti-inflammatory drug used for pain relief in menstrual
disorders.13 According to the United States Food and Drug Administration, MFA is
categorized as a class 11 drug by the biopharmaceutical classification system since it shows
high permeability and low water solubility.14 15 Recently, we have demonstrated that the
solid dispersion of acidic drugs with aminoalkyl methacrylate copolymer E, Eudragit® EPO
(EPO; Figure 1) produces a stable supersaturated solution with high drug concentration.?
When the supersaturated solution of MFA with EPO is orally administered to rats in vivo, an
intense increase in bioavailability of MFA is also observed.® These results strongly support
the promising applicability of supersaturated solutions using acidic drug/EPO for the
purpose of enhancing the oral absorption.

In order to unravel the underlying stabilization mechanism of the supersaturated solution
and for a more efficient design of new drug formulations, it is of paramount significance to
identify the intermolecular interactions between the drug and the polymer in such solutions.
Although several attempts have been made to investigate the interactions in a solid
dispersion,8: 16 there are still only few studies that investigate the intermolecular interactions
in supersaturated solutions. Indeed, the intermolecular interaction site between MFA and
EPO in the solid dispersion by infra-red spectroscopy, 13C NMR and 13C spin-lattice
relaxation time (13C T1) NMR measurements was reported.> However, no useful
information about the interaction site in the supersaturated solution was obtained from the
one-dimensional (1D) IH NMR experiments due to its colossal molecular size and
dynamics.®

Magic-angle spinning (MAS) solid-state NMR spectroscopy is a powerful tool to acquire
well-resolved solution-like spectra by averaging anisotropic interactions in a variety of
samples including rigid solids, semi-solids, and viscous samples. High-resolution MAS
technique has been widely used for various types of samples such as biomolecules,1’: 18
food materials'® and lipid membranes,2° to name a few. Recently, this NMR approach has
been applied in pharmaceutical formulations to detect APIs in the formulation of creams,
gels, and pastes.2! However, to the best of our knowledge, the application of this technique
to investigate the intermolecular interactions between APIs and their excipients has not been
reported to date. In order to gain insight into the mechanism of pharmaceutical formulation
for further improvement of drug efficacy, it is essential to obtain the atomic-level
information of molecular interactions of formulations in aqueous solutions. For this purpose,
it is indispensable to employ multidimensional NMR methodologies such as 2D 1H/AH
nuclear Overhauser effect spectroscopy (NOESY)?2 and radio-frequency driven recoupling
(RFDR)23 experiments.18 2D 1H/IH NOESY measurements have been generally utilized to
determine the intermolecular interactions in drug/cyclodextrin and drug/surfactant
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systems.24 Through the cross-peak intensities that arise in the NOESY spectrum, the spatial
location of protons can be determined within a distance of ~ 5 A.24 In this study, we report
the results of our investigation of the intermolecular interactions that exist between MFA
and EPO in their supersaturated solution using 2D *H/YH NOESY and RFDR NMR
techniques under MAS conditions. Based on the NMR results obtained, we disclose the
model molecular structure of a MFA/EPO supersaturated solution in an attempt to
rationalize the intermolecular interactions.

EXPERIMENTAL SECTION

Materials

Mefenamic acid (MFA; MW:241.29) was purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). Aminoalkyl methacrylate copolymer E, Eudragit® EPO (EPO; mean
MW:135,000) was kindly provided by Evonik Degussa Japan Co. Ltd. (Tokyo, Japan). All
chemicals were of chemical grade and were used as received. Chemical structures of MFA
and EPO are shown in Figure 1. Proton numbering of MFA represents peak assignment

in IH NMR spectra.

Preparation of Amorphous Solid Dispersion and Supersaturated Solution of MFA and EPO
for NMR Measurements

Sample preparation processes in this study are represented in Scheme 1. The preparation of
the amorphous solid dispersion of MFA and EPO was reported previously.> MFA and EPO
were mixed at a weight ratio of 24/76 to obtain a physical mixture. The physical mixture
was ground in a TI-500ET vibrational rod mill (CMT Co. Ltd., Fukushima, Japan) at —180
°C for 90 min to prepare the amorphous solid dispersion. The formation of amorphous solid
dispersion by cryogenic grinding was confirmed by powder X-ray diffractometry using a
Miniflex Il X-ray diffractometer (Rigaku, Tokyo, Japan) with the temperature at 25 °C,
voltage at 30 kV, current at 15 mA, scanning speed at 4°/min, and CuKa radiation source
with a Ni filter.

The amorphous solid dispersion of MFA and EPO was dispersed into 0.1 M d-acetate buffer
at pH 5.5 and 37 °C with the MFA concentration of 3.0 mg/mL. The dispersion was stirred
at 37 °C until the transparent supersaturated solution was obtained. The MFA/EPO
supersaturated solution was transparent before and after NMR measurements.

One-dimensional 'H NMR Measurement under Static Conditions

One-dimensional *H NMR spectrum under static conditions was acquired at a magnetic field
of 14.1 T on a JNM-ECAB00 NMR spectrometer using an H/X probe (JEOL
RESONANCE, Tokyo, Japan). The supersaturated solution of MFA and EPO was
transferred into a5 mm NMR sample tube. The 1D H NMR spectrum was obtained at 37
°C using 128 scans with a recycle delay of 5 s and a 1H 45° pulse of 7.75 ps. The signal of
HDO at 4.67 ppm was used for 1H chemical shift referencing. The NMR data was processed
using Delta® software (JEOL RESONANCE, Tokyo, Japan).

MAS NMR Experiments

MAS NMR measurements were conducted at 14.1 T on an Agilent/VVarian VNMRS 600
MHz solid-state NMR spectrometer using a 4 mm 1H/X double-resonance nanoprobe
(Agilent, CA, USA). The MFA/EPO supersaturated solution of 20 pL was placed into a
glass rotor for MAS measurements. All spectra were acquired at 37 °C with a MAS rate of
2.7 kHz. The samples were equilibrated at 37 °C for about 30 minutes prior to NMR
measurements. The 1D 1H NMR spectrum was obtained using 24 scans with a recycle delay
of 1.5 s and 1H 90° pulse of 5 ps. The signal of HDO at 4.67 ppm was used for 1H chemical
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shift referencing. The 2D H/'H NOESY and RFDR experiments were performed using a
mixing time of 50 ms and an acquisition time of 0.5 s. The 2D 1H/'H NOESY and RFDR
spectra were recorded using 200 t1 increments and 8446 t2 complex points. The
experimental data sets were zero-filled in both the t1 and t2 dimensions to form a 2048 x
2048 data matrix. Phase-shifted sine bell multiplication was applied in both dimensions prior
to Fourier transformation. NMR data were processed using TopSpin 2.1 (Bruker, MA,
USA). Assignment of proton resonances was completed based on a previous report!* and

2D 1H/H NOESY spectrum.

RESULTS AND DISCUSSION
Effect of MAS on 1D 1H NMR Spectrum of MFA/EPO Supersaturated Solution

It is well known that MAS NMR spectroscopy has the advantage of significantly narrowing
the spectral lines in the NMR spectrum by averaging out the anisotropic (orientation-
dependent) interactions, namely the chemical shift anisotropy and the internuclear dipolar
couplings. Therefore, we chose to investigate the effect of MAS on the MFA/EPO
supersaturated solution, in an attempt to understand the binding mechanism underlying the
intermolecular interaction between the drug and the polymer species. Figure 2 shows the
static (Figure 2a) and the 2.7 kHz MAS (Figure 2b) 1D 1H NMR spectra of MFA/EPO
supersaturated solution in a d-acetate buffer (pH 5.5, 37 °C). Although MFA is a small
molecule that can undergo fast tumbling in solutions, it is obvious that the MFA peaks in the
static spectrum suffer from significant line broadening caused by the strong 1H-1H
homonuclear dipolar couplings. Such dipolar couplings are not averaged completely in this
case because the small MFA molecule strongly binds to the large EPO polymer in the
supersaturated solution, thus reducing the overall molecular mobility in MFA.> These severe
line broadenings make it impossible to resolve the overlapped peaks of H4-H6 and H4™-H6"
in MFA. However, the application of modest spinning speed (2.7 kHz) successfully enables
the resolution of the MFA peaks (Figure 2b), thus allowing for the unambiguous assignment
of MFA resonances in the solution. To the best of our knowledge, this is the first report in
which MAS NMR technique is applied to characterize drug-polymer interactions in a
supersaturated solution at an atomic level. Our results indicate that MAS NMR spectroscopy
can be a powerful tool for efficient characterization of the molecular states in supersaturated
solutions where small drug molecules display effective binding activity to large polymeric
species.

Two-Dimensional 1H/AH NOESY and RFDR Measurements under MAS

In order to observe the long-range intermolecular interaction between MFA and EPO
directly, 2D TH/YH NOESY experiment under MAS conditions was performed, and the
obtained spectrum is shown in Figure 3a. Clearly, NOE correlations are observed between
the peaks of MFA around 6.5-8.0 ppm and those of EPO around 0.5-5.0 ppm as shown in
Figure 3b. The difference NOE experiments showed only less specific NOE cross-peaks
throughout the spectrum,® 26 which gave minimal information about the MFA-EPO
interaction site. Here, the specific interactions between MFA and EPO are clearly observed
due to the suppression of the residual dipolar interaction by MAS. The C-CH3 peaks of EPO
at 0.82 ppm, corresponding to the backbone of EPO, exhibits strong correlation with the
aromatic peaks of MFA (H3, H4-H6, and H4™-H67). The protons near the aminoalkyl group
in the side chain of EPO (N-CHs at 2.86 ppm and N-CH> at 3.55 ppm) show NOE
correlations with the ring protons (H3-H6) of MFA. On the other hand, the cross-peaks
between O-CH protons (at 3.3-4.3 ppm) in the side chain of EPO and the protons in MFA
are too small to be detected in the 2D NOESY spectrum, which suggests that the O-methyl
group in the side chain of EPO side chain does not participate in the interaction with MFA.
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To gain a detailed high-resolution insight into the interaction between MFA and EPO in the
supersaturated solution, the intensities of NOE correlation peaks were compared. Figure 3¢
shows the 1D 1H spectra obtained by slicing the 2D 1H/YH NOESY spectrum along 0.82 and
2.86 ppm corresponding to C-CH3 and N-CHg resonances of EPO, respectively. The relative
intensities of MFA protons are similar between the 1D 1H NOESY spectrum sliced along C-
CHs peaks (Figure 3c) and 1D TH NMR spectrum (t2 projection in Figure 3b). This
indicates that C-CHj3 protons in the backbone of EPO could lie close to all of the aromatic
protons (H3, H4-H6 and H4™-H6") of MFA. In contrast, the relative intensity of the H3 peak
to each of the H4-H6 and H4'-H6" peaks is much higher in the 1D *H spectrum sliced along
the N-CH3 peak (Figure 3c). It follows that N-CHs protons in the side chain of EPO are in
close proximity to H3 of MFA.

In order to possibly quantify dipolar couplings and measure proton—proton distances,

2D 1H/IH RFDR experiment under MAS was performed on the MFA-EPO in supersaturated
solution. In the 2D RFDR experiment, the 1H-1H dipolar couplings, which are averaged out
under MAS, are reintroduced by applying a series of rotor-synchronized 180° pulses during
the mixing time.23 Hence, the cross-peaks in the RFDR spectrum originate from the
combined effect of NOE cross-relaxation and spin diffusion through homonuclear dipolar
coupling among protons.18 As shown in Figure 4, the 2D 1H/YH RFDR spectrum produces
similar information about cross-correlation peaks as the NOESY spectrum in Figure 3, albeit
with lower cross-peak intensities. This can be attributed to the fact that the MFO-EPO
interaction is quite flexible and dynamic, thus rendering the reintroduction of the dipolar
coupling ineffective in the RFDR experiment. This result suggests that the solvent plays an
important role in the flexibility of molecular constituents. It is worth noting that the

2D 1H/H RFDR experiments can be successfully implemented for distance measurements
on rigid samples, or on mobile samples at low temperatures, for which the molecular
mobility is restricted. Such experiments performed at ultra-high magnetic fields will provide
even more piercing insights into the molecular interactions, which can further be utilized to
optimize the formulation of drugs.

Intermolecular Interaction of MFA with EPO in the Supersaturated Solution

In light of the aforementioned discussion about the plausible intermolecular interactions
between MFA and EPO, a possible model structure of MFA dispersed in EPO polymer
matrices in the supersaturated solution is proposed in Figure 5. It is possible that MFA
recrystallization was inhibited due to its binding with EPO, which stabilizes the
supersaturated solution for a longer time. At the atomic level, MFA and EPO can interact
with each other mainly via hydrophobic and hydrophilic interactions. Two aromatic groups
of MFA interact with the backbone of EPO by hydrophobic interaction. In addition,
hydrophilic interaction such as ionic or hydrogen bonding is formed between the carboxyl
group of MFA and the aminoalkyl group of the EPO side chain. Indeed, this hydrophilic
interaction is supported by results from the previous study, in which stable supersaturated
solutions were effectively obtained using the solid dispersion of EPO with acidic drugs such
as indomethacin and piroxicam.? Furthermore, the previous report demonstrated that the
carboxyl group of MFA interacts with the aminoalkyl group of the EPO side chain through
the hydrophilic interaction in the solid dispersion.> The same hydrophilic interaction is
observed in the present study for the supersaturated solution, thus indicating that the
hydrophilic interaction formed in solid state is potentially conserved upon dispersion into
solution. Indeed, this hydrophilic interaction in the solid state underlies the enhanced MFA
solubility in the amorphous solid dispersion over that in the MFA/EPO physical mixture.
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CONCLUSIONS

In summary, we have demonstrated that the intermolecular interaction between MFA and
EPO in the supersaturated solution can be clearly observed by 2D 1H/XH NOESY and RFDR
MAS NMR experiments. MAS NMR is a powerful technique for analyzing and
characterizing the molecular structure and dynamics of supersaturated solutions. Our results
reveal that both hydrophobic and hydrophilic intermolecular interactions contribute to the
stabilization of the supersaturated solution. Hydrophobic interaction is formed between the
aromatic groups of MFA and the backbone of EPO, while the carboxyl group of MFA
interacts with the aminoalkyl group of the EPO side chain via hydrophilic interaction. On
the other hand, the O-methyl groups in the side chain of EPO do not exhibit any interaction
with MFA. To our knowledge, this is the first report that determines an atomic-level drug/
polymer interaction in a supersaturated solution. The obtained results provide better
understanding of the formation and stabilization mechanisms of supersaturated solutions,
and open up further opportunities for designing new pharmaceutical formulations. We
believe that multidimensional high-resolution MAS NMR spectroscopy can be widely
implemented for pharmaceutical formulations in solution state as well as in semi-solid state,
and will be of ample applicability in this field for the characterization of molecular
interactions.
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Figurel.
Molecular structures of mefenamic acid (MFA) and Eudragit® EPO (EPO). Proton
numbering of MFA represents peak assignment in 1H NMR spectra.
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Figure 2.
One-dimensional 1H NMR spectra of MFA/EPO supersaturated solution in d-acetate buffer
(pH 5.5, 37 °C) under (a) static and (b) 2.7 kHz magic angle spinning conditions.
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Figure 3.

Two-dimensional *H/*H NOESY NMR spectrum of MFA/EPO supersaturated solution in d-
acetate buffer (pH 5.5, 37 °C) under 2.7 kHz MAS. (b) Expanded region of the spectrum in
(a). (c) 1D H slices extracted from the 2D NOESY spectrum along 0.82 and 2.86 ppm.
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Figure 4.
Two-dimensional *H/Y*H RFDR NMR spectrum of MFA/EPO supersaturated solution in d-

acetate buffer (pH 5.5, 37 °C) under 2.7 kHz MAS. (b) Expanded region of the spectrum in
(a). (c) 1D IH slices extracted from the 2D RFDR spectrum along 0.82 and 2.86 ppm.
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Figureb5.
A model molecular structure of MFA/EPO supersaturated solution and intermolecular
interaction between MFA and EPO.
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Scheme 1.
A schematic representation of sample preparation of MFA/EPO supersaturated solution for
high-resolution magic-angle spinning NMR measurements.
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