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ABSTRACT
Purpose To investigate the nature of drug-excipient interac-
tions between indomethacin (IMC) and methacrylate copoly-
mer Eudragit® E (EE) in the amorphous state, and evaluate
the effects on formulation and stability of these amorphous
systems.
Methods Amorphous solid dispersions containing IMC and
EE were spray dried with drug loadings from 20% to 90%.
PXRD was used to confirm the amorphous nature of the
dispersions, and DSC was used to measure glass transition
temperatures (Tg).

13C and 15N solid-state NMR was utilized
to investigate changes in local structure and protonation state,
while 1H T1 and T1ρ relaxation measurements were used to
probe miscibility and phase behavior of the dispersions.
Results Tg values for IMC-EE solid dispersions showed signif-
icant positive deviations from predicted values in the drug
loading range of 40–90%, indicating a relatively strong
drug-excipient interaction. 15N solid-state NMR exhibited a
change in protonation state of the EE basic amine, with two
distinct populations for the EE amine at −360.7 ppm
(unprotonated) and −344.4 ppm (protonated). Additionally,
1H relaxation measurements showed phase separation at high
drug load, indicating an amorphous ionic complex and free
IMC-rich phase. PXRD data showed all ASDs up to 90%
drug load remained physically stable after 2 years.
Conclusions 15N solid-state NMR experiments show a
change in protonation state of EE, indicating that an ionic
complex indeed forms between IMC and EE in amorphous
solid dispersions. Phase behavior was determined to exhibit

nanoscale phase separation at high drug load between the
amorphous ionic complex and excess free IMC.
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ABBREVIATIONS
ASD Amorphous solid dispersion
CP Cross polarization
DSC Differential scanning calorimetry
EE Eudragit® E
FTIR Fourier transform infrared spectroscopy
HPMCAS Hydroxypropyl methylcellulose acetate succinate
HPMCP Hydroxypropyl methylcellulose phthalate
IMC Indomethacin
MAS Magic-angle spinning
NMR Nuclear magnetic resonance spectroscopy
PSSA Polystyrene sulfonic acid
PVP Poly(vinylpyrrolidone)
PVPVA Poly(vinylpyrrolidone-co-vinyl acetate)
PXRD Powder X-ray diffraction
RF Radiofrequency
TOSS Total sideband suppression
UV Ultraviolet spectroscopy
XPS X-ray photoelectron spectroscopy

INTRODUCTION

Drug-excipient interactions have long been an area of interest
for pharmaceutical scientists, yet to date many of these inter-
actions are still poorly understood today (1–6). Formulations
contain one or more active ingredients combined with what
are typically viewed to be Binert^ inactive ingredients.
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However, these Binert^ ingredients often contain reactive
and/or ionizable functional groups, and freely exchangeable
molecules. Generic excipient compatibility studies are con-
ducted during early development, and excipients that are
found to accelerate degradation are then excluded from for-
mulation development wherever possible. Deeper under-
standing of the nature of these interactions at the molecular
level is desired in order to be able to strategically formulate
more stable and better performing drug products.

Drug-excipient interactions can initiate at the particle-
particle surface interface in particulate systems, or throughout
a particle in molecularly dispersed systems such as amorphous
solid dispersions (ASDs) (7–22). For example, Ueda and col-
leagues noted an anti-plasticization effect when indomethacin
(IMC) was formulated with poly(vinyl alcohol-co-acrylic acid-
co-methyl methacrylate) (23). This was attributed to strong
specific hydrophilic and hydrophobic interactions between
the drug and polymer that imparted improved physical stabil-
ity over other polymers. Yuan and coworkers were able use
13C solid-state NMR to estimate the relative ratios of three
different modes of hydrogen bonding in IMC-PVP and IMC-
PVPVA amorphous dispersions (24). The three different
modes manifested as three different NMR chemical shifts for
the carboxylic acid carbon, and the ratios modulated depend-
ing on the drug loading. From these data the authors were also
able to estimate the acid-acid dimerization enthalpy and en-
tropy for amorphous indomethacin.

While often thought to have negative consequences, specif-
ic drug-excipient interactions can also have a positive influ-
ence on the stability and performance of drug products. In the
present work we examine the interaction between IMC and
EE. IMC is a poorly water-soluble weak acid with a pKa of 4.5,
which has been extensively studied in a variety of amorphous
systems (24–37). EE is a methacrylate copolymer with weakly
basic 2-dimethylaminoethyl ester side-chains, rendering it sol-
uble at pH<5. The IMC-EE interaction was previously noted
by Chokshi and coworkers through inspection of the glass
transition temperature (Tg) as a function of drug load (38).
The authors noted a marked positive deviation from expected
(e.g. Gordon-Taylor predicted) Tg values at elevated drug
loading, and attributed the anti-plasticization effect to an in-
termolecular interaction between IMC and EE. Due to the
acidic nature of IMC and basic nature of the polymer, a spe-
cific ionic interaction has been hypothesized as the molecular
reason for the observed anti-plasticization effect. FTIR data
were acquired, but no specific drug-polymer interaction was
clearly evident in the data. However, it should be noted that
this was not the focus of their study. In Sarode et al., the
investigators took a closer look at this specific interaction using
FTIR, and concluded that the interaction between IMC and
EE was improved upon storage of hot melt extrudates at ele-
vated temperature and humidity (39). The authors correlated
their FTIR data with results reported earlier by Kojima et al.

for a similar ionic interaction between mefenamic acid and
EE (40). Liu and coworkers also reported on the IMC:EE
interaction and drug-polymer miscibility using FTIR in addi-
tion to rheological measurements (41).

Ionic interactions in amorphous solid dispersions have been
an area of interest in recent literature, and show promise as a
platform for long-term stability of amorphous dispersions.
Weuts and colleagues reported on ionic interactions in ASDs
based on the acidic polymer poly(acrylic acid) (42).
Formulations with three basic drugs all showed higher than
expected Tg values, inhibition of crystallization, and faster
dissolution rates. The ionic interaction was inferred from
the carbonyl vibrational modes in the FTIR data. Song
et al. showed that a specific acid-base drug-polymer inter-
action helped stabilize lapatinib-HPMCP dispersions, but
not in dispersions with HPMCAS (43). Solid-state NMR
proved to be very powerful in identifying these interac-
tions. Subsequent studies by Song and coworkers verified
the presence of specific acid-base interactions in PSSA
based amorphous dispersions using UV, FTIR, XPS, and
solid-state NMR, and in lumefantrine dispersions with five
polymers using XPS (44,45).

In the present work we examine the potential ionic in-
teraction between IMC and EE using solid-state NMR to
directly ascertain the nature of the specific interaction.
Unlike other spectroscopies such as FTIR, solid-state
NMR has the power to selectively look at the specific nu-
clei involved in a drug-excipient interaction to remove am-
biguity from the data interpretation. Using 1H relaxation
measurements we also investigated the miscibility of IMC
and EE and make inferences based on the mobility ob-
served in the series of ASDs at differing drug loads.
Long-term stability data using PXRD also show exquisite
physical stability of the ASDs at all drug loadings up to
90% IMC (w/w), indicating that truly ionic interactions
in ASDs offer the potential for long term crystallization
inhibition using only small amounts of polymer. This can
potentially eliminate the tablet size and number burden
often associated with high dose amorphous dispersion for-
mulations that are formulated at low drug load due to
crystallization propensity of the active ingredient. The data
presented below focuses on the drug:excipient interactions
and phase behavior of freshly prepared spray dried amor-
phous solid dispersions. We show long-term stability results
using PXRD merely to demonstrate the exceptional phys-
ical stability that high drug load dispersions featuring ionic
interactions can possess. We fully expect that water has a
significant impact on phase behavior of amorphous disper-
sions, and that changes may occur on stability when disor-
dered systems are exposed to moisture. This of course war-
rants further study and is another area where we feel that
solid-state NMR spectroscopy can have an impact in phar-
maceutical research.
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MATERIALS AND METHODS

Materials

Crystalline indomethacin free acid (IMC) was purchased from
MP Biomedicals, LLC (Solon, OH) and recrystallized from
methyl isobutyl ketone as the γ polymorph. Eudragit® E PO
(EE) was received as a gift fromEvonik (Evonik Industries AG,
Essen, Germany). Chemically, EE is poly(butyl methacrylate-
co-(2-dimethylaminoethyl) methacrylate-co-methyl methacry-
late) with a 1:2:1 subunit ratio.

Spray Drying

Binary amorphous solid dispersions containing 20, 30, 40, 50,
60, 70, 80, and 90% IMC (w/w) in EE were spray dried using
a ProCepT 4M8-S lab scale spray dryer (ProCepT NV,
Zelzate, Belgium). Additionally, neat IMC and EE were also
spray dried for reference data on the pure amorphous materi-
als. The feed solutions were prepared at 10% solids loading in
acetone (Thermo Fisher Scientific, Waltham, MA), and fed at
2 mL/min to a 1.0 mm spray nozzle. The inlet temperature
was 80°C, outlet temperature was 38–40°C, air speed was
0.5 m3/min, and the cyclone pressure drop was ~26 mbar.

pKa Calculation

Acid dissociation constants for EE subunits and oligomers
were calculated using MoKa 2.6 (Molecular Discovery Ltd.,
Borehamwood, United Kingdom) and a custom semi-
empirical pKa calculation model.

Differential Scanning Calorimetry

DSC analysis was conducted using a TA Instruments Q2000
(New Castle, DE). A sample size of approximately 5 mg
was weighed into a standard aluminum pan, covered with
an aluminum lid but uncrimped. The samples were heated
at 10°C/min from ambient temperature to 110°C under
dry nitrogen at 50 mL/min. The samples were then cooled
to 0°C at 20°C/min before being heated again to 180°C at
10°C/min under dry nitrogen at 50 mL/min.

Density

Density measurements were made using a Micromeritics
AccuPyc II 1340 helium pycnometer (Micromeritics
Instrument Corp., Norcross, GA). ~1 g of powder was loaded
into the measurement cell and 10 cycles were performed to
give the average density. Standard deviations ranged from
0.0003–0.0082 g/cm3, and we report to the nearest 0.01 g/
cm3 here. The equilibration rate was 0.005 psig/min, and all
data were acquired at 295 K.

Powder X-ray Diffraction

Samples were analyzed using a RigakuMiniFlex II powder X-
ray diffractometer (Rigaku Americas Corp., The Woodlands,
TX). The radiation used was CuKα with a tube voltage and
current of 30 kV and 15 mA. Data were collected at ambient
temperature from 2.0 to 40.0° 2θ using a step size of 0.020°. A
zero background silicon sample holder was used and the stage
was rotated at 60 rpm. Soller slits employed on the incident
and diffracted beamwere 5°. The system was equipped with a
variable divergence slit, 1.25° anti-scatter slit, 0.3 mm receiv-
ing slit, and a graphite monochromator. A scan speed of 2°/
min was used. After initial analysis, samples were stored at
25°C/60% RH and analyzed for physical stability at 6 and
24 months of storage.

Solid-State NMR Spectroscopy

All solid-state NMR data were acquired using a Bruker
Avance III HD spectrometer with a 500 MHz Ascend stan-
dard bore magnet (Bruker BioSpin Corp., Billerica, MA). For
each sample, ~80 mg of powder was packed into a 4 mm
ziroconia rotor and capped with a Kel-F drive tip. A double
resonance MAS probe equipped with a 4 mm spinning mod-
ule was used for all data collection, tuned to 500.13 MHz for
1H, 125.77 MHz for 13C experiments, and 50.69 MHz for
15N experiments. 13C–detected experiments utilized ramped
cross polarization (CP) (46–48) with a 70–100% RF power
ramp on the 1H channel, 5π TOSS with a 243-step phase
cycle (49,50), and high-power SPINAL64 (51) 1H decoupling
with an RF field strength of 86 kHz. 15N–detected experi-
ments employed ramped CPwithout TOSS. 13C spectra were
acquired using a 2 ms CP contact time, 2–4 s recycle delays,
and 12 kHz MAS. 15N spectra used a 2 ms CP contact time,
2–4 s recycle delays, and 8 kHz MAS. 1H 90° pulses were
2.9 μs for all experiments and TOSS used 13C 180° pulses
of 7.2 μs. A total of 972 scans were collected for each 13C
spectrum and 70,000–100,000 scans were collected for each
15N spectrum. The 15N dipolar dephasing experiment utilized
an interrupted decoupling period of 200 μs, MAS rate of
4 kHz, and 41,472 scans were collected. 1H relaxation experi-
ments were 13C–detected and utilized a 2 ms CP contact time,
8 kHz MAS, saturation recovery τ delays of 0.005–20 s for T1

measurements, and 1H spin-lock pulses at 86 kHz ranged
from 0.005–50 ms for T1ρ measurements. IMC carbon peaks
in the range of 143–124 ppm were integrated to calculate
IMC-specific relaxation times, and EE peaks in the range of
49–42 ppm were integrated to obtain EE-specific relaxation
times. All data were recorded at 298 K. 13C spectra were
referenced to tetramethylsilane by using the methyl peak of
3-methylglutaric acid (MGA) at 18.84 ppm (52). 15N spectra
were referenced to nitromethane using the amino peak of
glycine at−347.58 ppm (53). NMR data were processed using
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Bruker TopSpin™ 3.2 software, and all 1H relaxation data
were fitted using KaleidaGraph 4.1 software (Synergy
Software, Reading, PA).

RESULTS AND DISCUSSION

The chemical structures of IMC and EE are shown in Fig. 1.
IMC is a carboxylic acid with a pKa of 4.5, while EE is a meth-
acrylate copolymer containing basic 2-dimethylaminoethyl ester
side-chains with estimated pKa ranging from 7.7–9.0. Conjugate
acid dissociation constants for EE were calculated on various
monomers and oligomers to gain a picture of the overall basicity
of tertiary amine side-chain units in the polymer. This ΔpKa of
3.2–4.5 satisfies the widely used rule-of-thumb regarding pKa
differences (ΔpKa > 2) between acids and bases for salt forma-
tion, and should be large enough to allow for proton transfer
from the IMC acid to the EE amine group. This would serve to
form an amorphous drug-polymer ionic complex at stoichiome-
tries up until all of the basic polymer side-chain units are occu-
pied by IMC. However, it should be noted that most dissocia-
tion constants referenced, measured, or calculated on pharma-
ceutical systems refer to values in aqueous solution. While obvi-
ously very useful, this does not necessarily reflect what the pro-
tonation state will be in an isolated solid, necessitating the use of
solid-state characterization techniques to assess protonation state
as it exists in the solid material of interest.

With a molecular weight of 357.79 g/mol, IMC contains
2.795 mmol of –COOH groups per gram of material. EE has
an average molecular weight of ~47,000 g/mol, but an olig-
omer containing a 1:2:1 ratio of butyl methacrylate, 2-
dimethylaminoethyl methacrylate, and methyl methacrylate
has a molecular weight of 556.74 g/mol. It follows that EE
contains approximately 3.592 mmol of amino groups per
gram of material. From this we calculate the stoichiometry
of acidic to basic moieties in the drug-polymer dispersions.
The molar ratios are shown in Table I for all drug-polymer

compositions prepared in this study. Additionally, the theoret-
ical composition of 1:1 (mol/mol) IMC –COOH to EE –
N(CH3)2 is also shown with a drug-polymer composition of
56.24% IMC to 43.76% EE. In theory and in the absence of
steric interference, above this drug-polymer ratio all EE ami-
no side-chains should be protonated and occupied by an ion-
ized IMC molecule. Thus, at 60, 70, 80, and 90% IMC, all
amino groups in EE should be protonated and ionically bond-
ed to an IMC carboxylate group.

Thermal Analysis & Density

Pharmaceutical scientists often refer to the BTg minus 50^ rule
of thumb, which suggests that an ASD should be stored at least
50 K below its glass transition temperature to maintain phys-
ical stability (54). This rule is primarily based on reducing
molecular mobility in the glass to sufficiently slow or inhibit
the crystallization propensity of the API, and thus provide
adequate shelf-life of the drug product. In the present exam-
ple, IMC has a Tg of 46°C, and EE has a Tg of 49°C (Fig. 2,
Table II), both relatively low as neat materials. With ideal
mixing in the absence of any intermolecular interactions,
one could reasonably expect to obtain binary solid dispersions
of the two materials with Tg values in the range of 46–49°C.
Applying the Tg-50 rule would then require a highly undesir-
able storage requirement below 0°C. Plasticization with
sorbed water molecules would further reduce the Tg and rec-
ommended storage temperature. Essentially this would likely
preclude development of this amorphous system and a poly-
mer with higher Tg would be selected.

However, an anti-plasticization effect was first observed by
Chokshi and coworkers upon formulating IMC-EE ASDs at
elevated drug loading (38). We desired to study this further
and prepared ASDs in 10% (w/w) intervals from 20 to 90%
IMC. Using DSC we confirmed the anti-plasticization effect,
as shown in Fig. 2. At 70% IMC, the Tg curve peaks out at

Fig. 1 Chemical structures of indomethacin (IMC) and Eudragit® E (EE).
The subunit ratio for EE polymer is 1:2:1 butyl methacrylate:2-dimethylami-
noethyl methacrylate:methyl methacrylate.

Table I Molar Ratio of IMC –COOH Functional Groups to EE –N(CH3)2
Functional Groups as a Function of Weight Percentage

IMC:EE Weight % Molar Ratio (-COOH/-N(CH3)2

20:80 0.195

30:70 0.333

40:60 0.519

50:50 0.778

56.24:43.76a 1.000

60:40 1.167

70:30 1.815

80:20 3.112

90:10 7.002

a Theoretical weight ratio to achieve a 1:1 molar ratio of acid-base functional
groups
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65.5°C, which is nearly 20° above the expected value calcu-
lated using the Couchman-Karasz equation (55,56). From a
mobility perspective alone, this has a huge impact on potential
storage requirements and physical stability. The high drug
loads of 60% and 80% IMC also offer a ~16° increase in Tg

relative to calculated values. Furthermore, the heat capacity
change (ΔCP) also has a maximum at 70% IMC, and follows a
similar trend as Tg throughout the range of dispersion

composition as shown in Table II. These high drug loads
(60–80%) were once considered unattainable for amorphous
dispersions, and have relegated many high dose amorphous
drugs to large tablets and high doses of polymeric excipients.
Interestingly, density varied linearly as a function of % IMC
(Table II) and did not offer further insight into the nature of
these systems. The observed anti-plasticization effects are a
strong indicator of a specific, possibly ionic drug-polymer in-
teraction, and warrant further study to confirm the nature of
the interaction. Taking advantage of interactions like this may
offer an easy path to stable high drug load amorphous formu-
lations, reducing tablet size, excipient doses, and overall pill
burden. For this reason, solid-state NMR studies were under-
taken in attempt to provide nucleus-specific spectroscopic in-
formation on the interaction and are presented below, includ-
ing 13C and 15N spectra as well as 1H relaxation data.

13C Solid-State NMR Spectroscopy

Solid-state NMR data offer a wealth of structural and dynamic
information, even for disordered materials such as ASDs. 13C
spectra were first acquired to ascertain potential differences in
the IMC –COOH peak(s) since this was suspected to undergo
proton transfer to the polymer (Fig. 3). There are some other
minor differences in the spectra, but themost interesting region
lies from 170 to 180 ppm, where the carbonyl carbons reso-
nate. It has already been reported that IMC carbonyl chemical
shifts have multiple potential H-bonding motifs that all

Fig. 2 (a) DSC thermograms of amorphous IMC, EE, and amorphous solid
dispersions containing both materials with compositions of 20–90% (w/w)
IMC. Glass transitions (Tg) are highlighted in the boxed region. (b) Tg of
IMC-EE solid dispersions as a function of IMC weight fraction, compared to
values calculated using the Couchman-Karasz convention.

Table II Differential Scanning Calorimetry Data for Amorphous IMC:EE
Systems Containing 0–100% (w/w) IMC, with Associated Densities

IMC:EE Weight % Tg (°C) ΔCP (J/g*K) Density (g/cm3)

0:100 48.9 0.27 1.14

20:80 45.8 0.34 1.19

30:70 47.7 0.38 1.22

40:60 51.9 0.40 1.24

50:50 54.7 0.42 1.28

60:40 62.7 0.43 1.29

70:30 65.5 0.46 1.31

80:20 62.5 0.42 1.33

90:10 52.8 0.39 1.37

100:0 45.9 0.37 1.42 Fig. 3 13C solid-state NMR spectra of EE, ASD samples of 20–90% IMC in
EE, neat amorphous IMC, and crystalline IMC, γ form.
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resonate at slightly different chemical shifts, resulting in multi-
ple peaks for a single carbonyl nucleus in amorphous IMC (24).
In crystalline γ IMC the leftmost peak at 179.2 ppm represents
the carboxylic acid carbon, which forms a H-bonded cyclic
dimer in this crystal form. The next peak to the right at
167.6 ppm is due to the amide carbonyl, which is not involved
in H-bonding. In neat amorphous IMC it is evident that more
than two peaks are present in this region, a clear indication of
multiple different environments for the carbonyl carbons. The
aforementioned work by Yuan and Munson definitively
assigned the different –COOH resonances at 179.3 ppm to
H-bonded cyclic dimers, 176.3 ppm an acid-acid H-bonded
chain, acid H-bonded to amide at 172.4 ppm, and 170.4 ppm
is free –COOH (24).

While these environments all appear to be present in our
neat amorphous IMC, there are significant changes in this
region of the spectrum across the range of drug loading as is
evident in Fig. 3. Unfortunately the ester carbonyl peak of EE
overlaps with much of the region of interest and restricts de-
tailed interpretation of the different carboxylic acid states.
There is a clear loss of the peaks at 172–176 ppm at drug
loads below 50%, indicating loss of the acid-acid chain and
acid-amide H-bonding modes. This would of course be the
case if the IMC carboxylate carbon is exclusively involved in
an ionic bond with EE amine groups. At higher drug loads of
60% and more, we observe a peak at ~173 ppm which drifts
more upfield as drug load increases to 90%. Since all ionic
bonding possibilities are exhausted at ≥60% drug load, excess
IMC carboxylic acid groups are free to H-bond with other
acid and amide carbonyls of IMC or ester carbonyls in EE,
which likely constitutes this series of peaks. We presume that
the carboxylate chemical shift is similar to the acid-acid cyclic
dimer, and thus is completely overlapped by the EE ester
carbonyls. For this reason we pursued 15N solid-state NMR
to further investigate the protonation state of amine groups in
EE.

15N Solid-State NMR Spectroscopy

While 15N is an extremely useful spin-½ nucleus with a wide
chemical shift range, it suffers heavily from sensitivity issues
due to its low magnetogyric ratio and natural abundance of
only 0.37%. This makes acquisition of 15N NMR spectra at
natural abundance challenging and time consuming, but fea-
sible in reasonable amounts of time (e.g. <24 h) for pure crys-
talline materials with sharp lines and relatively fast T1 relaxa-
tion times. For amorphousmaterials, all the signal intensity for
a single nitrogen nucleus is spread out in a very broad,
Gaussian peak, further reducing the sensitivity of nitrogen
NMR. Amorphous materials often give peaks 5-10× broader
their crystalline counterparts. Amorphous formulations such
as ASDs further reduce sensitivity by diluting the nuclei of
interest with other ingredients. In this case, the nitrogen-

containing ingredient of interest is the polymeric excipient,
specifically the EE 2-dimethylaminoethyl side-chain nitrogen
nuclei. Due to the broad peaks and dilution by formulation,
the spectra shown in Fig. 4 each took on the order of 4–5 days
to acquire interpretable signal. However, the data demon-
strate the value of 15N data in studying drug-excipient inter-
actions where nitrogen atoms are involved.

Figure 4 shows the 15N solid-state NMR spectra for EE
and ASDs containing 20–70% IMC. Neat EE gives a single
peak for its neutral tertiary amine at −360.7 ppm. Moving
up the figure to 20% IMC, another population of this
nitrogen is clearly evident. Increasing drug load leads to
further increase in this population at −344.4 ppm. At 70%
IMC, there is once again a single amino peak, but at
−344.4 ppm is shifted 16.3 ppm downfield from the neu-
tral polymer. For a tertiary amine, this large chemical shift
change can only be due to protonation of the basic nitro-
gen. The data correlate well with the molar ratio calcula-
tions from Table I, which showed that above 56.24% IMC
there should be enough IMC present to protonate all of the
basic EE side-chains. In the 15N spectra of 60% and 70%
IMC it is evident that essentially all of the EE amine groups
have shifted to the protonated state and have formed ionic
bonds with IMC. At 50% IMC and below, there are still
excess unprotonated EE amine groups, as shown by the
residual peak at −360.7 ppm. This gives direct, specific
spectroscopic evidence of amorphous ionic complex for-
mation in the IMC-EE system.

To further verify that the chemical shift change is indeed
due to protonation, a dipolar dephasing experiment was

Fig. 4 15N solid-state NMR spectra of Eudragit® E (EE) and ASD samples of
20–70% indomethacin (IMC) and EE.
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attempted on the 40% IMC samples. The dipolar dephasing
experiment turns off proton decoupling for a short period of
time before signal acquisition. Nuclei exhibiting strong dipolar
coupling to protons will rapidly dephase (i.e. lose signal inten-
sity) during this period of interrupted decoupling. In 13C
NMR, the experiment is routinely used to distinguish CH
and CH2 carbons from quaternary and methyl carbons.
Methyl carbons do not dephase rapidly due to the self-
decoupling rotation of the protons about the C3 axis of the
methyl group. For 15N NMR, dephasing times generally need
to be longer, but the outcome of the experiment is analogous
in that protonated nitrogen nuclei will lose signal (dephase)
during the interrupted decoupling period. Figure 5 shows
the results of a dipolar phasing experiment on the 40:60
IMC:EE sample, overlaid with the standard CPMAS spec-
trum, which clearly demonstrated two strong nitrogen popu-
lations at−344.4 ppm and −360.7 ppm. The overlay is scaled
such that the IMC amide nitrogen and unprotonated EE ami-
no nitrogen have the same intensity in both spectra, since these
assignments are known to not have covalently attached

protons. In the dipolar dephased spectrum in Fig. 5 it is clear
that the resonance at −344.4 ppm has significantly decreased
in intensity using a dephasing period of 200 us. This can only
happen if the nitrogen nucleus is strongly coupled to a proton,
which is governed by proximity (dipolar coupling∝ 1/r3). In a
rigid crystal, covalently attached protons can dephase the sig-
nal to zero with a properly optimized dephasing time. The
mobility and dynamics in an amorphous system can partially
average the dipolar coupling and thus preclude full dephasing
of the NH signal. Additionally, the sheer length of the exper-
iment time required inhibited full optimization of the dephas-
ing time. With these caveats noted, the only way for this ni-
trogen to dephase to this extent is due to close proximity to a
covalently bound proton.

Solid-State NMR 1H Relaxation

Proton relaxation measurements have been in numerous
reports used to probe drug-polymer miscibility in ASDs, and
can assess phase separation much more selectively and at
smaller domain sizes than classical DSC measurements
(57–60). Here we applied 1H T1 (spin-lattice relaxation time)
and 1H T1ρ (spin-lattice relaxation in the rotating frame)
measurements to look at IMC-EE phase miscibility, as it was
especially intriguing given the fact that multiple phases may be
present due to the formation of an amorphous ionically bond-
ed complex not present in the neat starting materials. In gen-
eral, 1H T1 probes MHz-order motions and miscibility down
to domain sizes of ~20–50 nm, and 1H T1ρ probes kHz-order
motions and phase miscibility on the order of ~2–5 nm do-
main sizes (58). Using 13C–detected cross polarization experi-
ments (magnetization transfer from 1H to 13C), we can sepa-
rate out resonances from each ASD component in the carbon
spectrum, and calculate relaxation times for each individual
component in the dispersion. 1H spin diffusion through the
dipolar coupling network serves to average all the 1H relaxa-
tion rates in a given domain to a uniform value. If the relax-
ation times are similar (generally within 10%) for each

Fig. 5 15N solid-state NMR spectra of 40:60 (w/w) indomethacin
(IMC):Eudragit® E (EE) amorphous solid dispersion. The green (solid line)
spectrum is the standard CPMAS spectrum, and the blue (dashed line) spec-
trum was acquired using a dipolar dephasing delay of 200 μs.

Fig. 6 1H T1 and T1ρ relaxation
times for IMC-EE amorphous solid
dispersions. The blue (IMC, circles)
and red (EE, squares) curves show
T1 values measured for each com-
ponent in dispersions at each re-
spective composition. The green
(IMC, triangles) and purple (EE,
diamonds) curves show T1ρ values
measured for each component in
dispersions at each respective
composition.
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component in a given sample, the two molecules have similar
mobility and are likely part of a uniform, single-phase domain.

Figure 6 displays a plot of relaxation times as a function
of drug load in ASDs containing 20–90% IMC. The blue
(IMC) and red (EE) curves show T1 values as measured for
each individual component in the dispersion at each re-
spective drug load. For example, at 20% IMC, one dataset
was acquired using 16 different τ saturation recovery
delays. Peaks for only IMC were then integrated in the
region of 143–124 ppm, peak areas were plotted against t
to give the relaxation curve, and the curve was fit numer-
ically to give the T1 value for IMC in the ASD. Similarly,
peaks areas for only EE were integrated from 49 to 42 ppm
and used to calculate T1 for EE within the ASD. From the
plot (Fig. 6) it is evident that the blue (IMC) and red (EE)
curves overlay well with each other, indicating that the 1H

T1 times are similar across the range of drug loads from 20
to 90%. This indicates that the ASD is molecularly dis-
persed at domain sizes in the range of 65–120 nm
(L ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

6DT 1
p

, D ≈ 0.8 nm2/ms) based on the range of ab-
solute T1 values of 0.9–3.0 s (Table III).

More interesting are the 1H T1ρ data, shown in the
green (IMC) and purple (EE) curves of Fig. 6. Values were
calculated from variable spin-lock datasets in an analogous
fashion as for T1, with IMC peaks integrated from 143 to
124 ppm and EE peaks integrated from 49 to 42 ppm for
16 different 1H spin-lock pulse lengths. From 20 to 60%
IMC the green and purple curves overlay well with each
other, indicating a uniform molecularly dispersed phase at
these drug loads. This phase is assigned to the IMC-EE
ionic complex with IMC uniformly distributed throughout
the polymeric phase. We know that at 60% IMC there is a
small amount of excess free IMC, as all the basic EE side-
chains are fully occupied at this drug load. Increasing IMC
weight fraction further results in more unbound IMC,
which is exactly what was observed in the T1ρ data. At
70–90% IMC, the green (IMC) and purple (EE) curves
diverge from one another, a clear indication of nanoscale
phase separation. At these drug loads the data point to two
distinct phases: (a) a fully saturated IMC-EE ionic com-
plex, and (b) an IMC-rich phase due to excess IMC.
These phases have different mobility and relax at different
rates, making the phases detectable in 1H T1ρ experiments.
At 90% IMC, there are 7× more IMC carboxyl groups
than EE basic groups (Table I), and these IMC groups
likely begin to form the H-bonded cyclic dimer that is
known for neat amorphous IMC. Based on absolute 1H
T1ρ values, the IMC-rich domains are on the order of
~10 nm (L ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

6DT 1
p

).

Table III 1H Relaxation Times for Amorphous IMC:EE Systems
Containing 0–100% (w/w) IMC, Measured for Each Component in the
Binary Dispersions

IMC:EE Wt% IMC T1 (s) EE T1 (s) IMC T1ρ (ms) EE T1ρ (ms)

0:100 – 0.81± 0.02 – 17.9 ± 0.3

20:80 1.13± 0.03 1.09± 0.01 18.6 ± 0.3 19.0 ± 0.2

30:70 1.00± 0.03 0.90± 0.01 15.5 ± 0.3 15.9 ± 0.1

40:60 1.08± 0.02 1.05± 0.02 15.9 ± 0.2 16.3 ± 0.1

50:50 1.09± 0.03 1.02± 0.01 15.2 ± 0.2 15.7 ± 0.1

60:40 1.29± 0.02 1.24± 0.01 18.2 ± 0.2 17.6 ± 0.2

70:30 1.57± 0.02 1.59± 0.05 20.5 ± 0.2 19.2 ± 0.2

80:20 2.03± 0.03 2.02± 0.08 24.3 ± 0.3 23.1 ± 0.4

90:10 2.89± 0.01 2.95± 0.08 20.5 ± 0.3 17.5 ± 0.8

100:0 3.08± 0.11 – 20.2 ± 0.6 –

Errors are reported as standard error of the curve fit from 16 data points

Fig. 7 PXRD patterns for IMC-EE
ASDs ranging from 20 to 90% (w/w)
IMC in addition to neat IMC, all
prepared by spray drying. The left
panel shows samples in their initial
state, while the right panel shows
the samples after 6 months of stor-
age (neat IMC) or 24 months of
storage (ASDs) at 25°C/60% RH.
Weight ratios are indicated between
the panels.
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Powder X-ray Diffraction and Physical Stability

PXRD was used to assess the physical stability of the ASDs
upon long term storage. Initial diffraction patterns are shown
in the left-hand panel of Fig. 7, and demonstrate that all sam-
ples from 20 to 100% (w/w) IMC are indeed fully X-ray
amorphous after spray drying. Samples were stored at
25°C/60% RH for up to 2 years, and analyzed at 6 and
24 months. After 6 months of storage, neat amorphous IMC
has undergone significant crystallization as can be seen in the
right-hand panel of Fig. 7. Crystallization from the neat amor-
phous state appears to be primarily to the metastable α poly-
morph. However, even after 2 years of storage all ASDs from
20 to 90% showed no signs of crystallization, indicating ex-
ceptional physical stability for even very high drug load dis-
persions. This shows that only small amounts of polymer may
be necessary to stabilize ASDs such as this that take advantage
of specific drug-excipient interactions, regardless of theTg and
without special storage or packaging requirements. Water
content is well known to change as a function of storage time,
packaging, and environmental conditions, especially for hy-
groscopic amorphous formulations. While not the focus of
the present study, we expect that water plays a significant role
on the phase behavior and drug:excipient interactions in
amorphous solid dispersions. This is another large area of
pharmaceutical research where solid-state NMR can likely
contribute to further our understanding of these complex for-
mulations, and does warrant further study.

CONCLUSIONS

Ionic bond formation in ASDs has emerged recently as an
intriguing formulation option for ionizable yet poorly soluble
drug substances. Strong anti-plasticization effects observed us-
ing DSC provides a good indication of ionic interactions, and

thus DSC may offer utility as a screening tool to look for these
interactions at a small scale. The ionic interaction between
indomethacin and Eudragit® E was definitively confirmed
in these studies using highly specific 15N solid-state NMR. In
our opinion this method has proven far more selective, specif-
ic, and definitive than the more typically applied FTIR.
Multinuclear NMR studies are invaluable in studies of formu-
latedmaterials as it has the power to investigate both drug and
excipients simultaneously, as well as interactions among them.
Furthermore, this ionic interaction resulted in exquisite phys-
ical stability, with no crystallization observed even up to 90%
IMC after 2 years of storage.

Using the combined 13C spectra, 15N spectra, and 1H re-
laxation data, we determined that at drug loadings of 50%
IMC or less the IMC-EE system is a single uniform phase,
molecularly dispersed with IMC forming ionic bonds with
the EE 2-dimethylaminoethyl side-chains. The nitrogen state
of EE shows two populations, its neutral state and a protonated
state due to ionic complex formation with IMC. At 60% drug
load, the system is primarily a uniform IMC-EE amorphous
ionic complex with all EE side-chains ionized and a small
amount of excess IMC. At 70–90% IMC there are increasing
amounts of free IMC that form drug-rich domains, detectable
using 1HT1ρ experiments. Figure 8 illustrates the overall phase
picture of this system, and we expect this methodology can be
applied to any ionically interacting amorphous system.
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