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ABSTRACT

Miscibility is critical in the prediction of stability against crystallization of amorphous solid dispersions
(ASDs) in the solid state. However, currently available approaches for its determination are limited by
both theoretical and practical considerations. Recently, a rheological approach guided by the polymer

overlap concentration (c*) has been proposed for miscibility quantification of ASDs [J. Pharm. Sci., 112

(2023) 204—212] and shown to be useful to predict both accelerated and long term physical stability.

However, this approach can be only performed at high temperatures (slightly above the melting
temperature, Tm, of drugs), and little is known about the difference of miscibility between high and low
temperatures (e.g., below the glass transition temperature, 7). Here we compare miscibility of nifedipine
(NIF)/polyvinylpyrrolidone (PVP) ASDs as determined by the rheological approach at 175 °C (~3 °C
above T of NIF) and solid state NMR (ssNMR) 'H T, and T}, relaxation times at -20 °C (~66 °C below
Ty of NIF). Our results indicate an agreement between the two methods. For low molecular weight (M)
PVP, Tip measurements are more consistent with the rheological approach while T1 measurements are
closer for relatively high My PVP. Our findings suggest that the c* based rheological approach is reliable
for directly determining miscibility of deeply cooled ASDs.
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Keywords. Amorphous Solid Dispersions (ASDs), Miscibility, Overlap concentration (c*), Viscosity,
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INTRODUCTION

Amorphization has been established as an increasingly applied formulation strategy to enhance aqueous
solubility and dissolution rate of poorly water soluble drugs, since amorphous drug exhibits a higher free
energy over its most stable crystalline conterpart.? However, amorphous materials are
thermodynamically unstable and prone to crystalize.>* Amorphous solid dispersions (ASDs), formulated
by molecularly dispersing an amorphous drug with a polymer, are used to improve physical stability

against crystallization during the shelf life.>”’

Although there is no existing first principles mechanism to predict enhanced stability against
crystallization of ASDs, some empirical rules have been extensively discussed in the literature, including
incorporating high glass transition temperature (7) polymers to raise the overall 7 of an ASD leading to
lower molecular mobility and segmental dynamics; selecting drug/polymer combinations with relatively
strong intermolecular interactions to reduce the thermodynamic driving force and increase the kinetic
barrier of crystallization; and combinations of these factors.®!! In all cases, it is assumed that miscibility
at the molecular level is necessary to achieve desirable physical stability against crystallizaiton.!®!>!3 In
this context, miscibility indicates a single homogeneous phase at the molecular level, with physical

properties distinct from those of pure components.'”!* (Although “miscibility” has a classical

thermodynamic connotation, in the ASD literature it denotes “homogeneity at the molecular level.”!%1%)
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The miscibility limit defines the highest drug concentration (or the lowest polymer concentration) above
(or below) which an ASD becomes discontinuous with a pure amorphous drug domain and a collection of

polymer rich domain.'?

Currently, the most widely used theoretical scheme for ASD miscibility determination is Flory-

Huggins lattice theory.!%!6-! In this theory, the free energy of mixing per lattice site, Fy,;y, is given by
Fmix [
Pntx — 21ng+ (1 - Pln(l - ¢) + x4(1 - §) (1)
B

where kp is the Boltzmann constant, 7 is absolute temperature, ¢ is the volume fraction of polymer, N is
the ratio of molar volume of the polymer to that of the small molecule drug, and y is the Flory-Huggins
interaction parameter. In this theory, polymer serves as a solvent for drug, and the miscibility limit is
identified with the amorphous solubility of drug dissolved in polymer. The drug concentration
corresponding to the miscibility limit can be estimated by the intersection of the experimental 7, curve
and the spinodal curve,'® which is obtained by taking the second derivative of Equation 1 with respect to

@, where y is inferred from the following:

(= —7) =3 [na =9+ (1-3) 4+ 7] ®

m

where T;™* is the depressed melting temperature of crystalline drug/polymer uniform mixtures at high
drug loadings, T;h""© is the melting temperature of the pure crystalline drug, R is the gas constant, and

AHg, is the heat of fusion of the crystalline drug.'®

However, the accuracy of ASD miscibility determination using Flory-Huggins theory based
approach is limited by the following problems. First, the extrapolated y value from Equation 2 significantly
varies under different experimental conditions, such as uniformity and particle size of drug/polymer
crystalline mixtures, as well as DSC ramping rate.? Theoretically, Flory-Huggins theory assumes that the
polymer solution is at equilibrium, hence the result obtained by this approach only directly holds to
temperatures close to the melting point (7m) of the drug. Therefore, miscibility at low temperatures
especially below Ty can be predicted only by extrapolation or modeling.'® Second, Flory-Huggins theory
assumes that the polymer solution is a mean field, with a uniform ¢. This assumption does not hold when
the drug loading is sufficiently high (polymer concentration is sufficiently low), since in the dilute limit,

the drug/polymer solution is heterogeneous, such that it contains a polymer rich domain within the isolated
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polymer coils and a pure amorphous drug domain outside the coils (Scheme 1, left).!? Therefore, Flory-
Huggins theory based approach is intrinsically inappropriate to predict the miscibility of high drug loaded
ASDs.

Recently, Song et al. proposed an alternative approach to predict miscibility of ASDs inspired by
the overlap concentration (c*) concept, a critical polymer concentration at which polymer coils start to
contact each other (Scheme 1, middle).!? In this scheme, a small molecule drug serves as solvent for a
polymer, which is opposite to the aforementioned Flory-Huggins theory based approach. They found that
when polymer concentration is below ¢*, ASDs are heterogeneous at the molecular level since it contains
two types of domains, namely polymer rich domain and pure amorphous drug domain (Scheme 1, left).
For this case, ASD is immiscible. However, when the polymer concentration exceeds c*, the pure
amorphous drug domain is eliminated, and the ASD becomes homogeneous/miscible (Scheme 1, right).
The rheologically measured c* value is estimated as the miscibility limit. Using celecoxib (CEL)/
polyvinylpyrrolidone (PVP) and loratadine/PVP ASDs, a strong correlation between c* and crystallization
tendency was found. Remarkably, the c¢* based approach predicts not only accelerated physical stability,
but also long term stability against crystallization well below 7,. For example, CEL/PVP K12 ASDs with
polymer concentrations above c¢* remained amorphous for one year storage under ambient conditions,
while immiscible CEL/PVP K12 ASDs (PVP K12 concentrations below c*) crystallized significantly.'?
This approach has been applied to several other drug/polymer combinations and are shown to be robust

to predict crystallization tendencies.?!"*?

While the aforementioned ¢* guided rheological approach has been shown to be useful, there is
one more question that needs to be answered: since the c¢* value is determined from rheological
measurements at high temperature (slightly above 7m of drug), it is assumed that the c* value remains the
same in at low temperatures, i.e., below T, due to the rapid quench from the drug/polymer melt, hence
polymer conformation does not change significantly. However, this assumption has not yet been verified

experimentally.

In this work, we report that the miscibility of nifedipine (NIF)/PVP ASDs as measured by the c*
based rheological approach at 175 °C (~3 °C above T of NIF) is consistent with that determined by solid-
state NMR (ssNMR) spectroscopy 'H T, relaxation times at -20 °C (~66 °C below T, of NIF). These
results confirm that miscibility is determined by the high temperature rheological approach can be directly

applied to low temperature stability performance against crystallization. Our finding is relevant to the
4
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rational design of high drug loaded ASD formulations with desirable stability against crystallization

during storage.

MATERIALS AND METHODS

Materials. Nifedipine (NIF; OChem Incorporation, protected from light whenever possible) and
polyvinylpyrrolidone (PVP; Kollidon® K12, k17, K25; BASF) were used as received. Molecular

structures and relevant physical properties of NIF and PVP are shown in Table 1.

Table 1. Molecular Structures and Relevant Physical Properties of NIF and PVP.
Molecular structure | My (g/mol)! | B (Myw/My)* T, (°C, onset) Tm (°C, onset)

NO,
NIF “ i 1 - 346.3 46.5 171.8
| , |
PVP K12 3,300 1.65 102 -
"PVPKI7 | {WN/*O 7,300 1.81 138 -
“PVP K25 | o 49,500 1.92 165 -

My, and P of PVPs were from the previous work!?,
Methods.

Preparation and characterization of NIF/PVP ASDs. NIF/PVP uniform physical mixtures were
prepared by cryogenic milling with a Spex SamplePrep Grinder 6770 (liquid N as coolant). Cryomilling
was performed at 10 Hz for five 2 min cycles, each followed by a 2 min cool down. NIF/PVP physical
mixtures were then melted at 180 °C for several minutes using a hot plate to ensure complete melting and
quenched using liquid N». Melt quenched samples were ground manually using a mortar and pestle to
reduce particle size and then sieved. Powders of size 250-355 um were used for ssNMR measurements
and physical stability assessment (Figure S1-S2). Differential scanning calorimetry (DSC) was conducted
with a TA Q1000 differential scanning calorimeter under continuous helium purge at a flow rate of 25

mL/min. Crystalline NIF and NIF/PVP physical mixtures (4-10 mg) were first heated from 0 °C to 180 °C
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at 10 °C/min, jumped to 0 °C, held isothermally for 3 min, and reheated at 10 °C/min to 180 °C. The
melting points (endpoint) of NIF with PVP additives were from the first heating cycle, the reported onset

T, values were from the second heating cycle (Table S1).

Miscibility by rheological measurements. Zero shear rate viscosity () of pure NIF and NIF/PVP melts
was measured using an ARES rheometer. A parallel plate geometry with diameter 25 mm was employed.
Briefly, approximately 600 mg of powder was placed on the bottom plate after zero torque, normal force,
and gap calibrations. The gap between the parallel plates was approximately 1 mm. Neat NIF and NIF/PVP
powders were melted at 175 °C and equilibrated for ~3 min to guarantee complete melting before each
measurement. A steady rate sweep test was performed with the initial rate of 1 s™! and the final rate of 100

s~! with continuous N; purge at a flow rate of 3 standard cubic feet per minute.

Miscibility determination by Solid-State NMR (ssNMR) 'H T1 and Tip relaxation measurements.
All ssNMR spectra were acquired using a Tecmag Redstone HF3 spectrometer operating at 299.62 MHz
for 'H and 75.43 MHz '*C (7.0 T static magnetic field). NIF/PVP ASD powders were packed into zirconia
rotors and sealed with Kel-F endcaps. Experiments were performed using a Chemagnetics HX probe
utilizing 7.5 mm magic angle spinning (MAS) rotors. All 13C spectra were acquired with MAS at 4 kHz,?
using ramped-amplitude cross polarization (CP),** total sideband suppression (TOSS)* and SPINAL64
decoupling®® with a 'H decoupling field of about 62 kHz. A 90° pulse width of about 4 ps and a 1.5 ms
contact time were used in all experiments. 3-Methylglutaric acid was used to optimize spectrometer
settings and was used as an external standard, with the methyl peak referenced to 18.84 ppm.?’
Temperature settings for the MAS rotor were calibrated using PbNO3?® and experiments were conducted

at -20 °C.

'"H T, relaxation values were measured using a saturation-recovery experiment through *C
observation. The peak of interest was integrated and plotted against recovery delay times and the values

were fitted to the following equation:
M = My(1—e™"/N) 3)

where M is the integrated signal intensity, 7 is the recovery delay time, Mo is an amplitude parameter from

the fit, and T is the obtained 'H spin—lattice relaxation time.

'H T, relaxation times were measured by varying the spin-lock duration time following a 90°

pulse, followed by cross polarization and '*C detection. A recycle delay of about 3—5 times the measured
6
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'H T was used to maximize the signal-to-noise ratio. A frequency field of about 62 kHz was used for the
spin-lock field. The peak of interest was integrated at full width half height and plotted against the variable

spin-lock time and the values were fitted to the following equation
M = Mye~"/Tip 4)

where M is the integrated signal intensity, 7 is the spin-lock duration time, M is an amplitude parameter

from the fit, and T}, is the obtained 'H spin-lattice relaxation time in the rotating frame.

Small Angle X-ray Scattering (SAXS). Synchrotron SAXS experiments were performed at the Sector 5-
ID-D beamline (A = 0.7293 A) at the Advanced Photon Source, Argonne National Laboratory. Samples
were sealed in Tzero aluminum pans under argon. SAXS data was collected on a Rayonix MX 170-HS
detector and 8.5 m sample-to-detector distance, giving a range for the scattering vector magnitude g of 2.5
X107 - 0.195 A. Center and size of Azimuth range are 315° and 120°, respectively. The exposure time

was 1 s for each measurement.

RESULTS AND DISCUSSION

Miscibility of ASDs determined by rheological measurement. Before measuring viscosity of NIF/PVP
melts, it is necessary to exclude potential phase separation during rheological measurements. We
confirmed that NIF is a good solvent for PVP by probing favorable intermolecular interactions. This
conclusion was based on the systemic depression of liquidus temperature (71iq, the lowest temperature at
which a drug/polymer mixture is a completely liquid) of NIF with an increasing PVP concentration. Figure
1 shows that for NIF doped with PVP K12, Tiiq decreases with increasing polymer content from neat NIF
(177.8 °C), to 18% doped NIF (169.8 °C), and to 30% doped NIF (163.8 °C). This result is consistent with
the hydrogen bonding between NIF (dihydropyridine NH group) and PVP (carbonyl group), as determined

using '*C ssNMR T relaxation time measurements and Fourier-transform infrared spectroscopy.’*’
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Figure 1. Melting endotherms of neat NIF crystal and NIF/PVP K12 uniform crystalline mixtures.

According to polymer solution theory, polymer solutions in a good solvent can be categorized as
three regimes: dilute, semidilute, and concentrated.’® A dilute solution indicates that the polymer
concentration is sufficiently low, that polymer coils are isolated from each other (Scheme 1, left). In this
regime, intermolecular interactions between adjacent polymer chains are negligible. The overall viscosity

(1) of a dilute polymer solution is linear as a function of polymer concentration (c)

n=ns1+cn) (%)

where 7, is the viscosity of the pure solvent (drug melt) and [n] is the intrinsic viscosity of the

polymer/solvent pair.!?°

As the polymer concentration increases, coils come closer and overlap each other. The critical
polymer concentration when polymer coils start to contact is in the semidilute regime and is called overlap
concentration, c¢* (Scheme 1, middle).*! Note that c¢* can be quite small. It depends on the molecular
weight (My) since a single polymer coil with a higher My pervades a larger volume, therefore, a smaller
fraction of polymer (a smaller c*) is required to occupy the entire space. According to polymer scaling
theory, ¢* ~ My 83! Therefore, it is easier for polymer coils to strongly overlap at low concentrations. In
the semidilite or concentrated regime, since adjacent chains are close and even entangled (Scheme 1, right),
the overall viscosity # increases more steeply due to intermolecular interactions and entanglement. Hence,
n 1s no longer a linear function with respect to c. The c* value (the transition between the dilute and

semidilute regions) can be estimated by identifying the crossover between linear and nonlinear regimes in
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a viscosity — composition diagram.!'>>° However, there is no general nonlinear equation to describe the

behavior of the # — ¢ curve in the semidilute and concentrated regimes.>°

Immiscible Miscibility Limit Miscible

Drug " Polymer

Scheme 1. Scheme of the crossover between dilute (left) and semidilute/concentrated (right) polymer
solutions. The light blue background indicates a drug serving as a solvent, and red coils indicate polymers
dissolved in amorphous drug.

Polymer loading (%)

Figure 2. Viscosity-composition diagram of NIF/PVP K12, K17, and K25 at 175 °C. Arrows correspond
to c¢*, where there is a break in the slopes of the individual viscosity-polymer concentration curves.
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211

212 Figure 2 summarizes the data collected on the overall viscosity of NIF/PVP melts as a function of
213 PVP concentration at 175 °C, slightly above 7w of NIF, to guarantee a complete melting. For all three
214 with PVPs, M, ranging from approximately 4,000 to 50,000, when polymer concentration is low, the
215  overall viscosity of NIF/PVP melt increases linearly. Nevertheless, when the polymer concentration is
216  relatively high, the viscosity increases more steeply, the viscosity-composition curve is nonlinear. The c*
217  values were determined as the location of a change in slope. For NIF/PVP ASDs, ¢* values for PVP K12
218  (Mw=3,800), PVP K17 (M =7,300), and PVP K25 (Mw = 49,500) are approximately 18, 15, and 9 wt/wt %
219  polymer concentration, respectively. Notice that this change in slope is not sharp (since the transition
220  between dilute and semidilute regions is not a critical phenomenon), and that ¢* corresponds to a narrow

221 range of polymer concentrations.

222 Song et al. proposed a potential correlation between the ¢* concept and miscibility of ASDs.!?
223 When the polymer concentration is below c¢*, due to the presence of two types of domains: the polymer
224 rich domain within isolated coils and the pure amorphous drug domain outside of polymer coils, a dilute
225  ASD is considered to be heterogenous/immiscible (Scheme 1, left). However, when the polymer
226  concentration is above c¢*, the pure amorphous drug domain is eliminated since polymer coils are closely
227  contacted or even entangled, such a semidilute/concentrated ASD is homogeneous/miscible (Scheme 1,
228  right). As the crossover between dilute and semidilute/concentrated regimes, c* can be assigned as the

229  critical polymer concentration corresponding to the miscibility limit of ASDs (Scheme 1, middle).!?

230 We close this section by underlining that the miscibility determinations guided by the ¢* concept
231 have been performed only at high temperatures (slightly above 7w of the drug). Next, we shall compare
232 the miscibilities of NIF/PVP ASDs assessed by rheological measurements with those investigated using

233 ssNMR 'H T, relaxation measurements at low temperatures (below Tp) in the next section.

234  Miscibility of ASDs determined by ssNMR 'H T1 and T1p measurements. ssNMR is an important
235  technique for investigating molecular level miscibility of polymer blends and ASDs.!3*3%33 The domain
236  size of drug/polymer miscibility can be determined from 'H T; and Ti, measurements. When drug
237  molecules and polymer chains are closer to each other than the length scale of spin diffusion during a
238  specific time, magnetization transfer between the two components can occur, and the relaxation times of

239 both the drug and polymer are the same and often correspond to the weighted average value of that of the

10
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pure components.®? If the domain size of the individual components is significantly greater than that of
spin diffusion distance during the specified relaxation time, then the relaxation rates are identical to those
of the pure components. It is often found that the relaxation rates for the individual components may not
be identical, but in between those of the individual components. In this case the components are partially
homogenously mixed, and the closer the relaxation times of the individual components, the more

homogeneous is the system.

The average domain size of spin diffusion L is determined by
(LY =6Dt (6)

where D is the spin diffusion coefficient and t is the spin relaxation time. Generally, the value of D is
assumed to be 0.1 nm*/ms."® For a typical spin lattice relaxation time 'H T; of 1-5 s, the range of L
corresponds to ca. 20-50 nm. For a typical time of spin lattice relaxation in a rotating frame 'H T, of 5-
50 ms, the value of L is between ca. 2 nm and 5 nm. Exact measurement of domain size of ASD miscibility
is to some extent uncertain due to the uncertainty of the estimation of D value (It has been suggested that
a D value < 0.8 nm?/ms is acceptable**). Nevertheless, ssNMR with spin diffusion measurement provides
much higher resolution of miscibility of ASDs than that inferred from conventional analytical techniques

such as DSC, Raman mapping, etc.!332:33:33.36

The domain size of miscibility estimated by Equation (6) results in the following three possible
scenarios: (1) if the domain size is less than 2-5 nm, both 'H T; and 'H T, values are identical obtained
by amorphous drug and polymer and the ASD is miscible; (2) if the domain size is between 5-20 nm, 'H
T\ values are identical for drug and polymer but 'H T}, values are different; (3) if the domain size is greater
than 20 nm, both 'H T and 'H T}, values are distinct for drug and polymer. Notice that the prerequisite of
this approach is that the relaxation times of pure amorphous drug and polymer should be significantly
different. This is indeed the case for the NIF/PVP ASDs. The intrinsic 'H T; and 'H T, values of neat
amorphous NIF (4.2 s and 79.3 ms, respectively) are significantly greater than that of PVP (2.1 s and 27.3
ms, respectively).!*¥? Also, as the system becomes less homogeneous, the difference between the

relaxation times will increase towards the relaxation times of the individual components.

11
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267  Figure 3. 1*C ssNMR spectra of NIF/PVP K12 ASDs. Characteristic peaks of NIF and PVPs are shaded
268 inred and blue, respectively.

269

270  Table 1. The measured 'H Ty, and 'H T, values of NIF/PVP K12 ASDs.

6% 12% 18% 25% 30%
'"H T, | NIF Peak 1 (103 | 34.13 28.75 24.73 20.33 18.84
(ms) ppm)
Peak 2 (167 | 32.84 28.02 24.19 21.11 18.05
ppm)
PVPKI12 | Peak 1 (177 | 27.97 26.47 23.35 20.56 17.89
ppm)
Peak 2 (43 ppm) | 28.48 27.18 23.97 19.56 17.95
"HTi(s) | NIF Peak 1 (103 | 1.499 1.497 1.53 1.447 1.475
ppm)
Peak 2 (167 | 1.538 1.514 1.511 1.399 1.463
ppm)
PVPKI2 | Peak 1 (177 | 2.033 1.492 1.563 1.436 1.45
ppm)
Peak 2 (43 ppm) | too low 1.508 1.539 1.411 1.537
271
272 Figure 3 displays '°C ssNMR spectra of melt quenched NIF/PVP K12 ASDs below, equal to, or

273  above c*. All spectra exhibit broad peaks, consistent with the amorphous nature as confirmed by XRD
274  immediately before each measurement. Previously, it has been shown that pure amorphous NIF and PVP
275  exhibit single "H T; or 'H Ti, values, independent of the resonances used for integration.'® Therefore, any

276  characteristic peak of NIF or PVP that does not overlap with the other component can be used for 'H T;

12
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289
290
2901

and 'H T, relaxation time fitting. Here, the characteristic peaks of NIF at approximately 167 and 103 ppm
were selected to determine 'H Ty or 'H Ty, values. Similarly, characteristic peaks at around 177 and 43
ppm were used for fitting the 'H T or 'H T, values for PVP, as highlighted in Figure 3. The measured 'H
T1p and 'H T values of NIF/PVP K12 ASDs are shown in Table 1.

a NIF/PVP K12
6_
5-% :
1
n J ;
£44 ) !
- \ :cz-..c
T34 \ :
< N\ :
24 N, % :
~. i
1+ e, __%_ % %
D T T : T T T

PVP concentration (%)

NIF/PVP K12

—
3]
n
(9]

PVP concentration (%)

Figure 4. (a) 'H T1, and (b) 'H T; value difference between NIF and PVP K12 in ASDs as a function of
polymer concentration. Dash dot curves are drawn to follow trends of decreasing A'H Ty, and A'H T,
values with increasing PVP content.

Since the absolute values of 'H T; or 'H T, are sensitive to changes in the moisture content, the
differences in 'H Ti and 'H Ti, values between NIF and PVP were used to estimate the miscibility of
ASDs. Figure 4a shows differences in the 'H Ty, values between NIF and PVP K12 as a function of
polymer concentration. As PVP concentration increases, A'H T1, decreases. When the PVP concentration
is above c*, i.e., 18 %, the A'H T}, values reach a plateau (A'H T1,= 0.7 ms), which is sufficiently small
to conclude that the NIF/PVP K12 ASDs are miscible via "H T, measurements. On the other hand, when

the polymer concentration is below c*, i.e., 6% and 12%, the A'H T, values indicate that the dilute

13
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NIF/PVP K12 ASDs are no longer homogeneous. Figure 4b shows A'H T; values of NIF/PVP K12 ASDs
with polymer concentration below, equal, and above c*. The difference from Figure 4a (A'H T, method)
is that the A'H T, value reaches the plateau when the PVP concentration equals 12%. Therefore, the
miscibility limit is approximately 12% by the 'H Ti measurements. Hence, as suggested by Figure 4,
compared to A'H T; method, the 'H T, measurements, corresponding to homogeneity over a domain size
of 2-5 nm, is more consistent with the rheological approach for determining miscibility of NIF/PVP K12
ASDs.

Comparison between rheological and ssNMR approaches for ASD miscibility determination. The
A'H Ti, measurement provides a better agreement with the ¢* guided rheological approach to estimate
miscibility for NIF/PVP K12 ASDs than does A'H T; because the relevant domain size for rheological
measurements correspond better to the smaller domain size. This is based on the radius of gyration Rg, of
PVP K12 in NIF as determined by SAXS, and Scheme 1. In the Guinier regime, i.e., when gR; < 1, the
form factor P(q) is given by

P(q) = 1- (R,°/3)q* (7)

where ¢ is the momentum transfer vector. Therefore, the value of R can be obtained from linear fitting of
the plot of 1/Iex versus g* with a slope R,*/3. Notice that the X-ray scattering intensity Iex is not necessary
to be calibrated.®’ Figure 5 plots inverse of Iex of PVP K12 in NIF as a function of g?. The determined R,
values of PVP K12 is approximately 4 nm.

05
PVP K12 in NIF
T=180°C
0.4
M
E
- 03
=
=
®
= 024
= R, =3.96 £ 0.59 nm
014
0.0 . : :
0.0000 0.0001 0.0002 0.0003 0.0004

¢ (A%

Figure 5. Inverse intensity of X-ray scattering of PVP K12 dissolved in NIF as a function of ¢* at 180 °C.
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Because of the comparable size of isolated coils of PVP K12 (~4 nm) and the miscibility domain
by the 'H Ti, measurements (~2-5 nm), when in the dilute regime (c < c*, Scheme 1, left), two types of
domains, polymer rich domain (only within isolated coils) and pure amorphous drug domain, can be
probed. Therefore, the proton spin diffusion of T, is only effective within the polymer rich domain and
the A'H Ty, between drug and polymer is significantly large. However, when the polymer concentration
is above c¢* (Scheme 1, right), the latter domain has been eliminated, and the drug and polymer are
intimately mixing at the molecular level. Hence, spin diffusion can effectively average the 'H T1, values
of amorphous drug and polymer, resulting in values that are close to a weighted average of the values for
the individual components. A semidilute/concentrated ASD is miscible as estimated by 'H T,
measurements. On the other hand, for 'H T measurements, due to the significant difference between the
size of the miscibility domain (~20-50 nm) and the isolated PVP K12 coil (~4 nm), ssNMR is expected to
probe the pure amorphous drug domain only when the polymer concentration approaches zero (¢ < ¢*)
such that the size of pure amorphous drug domain is comparable or larger than ~20-50 nm, which is
consistent with our experimental observations, i.e., the NIF/PVP K12 ASD becomes miscible when the

polymer concentration is greater than 12% (less than c* = 18%)).

What if the polymer molecular weight (M) is relatively high, such that the size of the polymer
coil is comparable with that of the miscibility domain by the 'H T measurement (~20-50 nm), as
illustrated in Scheme 2? In this case, miscibility quantification by A'H T1 method should be in consistent
with the c* guided rheological approach. However, since the domain size by 'H T1, measurements is much
smaller than that of the coil, when ¢ = c*, it is comparable with the gap between adjacent coils (Scheme
2). Hence, the miscibility limit determined by A'H T1,is expected to be slightly greater than c*. We tested
the above analysis using ssNMR 'H T and T, relaxation times of NIF/PVP K25 ASDs prepared by melt
quenching reported by Yuan et al.'® The R, value of PVP K25 in NIF is estimated as approximately 15

nm according to

R, = Nb?/6 (8)

where N is degree of polymerization (~446) and b is statistical segment length (~16.8 A).3” For 'H T,
measurements, NIF/PVP K25 ASD is miscible when PVP concentration > 10% (immiscible for 95:5
NIF:PVP K25 composition, Figure 6a in the reference'®). This is consistent with the rheological approach,

that the ¢* value is determined as 9% (Figure 2). On the other hand, 'H T}, values of drug and polymer
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are significantly different for 5% and 10% polymer concentration NIF/PVP K25 ASDs. It is miscible

when the PVP concentration > 25% (Figure 6b in the reference'?).
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Scheme 2. Illustration of relative size of polymer coil (e.g., PVP K25) and miscibility domain estimated
by ssNMR 'H T; and Ti, measurements when c = c*.

CONCLUSIONS

This work has compared the miscibility of NIF/PVP ASDs prepared by melt quenching, as determined by
c* guided rheological approach at high temperature (slightly above T of drug), and ssNMR 'H T; and
T1, measurements at low temperature (well below 7; of drug). In general, these two methods agree with
each other. This indicates that miscibility of ASDs as measured using the rheological approach can be
directly applied to predict long term stability against crystallization in the glassy state.!? Specifically, for
low molecular weight polymer PVP K12, due to the comparable radius of polymer coil and miscibility
domain size by the 'H T}, measurements (~2-5 nm), the A'H T, method is consistent with the rheological
approach for quantifying ASD miscibility. On the other hand, for relatively higher molecular weight
polymer PVP K25, relatively large polymer coil size leads to a better agreement between the rheological
approach and the 'H T; measurements (~20-50 nm). Future work could compare miscibility of ASDs
prepared by melt quench versus spray drying using ssNMR, to determine whether the miscibility

prediction by the c¢* guided rheological approach can be directly translated to the spray dried ASDs.
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Supporting Information. Polarized light microscopy images of NIF/PVP ASDs; T and 7, values of neat
NIF and NIF/PVPs.
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