Molecular miscibility of ASD blend components: an evaluation of (the added value of) solid state NMR spectroscopy and relaxometry
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Abstract
In order to evaluate the stability of an amorphous solid dispersion (ASD) it is crucial to be able to accurately determine whether the ASD components are homogeneously mixed or not. Several solid-state analysis techniques are at the disposal of the formulation scientist, such as for example modulated differential scanning calorimetry (mDSC) and solid-state nuclear magnetic resonance spectroscopy (ssNMR). ssNMR is a robust, versatile, and accurate analysis technique with a large number of application possibilities. Especially ssNMR relaxometry, which allows the measurement of the proton relaxation times T1H and T1ρH, is very useful for evaluating the miscibility of ASDs. In this paper, the miscibility of a model ASD, composed of indomethacin (IND) and poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA), was assessed using mDSC and various ssNMR techniques, in order to compare the different techniques and to evaluate the advantages and disadvantages of each. It was found that measuring the relaxation times via the chemical shift selective carbon signals using 13C-cross-polarization magic angle spinning (13C-CPMAS) is still the golden standard to evaluate miscibility, even giving information about the miscibility at the nm scale. Although non-chemical shift selective 1H-wideline measurements are significantly faster than 13C-CPMAS measurements to determine the relaxation times, the results are often hard to interpret, especially with regard to the T1ρH relaxation times. 2D 1H-13C dipolar heteronuclear correlation (dipolar HETCOR) NMR is an additional technique that can be used, and which provides information about the special proximity of 1H and 13C nuclei with respect to each other and therefore about the miscibility of the components at the nm scale. Additionally, it often allows to acquire information regarding the intermolecular interactions and the functional groups involved. Nevertheless, optimalization of the experiments, data processing and interpretation of the results require some expertise. Compared to mDSC, the ssNMR techniques are more sensitive and robust and can often provide information about the miscibility at nm scale. However, mDSC is a very fast analysis technique that requires less optimalization. Therefore, it remains recommended to use mDSC always for a first screening and as a complementary analysis technique.
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	API
	Active Pharmaceutical Ingredient

	ASD
	Amorphous Solid Dispersion

	BCS
	Biopharmaceutics Classification System

	CPMAS
	Cross-polarization magic angle spinning

	DCM
	Dichloromethane

	FT-IR
	Fourier Transform Infrared spectroscopy

	HETCOR
	Heteronuclear correlation

	IND
	Indomethacin
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	Modulated Differential Scanning Calorimetry
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	Windowed phase-modulated Lee-Goldburg
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Introduction
Amorphous solid dispersions (ASDs) are, in the current pharmaceutical landscape, a popular enabling technique to increase the aqueous solubility and oral bioavailability of poorly soluble drugs 1. The importance of enabling techniques is rising in recent years, due to the overall increase in Biopharmaceutics Classification System (BCS) class 2 and 4 compounds in pharmaceutical company’s drug discovery pipelines. It has been estimated that 50-90% of the new chemical entities can be categorized as poorly soluble, which can pose challenges further downstream the drug development pathway 2,3. Formulating the drug as an ASD is one of the most frequently used methods to increase the solubility of these compounds and is still gaining in popularity. This is displayed by the fact that over 25 ASD-based products are available on the market at this moment, and additional products are approved each year 1.
When formulating an ASD, the drug molecules are dispersed at the molecular level in a carrier material, which is a polymer in most cases. During the dispersing of the drug, the crystal lattice is disrupted, generating a molecular dispersion. Consequently, the energy necessary for the compound to be dissolved is reduced, resulting in a higher apparent solubility and faster dissolution rate4 . It is also more beneficial for the stability of the ASD if the components of the formulation are homogenously mixed 5,6. This increases the contact points between drug and the stabilizing carrier and enhances the chance of intermolecular interactions. Additionally, the distance between the drug molecules is enlarged, limiting the chance of crystallization, which would diminish the gain in solubility 7. Various analysis techniques are used to determine whether or not components are homogenously mixed. (Modulated) differential scanning calorimetry (mDSC) is a thermal analysis technique that is routinely used to investigate the miscibility of ASD components, by looking at the occurrence of one or multiple glass transitions (Tgs), or the appearance of a melting event 6,8,9. It is a technique that is fast, relatively easy to determine experimental conditions for and that allows the observation of various thermal events upon heating or cooling the sample. It is, however, a destructive technique that produces results which are sometimes hard to interpret. It can, for example, be difficult to assess if multiple Tgs are present if the Tgs of the pure components are close in temperature. Furthermore, it is possible that a single glass transition is observed although the components are in reality phase separated or vice versa 10. Other experimental methods available to determine API-polymer miscibility comprise for example of Fourier-Transform Infrared Spectroscopy (FTIR), computational methods (such as Perturbed Chain Statistical Association Fluid Theory 11) or solid-state nuclear magnetic resonance (ssNMR) 8,9,12. ssNMR is a robust, versatile, and accurate method, with a large number of application possibilities, including the investigation of the miscibility of two components in a solid dispersion 13–15. ssNMR relaxometry, which includes measuring the sample specific relaxation times, is often used for this purpose. The relaxation times, T1H and T1ρH, can be measured via the highly chemical shift selective carbon signals using the 13C-cross-polarization magic angle spinning (CPMAS) technique, and allows to determine the relaxation time for each component. Additionally, relaxation times can be measured via 1H-wideline measurements, where a single broad proton signal is recorded. This technique has the advantage that it is faster than the chemical shift selective carbon signals method, but the (T1ρH) results are often hard to interpret.
2D 1H-13C dipolar heteronuclear correlation (dipolar HETCOR) NMR is an additional technique that can be used to evaluate molecular miscibility. The presence of correlation peaks between signals of the 1H nuclei and 13C nuclei is an indication that these nuclei have to be in close proximity to each other. Close enough that magnetization can be transferred (exchanged) during a cross-polarization step. If these correlation peaks appear, it can be assumed that the components are mixed at the molecular level. Therefore, if correlation peaks are detected between the nuclei of two functional groups that could potentially interact with each other, it is an indication that they are in close spatial proximity and that intermolecular interactions (e.g. hydrogen bonds or Van der Waals interactions) are being formed. Consequently, 2D 1H-13C HETCOR NMR can also be used to investigate intermolecular interactions between the ASD components.
In order to compare the various ssNMR techniques that exist to investigate miscibility, indomethacin (IND) was selected as a model drug and poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA) was chosen as the carrier polymer. These blend components were selected since it is well known that IND can reach high drug loadings in PVPVA and that hydrogen bond formation occurs between the two components 16–19. ASDs of IND and PVPVA were manufactured by spray drying and the resulting ASD powders were analyzed with mDSC, ssNMR relaxometry and 2D 1H-13C HETCOR NMR. 


Materials and methods
[bookmark: _Toc92295463]Materials
Indomethacin (IND) (Pubchem CID: 3715) was acquired from ThermoFisher (Kandel, Germany). Poly(vinylpyrrolidone-co-vinyl acetate) 64 (PVPVA 64, Kollidon® VA64) (PubChem CID: 270885), was purchased from BASF® ChemTrade GmbH (Ludwigshafen, Germany). The chemical structures of IND and PVPVA are depicted in Figure 1. Dichloromethane (DCM) was purchased from Fisher Scientific (Loughborough, England). 
FIGURE 1
Preparation of amorphous solid dispersions by spray drying
An ASD with a drug loading of 40 wt% of IND in PVPVA was spray dried from a DCM solution. A 40 wt% drug loading was chosen as it has been established that IND can reach drug loadings of up to 70 wt% in PVPVA 20 and it was attempted to find the balance between having a stable ASD and having an adequate amount of drug in the formulation to attain an appropriate API signal in the ssNMR analyses. Before spray drying, accurate amounts of IND and PVPVA were accurately weighed and dissolved in 20 mL of DCM to prepare a solution with a solid content of 5 % m/V. The API-polymer solution was subsequently spray dried with a Büchi mini spray dryer B-191 (Büchi, Flawil, Switzerland) using the following conditions: a drying airflow rate of 33 m3/h, a feed rate of 10 mL/min, an inlet temperature close to the boiling point of DCM (40°C) and an atomization gas flow rate of 10 L/min. The resulting spray dried powder was collected and then further dried in a vacuum oven (Mazzali Systems, Monza, Italy) for 72 hours at 25°C. Following the secondary drying step, the powders were analyzed with mDSC and XRPD. The ASD powder was subsequently analyzed with various ssNMR techniques, to assess the miscibility and physicochemical structure of the system.
A physical mixture of IND and PVPVA was also prepared as a reference to compare with the spray dried ASD. The physical mixture contained the same weight ratio of IND and PVPVA as the ASD. The physical mixture was prepared by weighing accurate amounts of both pure crystalline IND and PVPVA and mixing them with a mortar and pestle. The physical mixture powder was also subsequently analyzed with mDSC, XRPD and various ssNMR techniques.

Solid-state characterization of amorphous solid dispersions
X-ray powder diffraction
The spray dried powder was analyzed with XRPD in order to confirm that it was fully x-ray amorphous, or if part of the drug had crystallized. The measurements were performed on an X’Pert PRO diffractometer (PANalytical, Almelo, The Netherlands) with a Cu tube (Kα λ = 1.5418 Å), where the generator was set at 45 kV and 40 mA. Samples were place between Kapton® Polyimide Thin-films (PANalytical, USA) and all measurements were performed in transmission mode at room temperature from 4-40° 2θ with a 0.0167° step size and a 400 s counting time. The resulting diffractograms were analyzed using the X’Pert Data Viewer software (Version 1.9a, PANalytical, Almelo, The Netherlands).

Modulated differential scanning calorimetry
A Q2000 mDSC (TA Instruments, Leatherhead, UK), with a refrigerated cooling system (RCS 90) was used to investigate the thermal behavior of the ASD powder. A constant dry nitrogen purge of 50 mL/min was applied and the apparatus was calibrated for temperature, enthalpy and heat capacity using sapphire and indium standards. Samples were accurately weighed in a standard aluminum DSC pan (TA Instruments, Zellik, Belgium) and were then crimped with a corresponding standard lid (TA Instruments, Zellik, Belgium). The following conditions were applied for the measurements: a modulation amplitude of 0,212°C with a period of 40 s and a linear heating rate of 2°C/min. Every sample was first brought to 20°C and held for 3 minutes to equilibrate in a first isothermal step. Subsequently, the samples were heated to 180°C. The DSC thermograms were analyzed with the Universal Analysis software (Version 5.5, TA Instruments, Leatherhead, UK). Glass transition temperatures (Tg) were determined at the inflection point in the reversing heat flow. 

Solid-state nuclear magnetic resonance 
13C-CPMAS (Cross-Polarization Magic Angle Spinning) spectroscopy
Solid-state 13C-CPMAS (Cross-Polarization Magic Angle Spinning) NMR spectra were acquired on a JEOL ECZ600R 600 MHz spectrometer (14.1 T) equipped with a 3.2 mm probe. All measurements were performed by methods similar to our previous work, as described in Cools et al.21 . Parameters were optimized for the samples. “Magic angle spinning was performed at 15 kHz in ceramic zirconia rotors. The aromatic signal of hexamethylbenzene was used to determine the Hartmann-Hahn condition (1H = H.B1H = C.B1C = 1C) for cross-polarization (CP) and to calibrate the carbon chemical shift scale (132.1 ppm). Acquisition parameters used were: a spectral width of 85 kHz, a 90° pulse length of 2.24 μs, an acquisition time of 12 ms, a recycle delay of 5 s, a constant spin-lock field for CP of 70 kHz on the 1H channel and ramped CP on the 13C channel, a contact time of 1 ms and about 10,000 accumulations. High power proton dipolar decoupling was set to 70 kHz during the acquisition time.”  

Determination of the proton T1H and T1ρH relaxation decay times
The T1H (proton spin-lattice relaxation in the lab frame) and T1ρH (spin−lattice relaxation in the rotating frame) relaxation times were measured via the chemical shift selective carbon signals by means of respectively the inversion-recovery method (with variable evolution times between 0.01 and 25 s and about 1200 accumulations) and the method of Aujla 22 in which the proton magnetization is kept in spin-lock for a variable time (between 0.1-35 ms in a B1 field of 36 or 50 kHz and about 12,000 accumulations ) before it is cross-polarized to the carbons. The measurements were accomplished on an Agilent VNMRS DirectDrive 400 MHz spectrometer (9.4 T) equipped with a T3HX 3.2 mm probe. Similar methods to our previous work 21 were used, with optimized parameters: “MAS was performed at 12 kHz and the aromatic signal of hexamethylbenzene was used to calibrate the carbon chemical shift scale (132.1 ppm). The Hartmann-Hahn condition for cross-polarization was optimized on the spray dried sample. Acquisition parameters used were: a spectral width of 50 kHz, a proton 90° pulse length of 3.1 μs, a constant spin-lock field of 80 kHz for CP during a contact time of 1 ms, an acquisition time of 10 ms, a recycle delay time of 3.5 s.” High-power proton dipolar decoupling during the acquisition time was set to 80 kHz.The T1H relaxation times were obtained by analysing the signal intensities according to:


The T1ρH relaxation times were obtained by integrating the peak values and analyzing them as a function of the variable spin-lock field time t according to the following equation:




1H-Wideline NMR
1H-wideline ssNMR relaxation measurements were carried out at ambient temperature on a Jeol 600 MHz spectrometer in a dedicated Doty Scientific Wideline probe (DSI-1588) equipped with a 3 mm Doty Scientific wideline probe (DSI-1588) using the solid echo method (90°x′ − tse − 90°y′ −tse − acquire) to overcome the effect of the dead time of the receiver. The 90° pulse length t90 was 2.0 μs, and spectra were recorded with a spectral width of 2 MHz (0.5 μs dwell time), allowing an accurate determination of the echo maximum. Samples were placed in 3 mm zirconia rotors which were closed tightly with Kel-F stoppers. The T1H relaxation times were measured by placing an 180° inversion recovery filter in front of the solid echo part (180°x′ − t − 90°x′ − tse − 90°y′ − tse − acquire). The inversion time t was varied between 0.01 and 25 s, with in total 21 values. The integrated proton signal intensity was analyzed monoexponentially as a function of the variable inversion time t according to the following equation:




2D solid-state 1H-13C dipolar heteronuclear correlation (dipolar HETCOR) experiments
Solid-state 2D 1H-13C dipolar HETCOR NMR spectra were recorded on a Jeol ECZ600R 600MHz spectrometer (14.1 T) equipped with a 3.2 mm HXMAS probe and the method as used in Cools et al. 21. “MAS was performed at 15 kHz and hexamethylbenzene was used to calibrate the carbon chemical shift scale (132.1 ppm). Acquisition parameters used were: 90° pulse widths of 2.24 µs and 2.31 µs in the 1H and 13C channels, respectively, an acquisition time of 12 ms, a constant spin-lock field for CP of 70 kHz on the 1H channel and ramped CP on the 13C channel, a contact time for CP of 1 ms, and a recycle delay of 5 s. A windowed Phase-Modulated Lee–Goldburg (wPMLG) decoupling scheme was used to improve the 1H spectral resolution. The 1H chemical shift and scaling factor were determined by comparison with a 1H wPMLG spectrum of L-Tyrosine.HCl with well-resolved signals allowing the accurate determination of the scaling factor. High power proton dipolar decoupling during the evolution time was set to 110 kHz for the wPMLG decoupling.”

Results
Modulated differential scanning calorimetry (mDSC) and X-ray diffraction (XRD)
An ASD containing 40 wt% IND and 60 wt% PVPVA was manufactured via spray drying. A drug loading of 40 wt% was selected for this study, as an optimal balance was sought between obtaining a good signal/noise ratio for all carbon signals in the ssNMR experiments and having a stable ASD system. Since it has been reported that it is possible to reach drug loadings of up to 70 wt% of IND in PVPVA 20 a drug loading of 40 wt% meets the desired expectations. Subsequent to spray drying of the IND-PVPVA ASD, the powder was analyzed with mDSC and XRD to evaluate whether the ASD was fully amorphous and if a single glass transition temperature (Tg) was observed. The XRD diffractogram of the spray dried ASD is depicted in Figure 2A and only shows an amorphous halo, without the presence of Bragg peaks. The absence of Bragg peaks indicates that no crystalline material can be detected, and that the ASD is fully x-ray amorphous. The mDSC thermogram in Figure 2B depicts the reversing heat flow. In the total heat flow (data not shown), a broad endothermic peak can be observed around 60°C, which corresponds to the evaporation of residual solvent and water. No events were observed in the total heat flow that could point to melting or phase separation. In the reversing heat flow, a single Tg can be observed at 85.15 °C, which indicates that the ASD components are miscible at a scale of around 30 nm 23. In order to assess miscibility at the smaller nm scale, the proton relaxation decay times in the rotating frame (T1ρH) are measured via ssNMR.
FIGURE 2

Solid-state nuclear magnetic resonance (ssNMR)
13C-CPMAS (13C-Cross-Polarization Magic-Angle Spinning) spectroscopy
Figure 3 shows the 13C-CPMAS spectra of pure PVPVA, pure IND, the physical mixture containing 40 wt% IND and 60 wt% of PVPVA (molar ratio of 19% and 81%, respectively) and the spray dried ASD with the same wt% ratio of IND and PVPVA. In the spectrum of pure PVPVA, two carbonyl peaks can be observed at 171.5 and 175.2 ppm, which correspond to the C=O carbonyl carbons of the vinylacetate (VA) and vinylpyrrolidone (VP) groups, respectively. The signal around 69 ppm corresponds to the backbone methine carbon bonded to the oxygen of the acetate group. The vinylpyrrolidone ring carbons, the methyl carbon of the acetate group, and the other polymer backbone carbons display resonances between 15-50 ppm. The spectrum of the physical mixture shows the superposition of the peaks of PVPVA and the peaks of pure crystalline IND. The broader peaks in the spectrum correspond to PVPVA and the sharper peaks to the crystalline IND. The sharpness of the IND peaks is an indication that IND is still present in the crystalline form, as the nuclei in crystalline material experience a very regular chemical environment due to the very ordered structure. The two signals around 168.5 and 179 ppm correspond to the C=O carbonyl carbons of the amide group and carboxyl group of IND, respectively. The peak of the carboxyl group of IND in the crystalline state (179 ppm) appears downfield shifted compared to the position in the dissolved state (172.3 ppm; see figure S1) and amorphous state. This downfield shift for the carboxyl C=O of crystalline IND is due to the intermolecular hydrogen bond formed between IND molecules in the dimers. The resonance around 157.7 ppm arises from the aromatic carbon connected to the methoxy group. The sharp peaks between 95-140 ppm come from the aromatic carbons of IND and the resonance around 56.1 ppm from the methyl carbon of the methoxy group. The signals around 14.4 and 29.1 ppm correspond to the carbon of the methyl group connected to the pyrrole ring and the methylene carbon connected to the carboxyl group, respectively.
The spectrum of the spray dried ASD also shows all signals of PVPVA and IND, but the carbon signals of IND are much broader in this spectrum compared to the spectrum of the physical mixture. This is because IND is present in the amorphous form, as was established by the XRPD analysis. Because there is no long-range ordering in amorphous materials, the carbons experience slightly different chemical environments, resulting in broader (and for some carbons shifted) signals. Consequently, some of the IND peaks are not distinguishable anymore separately. For example, the carbonyl peaks of IND now overlap with the two carbonyl peaks of PVPVA in the spectrum of the ASD, as opposed to the spectrum of the physical mixture where four distinct peaks are visible. 
In order to evaluate the miscibility of IND and PVPVA in the ASD blend, ssNMR relaxometry measurements were performed, as described in the next section.
FIGURE 3
 
ASD miscibility study via the T1H and T1ρH relaxation times
Solid-state NMR relaxometry stands as an established method for assessing the molecular miscibility of polymer blends at the nanoscale level 14,15. Below the glass transition temperatures, valuable insights into the nanoscale homogeneity can be acquired through the proton spin-lattice relaxation 
time (T1H) and the proton spin-lattice relaxation decay time in the rotating frame (T1ρH). These parameters are intimately tied to the process of spin diffusion, which is the mechanism by which spin energy is transported via energy-conserving "flip-flop" spin transitions 24,25. If phase separation occurs, the relaxation times T1H and T1ρH are closely associated with the size of the resulting molecular domains. The maximal path length (L) over which proton-proton spin diffusion can take place is approximated by L(6DTiH)1/2, where D denotes the spin diffusion coefficient (4-6x10-16 m2/s for solids) and TiH signifies the relaxation time (either T1H or T1ρH). For blend components to retain their distinct relaxation times, the size of the phase-separated domains must surpass the maximum diffusion path length L 15,26,27. Conversely, if the domains are smaller, a similar decay time will be observed for all blend components. The T1H relaxation, occurring on a scale of seconds, provides a view of miscibility extending over tens of nanometers. The T1ρH relaxation decay time on the other hand, in the order of milliseconds, yields information about the molecular miscibility within a narrower range of 1-5 nm. This sensitivity is noteworthy, as traditional techniques like mDSC typically probe inhomogeneities on a larger scale (~30 nm) 23. Furthermore, if the Tg values of the blend components are close to each other, it is difficult to distinguish between them. Herein lies the superiority of ssNMR relaxometry, offering a higher sensitivity and precision in observing phase separation in ASDs.
The T1H and T1ρH relaxation times of the spray dried ASD and the physical mixture were determined via the chemical shift selective carbon signals using the 13C-CP/MAS (Cross Polarization/Magic Angle Spinning) technique. 13C-NMR is very chemical shift selective (low chance for signal overlap due to the broad spectrum range of 250 ppm). This technique allows to measure the relaxation times via the API-selective and polymer-selective carbon peaks. The mixture components are homogeneously mixed at the T1H or T1ρH distance scale if similar relaxation times are detected via the API- and polymer-specific peaks. If different values are obtained via the API- and polymer-specific peaks, the mixture components are not mixed at that specific length scale. 
In Table 1, the T1H relaxation times obtained for the spray dried ASD and the physical mixture are displayed. The component-specific relaxation times were obtained by analyzing the signal intensities of IND- and PVPVA-selective peaks as shown in Figure S2 and S3. For the physical mixture, a clear difference can be observed between the T1H values of IND and PVPVA. This confirms that the components of the physical mixture are phase separated on a distance scale of tens of nanometers. Based on the SD equation, the average size of the IND and PVPVA domains exceeds 104 nm and 72 nm, respectively. This is of course to be expected as for the physical mixture, the two components were only mixed superficially, and it was already known from the 13C-spectrum that IND was present in the crystalline state. The T1H relaxation times of IND and PVPVA in the ASD were equal within experimental error, indicating that both components are mixed on a distance scale of 72nm. If phase separated domains are present, they must be smaller than 72 nm. This corroborates the results from the mDSC analysis, as the reversing heat flow shows a single Tg, which also suggests mixing of the components at this length scale. 
An alternative and fast technique to measure the T1H relaxation times is via 1H-wideline NMR (dedicated hardware needed). In a 1H-wideline NMR spectrum, the peaks are so broad (due to the strong dipolar proton-proton spin interactions) that no drug- or polymer-specific peaks can be observed; only a very broad signal is observed as demonstrated in Figure S4 of the SI. However, the area under the broad signal can be analyzed to obtain the T1H relaxation time constant(s) as shown in Figure S5. Miscibility can be interpreted based on whether the relaxation behavior is component specific (resulting in a bi-exponential curve fit with two T1H time constants due to phase separation) or not (resulting in a mono-exponential curve fit with a single T1H time constant, indicating miscibility at this distance scale). Table S1 presents the T1H relaxation times determined via 1H-wideline NMR for the physical mixture and ASD. While a bi-exponential behavior is observed for the physical mixture, Figure S5 of the SI shows that the area under the broad signal decays mono-exponentially for the ASD, resulting in a single T1H value of 2.1 s. This confirms that IND and PVPVA are mixed on a 70 nm distance scale in the ASD, in agreement with the conclusions based on the chemical shift selective 13C-CPMAS results. The signal of the physical mixture on the other hand decays bi-exponentially with two T1H time constants, a long T1H relaxation time of 2.9 s, and a short T1H relaxation time of 0.9 s, further confirming that the physical mixture is phase separated at this distance scale as expected, and in agreement with the results obtained via the chemical shift selective 13C-CPMAS analysis results.
TABLE 1
In order to investigate the miscibility of the components at the nanometer scale (1-5 nm), the T1ρH relaxation decay times of the spray dried ASD and the physical mixture were measured via the selective carbon signals of IND and PVPVA. It is important to note that the intrinsic relaxation times of the pure components need to be different from each other in order to be able to conclude if components are miscible or not. If the intrinsic relaxation times of the ASD components are similar, then a similar relaxation decay time will be measured, even if the mixture is not homogenously mixed. Fortunately, if the intrinsic relaxation times of the pure components are too similar, it is possible to experimentally measure the decay times with a higher or lower strength of the spin-lock field. In a spin-lock field of 50 kHz, the T1ρH relaxation times of IND and PVPVA were similar for the spray dried ASD (15.7 and 16.4 ms, respectively) but different for the physical mixture (20.4 and 16.4 ms, respectively; see Figure S8 and S9 in the supplementary information). This demonstrates that the ASD is homogeneously mixed at the nm level, while the physical mixture is not of course (the phase separated domains are larger than tens of nm as demonstrated by the T1H results). As said, it is sometimes possible to make the difference between the relaxation times even more pronounced by changing the strength of the spin-lock field. As a demonstration, the T1ρH decay times were also measured here with a spin-lock field of 36 kHz. The resulting T1ρH decay times of IND and PVPVA in the physical mixture and the spray dried ASD can be found in Table 2 (the curve fits are shown in Figure S6 and S7 of the supplementary information). The decay times of IND and PVPVA in the physical mixture are now even more different from each other, with values of 17.3 ms and 9.4 ms for IND and PVPVA, respectively. The relaxation decay times of IND and PVPVA in the spray dried ASD on the other hand, with values of 8.9 and 8.2 ms respectively, are equal to each other within experimental error, meaning homogeneously mixed. All of this indicates that, even at a drug loading of 40 wt%, IND and PVPVA are mixed at the molecular level. 
As a third method 2D 1H-13C HETCOR experiments were performed, as described in the following section, in order to investigate miscibility in an alternative way and possibly even to assess the intermolecular interactions between the drug and the polymer.
TABLE 2
2D solid-state 1H-13C dipolar heteronuclear correlation (dipolar HETCOR) spectroscopy
Besides relaxometry measurements, drug-polymer miscibility can also be assessed via 2D solid-state experiments like 1H-13C dipolar HETCOR. High power wPMLG (windowed Phase-Modulated Lee–Goldburg) proton decoupling was used to reduce the strong proton-proton homonuclear dipolar couplings in order to improve the resolution of the proton spectra. Assessment of the miscibility via 2D HETCOR measurements can be done by looking for correlation signals between carbon signals of the drug and proton signals of the polymer, and vice versa. These correlations are an indication that the respective nuclei are in close proximity to each other and that magnetization can be transferred between them. This is generally also proof for a homogeneous miscibility of the two components at the nm scale, since magnetization can only be transferred over a few nm during the short contact time, here of 1 ms.  
FIGURE 4
Figure 4 shows the 2D HETCOR spectrum of the physical mixture of IND and PVPVA. IND has two carbonyl peaks, around 179 and 168.5 ppm, and correlations between these carbonyl peaks and the aromatic protons (between 7-8.5 ppm) can be observed. No correlations are observed between the carbonyl carbons of PVPVA and the aromatic IND protons, nor between the aliphatic carbons of PVPVA between 18-45 ppm and the aromatic IND protons. This corroborates the previous findings that IND and PVPVA are phase separated in the physical mixture. Additionally, a correlation can be seen between the carbon of the IND carboxyl group at 179 ppm and the proton of the carboxyl group COOH around 14 ppm. This highly downfield shifted chemical shift value of the COOH carbon indicates that crystalline IND forms dimers via hydrogen bonding between the C=O and OH groups of adjacent COOH groups as reported in literature28. Hydrogen bonding results in general in a downfield shift of the acceptor C=O carbon29 . Remark already that in the 2D spectrum of the spray dried ASD (Figure 5), this correlation appears between a carbon signal at 172 ppm and the COOH proton around 14 ppm due to the absence of crystalline IND dimers in the ASD as well as absence of phase separated amorphous IND (and so absence of hydrogen bonds between adjacent IND COOH groups), pointing already to a homogeneous mixing with the PVPVA in the amorphous ASD. Further proof can be found in the chemical shift of the COOH carbon of IND in the solution 13C-NMR spectrum (Figure S1), which is also around 172 ppm. All this indicates that the IND-IND interactions are disrupted in the ASD and that a homogeneous, amorphous blend is formed. This corroborates the experimental observations of the previously discussed techniques, such as XRD, mDSC and 1D 13C-CPMAS NMR, by which it was demonstrated that IND was present in the amorphous form. Compared to the liquid state, the chemical shift of the COOH carbon of IND in the crystalline state shows a downfield shift (from 172 to 179 ppm) due to the IND-IND H-bond interaction. Moreover, it was reported by Yuan et al. that the chemical shift of the IND carboxyl carbon in IND-PVPVA ASDs shifted upfield to around 172 ppm due to the H-bond donor interaction with PVPVA 17. 
FIGURE 5
Looking back to the 1D 13C-NMR spectra of the spray dried ASD in Figure 3 and 6, it becomes now clear why the intensity of the PVPVA peak at 172 ppm becomes more intense than the PVPVA peak at 176 ppm.  The carboxyl peak of IND shifts downfield to around 172 ppm in the ASD, compared to 179 ppm for the crystalline IND, adding up to the intensity of the VA carbonyl peak of PVPVA at 171.5 ppm. Consequently, the shoulder peak around 179 ppm does not correspond to the carboxyl group carbon of IND, but rather to fraction of VA and/or PVP C=O carbons of PVPVA that are in H-bond interaction with the carboxylic OH group of IND, leading to an downfield shift of these VA/VP carbonyl carbons (remark that not all PVPVA carbonyl groups can be H-bridged with IND because of the molar excess of PVPVA in the mixtures). 
So, the combined assessment of both the 1D 13C-CPMAS NMR spectra and 2D 1H-13C HETCOR spectra of the physical mixture and ASD of IND and PVPVA provides evidence for the intermolecular interaction between the carboxyl group of IND and the VA and/or VP carbonyl group of PVPVA via hydrogen bonds (IND-COOH….O=C-PVPVA). 
The intermolecular interaction between IND and PVPVA in the ASD goes hand in hand with the molecular miscibility of the two components, as also demonstrated via the proton relaxation study. 
FIGURE 6


[bookmark: _Toc92295487]Discussion
Evaluating the miscibility of the mixture components is pivotal in the development process of ASD formulations. Understanding the phase behavior of the ASD is crucial, since amorphous-amorphous phase separation and crystallization of the API can impact the stability and the bioavailability of the formulation5. As already mentioned in the introduction, multiple experimental analysis techniques exist to investigate the miscibility of drug and polymer in a binary ASD. In the past, FTIR has been applied to investigate miscibility, since it is sensitive to changes in the local chemical environment, which usually indicate specific drug-polymer interactions and so miscibility 30. Other spectroscopic techniques used to assess miscibility include Raman spectroscopy 31, Fluorescence spectroscopy 32, and statistical analysis of XRPD data. Specifically, atomic pair distribution analysis is used, which grants information about the intermolecular distances between drug and polymer 33. On the other hand, thermal analysis of the ASD samples, and mDSC specifically, is still very often employed to evaluate miscibility by looking at the presence of one or multiple Tgs. It is, even now, considered by many as a ‘golden standard’ 34 due to the fact that it is a fast technique that is relatively cheap compared to other techniques and which grants the user a wide range of information about the sample, such as crystallinity, miscibility and other thermal properties. Nevertheless, we already touched upon some drawbacks of the technique, such as the fact that it does not allow to measure phase separated domains <30 nm, and if the Tgs lie too close to each other, then they won’t be detected as two separate Tgs23,35. Furthermore, other events can also overlap the Tg, which can complicate the interpretation. It also does not provide information about the sample at room temperature, but only upon heating, which can cause alterations to the sample 36. With respect to sample preparation for mDSC measurements, it is important that the amount of residual solvent and moisture in the sample is limited, as this can influence the Tg and stability of the sample. This is why a secondary drying step is used, and the samples are stored in a desiccator. It is also important to not overload the DSC pan with so that the heat can still be conducted efficiently, as otherwise the results might be inconsistent.
Solid-state NMR on the other hand, allows for the sample to be analyzed at room temperature, and provides several techniques that can be used complementary to each other, which grant the user different kinds of information. In this research, three different ssNMR techniques have been applied to assess the miscibility of a physical mixture and a spray dried ASD containing IND and PVPVA. The ssNMR techniques used here were: T1H and T1ρH relaxation measurements via the chemical shift selective carbon nuclei, T1H relaxation measurements via 1H-wideline NMR and finally 2D 1H-13C dipolar HETCOR (heteronuclear correlation) NMR. With respect to ssNMR sample preparation in general, is important that the NMR rotors are fully filled and packed well so that the sample cannot move during measurements. Similar to mDSC, the amount of residual solvent and moisture should be limited as it can interfere with the interactions and can influence measurements and stability. The drug loading is also of importance, as loadings which are too low can result in reduced sensitivity and increased measurement times. 1H-wideline NMR is a technique that allows to measure the proton T1H relaxation times via the broad, non-chemical shift selective proton signal. This in contrast to measuring the relaxation via the chemical shift selective carbon nuclei via 13C-CPMAS NMR. The main advantages of 1H-wideline NMR are the high natural abundance of the 1H hydrogen isotope (the proton; ~99.98%) and the ease of the experiment. As a result, 1H-wideline NMR can be performed relatively quickly (within 1h) and is therefore suitable as a first screening method. A disadvantage is that, to demonstrate heterogeneity in a mixture, the component specific T1H time constants need to be different with a factor of at least three in order to make an accurate bi-exponential curve fit possible. 
By studying the proton relaxation via the chemical shift selective carbon signals, the relaxation of a specific component (API or excipient) can be determined via a carbon signal which is selective for that component, which simplifies the interpretation. If different T1H relaxation times are obtained for the mixture components, the components are immiscible at a distance scale of tens of nm (the average domain sizes can be estimated by the spin-diffusion equation, presented in section 3.2.2). However, if similar T1H relaxation times are obtained for the mixture components, the components are miscible within this tens of nm distance scale. If, in addition to T1H, the T1ρH relaxation times are also similar, this points to a homogeneously mixed system at the 1-5 nm scale. However, if the T1H relaxation times are similar but the T1ρH relaxation times are different, this indicates that domains are present of which the average size is situated between 1-5 nm and several tens of nm (the average domain size can be estimated by the spin-diffusion equation). A requisite is of course that the inherent relaxation times of the pure components are different. In case the inherent T1H or T1ρH relaxation times are too similar, a different magnetic field strength or spin-lock field can be used, respectively. The ease of interpretation, the sensitivity and the accuracy of the results makes this a preferred technique for many researchers. The downside of using chemical shift selective carbon signals is that the determination of the T1H or T1ρH relaxation times via 13C-CPMAS usually takes a much longer time (24h or more) compared to 1H-wideline NMR. The recording time also depends on the drug loading, since more scans need to be accumulated for lower drug loadings. This makes it more demanding to measure miscibility of ASDs with very low drug loadings. Additionally, component selective peaks need to be available, but this is usually not an issue since drug candidates often contain aromatic groups, whereas this is not the case for the polymers most often used in ASDs.
Finally, the last technique that was used is 2D 1H-13C dipolar HETCOR NMR. Neighbouring 1H and 13C nuclei can transfer magnetization, resulting in correlations that can be seen in the 2D HETCOR spectra. If correlations are observed between two nuclei of the drug and the polymer, then this is an indication that they are in very close proximity to each other, which is an indication of molecular miscibility, like it was seen for the spray dried IND:PVPVA ASD. Additionally, it is sometimes also possible to identify/assign the intermolecular interactions, such as hydrogen bonds. If correlations are visible between H-bond donor and acceptor groups, this indicates that they are in close vicinity of each other, pointing to the formation of hydrogen bonds. Some drawbacks of 2D HETCOR are that expertise is needed for the post-processing of the data, and that the measurements can be time-consuming, as for 13C-CPMAS. An overview of the main advantages and disadvantages of every technique is listed in Table 3.
TABLE 3
ssNMR measurements can be used to measure the miscibility of ternary amorphous solid dispersions as well. The interpretation of the results is however more complicated, as an extra component results in more peaks which can overlap with the peaks of other components. With respect to relaxation time measurements, the inherent relaxation times of the three components need to be different from each other, which is more challenging for three components compared to a binary mixture.
Conclusion
In this research, the miscibility of a spray dried ASD and a physical mixture of IND and PVPVA was evaluated using mDSC and three different solid-state NMR techniques, which were: T1H and T1ρH relaxometry (determination of relaxation times) via the chemical shift selective 13C-CPMAS technique, T1H relaxometry via the non-chemical shift selective 1H-wideline NMR technique, and finally 2D 1H-13C dipolar HETCOR NMR spectroscopy. The mDSC analysis showed that the spray dried ASD was miscible at a scale of around 30 nm as a single Tg was observed for the entire system. T1H relaxation times determined via 1H-wideline NMR revealed that the spray dried ASD was miscible at a distance scale of tens of nm, whereas the physical mixture was phase separated, as expected. Measurements of the T1H and T1ρH relaxation times via the chemical shift selective carbon nuclei (13C-CPMAS) allow an easy interpretation since IND-selective and PVPVA-selective signals are present in the chemical shift selective 13C-NMR spectra. According to these results, the spray dried ASD was homogeneously mixed at the 1-5 nm scale, or in other words, mixed at the molecular level. Molecular miscibility was also confirmed by the 2D 1H-13C dipolar HETCOR NMR measurements, since correlation signals were present between the aromatic protons of IND and the aliphatic carbons of PVPVA. Moreover, it was also possible to prove the presence of hydrogen bonds between the IND carboxylic group (donor COOH group) and PVPVA carbonyl groups (acceptor C=O groups) by interpreting the combination of 1D 13C-CPMAS and 2D 1H-13C HETCOR spectra. Finally, an overview scheme was presented discussing the advantages and disadvantages of each of the analysis techniques. 

In conclusion, compared to other techniques, solid-state NMR is an incredibly versatile, sensitive and accurate tool to investigate the miscibility of ASDs. It provides information about molecular miscibility and often allows to identify the intermolecular interactions and functional groups involved.
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