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Abstract 

Compression-induced destabilization was investigated in various celecoxib amorphous solid 

dispersions containing hydroxypropyl methylcellulose (HPMC), polyvinylpyrrolidone/vinyl acetate 

copolymer (PVP/VA) or polyvinylpyrrolidone (PVP) at a concentration range of 1-10% w/w. 

Pharmaceutically relevant (125 MPa pressure with a minimal dwell time) and extreme (500 MPa 

pressure with 60 s dwell time) compression conditions were applied to these systems, and the changes 

in their physical stability were monitored retrospectively (i.e., in the supercooled state) using dynamic 

differential scanning calorimetry (DSC) and low-frequency Raman (LFR) measurements over a broad 

temperature range (-90 to 200 °C and -150 to 140 °C, respectively). Both techniques revealed similar 

changes in the crystallization behavior between samples, where the application of a higher compression 

force of 500 MPa resulted in a more pronounced destabilization effect that was progressively mitigated 

with increasing polymer content. However, other aspects such as more favorable intermolecular 

interactions did not appear to have any effect on reducing this undesirable effect. Additionally, for the 

first time, LFR spectroscopy was used as a viable technique to determine the secondary or local glass 

transition temperature; 𝑇𝑔,𝛽 – a major indicator of the physical stability of neat amorphous 

pharmaceutical systems.  
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Introduction 

In recent years, multi-component amorphous formulations have generated increased research 

interest due to their potential to improve aqueous solubility of otherwise poorly soluble drugs that 

constitute about 40% of active pharmaceutical ingredients (APIs) with market approval.1, 2 A vast array 

of different types of co-formers (such as amino acids3, small organic acids4, surfactants5 and, most 

notably, polymers6) have been explored to enhance the physical stability and ensure appropriate 



dissolution characteristics of APIs in an amorphous form. However, lesser attention has been given to 

the analysis of the influence of processing conditions on these systems, especially multi-component 

ones. Considering that pharmaceutical manufacturing is a complex process and entails a number of 

different steps, understanding the potential implications from various processing stages can provide 

valuable information for the development of robust formulations.  

It is well known that addition of polymers, especially with a high glass transition temperature 

(𝑇𝑔),  have the potential of stabilizing the amorphous form of a drug via an antiplastization effect.7 

However, 𝑇𝑔  can be an unreliable predictor of the physical stability of amorphous solid dispersions 

(ASDs), and, instead, engineering of specific drug-coformer intermolecular interactions such as 

hydrogen or ionic bonding can serve as a better formulation strategy.8-10 This can also help to improve 

other aspects of the formulation, e.g. by reducing the amount of co-former and other excipients 

necessary to ensure optimal performance, such as lowering of the pill burden or enabling manufacturing 

of the amorphous product using specific methods.11 Nevertheless, the avenue of ensuring specific 

interactions has only been explored in relation to the improvement of general characteristics 

(predominantly physical stability). This study aimed to elucidate the importance of specific drug-

polymer interactions and polymer loading (1-10% w/w) to mitigate the compression-induced 

destabilization, a process that can occur especially during the manufacture of tablets, and, in the case of 

amorphous systems, promotes undesired nucleation/crystallization12-17 or phase separation.18 A recent 

work from our group focused on investigating different aspects of compression-induced destabilization 

in melt-quenched amorphous celecoxib, where a synergistic effect between the sample history 

(preparation method) and applied compression parameters was noted.12, 19 The physical stability of the 

processed amorphous phases was significantly reduced in both glassy and supercooled state, which also 

affected their dissolution behavior.12, 19 These findings mandated further investigation on compression-

induced destabilization in multi-component systems that better represent actual pharmaceutical 

formulations. The selection of model polymers for the current study was based on several factors. Most 

notably, potential candidates were narrowed down based on an extensive literature survey with added 

scrutiny on their general use. Polyvinylpyrrolidone (PVP) has been shown to hydrogen bond with 

celecoxib through the interaction of sulfonamide and carbonyl moieties of the drug and polymer, 

respectively.20, 21 Xie and Taylor showed that PVP/vinyl acetate copolymer (PVP/VA) also forms 

similar interactions with celecoxib, however, while their strength appeared to be similar, the fraction of 

the drug involved in hydrogen bonding with the polymer was decreased, and was attributed to a 

“diluting effect” of the VA monomeric unit.21 In the same study, hydroxypropyl methylcellulose 

(HPMC) was shown to exhibit no specific interactions with this particular drug, which made this 

polymer an excellent “control” for comparison with PVP and PVP/VA.21 We hypothesized that a 

presence of more favorable intermolecular interactions in the ASDs may decrease the susceptibility of 

celecoxib to compression-induced destabilization. In other words, it was assumed that risk of loss or 

alteration of specific interactions of the components in the dispersion upon compression (an event that 

can negatively influence the physical stability of ASDs18) could be reduced this way.   



 
Figure 1. Molecular structures of (a) celecoxib, (b) hydroxypropyl methylcellulose (HPMC), (c) 

polyvinylpyrrolidone/vinyl acetate copolymer (PVP/VA) and (d) polyvinylpyrrolidone (PVP). 

The hypothesis was tested by preparing celecoxib ASDs with different HPMC, PVP/VA and PVP 

content (1, 5 and 10% w/w) using melt-quenching and compression of the melt-quenched samples at 

two different conditions: 125 MPa with minimal dwell time and 500 MPa with 60 s dwell time to 

represent pharmaceutically relevant and extreme conditions, respectively.22 For the analysis, differential 

scanning calorimetry (DSC) and low-frequency Raman (LFR) spectroscopy were primarily employed, 

which allowed to quickly identify potential changes by monitoring the behavior of the samples in a 

broad temperature range, including the supercooled state. Additionally, the recorded variable-

temperature LFR data prior to the crystallization event allowed to probe the intrinsic molecular 

dynamics of the samples, including the secondary or local glass transition temperature; 𝑇𝑔,𝛽 – a major 

indicator of the physical stability of amorphous pharmaceutical systems.23 

Materials and methods 

Materials. Celecoxib (Mw = 381.37 g/mol) was purchased from AK Scientific, Inc. (California, 

USA). Hydroxypropyl methylcellulose (HPMC; Mw ≈ 17000 g/mol), polyvinylpyrrolidone/vinyl 

acetate copolymer (PVP/VA; Kollidon VA 64; MW ≈ 30000-45000 g/mol), and polyvinylpyrrolidone 

(PVP; Plasdone K-25; Mw ≈ 24000 g/mol) were purchased from Sigma Aldrich (St. Louis, MO, USA), 

BASF (Ludwigshafen, Germany) and ISP Tech, Inc. (Wayne, NJ, USA), respectively. The particular 

grades of the polymers were used to retain similar or at least comparable molecular weight 

characteristics between them. Prior to preparing amorphous solid dispersions or physical mixtures (see 

below), appropriate quantities of each of the polymers were dried under vacuum (inside a desiccator 

containing fresh silica gel) at room temperature (∼20 °C) for at least 72 h to minimize the sorbed water 

content. 

Preparation and compression of amorphous celecoxib disks. Amorphous celecoxib or 

celecoxib-polymer disks (flat-faced; ~8 mm diameter; ~1 mm thick) were procured using a similar 

approach as described previously.12 In short, 50 mg of a pure celecoxib powder or a homogenous 

amorphous powder mixture containing a desired ratio of celecoxib and polymer (HPMC, PVP/VA or 

PVP) was placed inside a silicone mold, heated up to ~170 °C, held at the temperature for about 30-45 

s and quickly cooled using the surface of an aluminum heat sink immersed in an ice bath ensuring a 

cooling rate above 100 °C/min. The homogeneity of the amorphous celecoxib-polymer mixtures prior 

to melt-quenching was ensured by using a solvent evaporation method, where an appropriate ratio of 

celecoxib and polymer was dissolved in a 50/50 (v/v) ethanol and dichloromethane solvent mixture that 

was subsequently removed at 40 °C under reduced pressure. The obtained powder was dried for 24 h 

under vacuum in a desiccator containing silica beads.  

The compression was carried out using stainless steel die and punches (8 mm diameter), in a 

hydraulic press (PerkinElmer Inc., Waltham, MA, USA), applying two different compression 



conditions (125 MPa minimal dwell time and 500 MPa 60 s dwell time) representing pharmaceutically 

relevant and extreme scenarios, respectively. For the DSC, ATR-FTIR and LFR/VTLFR analysis (see 

below), disks (uncompressed or compressed) were cut in smaller pieces using a tablet splitter equipped 

with a stainless steel blade, and were analysed immediately upon preparation. 

Preparation of celecoxib-polymer physical mixtures. For comparison purposes, a series of 

amorphous celecoxib and respective polymer (PVP, PVP/VA or HPMC) physical mixtures were 

prepared by geometric dilution and analyzed using LFR and ATR-FTIR spectroscopy (see below). A 

larger amount of amorphous celecoxib powder was obtained using a similar approach as described in 

our previous study.19 Briefly, approximately 2 g of the crystalline drug was placed inside an aluminum 

foil pan, heated to about 170 °C and held at that temperature for 1-2 min until a clear liquid with no 

observable opaque/crystalline regions was observed. The melted phase was quickly transferred to an 

aluminum heat sink immersed in an ice bath. This resulted in formation of a thin, glassy layer, which 

was gently ground using mortar and pestle until a fine powder was obtained. 

Low-frequency Raman (LFR) spectroscopy. Raman spectra were collected using a home-built 

setup with an excitation source from a 785 nm laser module (Ondax Inc., Monrovia, CA, USA), which 

was filtered by BragGrate bandpass filters (OptiGrate Corp., Oviedo, FL, USA) to remove amplified 

spontaneous emission from the laser. A THMS600 variable temperature stage with LNP95 liquid 

nitrogen cooler (Linkam Scientific Instruments Ltd, UK) was used to mount the sample (horizontally), 

which was placed inside an aluminum pan. Backscattered light was collected and filtered through a set 

of volume Bragg gratings (Ondax Inc., Monrovia, CA, USA) and focused into a LS 785 spectrograph 

(Princeton Instruments, Trenton, NJ, USA) via a fiber-optic cable. The light was dispersed onto a CCD 

detector (PIXIS 100 BR CCD, Princeton Instruments, Trenton, NJ, USA) and the data were calibrated 

using sulfur, 1,4-bis-(2-methylstyryl) benzene (BMB), and toluene and acetonitrile solvent (1:1) 

standards. Spectra were collected at room temperature (∼20 °C) over the spectral window -360 to 2030 

cm-1 with 5-7 cm-1 resolution. Each spectrum was averaged from 60 scans with an integration time of 1 

s, and the sample spot size was approximately 500 µm. 

Variable temperature low-frequency Raman (VTLFR) spectroscopy. Raman spectra for the 

VTLFR measurements were collected using the same principal setup as for the general LFR analysis. 

The temperature program for each specimen consisted of two distinct steps. Initially, each sample was 

rapidly cooled to -150 °C, held at that temperature for 3 min to ensure sufficient time to reach thermal 

equilibrium and then gradually heated to 140 °C with a heating rate of 10 °C/min. Afterwards, the 

sample was held at 140 °C for 30 s and then cooled to 20 °C with a cooling rate of 20 °C/min. The data 

collection was carried during both, the heating and cooling stages of the temperature program to fully 

monitor the transformation process, and each spectrum was averaged from 10 scans with an integration 

time of 0.1 s. The time-spatial linear correlation of a specific recorded spectrum (frame) to a temperature 

condition was established by manually recording the readings across multiple runs/samples. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy. ATR-

FTIR spectra were recorded on a Bruker VERTEX 70 FTIR spectrometer (Bruker Optics, Ettlingen, 

Germany) fitted with a GladiATR diamond ATR accessory (Pike Technologies, Madison, WI, USA). 

Each spectrum was the result of 128 coadded scans over 50−4000 cm−1 at a 1 cm−1 spectral resolution. 

Differential scanning calorimetry (DSC). A differential scanning calorimeter (Q2000, TA 

Instruments, New Castle, DE, USA) equipped with a refrigerated cooling accessory was used. The 

instrument was calibrated with indium. In general, about 5-7 mg of sample was sealed in an aluminium 

pan (TA Instruments, New Castle, DE, USA) and heated at 10 °C/min, from -90 to 200 °C under 

constant nitrogen purge (50 mL/min). The data analysis was carried out using TRIOS 5.1.1 software 

package (TA Instruments, New Castle, DE, USA). 

Data pre-processing. The LFR spectra were converted from .spe to .spc file format, whereas 

ATR-FTIR spectra were converted from .0 (OPUS) to .csv file format using SpectraGryph 1.2.14.24 The 

pre-processing was carried out on the raw Raman data to remove cosmic spikes (≤3 pixel wide), whereas 

the ATR-FTIR spectra were denoised using the Savitsky–Golay (SG) derivation tool (medium setting). 

Additionally, for LFR spectra, linear baseline correction was applied in the range of -300 to 300 cm-1 



using The Unscrambler X 10.4 (CAMO, Oslo, Norway). Furthermore, for selected LFR non-isothermal 

kinetic data (>70 °C) used to elucidate the crystallization behavior of the samples, scale and scattering 

variation were amended using standard normal variate (SNV) transformation in the same software, 

where contribution from Rayleigh scattering for the LFR region was excluded (-15 to 15 cm-1). Baseline 

offset correction was also applied to these data using the same software to bring all variables above zero 

for the chemometric analysis.  

Principal component analysis (PCA). PCA was performed on the pre-processed data using The 

Unscrambler X 10.4 (CAMO, Oslo, Norway) software. Two different sets of VTLFR data were 

analyzed independently (below and above 70 °C) to elucidate the molecular dynamics (including the 

determination of primary/global glass transition temperature; 𝑇𝑔 or 𝑇𝑔,𝛼 and secondary/local glass 

transition temperature; 𝑇𝑔,𝛽) and crystallization behavior of the samples. In all instances, contributions 

from the Rayleigh scattering (-15 to 15 cm-1) were excluded from the analysis whether or not SNV 

correction was applied during the data pre-processing step. 

Statistical analysis. Where applicable, one-way analysis of variance (ANOVA) and T-tests were 

performed using the data analysis tool in MS Excel 2016 (Microsoft Corp., Redmond, WA, USA) 

software with a confidence level of 95% (p<0.05). 

Results and discussion 

Exploratory analysis. As stated in the experimental section, amorphous celecoxib phases were 

prepared as tablet-shaped disks, the rationale of which has been previously described in detail.12, 19 In 

short, this approach was used to eliminate other processing steps such as grinding in the sample 

preparation process that were found to significantly alter the physical stability of the procured 

disordered phases and showed high batch to batch variability. Additionally, it was not possible to 

prepare a larger amount of material that would be processed at once due to the intrinsic rapid annealing 

of amorphous celecoxib phases that showed varied stability when stored for different time-periods, even 

at temperatures as low as -50 °C.25 While, ideally, tablets from powder mixtures would better represent 

the challenges that might be currently encountered by the pharmaceutical industry, the approach was 

still deemed relevant as analysis of processing-induced changes in such samples can potentially help to 

give mechanistic understanding for the physical stability changes also within emerging amorphous 

formulations procured via vacuum compression molding and/or 3D-printing.26, 27  

The melt-quenched celecoxib and celecoxib-polymer dispersions were all found to be amorphous 

based on the Raman data exhibiting a broad low-energy vibrational density of states (VDOS) feature 

characteristic to disordered moieties.28 A set of representative LFR data for these samples are presented 

in Figure 2a alongside their DSC curves (Figure 2b), whereas the respective mid-frequency Raman 

(MFR) data are shown in the supporting information (Figure S1). 

 



Figure 2. Examples of (a) LFR spectra and (b) DSC curves for melt-quenched amorphous celecoxib as 

well as celecoxib-HPMC, celecoxib-PVP/VA and celecoxib-PVP ASDs with 10% w/w polymer 

loading (DSC inset shows crystallization followed by melting in PVP ASD). The laserline (Rayleigh 

scattering) is omitted for clarity. 

In all instances, Raman data showed only subtle differences with the biggest change observed 

<100 cm-1 manifesting as slight VDOS shifts and shape changes. The MFR region was dominated by 

celecoxib spectral features (in contrast to the IR fingerprint data, which showed significant changes and 

was therefore used to characterize intermolecular interactions within these samples; discussed below), 

likely resulting from the fact that all of the used polymeric excipients exhibit very weak Raman 

scattering propensity in this spectral range (Figure S2). Additionally, all of the ASDs exhibited baseline 

shifts due to the pale yellow color characteristic of melt-quenched phases containing PVP or HPMC 

moieties.11 It is important to note that these color disparities have been previously attributed to a trace 

(and not substantial) levels of degradation below the limit of detection for exact or similar grades of 

polymers, when celecoxib ASDs were prepared using similar melt-quenching methodology as used 

within this study.11, 29, 30 DSC data further highlighted the disordered nature of all of the samples. In 

amorphous celecoxib, similar to results described in the previous study,12 the 𝑇𝑔 (midpoint) was 

observed at ∼51 °C, followed by crystallization at ∼102 °C and melting at ∼159, ∼161 and ∼162 °C. 

The three different melting endotherms were attributed to form III, form II, and form I of celecoxib, 

respectively.12 The slight discrepancies (∼1-2 °C) in the melting temperatures to the ones reported in 

the literature31 could be related to the fact that pieces of a disk and not powdered samples were analysed 

to avoid inducing additional changes within the amorphous matrix. Particle morphology (among other 

factors) is known to affect the thermal behavior of samples during the DSC measurements.32 

Nevertheless, the used approach was justified on the basis of the consistency of the obtained results 

across all individual sample types. 

The presence of various polymeric excipients (in a concentration dependent manner following a 

rank order of PVP > HPMC ≥ PVP/VA) not only improved the physical stability of the amorphous 

phases as evident by the increased crystallization onset values (Figure 2b) and decreased enthalpies of 

crystallization (∆Hc; Table 1), but also intrinsically altered the crystallization behavior. In these 

samples, formation of the elusive celecoxib form IV was observed with its characteristic lower melting 

point (∼146-147 °C) that has previously only been obtained from celecoxib mixtures containing 

different excipients, including HPMC and PVP.31 Additionally, all of the ASDs displayed a single 𝑇𝑔 

value, indicating proper molecular mixing between both components. This parameter was modeled and 

compared to the experimental values (Table 1) using the Fox equation:33 

1

𝑇𝑔
=

𝑤1

𝑇𝑔,1
+

𝑤2

𝑇𝑔,2
    (1) 

where 𝑤1, 𝑤2 and 𝑇𝑔,1, 𝑇𝑔,2 are weight fractions and glass transition temperatures of components 1 and 

2, respectively. For the calculations, 𝑇𝑔 values for each of the respective polymers were determined 

experimentally (Figure S3) and were in agreement with the literature.31, 34, 35 

Table 1. Thermal characterization of celecoxib ASDs. 

Sample 

Polymer 

concentration, 

% w/w 

Tg, ˚C 
Crystallization 

temperature, ˚C ΔHc, J/ga 

Predicted Experimental onset peak 

Celecoxib 0 N/A 50.9±0.1b 103.1±1.9 109.9±0.6 85±2 

Celecoxib-

HPMC 

1 51.3 52.3±0.2 101.4±1.3 111.2±0.4 71±1 

5 52.7 52.8±0.3 109.8±0.2 126.3±0.9 50±3 

10 54.7 54.0±0.5 112.0±0.5 128.0±0.1 16±3 

Celecoxib-

PVP/VA 

1 51.2 50.2±0.8 100.0±0.7 107.9±1.0 76±1 

5 52.2 52.0±0.4 107.9±0.5 118.9±1.3 75.5±0.1 

10 53.6 54.3±1.2 116.8±0.1 131.3±0.2 32±5 



Celecoxib-

PVP 

1 51.3 49.9±1.5 99.1±0.3 106.7±2.2 71±2 

5 52.7 52.7±0.4 114.8±0.2 128.6±1.1 47±12 

10 54.6 56.8±1.4 117.5±0.2 128.1±1.6 0.7±0.3 
aThe enthalpy value has been normalized for the celecoxib content in ASD.  
bMean ± standard deviation; n = 2. 

While statistically comparable, the most apparent deviation between the calculated and 

experimental 𝑇𝑔 values was observed in the PVP system (specifically with a polymer loading of 10% 

w/w), which also appeared to be the most effective in inhibiting the crystallization of celecoxib. A 

stronger drug-polymer interaction is one possible explanation for this observation. As stated above, 

PVP is known to strongly hydrogen bond with celecoxib through the interaction between carbonyl and 

sulfonamide moieties.20, 21 This was also observed in our melt-quenched samples via the carbonyl band 

shift in the IR spectra from 1653 to 1659 cm-1 (Figure S4c), which also appeared to exhibit a smaller 

overall width in the ASDs. Additionally, there was an apparent upshift in the NH peak of celecoxib 

from 3258 to about 3262 cm-1. It is also important to note that such behavior was seen across all of the 

explored PVP concentrations (1-10%). However, while the PVP loading of 1% inhibited some 

celecoxib crystallization based on the slightly reduced ∆Hc values, this particular ASD showed a 

generally inferior physical stability to amorphous celecoxib that could be rationalized on the basis of 

increased hydrophilicity of the system. In other words, the hydrophilic nature of the PVP likely 

amplified the water uptake during the melt-quenching process that could also explain the slightly 

reduced 𝑇𝑔 values with respect to the predicted ones, which, in return, overshadowed the positive effect 

of molecular mixing between the celecoxib and PVP at this component ratio. In fact, the same trend 

was also observed for other ASDs with the lowest content of PVP/VA and HPMC. 

Spectrally, the ASDs containing PVP/VA exhibited more subtle behavior (Figure S4b). The 

PVP/VA moiety has two types of carbonyl groups originating from polyvinylpyrrolidone and acetate, 

with characteristic peaks displayed here at 1657 and 1730.5 cm-1, respectively. While the amplitude of 

changes was smaller, both carbonyl bands were upshifted by 3-4 cm-1 in the ASDs. Additionally, there 

was a formation of a new shoulder peak at ∼1718 cm-1, which, considering the general molecular 

flexibility of PVP/VA, could be a result of formation of some cross-linked moieties. Nevertheless, the 

higher frequency region still showed similar behavior to the celecoxib-PVP system, with the NH peak 

exhibiting comparable wavenumber shifts. These results indicate that while the nature of these 

intermolecular interactions was similar to the ones observed in the ASDs containing just PVP, their 

characteristics were different. Xie and Taylor21 attributed similar observations to a decrease in the 

fraction of drug molecules involved in the hydrogen bonding with their strength being unaltered. 

However, without additional/more specific analysis, the change in strength of the interactions should 

still be considered as plausible in this scenario due to the generally high difficulty in distinguishing such 

discrepancies.8 

Lastly, celecoxib-HPMC ASDs displayed the least pronounced spectral differences between 

individual components and their physical mixtures to the respective ASDs (Figure S4a), indicating a 

much weaker interaction between both components in the melt-quenched phase. This observation was 

in agreement with previous results where only subtle changes in the IR spectra were noted for similar 

formulations.21 HPMC lacks carbonyl functional groups (strong hydrogen bond acceptors) that are 

observed in PVP and PVP/VA polymers, but has other, weaker acceptors such as hydroxyl or ether 

groups. Hence, if present, the strength of such intermolecular interactions should be comparable to the 

ones in amorphous celecoxib matrix between the drug moieties, and, thus, the stabilization effect of 

HPMC on celecoxib can be mainly attributed to its substantially high 𝑇𝑔 value (∼160 °C; Figure S3). 

Effect of compression on the physical stability of amorphous celecoxib ASDs. The procured 

samples offered a great variety of differently stabilized amorphous celecoxib phases to be evaluated for 

their sensitivity to compression-induced destabilization. As with our previous results,12, 19 no evidence 

of direct crystallization was observed for the compressed samples based on the analysis of LFR data. 

However, their thermal behavior was significantly altered upon compression, an effect that was 



dependent not only on the applied compression parameters (i.e., pressure and dwell time), but also the 

composition of the samples (i.e., polymer type and content). Here, DSC allowed for quick identification 

of these changes, examples of which are illustrated in Figure 3, whereas a summary of the key results 

is presented in Figure 4. 

 

Figure 3. Overlay of representative DSC curves for differently processed (uncompressed or 

compressed) phases of amorphous celecoxib and celecoxib ASD samples. The arrows denote the change 

in the recrystallization behavior of the samples with more severe applied compression conditions.   

Although the 𝑇𝑔 values of the amorphous celecoxib phases were largely unaffected by the 

compression, there was an apparent change in the crystallization onset temperature and enthalpy of 

crystallization for the majority of samples. This observation served as direct evidence for compression-



induced destabilization, a likely consequence of increased propensity for surface nucleation.13, 15 In 

amorphous celecoxib, these changes were practically identical to the ones observed previously,12 where 

the applied compression conditions reduced the onset of crystallization by 3-4 °C while the enthalpy of 

crystallization remained constant (∼85 J/g representing a maximally crystallized celecoxib phase). 

Interestingly, the amplitude of these changes varied within the ASDs. The formulations with the lowest 

polymer concentration displayed similar behavior to the amorphous celecoxib, indicating that such 

small polymer content was not capable of significantly changing the bulk properties of these amorphous 

samples. On the other hand, a higher polymer content in the ASD introduced some substantial 

disparities. For example, 5% w/w polymer formulations were sensitive to compression-induced 

destabilization regardless of the utilized compression parameters, whereas all of the 10% w/w polymer 

formulations showed resistance against pharmaceutically relevant compression conditions. However, 

this effect could not be correlated to the strength or the extent of drug-polymer interactions as initially 

hypothesized, but, rather, appeared to be only dependent on the polymer concentration. Some studies 

have suggested that in these instances polymer acts as a physical barrier, which can reduce the 

probability for contact between the drug molecules during the compression (i.e., potential for 

nucleation).14, 15 Our results further elucidated on this with an added caveat that higher stabilization 

from a specific co-former may require higher concentrations to diminish susceptibility to compression-

induced destabilization. This was clearly evident by comparing data of celecoxib-PVP ASDs to the 

other formulations, where compression caused a more substantial relative decrease in physical stability. 

Similarly, the sucrose-PVP system has been shown to exhibit comparable characteristics in the 

literature, where a low polymer content (1-4% w/w) significantly improved the physical stability of 

sucrose in the amorphous phase, but was incapable of providing protection against compression-

induced destabilization using 150 MPa pressure and 5 s dwell time. In this example, the relative extent 

of destabilization (i.e., the change in the onset crystallization temperature from DSC measurements) 

was also far greater than in amorphous sucrose (∼10 vs ∼3 °C), and 15% w/w loading of PVP was 

necessary to completely inhibit this negative effect (at least for the particular compression conditions 

used).15 This is an interesting interplay that warrants further investigation for a larger variety of different 

drugs and co-formers as it can have direct implications for formulating robust amorphous 

pharmaceutical drug products. 



Figure 4. DSC results of (a) crystallization onset temperatures and (b) normalized enthalpy of 

crystallization values for differently processed (uncompressed or compressed) amorphous celecoxib 

and celecoxib ASD samples. Asterisks (*) denote a significant (p<0.05) difference between the 

particular response of the compressed sample and the respective control (i.e., uncompressed amorphous 

celecoxib or celecoxib ASD). Data represents the mean ± standard deviation; n = 2. 

LFR spectroscopy was used to further elucidate this phenomenon. However, the large disparities 

in the physical stability of these amorphous phases did not allow the selection of common isothermal 

conditions that could be employed for monitoring the crystallization kinetics within rational timescales. 

Thus, dynamic, non-isothermal LFR measurements were carried out in a broad temperature range (-150 

to 140 °C) using the same heating rate as in the DSC analysis (10 °C/min). While this approach 

complicated the data analysis due to much more intricate signal responses (i.e., crystallization of solid-

state form mixtures as observed in the DSC), it enabled some additional information to be extracted 

from the dataset. More specifically, as certain LFR domains (for example, quasi-elastic scattering) also 

encompass information related to molecular mobility among other properties,28 it was possible to 

simultaneously probe molecular dynamics within these samples. 

Figure 5 shows representative VTLFR spectra for amorphous celecoxib and highly stabilized 

celecoxib-PVP 10% ASD in a broad temperature range before any crystallization. The subtle spectral 

changes warranted a careful analysis of the data. Although it is possible to extract various components 

from the VDOS using certain manipulations and/or fitting procedures,28 we opted to use PCA to limit 

the pre-processing of the data, largely due to the fact that many of the multi-component samples 

exhibited some fluorescent background signature, which, as evident in Figure 5b, intertwined with the 

temperature-dependent VDOS dynamics. 



 

Figure 5. Examples of raw VTLFR data in the range of -150 to 70 °C for (a) amorphous celecoxib and 

(b) celecoxib-PVP 10% ASD, and (c) subsequent PCA with PC2 scores versus the temperature 

illustrating the molecular mobility changes within these samples (the respective loadings plots are 

presented in the supporting information; Figure S5). The highlighted region in the VTLFR data of 

celecoxib-PVP 10% ASD sample denotes an isosbestic point resulting from an interplay between the 

dynamic, temperature-dependent VDOS changes and the intrinsic baseline originating from the pale 

yellow color of the melt-quenched phase. 

Overall, this approach proved successful in providing the desired information for at least part of the 

samples, when PCA was applied to each dataset individually (data normalization and subsequent 

combined analysis was not feasible here without compromising data integrity). An example of this type 

of analysis is presented in Figure 5c, where PC1 resolved the majority of the variance related to 

intensity-based differences (Figure S5), but did not show any distinguishable trends, and, hence, was 

not used. On the other hand, PC2 loadings (Figure S5) showed more subtle discrepancies, especially in 

the VDOS shape below 100-150 cm-1 and displayed a strong temperature dependence, especially in the 

temperature range of -70 to -40 °C (midpoint around -57 °C) and above 40-50 °C. These domains were 

attributed to the secondary/local glass transition temperature; 𝑇𝑔,𝛽 and 𝑇𝑔 or 𝑇𝑔,𝛼, respectively. Here, 

the ability to detect 𝑇𝑔,𝛽 is particularity interesting as this parameter has been shown to directly correlate 

with crystallization potency of amorphous drugs, but is hard to be determined using conventional 

analytical techniques, including DSC (Figure 2).23 Kissi et al. used dynamic mechanical analysis 

(DMA) for analyzing this parameter in a range of neat amorphous drugs, including celecoxib, which 

showed a broad (∼50 °C) β-relaxation with its peak ranging from about -80 to -60 °C among triplicate 

measurements.23 The disparities in the observed values between the LFR and DMA data is a likely 



consequence of the different measuring techniques as in the same study, 𝑇𝑔,𝛼 for most of the drugs 

showed a deviance for up to 15-20 °C when compared to “normally” observed values using, for 

example, DSC. Thus, considering that in our LFR data 𝑇𝑔,𝛼 was observed at the same temperature as in 

DSC, the differently recognized 𝑇𝑔,𝛽 is not a surprising result. It is also important to note that the 

examined ASDs showed similar 𝑇𝑔,𝛽 values, which was expected, considering that 𝑇𝑔,𝛽 has been shown 

to correspond to the motions of a single component, even in molecularly mixed systems, where the 

excess component (in this case, celecoxib) is typically seen.36 Additionally, there was no apparent 

change in 𝑇𝑔,𝛽 values for compressed samples regardless of the composition and applied compression 

conditions. This could indicate the lack of sensitivity for this parameter to detect an increase in 

nucleation propensity within amorphous matrix that was assumed to be the cause for the reduced 

physical stability of compressed samples.  

Interestingly, physical mechanisms governing the molecular mobility in the glassy and deeply 

glassy states are still debated37 and the use of such LFR measurements could be of great interest to 

elucidate these processes. However, while LFR can offer certain advantages such as the generally high 

signal from the VDOS as well as limited interference from water when compared to, for example, THz 

absorption spectroscopy that has also been successfully used to detect such subtle changes in the 

amorphous matrix,38 a more robust LFR data analysis framework needs to be developed for this 

approach to become widely applicable. For example, while interference from the fluorescence could 

potentially be diminished with a better spectral data quality (here, the emphasis was put on fast data 

collection to achieve the best temperature resolution for detecting the more pronounced crystallization 

event) and/or the use of a longer wavelength laser, this may not always be possible. Additionally, this 

aspect can not only limit analysis of multi-component systems, but also drugs themselves as some 

compounds (for example, indomethacin) are known to exhibit certain color characteristics in the 

amorphous state.13  

Although the transformation to crystalline phases was spectrally more distinct among the samples 

than the discrepancies in the lower temperature range, characterization of celecoxib crystallization via 

VTLFR measurements still proved challenging due to the aforementioned formation of a variety of 

solid-state forms and the presence of these forms as mixtures; a process that was equally dependent on 

the polymer type and its content as observed in DSC measurements (Figure 3). However, this aspect 

also allowed the characterization of lesser understood celecoxib polymorphs such as form IV that 

predominantly crystallized from celecoxib-HPMC ASDs with an increased polymer content (≥5% 

w/w). In fact, this could potentially serve as an avenue to obtain a pure form IV and help complete its 

structural characterization, which has not yet been achieved. A representative LFR spectrum of this 

solid-state configuration (embedded in an amorphous matrix) at room temperature (20 °C) is shown in 

Figure S6, where distinct and unique features at 25.5, 38, 56, 69, 125, 148 and 165 cm-1 can be observed, 

some of which were vastly different from the ones characteristic of, for example, the thermodynamically 

stable form III.12, 19, 39 



 

Figure 6. Examples of raw VTLFR data in the range of 70 to 140 °C for (a) amorphous celecoxib and 

(b) celecoxib-PVP 10% ASD, and subsequent PCA with (c) PC2 scores versus the temperature 

illustrating the solid-state changes (or lack thereof) within these samples, and (d) the respective loadings 

plot of PC2. The grey colored data-points in the PC2 scores image represent rest of the analyzed samples 

for a visual reference. 

An example of the PCA for comparing the crystallization behavior among the various 

formulations is shown in Figure 6, where the results for the same, differently stabilized samples of 

amorphous celecoxib and celecoxib-PVP 10% ASD are highlighted. Here, even a simple visual 

inspection revealed substantial disparities in the physical stability between the samples that were further 

accentuated by the chemometric analysis. Similar to the analysis of VTLFR data collected in the lower 

temperature range, PC1 appeared to explain the variance related to overarching VDOS changes with 

increasing temperature. However, PC2 distinguished the signatures of crystalline and amorphous 

celecoxib moieties that were depicted in the negative and positive PC space, respectively, and showed 

a clear trend of change with increasing temperature for the majority of samples; a transition that was 

attributed to the crystallization event (Figure 6c). As the particular PCA was carried out on all data sets 

simultaneously, a direct, more quantitative comparison between all the samples was possible (Figure 

7). Specifically, the onset of crystallization was determined as an intersection point between two lines 

as illustrated in the inset of Figure 6c. Although the general trends were similar to the ones observed in 

the DSC data, some discrepancies were noted. Most importantly, LFR data generally showed higher 

crystallization onset values as illustrated in the correlation plot (Figure S7). This could indicate the 

inferior sensitivity of LFR spectroscopy for detecting such changes, especially considering that, unlike 



DSC, LFR was unable to detect solid-state form transformations in certain amorphous systems (for 

example, uncompressed celecoxib-PVP 10% ASD samples). 

 
Figure 7. LFR results of crystallization onset temperatures for differently processed (uncompressed or 

compressed) amorphous celecoxib and celecoxib ASD samples. Asterisks (*) denote a significant 

(p<0.05) difference between the particular response of the compressed sample and the respective control 

(i.e., uncompressed amorphous celecoxib or celecoxib ASD). Data represents the mean ± standard 

deviation; n = 2. 

Significance. Nowadays, a variety of amorphous formulations of drugs is being more frequently 

exploited to improve the physicochemical characteristics of a pharmaceutical drug product. However, 

the impact of processing-induced stresses such as compression on the physical stability of amorphous 

phases has not received adequate attention. In this closing chapter of a three-part study,12, 19 compression 

has been shown to have a pronounced effect on all of the investigated celecoxib ASDs regardless of the 

intermolecular interactions present within the respective amorphous phases. Although our initial 

hypothesis of more favorable intermolecular interaction mitigating the compression-induced 

destabilization was disproved, the results highlighted an interesting aspect that warrants further 

investigation for a larger variety of amorphous drug systems: finding the balance between the 

stabilization effect brought by the co-former and its content necessary to prevent compression-induced 

destabilization could prove an interesting challenge for formulation scientists. Additionally, to the best 

of our knowledge, this is the first instance, where the capabilities of LFR spectroscopy for determining 

the secondary/local glass transition temperature or 𝑇𝑔,𝛽 have been highlighted. Hopefully, these findings 

will encourage even broader utilization of this spectroscopic technique within the pharmaceutical 

research community, especially considering that further work towards establishing a more nuanced LFR 

data handling protocols for this type of analysis is necessary for the method to become easily applicable. 

Conclusion 

This study investigated compression-induced destabilization in pharmaceutical ASDs using celecoxib 

as the model drug, and HPMC, PVP/VA and PVP as the polymeric co-formers. A detailed analysis of 

these systems containing varied polymer content (1-10 % w/w) was carried out primarily using DSC 

and LFR spectroscopy. The effect of the applied pharmaceutically relevant (125 MPa pressure and 

minimal dwell time) and extreme (500 MPa pressure and 60 second dwell time) compression conditions 

was evaluated by means of non-isothermal kinetic analysis, primarily focused on the crystallization 

behavior of these samples in the supercooled state. From this data, clear differences in the intrinsic 

physical stability of the samples were noted, where PVP offered the best stabilization of celecoxib, 

followed by HPMC and PVP/VA. Each of the systems exhibited different intermolecular interactions 

between the celecoxib and polymer moieties, however, these appeared to not play a major role for 

inhibiting compression-induced destabilization. Instead, only the polymer content, in a concentration 



dependent manner, was found to negate this undesired destabilization effect. A direct comparison 

between the DSC and LFR data further confirmed this finding as similar trends were observed using 

both techniques. However, DSC exhibited superior sensitivity to detect solid-state transformations and, 

thus, has a higher potential to reveal destabilization immediately after product manufacture. 

Nevertheless, LFR spectroscopy could still provide useful complimentary information within a 

framework of multi-modal characterization of amorphous pharmaceutical systems, especially 

considering that this method showed potential for detecting subtle discrepancies related to molecular 

mobility, an aspect that could also be further explored in combination with other analytical techniques. 

Associated content 

Supporting information 

Representative MFR spectra of various celecoxib ASDs and individual polymers - HPMC, PVP/VA 

and PVP, DSC curves of HPMC, PVP/VA and PVP, FTIR spectra of amorphous celecoxib and 

celecoxib ASDs as well as their physical mixtures, a representative Raman spectrum of celecoxib form 

IV at room temperature (embedded in an amorphous matrix after partial crystallization), and 

comparison (where applicable) of the determined crystallization onset temperatures from DSC and LFR 

measurements for differently processed (uncompressed or compressed) amorphous celecoxib and 

celecoxib ASD samples.  
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