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Abstract 

In an earlier investigation, amorphous celecoxib was shown to be sensitive to compression-

induced destabilization. This was established by evaluating the physical stability of 

uncompressed/compressed phases in the supercooled state (Bērziņš et al, Mol. Pharmaceutics, 2019, 

16(8), 3678-3686). In this study, we investigated the ramifications of compression-induced 

destabilization in the glassy state as well as the impact of compression on the dissolution behaviour. 

Slow and fast melt-quenched celecoxib disks were compressed with a range of compression pressures 

(125-500 MPa) and dwell times (0-60 s). These were then monitored for crystallization using low 

frequency Raman spectroscopy when kept under dry (~20 °C; <5% RH) and humid (~20 °C; 97% RH) 

storage conditions. Faster crystallization was observed from the samples which were compressed using 

more severe compression parameters. Furthermore, crystallization was also affected by the cooling rate 

used to form the amorphous phases; slow melt-quenched samples exhibited higher sensitivity to 

compression-induced destabilization. The behaviour of the melt-quench disks, subjected to different 

compression conditions, were continuously monitored during dissolution using low frequency Raman 

and UV/Vis for the solid state form and dissolution properties, respectively. Surprisingly the 

compressed samples exhibited higher apparent dissolution (i.e., higher area under the dissolution curve 

and initial celecoxib concentration in solution) than the uncompressed samples, however this is 

attributed to biaxial fracturing throughout the compressed compacts yielding a greater effective surface 

area. Differences between the slow and fast melt quenched samples showed some trends similar to those 

observed for their storage stability.  
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Introduction 

Although amorphous forms have the potential to achieve higher solubility, higher dissolution 

rate, and, in some instances, better compression characteristics for active pharmaceutical ingredients 

(APIs) than their crystalline counterparts,  the physical instability can lead to crystallization during 

manufacture or storage.1 Accordingly, many studies have focused on characterizing the intrinsic 

stability of disordered pharmaceutical systems using a number of different techniques.2 Comparatively 

less attention has been given to the analysis of processed amorphous phases, especially to those 

originally derived from different preparation methods.3 From an industry perspective, such knowledge 

can directly aid the development of robust amorphous solid dosage forms.  

Generally, pharmaceutical manufacturing entails a multitude of complex steps. For production 

of tablets and capsules that are among the most popular solid dosage forms in use today, predensification 

and compression are imperative operations.4 However, such stress-inducing procedures can also alter 

the molecular arrangement of the amorphous matrix and ultimately promote crystallization.5 

Compression-induced destabilizing effects have been highlighted by number of recent studies on 

several well-known model compounds.5-11 Knapik-Kowalczuk et al. reported that compression 

pressures as low as 10 MPa can significantly destabilize amorphous nimodipine.9 Using synchrotron X-

ray diffractometry (SXRD), direct crystallization was documented for amorphous indomethacin and 

amorphous sucrose subjected to compression pressures of pharmaceutical interest (100-150 MPa).5, 7 In 

an earlier investigation by our group, melt-quenched amorphous celecoxib, a non-steroidal anti-

inflammatory drug was established to exhibit compression-sensitive characteristics. Low-frequency 

Raman (LFR) spectroscopy and differential scanning calorimetry (DSC) measurements allowed the 

detection of differences in recrystallization behavior of uncompressed/compressed amorphous phases 

in the supercooled melt state.12 Furthermore, different preparation methods (i.e., different cooling rates 

during the melt-quench) were shown to alter the susceptibility of celecoxib to compression-induced 

destabilization.12 

In this study, we set out to discern the combined impact of compression and preparation 

methodology on the physical stability of celecoxib in the glassy state, as well as on its dissolution 

behavior. We hypothesized that higher compression pressure and longer dwell times will progressively 

hamper the dissolution performance due to facilitated surface nucleation during compression (i.e., 

higher potential for faster crystallization). Furthermore, stability studies at high relative humidity (RH) 

were used as a potential pathway for correlating the crystallization tendencies in the glassy state (at 

room temperature) to relevant dissolution characteristics.  

Materials and methods 

Materials. Celecoxib, form III (MW = 381.37 g/mol) was purchased from AK Scientific, Inc. 

(Union City, CA, USA). Anhydrous monosodium phosphate (MW = 119.98 g/mol) and disodium 

phosphate (MW = 141.96 g/mol) were purchased from Hopkin & Williams Ltd (Chadwell Heath, UK) 

and Thermo Fisher Scientific New Zealand Ltd (Albany, New Zealand), respectively. Trisodium 

phosphate dodecahydrate (MW = 380.12 g/mol) was purchased from BDH Laboratory Supplies Ltd 

(Poole, UK).  

Preparation, compression and stability testing of amorphous celecoxib disks. Amorphous 

celecoxib disks (flat-faced; ~8 mm diameter; ~1 mm thick) were prepared using the same approach as 

described elsewhere.12 The previously developed methodology was also used to prepare amorphous 

phases with distinctly different cooling rates: >100 °C/min and ~25-30 °C/min (denoted fast and slow, 

respectively).12  

Compression of the disks was carried out using stainless steel die and punches (8 mm diameter), 

in a hydraulic press (PerkinElmer Inc., Waltham, MA, USA), applying different compression pressures 

(125, 250 and 500 MPa) and dwell times (0, 30 and 60 s). The number of conducted experiments (see 

Table S1) was optimized using a design of experiments (DOE) approach in Design-Expert software 

(trial version 11.1.2.0, Stat-Ease, Inc., Minneapolis, MN, USA). The effect of the three variables 



(cooling rate, compression pressure and dwell time) on the crystallization behavior was studied using 

response surface plots generated by the same software.   

For the stability studies, uncompressed/compressed disks (Table S1) were securely positioned on 

a glass slide using double-sided tape. The same sub-types of samples (for example, ones compressed 

using specific pressure and dwell time) were placed on the same glass slide to equally limit exposure to 

the ambient conditions during data collection. These slides were stored inside desiccators maintained 

at room temperature (~20 °C) under controlled relative humidity (RH) conditions. The desired RH was 

achieved using either silica beads (<5%; samples kept under vacuum) or saturated K2SO4 aqueous 

solution (~97%).13 Samples were measured using low-frequency Raman (LFR) spectroscopy (details 

below) at different time intervals. For each specimen, three measurements (n=3) per time-point were 

carried out across the surface of the disk (edge to edge) to account for potential variability during the 

crystallization process.  

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

system utilizing 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 before irradiating the sample. For general analysis, samples (including 

glass slides) were mounted sideways on an xyz stage comprised of three UTS100CC linear motorized 

platforms (Newport Corp. Irvine, CA, USA), whereas in-situ surface measurements during dissolution 

were carried out by placing a custom-made, 3D printed flow-through cell14 with an organic glass 

window under a downward looking lens. For both setup variations, the laser spot size was approximately 

500 μm. Backscattered light from the sample 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 a 

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

standards. Spectra were collected over the spectral window −360 to 2030 cm−1 with 5-7 cm−1 resolution. 

For a typical measurement, each spectrum was averaged from 60 scans with an integration time of 1 s. 

Raman spectra for the surface dissolution analysis were obtained continuously and each spectrum 

comprised of a single scan with an integration time of 1 s. 

Data pre-processing. The spectra were converted from .spe to .spc file format using 

SpectraGryph 1.2.14.15 The pre-processing was carried out on the raw data to remove cosmic spikes 

(≤3 pixel wide), as well as sources of variation associated with sample focus and incident laser power. 

Due to the transparent nature of uncompressed samples, initial spectra (before significant 

crystallization) were corrected by subtracting the contributions from the glass slide (Figure S1) using 

the scaled subtraction tool in the same software. For a specific spectral region (-300 to 2000 cm-1), scale 

and scattering variation were amended using standard normal variate (SNV) transformation in The 

Unscrambler X 10.4 (CAMO, Oslo, Norway), where contribution from Rayleigh scattering for the LFR 

region was excluded (-15 to 15 cm-1). UV/Vis and LFR spectra collected during the dissolution were 

further averaged in the same software and each represented ~5 s long time frames. 

Calibration data set and partial least squares (PLS) analysis. In order to quantify solid-state 

transformations during the stability testing, a calibration data set was prepared using amorphous 

celecoxib and its thermodynamically stable polymorph - form III. Here, an amorphous celecoxib sample 

was formed by heating ~3g of the crystalline drug (in an aluminum foil pan) to about 170 °C (~10 °C 

above its melting point) and holding it at that temperature for 1-2 minutes (until clear liquid with no 

observable opaque/crystalline regions was observed). Afterwards, the melted phase was quickly 

transferred to an aluminium 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. 

Samples containing 1, 2.5, 5, 10, 25, 50 and 75% w/w of crystalline phase were prepared by a geometric 

mixing or dilution (≤2.5% w/w) method. The PLS regression model was constructed using The 

Unscrambler X 10.4 (CAMO, Oslo, Norway) software and a nonlinear iterative least squares (NIPALS) 

algorithm with 10000 iterations. Raman data were collected and pre-processed using the same 



procedures as described above. Five individual spectra were recorded for each mixture type and 

systematic cross validation with systematically excluded segments (i.e., samples with a specific solid-

state form ratio) was calculated.  

Water sorption. Amorphous celecoxib samples (n=3) were prepared by melt-quenching ~5.5 

mg of crystalline drug inside open aluminium pans using a Discovery DSC (TA Instruments-Waters 

LLC, New Castle, DE, USA) differential scanning calorimeter. The temperature program consisted of 

heating the sample from 20 to 175 °C using a 10 °C/min heating rate, holding the sample isothermally 

at 175 °C for 30 s and cooling it back down to 20 °C using either the “fast equilibration setting” (the 

fastest possible cooling rate) or 30 °C/min cooling rate under a nitrogen flow of 50 mL/min. The 

samples were then quickly transferred to an automated vapour sorption analyser (VTI-SA+; TA 

Instruments-Waters LLC, New Castle, DE, USA), and equilibrated at 0% RH (20 °C) for 15 min under 

a nitrogen flow rate of 50 mL/min. The RH was then increased to 97% and held for up to 24 hours 

(equilibrium criteria: 0.0010% in 99 min).  

Thermogravimetric analysis (TGA). A TGA 55 thermogravimetric analyzer (TA Instruments, 

New Castle, DE) was used to determine the water content of differently prepared melt-quenched 

amorphous celecoxib disks. About 4-5 mg of gently ground powder was loaded into a platinum pan, 

and samples (n=3) were heated at 10 °C/min from 25 °C to 180 °C under constant nitrogen purge (40 

mL/min).  

Powder X-Ray diffraction (PXRD). An X’Pert PANalytical PRO X-ray diffractometer 

(PANalytical, Almelo, The Netherlands) was used for the analysis of samples. The measurements were 

performed at room temperature using Cu Kα radiation (1.54187 Å, 45 kV and 40 mA) and data were 

collected over the range of 5-35° 2Θ with a step size of 0.026° and dwell time of 0.0625 s. 

Dissolution testing. A custom-made, 3D printed flow-through cell14 was used for the surface 

dissolution measurements. Samples were inserted in the cavity (~8.5 mm in diameter; inside a rubber 

O-ring) in the middle of the cell such that only the top surface would be exposed to the dissolution 

medium. It is important to note, however, that due to the fragile nature of the compacts, only a partial 

(half-moon shaped) O-ring was used for these samples, where the disk was gently pushed against the 

sidewall of the cavity. This approach ensured that the bottom surface remained directly inaccessible to 

the dissolution medium during testing. Additionally, an aluminum cylinder was placed beneath the 

samples inside the cavity to adjust their vertical position and prevent acquisition of the Raman signal 

from the 3D printed polymeric material. The cell was connected to the Masterflex L/S peristaltic pump 

(Masterflex, Gelsenkirchen, Germany), dissolution medium reservoir (10 mM pH ≈11.5 trisodium 

phosphate solution maintained at ~37 °C using a temperature-controlled water bath) and quartz UV 

flow-through cell using a silicone tubing in an open loop setup (Figure 1). Throughout the experiment, 

the flow rate was maintained at 9 mL/min, which has been suggested to best imitate the axial velocity 

of the intestine.16 UV measurements were conducted using a DH-Mini UV-VIS-NIR fiber optic light 

source (Ocean Optics Inc., Dunedin, FL, USA) and Flame fiber optic miniature spectrometer (Ocean 

Optics Inc., Dunedin, FL, USA). The data were collected using the OceanView 2.0.7. software (Ocean 

Optics Inc., Dunedin, FL, USA) in the range of 187 to 1031 nm with an optical resolution of ~2 nm, 

and each spectrum comprised of 10 scans with an integration time of 100 ms. For the quantitative 

analysis, a series of standard solutions of celecoxib in phosphate/acetonitrile (1:1 v/v) medium were 

prepared using a previously described methodology.17 This approach allowed to overcome the otherwise 

limited celecoxib aqueous solubility and construct a linear calibration curve in a broad concentration 

range (1-25 µg/mL) from the recorded absorbance values at 255 nm (Figure S2). This particular 

wavelength was selected as it not only coincided with a peak maximum of the celecoxib absorption 

profile, but also eliminated any potential interference from the solvent matrix. Dissolution experiments 

were carried out in triplicate for differently prepared amorphous celecoxib samples (uncompressed and 

compressed at 500 MPa pressure with a 60 s dwell time). For each sample, surface solid-state 

transformations (LFR spectroscopy) and the dissolution profile (UV/Vis) were continuously monitored 

for at least 30 minutes. The area under the dissolution curve (AUC), the highest initial celecoxib 

concentration in solution (Cmax) and time necessary to reach it (tmax) were determined by using numerical 



integration tools in OriginPro 2018 (OriginLab Corp., Northampton, USA) and SpectraGryph 1.2.14.15 

For selected, differently prepared uncompressed and compressed samples, digital images of selected 

areas were recorded using an Alpha 300R+ confocal Raman microscope controlled with Project 5.1 

software (WITec, Ulm, Germany). Furthermore, the wetting behavior of these samples was also studied 

by exposing the surface to 50 µL of aqueous red dye (food color 124) solution for 3 minutes or 10 mM 

trisodium phosphate solution (dissolution medium) for 0.5/15 minutes after which the samples were 

blotted using a soft tissue. Digital images of the top and side surfaces of the samples were recorded 

before and after these experiments.  

 
Figure 1. Schematic of the experimental design for the multimodal surface dissolution data acquisition 

using two different analytical techniques: LFR and UV/Vis spectroscopy. 

Multivariate curve resolution (MCR). This chemometric analysis was performed on the pre-

processed dissolution LFR data using The Unscrambler X 10.4 (CAMO, Oslo, Norway) software with 

applied non-negativity (non-negative spectra/concentration) and closure constraints, and using 

following settings - sensitivity to pure components: 100; maximum number of alternating least squares 

iterations: 10000. 

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 

Initial characterization. We have previously developed a robust approach for preparing 

amorphous celecoxib, which could be directly subjected to compression upon preparation.12 This was 

important as our preliminary results showed significant batch-to-batch variability in supercooled 

recrystallization dynamics when the amorphous phase was ground after the melt-quenching process. 

Nevertheless, the initial Raman spectra for the ground celecoxib appeared to be identical to the 

unground quench cooled glass, making the pre-processed (powdered) amorphous drug appropriate for 

preparing mixtures for the PLS model. Celecoxib has also been shown to be highly sensitive to 

annealing, even at temperatures as low as -50 °C.18 Thus, it was impossible to prepare a larger batch of 

material, which could be pre-processed at once and stored before use. Preparation of the melt-quenched 

phase as individual amorphous celecoxib tablet-shaped disks circumvented these limitations. 

Figure 2 shows a typical Raman spectrum of crystalline (thermodynamically stable form III) and 

amorphous celecoxib. Both phases are characterized by a number of unique spectral features. Form III 

has multiple peaks in the LFR region (<300 cm-1) at around 27, 51, 61, 101, 177 and 249 cm-1. Through 

computational analysis, we have previously associated most of these low energy vibrations with 

complex torsional-type motions.12, 19 In the same spectral range, amorphous phase mostly exhibits a 

broad vibrational density of states (VDOS) feature with few individual peaks at a slightly higher 

wavenumber region (150-300 cm-1). Furthermore, both solid-state configurations have an array of 

unique spectral features in the mid-frequency region (300-1700 cm-1). Thus, Raman spectroscopic data 

served as a good basis for developing a tool for quantitative analysis of particular solid-state forms.   



 

Figure 2. Representative Raman spectra of (a) form III and (b) amorphous celecoxib; full data and mid-

frequency range (insets). Reproduced from Bērziņš et al.12 with permission from the American 

Chemical Society. 

Calibration data and loadings plot of the PLS regression model are shown in Figure 3. A single 

factor was used for constructing the model, and it accounted for 99% of the spectral variance. 

Respective loadings plot revealed that crystalline and amorphous features are predominantly correlated 

with the positive and negative factor space, respectively (Figure 2b). The existence of an outlier for 

form III (the lowest energy vibration; ~27 cm-1) can be rationalized on the basis of relative abundancies 

between this peak and the dominant amorphous phase VDOS contributions in the particular spectral 

domain. The accuracy of the model was estimated based on multiple statistical parameters, including 

root mean square error (RMSE) and correlation coefficient (R2). The performance was assessed on the 

basis of cross validation results. Generally, for a satisfactory prediction capability, specific yet similar 

characteristics for both models are required.20 In particular, the R2 and RMSE values are expected to be 

close to 1 and 0, respectively. The obtained values of 0.993/0.994 and 2.95%/3.14% can be evaluated 

as good when the range of experimental points (i.e., single components and mixtures; 0-100% w/w) 

used for designing the PLS model is considered.  

 
Figure 3. (a) Calibration data and (b) loadings plot of factor 1 of the PLS regression model; spectral 

features attributed to form III and amorphous phase are labeled with (C) and (A), respectively. 

Stability studies. We recently established that susceptibility to compression-induced 

destabilization was altered when amorphous celecoxib was prepared using different cooling rates during 

the melt-quench.12 The differences amongst samples were quickly identified by monitoring the 



crystallization dynamics at high temperatures (in the supercooled melt state of the material). However, 

from a practical standpoint, it is equally important to understand the behavior of such processed phases 

under typical and stress storage conditions. Recent studies have shown that pharmaceutical glasses can 

exhibit vastly different crystallization behavior in the glassy and supercooled states, which is believed 

to be largely related to the changes in molecular mobility (i.e., local and global motions).21, 22 Thus, 

considering the complexity of the experimental design, it was also of interest to determine if the 

previously observed trends12 would translate to the identified crystallization tendencies within this 

study. 

First, the physical stability of uncompressed/compressed samples was monitored at ~20 °C (<5% 

RH); ~30-35 °C below their glass transition (Tg).12 The dry conditions enabled a direct evaluation of 

the temperature effect, i.e., isothermal crystallization behavior in the glassy state. At specific time-

points, samples were measured quasi-spatially across the surface of the disk using LFR spectroscopy 

and slow transformation to form III was observed. The PLS model was used to obtain quantitative 

information on solid-state form composition changes. Overall results were in agreement with earlier 

findings, where the same crystalline phase formed for melt-quenched amorphous celecoxib samples 

stored at similar conditions: ~20 °C and ~10% RH.23 However, crystallization in our experiments 

proceeded much slower, even for some of the compressed samples (Grzybowska et al. reported 

conversion to be complete within 200 hours) possibly due to water uptake disparities,23 but could also 

be related to the differences in preparation method (for example, cooling rate during the melt-quench) 

and/or processing steps taken (for example, grinding), which, unfortunately, were not specified by the 

authors. Figure 4 shows recrystallization profiles for several uncompressed/compressed samples 

procured via fast melt-quenching, where several interesting trends can be recognized. First, more severe 

compression conditions (i.e., higher compression pressure and longer dwell time) caused progressively 

faster crystallization of form III. It is important to note that even compression conditions relevant to 

pharmaceutical manufacturing (for example, 125 MPa pressure with minimal dwell time) significantly 

altered the crystallization behavior. Additionally, with the formation of a substantial amount of 

crystalline phase for the compressed samples, there was a great variation in its content. More 

specifically, formation of the form III was much more rapid towards the edges of the surface when 

compared to the central domain (see Figure S3). In contrast, uncompressed samples exhibited largely 

even surface crystallization. Similar behavior has also been shown for amorphous indomethacin tablets 

stored below the glass transition temperature (at 35 °C), where compression pressure as low as 10 MPa 

promoted significant radial surface crystallization while the core of the tablet remained mostly 

amorphous.7 Huang et al. recently showed that edges and side surface regions generally experience the 

highest shear stress during unlubricated compaction. The finite element analysis revealed that under 

200 MPa compression pressure these areas are expected to be up to 2-10 times more strained.24  

Accordingly, this could explain the observed differences in the compressed celecoxib samples as the 

shear stress can facilitate nucleation and even direct solid-state transformations.25 It is also important to 

note that slow-melt quenched samples exhibited similar tendencies as illustrated in Figure S4.   

  



 

Figure 4. Representative crystallization profiles of individual uncompressed/compressed amorphous 

celecoxib samples (fast melt-quench) stored at ~20 °C; <5% RH (mean ± standard deviation; n = 3). 

The lines are drawn to assist in visualizing the trends.  

For a more detailed comparison, response surface plots (Figure 5) were constructed using a 

characteristic crystallization time for a substantial mean amount of form III (10% w/w). These values 

were calculated using the B-spline interpolation function in OriginPro 2018 (OriginLab Corp., 

Northampton, USA). The uncompressed samples exhibited similar physical stability regardless of the 

preparation method used. However, the affinity for compression-induced destabilization was higher for 

the phases obtained via slow melt-quenching. This was clearly evident from the differences in 

recrystallization behavior for samples compressed using the longest dwell time (60 seconds). 

Interestingly, these general trends were very similar to the ones observed in our previous study at the 

supercooled state.12 Although limited to a single model compound, results imply that kinetic 

information from the supercooled state may potentially be used to predict the compression-induced 

destabilizing effect for a broader temperature range, including normal storage conditions. Such a tool 

is useful for improving the excipient selection/testing process in multi-component amorphous 

formulations, and should be explored further.  

Figure 5. The LFR 10% crystallization response surface plots for amorphous celecoxib samples 

procured via (a) fast or (b) slow melt-quenching and that were compressed using a combination of 

different compression parameters and stored at ~20 °C and <5% RH.  

For samples stored at elevated RH conditions (97%), near complete (>60%) form III crystallization was 

observed within 7 days for all of the samples (Figure 6). Although characterized as a nonhygroscopic 

compound as per the Callahan classification,26 amorphous celecoxib can still sorb significant amounts 



of water, which can then act as a plasticizer and lower the physical stability of the disordered system.27 

As before (i.e., dry conditions; Figure 3), compressed samples crystallized more readily. However, the 

overall differences were less distinct (both in crystallization behavior and form III spatial content; an 

example is shown in Figure S3). This is also pictured by the response surface plots (Figure 7), which 

were constructed using the same approach as above to enable a direct comparison with previous results. 

Surprisingly, while amorphous phases obtained via slow melt-quenching were still more sensitive to 

compression-induced destabilization, their apparent physical stability was slightly higher at these 

storage conditions. The resolved minor and occasionally irrational differences amongst compressed 

phases (for example, ones subjected to 500 MPa pressure and varied dwell time; Figure 7b) were 

assumed to be negligible due to the rapidness of the crystallization process and associated uncertainty 

of the multi-step analysis. This presumption was supported by the surface response plots of a 

crystallization time for higher form III content (30%), where samples compressed at the utmost 

conditions (500 MPa pressure and 60 s dwell time) clearly exhibited the lowest apparent physical 

stability (Figure S6), and still retained the same differentiating trends between phases obtained via fast 

and slow melt-quenching.   

 

Figure 6. Representative crystallization profiles of individual uncompressed/compressed amorphous 

celecoxib samples (fast melt-quench) stored at ~20 °C and 97% RH (mean ± standard deviation; n = 3). 

The lines are drawn to assist in visualizing the trends.  

 
Figure 7. The LFR 10% crystallization response surface plots for amorphous celecoxib samples 

procured via (a) fast or (b) slow melt-quenching and that were compressed using a combination of 

different compression parameters and stored at ~20 °C and 97% RH. 



We hypothesized that the aforementioned discrepancies in the physical stability of differently 

prepared phases are related to their intrinsic interactions with water vapor. Initially, water uptake 

kinetics were monitored ex-situ by placing uncompressed/compressed disks into glass vials and 

weighing them at different time intervals. However, this approach had limited accuracy due to a number 

of factors (namely, hydrophobic nature of the drug, relatively small sample weight and additional water 

absorption/condensation by the sample holders). Therefore, we opted to use an automated vapor 

sorption analyzer, which allowed us to at least compare the water sorption profiles (Figure S7) of in-

situ differently prepared uncompressed phases. The analysis revealed that both sample types sorbed 

similar average maximum amount of water (~1.9-2.2%) with slow melt-quenched samples exhibiting 

only slightly faster water uptake. Nevertheless, in all cases, no crystallization was observed during the 

experiments, which was further confirmed by the PXRD analysis (Figure S8). These results may 

indicate a bigger influence of other factors on the LFR crystallization kinetics such as initial water 

content or intrinsic surface area. Thermogravimetric analysis of amorphous celecoxib disks revealed 

that, on average, there is about 0.1-0.15% difference between the two sample types with fast melt-

quenched samples having higher outset water content. As amorphous celecoxib is known to be sensitive 

to common plasticizers, including water,27 it is possible that even such small disparity could still affect 

the LFR crystallization kinetics, especially considering the very short time-scales of these solid-state 

phase transformations at high RH conditions (Figure 6). Additionally, it is important to note that it 

would be complicated to rectify the water content differences (a likely consequence from using an ice 

bath during the fast quench process) by drying the samples upon preparation. The characteristic rapid 

annealing of glassy celecoxib18 would introduce an additional variable, which may further affect its 

already complex nature to compression-induced destabilization.   

Dissolution. The dissolution experiments were conducted on two differently processed samples 

(uncompressed and compressed at 500 MPa with 60 s dwell time) to represent the two extremes 

explored within this study. Irrespective of the specimen, preliminary results using, for example, pH 6.8 

phosphate buffer showed poor dissolution behavior, potentially due to the coalesced nature of the 

amorphous disks. Thus, we elected to use 10 mM tribasic sodium phosphate solution (pH ≈11.5) as the 

dissolution medium to enhance and accelerate the drug release within rational timescales. Such 

approach (i.e., the use of an alkaline medium) has also been approved by the FDA in order to maintain 

the sink conditions for dissolution of celecoxib capsules.28  



 
Figure 8. Representative (a) UV/Vis and (b) LFR dissolution data of fast melt-quenched, uncompressed 

sample. (c) Respective dissolution profile/MCR crystallization curve of component 2 and (d) MCR 

loadings plots for component 1 and 2. Asterisks (*) denote spectral features related to the organic glass 

cover of the dissolution cell.   

Figure 8 shows representative multimodal dissolution data for a fast melt-quenched, 

uncompressed sample. Herein, both spectroscopic techniques provided a direct insight into the 

dissolution process - UV/Vis highlighted the initial solubility enhancement of the amorphous phase 

(Figure 8a), whereas LFR spectroscopy characterized the solid-state transformations, which rationalize 

the subsequent decrease in the solubility due to the surface crystallization (Figure 8b). More 

specifically, the recorded dissolution profile (Figure 8c; blue curve) resembled a typical “spring” model, 

where the unstable form achieves a concentration that far exceeds the equilibrium solubility, followed 

by its rapid decrease due to the formation of the stable solid form29 as concurrently shown by the 

chemometric analysis of the LFR data (Figure 8c; orange curve). The MCR resolved the system to be 

comprised of two main components (amorphous phase and form III), and their loadings (Figure 8d) 

largely coincided with the Raman spectra presented previously (Figure 2). Some of the observed minor 

differences are likely caused by the presence of dissolution medium as well as interfering (overlapping) 

signals from the organic glass cover (Figure S9). The apparent secondary incline of the form III content 

toward the end of the experiment (here and elsewhere; Figures S10-S11) could potentially be related to 

the proceeding subsurface crystallization of the disk. As our custom-built LFR setup is non-confocal, 

the sampling volume is not restricted to the surface of the specimen. This also coincided with the visual 

observation that only a certain fraction of the disk crystallized as the bottom parts of the retrieved 

specimens after the dissolution test were still amorphous.  

Table 1 presents a summary of different dissolution parameters for the tested samples (individual 

dissolution profiles and MCR curves for each specimen can be seen in the supporting information 



Figures S10-S11), including the area under the dissolution curve (AUC), the highest initial celecoxib 

concentration in solution (Cmax) and time necessary to reach it (tmax). Furthermore, extracted 

crystallization onset values from the MCR analysis of LFR data are also included. These were 

determined as an intersection point between two lines (as per Euclidian geometry) representing the 

induction time and the early stage crystallization. A statistical comparison of all of the aforementioned 

parameters can be seen in Figure S12. 

Table 1. Summary of the dissolution results for the (processed) amorphous celecoxib samples.   

Sample type tmax, min 
Cmax, 

µg/mL 

AUCa, 

min·µg/mL 

tcrystallization onset, 

min 

Fast melt-quench; uncompressed 1.19 ± 0.26b 4.4 ± 0.8 5.8 ± 2.9 2.0 ± 0.6 

Fast melt-quench; compressed with 500 

MPa and 60 s dwell time 
1.17 ± 0.22 15 ± 6  49 ± 31 4.6 ± 0.7 

Slow melt-quench; uncompressed 1.13 ± 0.02 5.6 ± 1.6 8.1 ± 3.9 2.2 ± 0.8 

Slow melt-quench; compressed with 500 

MPa and 60 s dwell time 
1.10 ± 0.23 9.5 ± 1.9 21 ± 6 3.5 ± 0.6 

aAUC = area under the curve. bMean ± standard deviation; n=3.  

Based on this data, several interesting observations were noted. First of all, irrespective of the 

specimen, dissolution was found to be rapid, where the highest apparent celecoxib concentration was 

reached within a time span of 1-1.5 minutes with no significant differences between sample types. 

However, the extent and duration of supersaturation varied. Surprisingly, the compressed samples 

exhibited better dissolution performance than their “as is” counterparts (namely, proportionally higher 

Cmax and AUC values) while also showing some intrinsic differences.  

The first phenomena could be explained by the disparities in the physical appearance of the 

samples. As stated before, compressed samples were fragile, mainly due to biaxial fracture that has been 

illustrated in our previous study,12 and resembled sheet-like assemblies. As such, it is likely that these 

processed amorphous phases also inherent a higher accessible surface area that can influence the 

dissolution rate of a solid, typically described by the Noyes-Whitney equation:30, 31 

𝑑𝐶

𝑑𝑡
=

𝐷𝑆𝐴

𝑉ℎ
(𝐶𝑠 − 𝐶)    (1) 

where 𝐶 and 𝐶𝑠 represent the concentration of the dissolved chemical entity at a given time 𝑡, and its 

solubility concentration, respectively; 𝐷 is the diffusion coefficient, 𝑆𝐴 is the surface area of exposed 

solid, 𝑉 is the accessible volume of the dissolution medium and ℎ is the thickness of the diffusion layer. 

This assumption is supported by surface wetting experiments using an aqueous red dye solution, where 

fast permeation was only observed in the compressed compacts (Figure S13). However, it was puzzling 

to see that both types of compressed samples also exhibited prolonged crystallization onset times (Table 

1) as intuitively faster transformation to the stable solid-state form would be expected. Typically, 

fracture leads to formation of free surfaces and induces fast crystal growth mechanism.32 In addition, 

densification is achieved during the compression that can promote contact between molecules and 

increase the probability of nucleation.33 A possible explanation for this unusual phenomenon may lie in 

the particle/surface morphology and its observed diversity in compressed samples (Figure S14). In an 

interface-driven crystallization, this can potentially cause variability in surface energy and lead to 

changes in crystal growth rates among other properties.34 Additionally, as opposed to uncompressed 

samples, the surface of the compacts notably changed upon contact with the dissolution medium (Figure 

S14e). This may have caused the observed differences in crystallization, where bigger needle-shape 

crystals (characteristic to form III35) and their clusters formed on the unaltered surfaces (Figure S14c), 

potentially indicating their accelerated formation and/or increased growth rates. Nevertheless, complete 

explanation of this unusual observation requires more research.  

The intrinsic differences between similarly processed, but differently prepared (fast or slow melt-

quenched) samples appeared to be more straightforward and could be directly related to the trends 

observed from the stability studies. More specifically, while ultimately statistically insignificant (Figure 



S12), dissolution tendencies were not inconsistent with these results as slow melt-quenched 

uncompressed phases displayed slightly better apparent dissolution characteristics when compared to 

the fast melt-quenched ones that also coincided with the fact that fast melt-quenching preparation 

method yielded samples with a lower physical stability (Figure 7). On the other hand, compacts of slow 

melt-quenched amorphous celecoxib phases exhibited more pronounced sensitivity to compression-

induced destabilization that likely manifested in reduced dissolution performance. This was directly 

illustrated by the relatively shorter crystallization onset times observed from the LFR data (Table 1; 

Figure S12d).  

 
Figure 9. Interplay between different (potential) factors affecting the dissolution behaviour of 

compressed melt-quenched amorphous celecoxib phases.  

We regarded the resultant change in dissolution behaviour of these samples as an interplay 

between various factors that may affect the process differently and exhibit mixed significance (Figure 

9). While it is unlikely that the observed unusual positive effect of compression on the dissolution 

characteristics is compatible with current pharmaceutical manufacturing due to the unique nature of the 

studied samples, its adverse effect can potentially cause serious ramifications. The obtained results 

imply that preparation method of an amorphous API can be influential in ensuring desired product 

performance, and, for example, could be of high importance for procurement of extruded, spray-dried 

or freeze-dried amorphous particles that are formulated into capsules or tablets.  

Significance. This study builds upon existing knowledge and further highlights the complex 

nature of compression-induced destabilization in amorphous APIs. Overall, similar trends to 

compression-induced destabilization were observed in both dry and humid (stressed) storage conditions 

that also coincided with the previously obtained results in the supercooled state.12 This may be an 

indication that a quick screening can be used as a basis for evaluating (and potentially predicting) the 

effect of compression for a broader range of conditions that can also help in formulation development. 

In light of these results, a subsequent study is already planned to be carried out that will focus on 

elucidating the potential role of excipients (including their different interactions with the API) on 

diminishing compression-induced destabilizing effects. Furthermore, to the best of our knowledge, this 

is also the first application of LFR spectroscopy for a direct analysis of coalescent API units during the 

dissolution process. The limited interference from the dissolution media as well as the technique’s 

intrinsic high sensitivity for detecting structural changes in the solid-state, allowed to elucidate the 

(subtle) differences in the dissolution performance between different sample types, and could be further 

applied to similar analyses of multi-component formulations, including commercial solid dosage forms. 

The signal enhancement from the LFR region allows recording of high quality data in very short time-

scales (≤1 s), and, ultimately, grants access for monitoring fast processes otherwise inaccessible via 

other analytical techniques.  

Conclusion 

The effect of compression, an important pharmaceutical processing step for the manufacture of 

solid dosage forms was investigated in relation to the physical stability and dissolution performance of 

melt-quenched amorphous celecoxib samples. Different applied compression pressures (125-500 MPa) 

and dwell times (0-60 s) destabilized the amorphous celecoxib samples (i.e., reduced their physical 

stability) when kept under dry (~20 °C; <5% RH) and humid (~20 °C; 97% RH) storage conditions. 

This effect propagated faster crystallization of the samples that was dependent on the severity of the 

used compression parameters. Furthermore, the extent of this effect was also impacted by the utilized 



cooling rate during the procurement of the amorphous phases, where slow melt-quenched samples 

generally exhibited higher sensitivity to compression-induced destabilization. During the stability 

studies, a high variation in the surface crystallization behavior was also observed for individual 

compacts. More specifically, solid-state transformations were found to be much more rapid toward the 

edges/side surfaces when compared to the central domain. This phenomena was rationalized on the 

basis of other recent studies, which have attributed the aforementioned differences to the disparities in 

the shear stress experienced by these areas during compaction.  

Preparation (melt-quenching) method and compression were also found to have a combined 

effect on the dissolution behavior of these disordered systems. Overall, although compression caused a 

surprising positive effect on the dissolution characteristics, which was attributed to increased surface 

area due to biaxial fracture as well as potentially favorable particle/surface morphology, the sensitivity 

to compression-induced destabilization still appeared to govern the extent of this effect. In other words, 

slow melt-quenched samples displayed hampered dissolution performance when compared to fast melt-

quenched ones due to the higher susceptibility to compression-induced destabilization. Nevertheless, 

future work is necessary to elucidate this phenomena in more detail, especially in relation to 

performance of actual amorphous solid dosage forms. 
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