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Abstract 1 

In situ amorphization is an approach that enables a phase transition of a crystalline drug to its 2 

amorphous form immediately prior to administration. In this study, three different 3 

polyvinylpyrrolidones (PVP K12, K17 and K25) were selected to investigate the influence of the 4 

molecular weight of the polymer on the degree of amorphization of the model drug indomethacin 5 

(IND) upon microwaving. Powder mixtures of crystalline IND and the respective PVP were 6 

compacted at 1:2 (w/w) IND:PVP ratios, stored at 54 % RH and subsequently microwaved with a 7 

total energy input of 90 or 180 kJ. After storage, all compacts had a similar moisture content (~10 % 8 

(w/w)). Upon microwaving with an energy input of 180 kJ, 58 ± 4 % of IND in IND:PVP K12 9 

compacts was amorphized, whereas 31 ± 8 %  of IND was amorphized by an energy input of 90 kJ. 10 

The drug stayed fully crystalline in all IND:PVP K17 and IND:PVP K25 compacts. After 11 

plasticization by moisture, PVP K12 reached a Tg below ambient temperature (16 ± 2 °C) indicating 12 

that the Tg of the plasticized polymer is a key factor for the success of in situ amorphization. DSC 13 

analysis showed that the amorphized drug was part of a ternary glass solution consisting of IND, PVP 14 

K12 and water. In dissolution tests, IND:PVP K12 compacts showed a delayed initial drug release 15 

due to a lack of compact disintegration, but reached a higher total drug release eventually. In 16 

summary, this study showed that the microwave assisted in situ amorphization was highly dependent 17 

on the Tg of the plasticized polymer. 18 

Keywords: in situ amorphization, microwave, glass solution, solid dispersion, PVP, amorphous, 19 

indomethacin 20 
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1. Introduction 21 

Due to the introduction of high-throughput screening and combinatorial chemistry in the early 90s 22 

[1], it is estimated that the majority of low molecular weight (‘small molecule’) drugs in the pipeline 23 

of the pharmaceutical industry today are poorly water soluble [2-4]. To make such compounds 24 

‘druggable’, tailor made enabling formulations are often needed [5].  25 

It is well known that the amorphous form of a drug possesses a higher apparent solubility and a faster 26 

intrinsic dissolution rate compared to the crystalline form [6]. As such, polymeric glass solutions are 27 

a promising approach to improve the solubility and dissolution characteristics of small molecule drugs 28 

[7-9]. In a glass solution, the drug is present in its amorphous form and molecularly dispersed in an 29 

amorphous polymer network, commonly formed by a hydrophilic polymer [10]. The function of the 30 

polymer in a glass solution is primarily to stabilise the amorphous form of the drug physically [11]. 31 

Polymers with a high glass transition temperature can limit the molecular mobility of the drug within 32 

these systems and hereby prevent, or at least slow down, recrystallization of the amorphous drug [12], 33 

which is a major concern when formulating amorphous drugs. The stability of such systems is, 34 

however, highly dependent on the storage temperature and humidity. On the one hand, high 35 

temperatures (and plasticization due to moisture) can increase the mobility of the polymer chains, and 36 

thus, facilitate recrystallization of the amorphous drug [13]. On the other hand, a too low temperature 37 

can reduce the solubility of the drug in the polymer and facilitate drug nucleation [14]. Although 38 

some drugs have been introduced to the market in form of glass solutions [15], physical stability 39 

during long-term storage remains a challenge [16]. 40 

‘In situ amorphization’ is a concept that addresses this particular issue [17-20]. The idea behind in 41 

situ amorphization is 1) to amorphize a drug within the given formulation and 2) to allow 42 

amorphization to take place immediately before the administration of the formulation. This implies 43 

that simple, non-industrial amorphization techniques need to be used. The deliberate ‘in situ 44 

amorphization’ has so far been realised with two different approaches. Priemel et al. demonstrated in 45 

situ amorphization of crystalline indomethacin (IND):Eudragit® E PO compacts at drug-to-polymer 46 

ratios of 3:1, 1:1 and 1:3 (w/w) when these were placed into 900 mL phosphate buffer for 1 h [18]. 47 

At the chosen pH of 6.8, Eudragit® E PO, which is a weakly basic polymer, can slightly swell but 48 

not dissolve. When placed into the phosphate buffer, the compact’s appearance turned from white to 49 

yellow, which indicated that IND turned amorphous. Physicochemical characterization of the dried 50 

compacts and dissolution tests at pH 4.1 confirmed the assumption that indeed an in situ 51 
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amorphization had occurred. The authors reported a dissolution advantage of the in situ amorphized 52 

samples under gastric pH conditions (pH 4.1) compared to samples not exposed to phosphate buffer, 53 

i.e. compacts containing the drug in its crystalline form. Doreth et al. developed this approach further 54 

using only 50 mL of water for the in situ amorphization process [20], demonstrating that also 55 

ibuprofen and naproxen were suitable candidates for in situ amorphization with Eudragit® E PO. In 56 

both studies by Priemel et al. and Doreth et al., it was assumed that water had two functions: 1) to 57 

plasticize the polymer, giving the polymer chains flexibility and creating space within the polymer 58 

network and 2) to dissolve a (small) part of the drug, which enables the integration of the drug into 59 

the polymer network on a molecular level.  60 

Using a different approach, Doreth et al. achieved a partial in situ amorphization of indomethacin by 61 

microwave irradiation of a compact, containing initially crystalline IND and the hygroscopic polymer 62 

polyvinylpyrrolidone K12 (PVP K12) at a 1:2 (w/w) IND:PVP K12 ratio, using a household 63 

microwave at different power-time combinations [20]. The authors demonstrated that in situ 64 

amorphization was dependent on the moisture content within the compacts and the energy input by 65 

microwave irradiation. After microwaving the compacts, which had the highest moisture content (9.8 66 

% w/w) with high energy input settings (90 kJ), up to 80 % of the initially crystalline drug turned 67 

amorphous. The intrinsic dissolution behavior of the in situ amorphized samples was significantly 68 

improved compared to physical mixture compacts containing the crystalline drug and showed a 69 

similar intrinsic dissolution behavior compared to a fully amorphous quench cooled glass solution of 70 

the same components.  71 

It is important to notice that for the production of conventional glass solutions, hygroscopic polymers 72 

and polymers with a low Tg are often problematic, as absorbed moisture can lower the Tg of the 73 

polymer and a low Tg increases molecular mobility [21-24]. The risk of drug recrystallization would 74 

thus be enhanced. Considering this, the use of Eudragit® E PO (Tg 54 °C [19]) and 75 

polyvinylpyrrolidone K12 (Tg 110 °C; highly hygroscopic [20]) would likely be unsuitable for the 76 

development of a conventional glass solution. However, for an in situ amorphized glass solution, the 77 

long term physical stability of the amorphized product is of minor importance as the amorphization 78 

could in principle happen immediately before administration. Conceptually, the in situ amorphization 79 

process might even benefit from a low Tg of the polymer as molecular mobility is required for the 80 

amorphization process and moisture is required to transfer energy from the microwaves to the 81 

compact. In the above mentioned microwave study it was shown that a higher moisture content of the 82 
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compacts was advantageous for the microwave assisted in situ amorphization [20]. It is, however, 83 

unknown to which extent the Tg of the polymer contributes to the success of the in situ amorphization. 84 

Hence, in this study, the effect of the molecular weight (and thus Tg) of PVP on microwave assisted 85 

in situ amorphization was investigated. Compacts of the crystalline BCS II drug IND and three PVPs 86 

with different molecular weights (PVP K12, K17 and K25, with molecular weights of 2,000 – 3,000 87 

g/mol, 7,000 – 11,000 g/mol and 28,000 – 34,000 g/mol, respectively) at a 1:2 (w/w) IND:PVP ratio 88 

were conditioned at 54 % RH for a minimum of two weeks and subsequently microwaved at 300 W 89 

for 5 or 10 min, resulting in a total energy input of 90 kJ and 180 kJ, respectively. To get a deeper 90 

understanding of the importance of the polymer and its interaction with water, the relation between 91 

molecular weight, glass transition temperature and plasticization on the resulting in situ 92 

amorphization of the initially crystalline drug in the compacts was studied. Understanding of the 93 

influence of these factors may help identifying new drug-polymer systems for microwave assisted in 94 

situ amorphization.  95 

2. Materials and methods 96 

2.1. Materials 97 

γ-indomethacin (IND) was purchased from Fagron (Copenhagen, Denmark). The three different 98 

grades of polyvinylpyrrolidone, Kollidon® 12 PF (PVP K12), Kollidon® 17 PF (PVP K17) and 99 

Kollidon® 25 (PVP K25) were a gift from BASF (Ludwigshafen, Germany). Magnesium nitrate 100 

hexahydrate was obtained from VWR International BVBA (Leuven, Belgium). Sodium chloride, 101 

0.5 M hydrochloric acid, and 1 M sodium hydroxide solution were obtained from Fisher Scientific 102 

(Loughborough, United Kingdom). Sodium dihydrogen phosphate and sodium acetate trihydrate 103 

were purchased from Sigma-Aldrich Company Ltd (Dorset, United Kingdom). All materials were 104 

used as received. 105 

2.2. Methods 106 

2.2.1. Preparation of compacts 107 

Physical powder mixtures (PM) were prepared by mixing IND and PVP (K12, K17 or K25) 108 

gently with mortar and pestle at a 1:2 (w/w) IND:PVP ratio. 100 mg of the PM was 109 

subsequently compacted, using a custom-made manual press (Sirius Analytical Instruments 110 

Ltd., Forest Row, United Kingdom) and an 8 mm die assembly with flat faced punches. 111 
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Compacts were produced at a compaction force of 29 MPa and were compressed for 1 min. 112 

After compaction, the compacts were stored at ambient temperature in a desiccator containing 113 

a saturated solution of magnesium nitrate, resulting in a relative humidity of 54 % RH, for a 114 

minimum of two weeks.  115 

2.2.2. Microwaving process 116 

For the microwaving process, a household microwave oven NN-DF383BGPG from 117 

Panasonic (Hamburg, Germany) was used, containing an in-built mode stirrer to assure an 118 

even microwave distribution. The microwave oven was equipped with the inverter 119 

technology, allowing a real power reduction without pulsing the radiation on and off as 120 

commonly used in household microwaves [25-27]. Compacts were placed upright standing 121 

on a polypropylene watch glass into the microwave. Polypropylene cannot absorb microwave 122 

radiation and hence, does not heat up during microwaving. Passive heating through 123 

conduction between the sample holder and the compact could hereby be avoided. Samples 124 

were microwaved with 300 W for either 5 or 10 min, resulting in a total energy input of 90 125 

and 180 kJ. A beaker with 150 mL of tap water, glass beads and a glass rod was additionally 126 

placed in the cooking chamber of the microwave. As the samples had a comparatively low 127 

amount of radiation absorbing matter, the additional water could absorb the surplus radiation, 128 

preventing it from returning to the microwave oven’s energy source and thus, damaging the 129 

magnetron.  130 

2.2.3. Light microscopy 131 

To capture visual changes of the samples after storage and microwaving, compacts were 132 

broken into halves. The cross sections were photographed with a SteREO Discovery V8 133 

microscope 142 equipped with an Axiocam ICc1 and 60N-C camera adapter from Zeiss A/S 134 

(Birkerød, Denmark). 135 

2.2.4. Scanning electron microscopy (SEM) 136 

Compacts were broken into halves to analyze the cross-sectional surface area of the samples. 137 

Samples were coated with gold under argon vacuum with a Sputter Coater 108auto 138 

(Cressington Scientific Instruments Ltd., Watford, United Kingdom) and imaged with a 139 

Hitachi Analytical Compactop SEM TM3030 scanning electron microscope (Hitachi High-140 
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Technologies Europe GmbH, Krefeld, Germany). The micrographs were taken at a 300-fold 141 

magnification.  142 

2.2.5. Moisture content 143 

The moisture content of IND:PVP compacts after storage at 54 % RH, as well as after 144 

microwaving with 90 kJ or 180 kJ, was analyzed with an infrared balance (Moisture Analyzer 145 

LJ16, Mettler Toledo, Greifensee, Switzerland). A ground compact (approx. 100 mg) was 146 

placed in the aluminium sample holder and heated up to 120 °C and weight loss was 147 

determined as a function of time. The measurement automatically stopped when the change 148 

in weight was less than 2 mg/30 s. 149 

2.2.6. X-ray powder diffraction (XRPD) 150 

XRPD analysis was performed with a PANalytical X’Pert Pro diffractometer (Eindhoven, The 151 

Netherlands) using Cu Kα radiation (λ = 1.54187 Å). The diffractograms were recorded in 152 

reflection mode from 5 to 35 °2θ using a step size of 0.026 °2θ at 45 kV and 40 mA. For the 153 

measurements, the compacts were ground using a mortar and pestle. 20 mg of the samples 154 

were weighed and evenly distributed on silicon zero diffraction plates. The area under the 155 

reflection peak at 21.8 °2θ, which was the most distinct reflection of IND, was integrated 156 

using OriginPro 2015 software (OriginLab Corporation, Northampton, MA, US). Residual 157 

crystallinity was calculated by using the area under this peak of the respective physical 158 

mixtures as a 100 % value. Samples were measured in triplicate. 159 

2.2.7. Differential scanning calorimetry (DSC) 160 

Thermal analysis was conducted using a Discovery DSC from TA instruments (New Castle, 161 

USA). Compacts were ground with a mortar and pestle and 2-8 mg of the powders were used 162 

for analysis in Tzero aluminium pans with closed aluminium lid. The glass transition 163 

temperatures (Tgs) were determined with a modulated heating set up (mDSC), using a heating 164 

rate of 3 °C/min and an amplitude of 1 °C/min over a period of 50 s. To determine the Tg of 165 

IND as well as the quench cooled glass solutions, quench cooling was performed in the DSC 166 

by heating the samples above the melting point of IND to 170 °C, keeping them isothermal 167 

for 3 min and cooling them down to 0 °C before thermal analysis was performed as described 168 

above. The three pure polymers were first heated to 120 °C and kept isothermal for 1 min to 169 

remove adsorbed moisture before the Tgs were analyzed in a second heating run. Pure polymer 170 
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compacts, stored at 54 % RH for a minimum of two weeks, were analyzed in hermetic sealed 171 

pans to determine the Tgs of the plasticized polymer.  172 

2.2.8. Dissolution testing 173 

The dissolution behavior of the microwaved compacts was tested using a Sirius inForm 174 

robotic dissolution tester (Sirius Analytical Instruments Ltd., Forest Row, United Kingdom). 175 

40 mL dissolution medium (0.1 M phosphate buffer pH 6.5) was automatically prepared 176 

within the vessel and heated to 37 °C immediately before the start of the test. The compact 177 

was then added manually to the vessel into a tailor-made compact holder. The stirring rate of 178 

the paddle stirrer was set to 100 rpm and measurements were run for 4 h in triplicate. One of 179 

the runs was prolonged and drug dissolution was measured over 7 h to better predict the further 180 

development of drug release. Drug release was monitored using an in-line UV-probe with a 181 

path length of 1 mm. The molar extinction coefficient (MEC) of IND was determined with 182 

the Sirius inForm and calculated with the inForm refine software 2014 (Forest Row, United 183 

Kingdom) [28]. The MEC was then used for an automated calculation of the drug release, 184 

using the range of absorbance between 300 – 400 nm.   185 

2.2.9. Crushing strengths 186 

The crushing strength of compacts, microwaved with 180 kJ, was recorded with a Dr. 187 

Schleuniger® 8M compact tester (Pharmatron, Solothurn, Switzerland). 188 

2.2.10. Disintegration time 189 

The disintegration time of the compacts was determined, using a ‘Pharma Test’ disintegration 190 

tester (Hainburg, Germany). The test was conducted in accordance with the European 191 

Pharmacopeia 9.0 monograph ‘Disintegration of compacts and capsules’ 2.9.1. Method A. 192 

The disintegration medium was the same as described for the dissolution study.  193 

2.2.11. Solubility testing 194 

100 mg of the respective drug polymer PM were suspended in 20 mL of the buffer (pH 6.8) 195 

and mixed for 48 h at 37 °C before the solution was filtered and analyzed with a UV 196 

spectrophotometer (Evolution 300, Thermo Scientific, Cambridge, United Kingdom) at 318 197 

nm. The 8-point standard curve was linear over a range from 2-84 mg/L (r2=0.9997). For 198 
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quantification, samples were diluted, resulting in an absorbance of approximately 0.6 199 

correlating to a concentration of 34 mg/L. 200 

3. Results and Discussion 201 

In our previous study on microwave assisted in situ amorphization, compacts of IND:PVP K12 were 202 

stored in a desiccator over saturated solutions of three different salts resulting in storage humidities 203 

of 32%, 43 % and 54 % RH, respectively. It could be shown that compacts stored at the highest 204 

humidity had absorbed most moisture and subsequently showed the highest amorphization rate of the 205 

drug (80 %) upon microwaving [20]. Hence, in the current study, compacts were again stored over a 206 

saturated solution of magnesium nitrate, which resulted in a RH of 54 % at ambient temperature. The 207 

different grades of PVPs used in this study (K12, K17 and K25) differed in their average chain 208 

lengths, i.e. in their average molecular weight. Whilst the number of end groups in the different PVPs 209 

varies, the overall chemical structure is the same, and thus their hygroscopicity was also expected to 210 

be similar. As can be seen in table 1, all compacts had gained around 10 % of moisture during storage 211 

at 54% RH. However, there was a trend of slightly increased moisture content with increasing 212 

molecular weight of the polymer. 213 

Table 1: Moisture content in compacts after storage at 54 % RH for a minimum of two weeks, calculated moisture loss during 214 
microwaving with 90 kJ or 180 kJ and remaining moisture content after microwaving determined with an infrared balance, n=3 ± 215 
standard deviation (SD) 216 

 IND:PVP K12 IND:PVP K17 IND:PVP K25 

Moisture content 
after storage 
[% w/w] 

9.9 ± 0.9 10.5 ± 0.7 12.3 ± 1.0 

Microwaving 
power 

90 kJ 180 kJ 90 kJ 180 kJ 90 kJ 180 kJ 

Moisture loss 
upon microwaving 
[% w/w] 

1.3 ±0.2 2.2 ± 0.1 5.2 ± 0.3 6.6 ± 0.8 5.8 ± 0.5 7.4 ± 0.8 

Remaining 
moisture after 
microwaving 
[% w/w] 

8.6 7.7 5.3 3.9 6.5 4.9 

3.1. Visual appearance of the compacts 217 

After compaction, all compacts, independent of the polymer type, had a similar white color (data 218 

not shown). After storage at 54 % RH, changes were visible for IND:PVP K12 compacts (Figure 219 

1). These compacts, containing the PVP with the lowest molecular weight, changed color to a 220 
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slightly darker shade. In contrast, the compacts containing PVP K17 or PVP K25 stayed visually 221 

unchanged when subjected to 54 % RH for a minimum of two weeks. When the compacts were 222 

stored at dry conditions, over silica gel, the initial white appearance remained unchanged for all 223 

compacts, confirming that the visual changes in IND:PVP K12 compacts were moisture related 224 

(Figure 1). Upon microwaving, IND:PVP K12 compacts adopted a deep yellow color, for both 225 

90 and 180 kJ energy input. This is an indication for the amorphization of the drug IND [29]. At 226 

the higher energy input (180 kJ) the glassy appearance of the IND:PVP K12 compacts was 227 

stronger than at the lower energy input (90 kJ) and a slight deformation of these compacts was 228 

observed (Figure 1). For IND:PVP K17 compacts, only minor color changes in the core of the 229 

compacts were visible after microwaving with 90 kJ or with 180 kJ. Even though compacts 230 

containing PVP K25 showed the highest water content (Table 1), which was a critical factor for 231 

the success of amorphization in the previous study [20], these compacts did not undergo any 232 

visual changes upon microwaving, independent of the energy input.  233 

 234 

Figure 1: Microscope pictures of the cross section of IND:PVP K12, IND:PVP K17 and IND:PVP K25 compacts (diameter = 10 mm) 235 
after storage at dry conditions (silica gel), 54 % RH (saturated solution of magnesium nitrate) and after subsequent microwaving 236 
with an energy input of 90 kJ and 180 kJ.  237 

In the corresponding SEM micrographs of the compact’s cross sections (Figure 2), it becomes 238 

apparent that the particle structure of IND:PVP K12 compacts had changed upon storage at 54 % 239 

RH. These compacts had adopted a smooth inner structure whereas no change was visible upon 240 

storage at dry conditions (silica gel). In contrast, IND:PVP K17 and IND:PVP K25 compacts did 241 

not show any changes after storage, neither over silica gel, nor at 54 % RH.  242 

Upon microwaving with 90 kJ or 180 kJ, the cross sectional surface of IND:PVP K12 compacts 243 

showed large homogeneous areas, which may be a sign for a glass solution formation. However, 244 

a small number of residual particles were left, embedded in the smooth areas. IND:PVP K17, 245 
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compacts also showed changes upon microwaving. In these samples, minor smooth areas had 246 

formed, which were surrounded by a high number of particles. In contrast, IND:PVP K25 247 

compacts, retained their particulate structure even after microwaving (independent of the energy 248 

input).  249 

The SEM findings (visual change in structure and porosity) may explain why IND:PVP K12 250 

compacts absorbed slightly less moisture (9.9 ± 0.9 % w/w), compared to IND:PVP K25 compacts 251 

(12.3 ± 1.0 % w/w) (Table 1), as the pore network diminished upon storage. This change in 252 

structure may furthermore explain why less moisture could evaporate upon microwaving of 253 

IND:PVP K12 compacts, compared to the IND:PVP K17 and IND:PVP K25 compacts (a 254 

moisture loss of 2.2 ± 0.1 %, 6.6 ± 0.8 and 7.4 ± 0.8 % was determined for PVP K12, PVP K17 255 

and PVP K25, respectively).  256 

The visual and SEM appearances of the compacts after storage and microwaving suggest that 257 

IND was amorphized in compacts containing the PVP with the lowest molecular weight (PVP 258 

K12) and stayed crystalline within the PVP with the highest molecular weight (PVP K25), 259 

whereas some amorphization may have occurred in samples containing PVP K17. To confirm 260 

these assumptions, physico-chemical analyses of the microwaved samples were performed.  261 

 262 

Figure 2: Scanning electron micrographs of the cross section of IND:PVP K12, IND:PVP K17 and IND:PVP K25 compacts after storage 263 
at dry conditions (silica gel), 54 % RH (saturated solution of magnesium nitrate) and after subsequent microwaving with an energy 264 
input of 90 kJ and 180 kJ. 265 
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3.2. Glass solution formation 266 

X-ray powder diffraction (XRPD) was conducted to determine the residual crystallinity of IND 267 

in the microwaved samples. All samples, independent of polymer type and energy input showed 268 

reflections in the diffractograms (data not shown), implying that no full amorphization of IND 269 

was achieved. Since the position of all reflections in the microwaved samples were identical with 270 

the reflections of the PM and pure γ-IND, no polymorphic changes were found. To determine the 271 

residual crystallinity of IND in the microwaved samples, the most distinct reflection at 21.8 °2θ 272 

was integrated and the area under the peak determined. These values were compared to the 273 

respective IND:PVP physical mixtures, which represented the 100 % values for the calculations. 274 

The results of the calculated residual crystallinity of the microwaved samples, plotted against the 275 

energy input are shown in Figure 3. All drug in IND:PVP K25 compacts remained fully crystalline 276 

independent of the energy input during microwaving, which confirmed the findings from their 277 

visual appearance. Surprisingly, no decrease in crystallinity was found in microwaved IND:PVP 278 

K17 compacts. Even though the visual appearance after microwaving showed a marginal color 279 

change in the core of IND:PVP K17 compacts, the crystallinity of IND remained at 99 ± 1 % 280 

(when microwaved at 180 kJ). However, after storing a pure PVP K17 compact without drug at 281 

54 % RH and microwaving it with 180 kJ, also the pure polymer showed a slight color change in 282 

the core, whereas the shell remained white (Figure 4). Hence, the color change in IND:PVP K17 283 

compacts was not related to an amorphization of IND, which also may explain why no further 284 

changes appeared when the energy input was increased.  285 
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 286 

Figure 3: Residual crystallinity of IND:PVP K12, IND:PVP K17 and IND:PVP K25 compacts, microwaved with an energy input of 90 or 287 
180 kJ, determined by the area under the peak at 21.8 °2θ and compared to non-stored, non-microwaved samples. 288 

The only compacts which showed a decrease in crystallinity of IND were those containing the 289 

polymer with the lowest molecular weight, PVP K12. This decrease in crystallinity in IND:PVP 290 

K12 compacts was further dependent on the energy input. The residual crystallinity of IND after 291 

microwaving with 90 kJ was 69 ± 8 % and 42 ± 4 % when the energy input was increased to 180 292 

kJ. Hence, in samples microwaved with 180 kJ, 58 ± 4 % of the initial crystalline IND had turned 293 

amorphous. These values deviate from the results of a previous study on microwave assisted in 294 

situ amorphization, where up to 80 % of the drug could be amorphized [20]. This may have 295 

occurred due to several factors such as differences in tablet composition, a different compaction 296 

pressure and different tablet sizes.   297 

Even though all compacts, independent of the polymer, had a similar initial moisture content, as 298 

was shown in Table 1, only compacts containing PVP K12, were able to amorphize IND upon 299 
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microwaving. These findings showed that the initial water content of the compacts cannot be the 300 

only essential factor for a successful microwave amorphization.  301 

 302 

Figure 4: Microscope picture of the cross section of a pure PVP K17 compact after storage at 54 % RH and subsequent microwaving 303 
with an energy input of 180 kJ. 304 

Differential scanning calorimetry (DSC) was conducted to study the thermal behavior of the 305 

microwaved samples and to analyze if a homogeneous glass solution had been formed. 306 

Furthermore, the effect of water on the polymer was investigated. The results are summarised in 307 

Table 2.  308 

After water was removed in a first heating run, the pure polymers, PVP K12, PVK K17 and PVP 309 

K25, showed Tgs at 108.8 ± 0.1 °C, 142.3 ± 0.8 °C and 154.9 ± 0.2 °C, respectively. These results 310 

correlated with the increasing polymer chain lengths, and were in good agreement with the 311 

literature [30]. When the pure polymers were compressed into compacts and stored at 54 % RH, 312 

the polymers were strongly plasticized by adsorbed moisture and the Tgs were found at 16.4 ± 2.2 313 

°C, 39.6 ± 0.8 °C, 50.3 ± 2.1 °C, respectively. Upon storage at 54 % RH, the compact of pure 314 

PVP K12 lost its shape and formed a transparent and glassy solid droplet, which was due to the 315 

polymer being in the supercooled liquid state at ambient temperature (data not shown). Hence, 316 

these samples could not be microwaved. PVP K17 and PVP K25 compacts still retained their 317 

shape and were subsequently microwaved with 180 kJ. These compacts lost the absorbed moisture 318 

during microwaving and their Tgs became similar to those of the initial dry PVPs (PVP K17, 180 319 

kJ: 143.4 ± 1.6 °C; PVP K25, 180 kJ: 155.1 ± 0.3 °C).  320 

The Tg of the fully amorphous glass solutions of IND:PVP K12, IND:PVP K17 and IND:PVP 321 

K25, prepared by quench cooling within the DSC, were at 73.1 ± 1.1 °C, 95.6 ± 5.5 °C and 105.2 322 

± 0.4 °C, respectively. The corresponding theoretical values for the fully amorphous IND:PVP 323 

glass solutions were calculated, using the Fox equation: 324 

1
𝑇𝑔𝐼,𝐼𝐼

=
𝑤1

𝑇𝑔𝐼
+
𝑤𝐼𝐼

𝑇𝑔𝐼𝐼
 325 
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where TgI,II is the theoretical Tg of a fully amorphous IND:PVP glass solution (in K), TgI and TgII 326 

are the Tgs of IND (TgI = 320.1 K) and the respective PVP (TgII = 382.0 K, 415.5 K or 428.1 K) 327 

and wI and wII their weight fractions (0.333 and 0.667 at a 1:2 (w/w) IND:PVP ratio). The 328 

theoretical Tg value of e.g. IND:PVP K12 was calculated to be 85.7 °C, which was higher than 329 

the experimentally found value (73.1 ± 1.1 °C). This temperature difference may be explained 330 

by residual moisture (Tg water = -138 °C [31]), as PVP is highly hygroscopic, which makes it 331 

difficult to obtain a completely water free glass solution, even after quench cooling [32]. Using 332 

the Fox equation (where TgI and TgII are the Tgs of IND:PVP and water, respectively) suggests 333 

that the quench cooled glass solutions still may have contained approx. 2 % water, which would 334 

decrease the Tg of the IND:PVP K12 glass solution by 13 °C. Similar temperature differences 335 

were found between the experimentally determined Tg values for the quench cooled IND:PVP 336 

K17 and IND:PVP K25 glass solutions and their theoretical Tg values (Table 2).  337 

In the stored and subsequently microwaved (90 kJ and 180 kJ) IND:PVP K12 samples, two Tgs 338 

were found. The first Tg, (Tg1) of the IND:PVP K12 samples was found at 35.6 ± 0.8 °C and 44.8 339 

± 0.5 °C, after microwaving with 90 kJ and 180 kJ, respectively. These values were much lower 340 

than for the quench cooled IND:PVP K12 glass solution. From the determination of the moisture 341 

content after microwaving (Table 1), it was known that these microwaved IND:PVP K12 samples 342 

contained 8.6 % and 7.7 % residual moisture, respectively. The theoretical moisture content in 343 

the microwaved IND:PVP K12 samples, which was again calculated with the Fox equation was 344 

9.8 % and 7.8 % for 90 kJ and 180 kJ, respectively, i.e. in good agreement with the experimental 345 

values. The above-mentioned Tgs at 35.6 ± 0.8 °C and 44.8 ± 0.5 °C could therefore be assigned 346 

to a ternary glass solution of IND, PVP K12 and water. 347 

In the IND:PVP K12 sample microwaved with 90 kJ, a second Tg, Tg2, was found at 114.2 ± 2.9 348 

°C and could be assigned to the ‘residual’ pure polymer (108.8 ± 0.1 °C), which had not become 349 

a part of the glass solution. The IND:PVP K12 sample, microwaved with 180 kJ, showed in two 350 

out of three samples a second Tg, Tg2, at 97.0 °C. Since IND:PVP K12 compacts microwaved 351 

with 180 kJ contained less moisture than the samples microwaved with 90 kJ (Table 1), it seemed 352 

unlikely that the lowered Tg, compared to pure PVP K12 (108.8 ± 0.1 °C), was due to moisture. 353 

However, a plausible reason may be that the Tg (97.0 °C) of PVP K12 was lowered by a small 354 

amount of integrated IND. Independent of the energy input, the change in heat capacity (Δcp) of 355 

Tg2 (90 kJ: 0.132 ± 0.054 J/gK; 180 kJ: 0.118 J/gK) was significantly lower than the Δcp of Tg1 356 
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(90 kJ: 0.277 ± 0.045 J/gK; 180 kJ: 0.221 ± 0.069 J/gK), implying that only a small fraction of 357 

free polymer was left. 358 

Two out of three IND:PVP K17 samples, microwaved with 90 kJ, showed a faint Tg1 (Δcp: 0.030 359 

J/gK) at around 99 °C. When these samples were heated to 110 °C and the pan was opened for 360 

visual inspection, the powder still had a white appearance. Thus, this Tg1 was not related to a 361 

glass solution formation, but to a small amount (small Δcp) of PVP K17, which was plasticized 362 

by residual moisture. Tg2 of IND:PVP K17 samples (microwaved with 90 kJ) was found in all 363 

replicates (134.6 ± 2.0 °C; Δcp 0.341 ± 0.076 J/gK) and close to the Tg of quench cooled PVP 364 

K17 (142.3 ± 0.8 °C). Tg1 was thus related to free PVP K17 slightly plasticized by water. When 365 

IND:PVP K17 compacts were microwaved with 180 kJ only the higher Tg2 was found (131.9 ± 366 

0.7 °C, Δcp 0.358 ± 0.015 J/gK), which was slightly higher compared to the Tg2 of IND:PVP 367 

K17 (90 kJ), as more water had evaporated under these microwaving conditions (see Table 1).   368 

In IND:PVP K25 samples, microwaved with 90 kJ or 180 kJ two Tgs were found. However, 369 

additional tests clarified that the Tg1 found at 134.7 ± 1.1 °C (90 kJ) and 134.5 ± 2.1 °C (180 kJ) 370 

was not related to PVP K25 plasticized by moisture but the consequence of a heating artefact. 371 

Due to the low heating rate (3 °C/min), which was needed in order to apply modulation, IND had 372 

time to dissolve into the polymer during the heating process. In additional DSC tests with 373 

IND:PVP K25 samples, the DSC pans were opened at 140 °C, and the initially white powder 374 

samples had turned intensively yellow, during the DSC heating run, indicating that this Tg was 375 

not related to the original sample. However, Tg2 could be assigned to residual pure polymer. The 376 

change in heat capacity of this sample was comparatively low (0.029 ± 0.010 J/gK), why it could 377 

be suggested that most of the PVP K25 had fused together with IND during the DSC heating. 378 

Collectively, these results confirm the findings of the XRPD analysis, which showed that only 379 

IND within IND:PVP K12 samples had turned (partly) amorphous upon microwaving with 90 380 

and 180 kJ. DSC analysis could furthermore reveal that the amorphous IND was part of a ternary 381 

glass solution, consisting of IND, PVP K12 and residual moisture. IND:PVP K17 and IND:PVP 382 

K25 compacts stayed fully crystalline upon microwaving, even though IND:PVP K25 compacts 383 

had the highest initial water content. It is furthermore important to notice that PVP K12 was the 384 

only polymer, which upon storage at 54 % RH possessed a Tg below room temperature, implying 385 

that PVP K12 had transformed from the glassy into the supercooled liquid state. To understand 386 

the impact of this transformation, one has to contemplate the mechanism of microwave heating. 387 
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In order for molecules to transform electromagnetic radiation into heat, the molecules need not 388 

only to be able to align with the oscillating electromagnetic field, but also be able to quickly 389 

convert back into an unordered state (relaxation) before a new field force is applied [33]. If both 390 

events are possible, molecular friction occurs, which is the essential step to generate heat [26, 391 

34]. The ability of relaxation is in general dependent on the molecular weight and the molecular 392 

mobility of the molecule [33]. As PVP K12, upon storage at 54 % RH, was present in the 393 

supercooled liquid state, the polymer chains possessed a significantly increased flexibility 394 

compared to PVP K17 and PVP K25. Hence, water molecules in IND:PVP K12 samples had an 395 

increased molecular mobility.  396 

Table 2: Glass transition temperatures (midpoint, °C) with corresponding change in heat capacity (Δcp in J/gK) of stored (54 % RH) 397 
and microwaved (90 kJ, 180 kJ) polymers and IND:PVP samples, quench cooled glass solutions and corresponding theoretical values 398 
calculated by the Fox equation. Results are shown as average of n=3 ± SD. 399 

SAMPLE Tg 1 in °C 
Δcp (Tg1) in 
J/gK  Tg2 in °C Δcp (Tg2) in J/gK 

pure IND 46.9 ± 0.2 0.390 ± 0.011 - - 

PVP K12 108.8 ± 0.1 0.273 ± 0.011 - - 
PVP K12 (54 % RH) herm 16.4 ± 2.2 0.374 ± 0.052 - - 
PVP K12 (54 % RH, 180 kJ) not microwavable 
IND:PVP K12 (54 % RH, 90 kJ) 35.6 ± 0.8 0.277 ± 0.045 114.2 ± 2.9 0.132 ± 0.054 
IND:PVP K12 (54 % RH, 180 kJ) 44.8 ± 0.5 0.221 ± 0.069 97.0* 0.118* 
IND:PVP K12 qc 73.1 ± 1.1 0.340 ± 0.019 - - 
IND:PVP K12 qc theoretical value**** 85.7 - - - 

PVP K17 142.3 ± 0.8 0.260 ± 0.005 - - 
PVP K17 (54 % RH) herm 39.6 ± 0.8 0.314 ± 0.038 - - 
PVP K17 (54 % RH, 180 kJ) 143.4 ± 1.6 0.215 ± 0.037 - - 
IND:PVP K17 (54 % RH, 90 kJ) 99.3*,** 0.030* 134.6 ± 2.0 0.341 ± 0.076 
IND:PVP K17 (54 % RH, 180 kJ) - - 131.9 ± 0.7 0.358 ± 0.015 
IND:PVP K17 qc 95.6 ± 5.5 0.313 ± 0.008 - - 
IND:PVP K17 qc theoretical value**** 104.8 - - - 

PVP K25 154.9 ± 0.2 0.276 ± 0.014 - - 
PVP K25 (54 % RH) herm 50.3 ± 2.1 0.339 ± 0.009 - - 
PVP K25 (54 % RH, 180 kJ) 155.1 ± 0.3 0.286 ± 0.012 - - 
IND:PVP K25 (54 % RH, 90 kJ) 134.7 ± 1.1 0.172 ± 0.010 152.6 ± 0.3 0.031 ± 0.004 
IND:PVP K25 (54 % RH, 180 kJ) 134.5 ± 2.1 0.191 ± 0.059 152.4 ± 0.5 0.029 ± 0.010 
IND:PVP K25 qc 105.2 ± 0.4 0.278 ± 0.012 - - 
IND:PVP K25 qc theoretical value**** 111.6 - - - 

* 2 out of 3 tested samples showed this Tg 400 
** white at 110 °C 401 
***yellow at 140 °C 402 
**** Fox equation 403 
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3.3. Dissolution behavior 404 

To analyze the dissolution behavior of the microwaved samples, compacts were analyzed under 405 

non-sink conditions at pH 6.8. When samples had been microwaved with 90 kJ (Figure 5a), 406 

IND:PVP K17 and IND:PVP K25 compacts, which both contained fully crystalline IND, showed 407 

similar dissolution profiles. These samples showed a fast onset of the drug release within the first 408 

30 min after which the release decelerated towards a plateau (C7h IND:PVP K25: 305 µg/mL). 409 

Surprisingly, IND:PVP K12 compacts, which were partly amorphous, showed a significantly 410 

slower onset of drug release compared to IND:PVP K17 and IND:PVP K25 samples but reached 411 

a similar concentration level after 7 h (C7h = 285 mg/mL). Since XRPD measurements had 412 

confirmed that 31 ± 8 % of IND was in its amorphous form after microwaving, the drug might 413 

have recrystallized during dissolution as many IND crystals were present in the compact, 414 

facilitating the recrystallization process of the residual amorphous material. This might explain 415 

why IND:PVP K12 samples, microwaved with 90 kJ did not reach a higher drug release.  416 

IND:PVP K17 and IND:PVP K25 samples, microwaved with 180 kJ (Figure 5b), showed similar 417 

release profiles as when microwaved with 90 kJ samples. The higher energy input had no effect 418 

on the amorphization of these samples and thus also no effect on their dissolution behavior. 419 

However, an influence of the energy input on the dissolution profile was seen for IND:PVP K12 420 

samples. Interestingly, IND:PVP K12 microwaved with 180 kJ showed an even slower initial 421 

drug release compared to the sample microwaved with 90 kJ.  422 

To understand the release profiles of the different IND:PVP formulations, the compact crushing 423 

strength and disintegration time of these compacts was measured. Whilst the fully crystalline 424 

IND:PVP K17 and IND:PVP K25 samples were comparatively soft after microwaving with 180 425 

kJ (crushing strengths IND:PVP K17: 12 ± 3 N; IND:PVP K25: 11 ± 1 N), the partly amorphous 426 

IND:PVP K12 samples showed a higher crushing strength (22 ± 6 N). The samples also differed 427 

with respect to the disintegration time. Whilst IND:PVP K17 and IND:PVP K25 samples, 428 

microwaved with 180 kJ, disintegrated within 7 ± 1 min and 12 ± 1 min respectively, IND:PVP 429 

K12 compacts underwent a surface erosion process and needed nearly 4 h until they eventually 430 

disintegrated. The slow onset of drug release was hence related to a lack of disintegration of 431 

microwaved IND:PVP K12 compacts.  432 

IND:PVP K12 samples microwaved with 180 kJ, only reached the concentration level of 433 

IND:PVP K17 and IND:PVP K25 samples after 3 h. However, after this time point the 434 
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concentration of IND exceeded the concentration levels of the IND:PVP K17 and IND:PVP K25 435 

compacts. After 4 h and 7 h, concentrations of 327 µg/mL and 371 µg/mL were reached, for the 436 

IND:PVP K12 compacts. This was at and above the experimentally determined thermodynamic 437 

solubility of this compound (cs = 326 ± 22 µg/mL (see section 2.2.11)), a value in accordance with 438 

literature [35]. It should also be noted that a plateau was not reached within the experimental run-439 

time.  440 

441 

 442 

Figure 5A and 5B: Dissolution profiles of IND:PVP K12, IND:PVP K17 and IND:PVP K25 compacts, microwaved with 90 kJ (5a) or 180 443 
kJ (5b).   444 
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4. Conclusions 445 

This study showed that the success of microwave assisted in situ amorphization was not only 446 

dependent on the energy input and the initial water content within the compacts, but also on molecular 447 

weight (and thus the Tg of the polymer). The three utilized PVP types, PVP K12, PVP K17 and PVP 448 

K25 contained a similar amount of water (~10 % w/w), which was an important criterion for the 449 

success of amorphization in a previous study, where IND:PVP K12 compacts were tested [20]. In the 450 

current study, XRPD analysis showed that only when using PVP with the lowest molecular weight 451 

(PVP K12) partial amorphization of IND could be achieved. The DSC results also showed that the 452 

amorphous IND was part of a ternary glass solution, containing IND, PVP K12 and water. PVP K12 453 

was the only polymer that, after plasticization by moisture, reached a Tg that was below ambient 454 

temperature. Hence, PVP K12 was in its supercooled liquid state before microwaving. The success 455 

of amorphization might hence be a combination of energy input to produce heat within the system 456 

and the presence of moisture to plasticize the polymer, such that the Tg was below storage temperature 457 

(which was only the case for PVP K12 in the present study). When microwaved with 180 kJ, 58 ± 4 458 

% of the initial crystalline IND in IND:PVP K12 samples turned amorphous. In the dissolution tests, 459 

these samples showed a slow initial drug release, which was connected to a change of the initial 460 

particulate structure towards a firm, homogeneous network that led to a lack of disintegration. 461 

However, these samples still showed a superior drug release over time, compared to samples without 462 

amorphized IND.  463 

The findings in this study advanced the understanding of microwave assisted in situ amorphization 464 

and may support the selection of new drug-polymer combinations. Further studies are, however, 465 

required to optimize the amorphization process to enable a complete amorphization of the drug and 466 

to address the disintegration problem.  467 
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