
Journal Pre-proof

Compatibility and stability studies involving polymers used in fused deposition
modeling 3D printing of medicines

Ihatanderson A. Silva, Ana Luiza Lima, Tais Gratieri, Guilherme M. Gelfuso, Livia L.
Sa-Barreto, Marcilio Cunha-Filho

PII: S2095-1779(21)00111-8

DOI: https://doi.org/10.1016/j.jpha.2021.09.010

Reference: JPHA 683

To appear in: Journal of Pharmaceutical Analysis

Received Date: 23 May 2021

Revised Date: 3 September 2021

Accepted Date: 17 September 2021

Please cite this article as: I.A. Silva, A.L. Lima, T. Gratieri, G.M. Gelfuso, L.L. Sa-Barreto, M. Cunha-
Filho, Compatibility and stability studies involving polymers used in fused deposition modeling
3D printing of medicines, Journal of Pharmaceutical Analysis (2021), doi: https://doi.org/10.1016/
j.jpha.2021.09.010.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

Â© 2021 Xi&apos;an Jiaotong University. Production and hosting by Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.jpha.2021.09.010
https://doi.org/10.1016/j.jpha.2021.09.010
https://doi.org/10.1016/j.jpha.2021.09.010


Compatibility and stability studies involving polymers used in fused 

deposition modeling 3D printing of medicines 

Ihatanderson A. Silva1, Ana Luiza Lima1, Tais Gratieri1, Guilherme M. Gelfuso1, Livia 

L. Sa-Barreto2, Marcilio Cunha-Filho1,* 

1Laboratory of Food, Drug, and Cosmetics (LTMAC), School of Health Sciences, 

University of Brasilia, 70.910-900, Brasília, DF, Brazil. 
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Compatibility and stability studies involving polymers used in fused 1 

deposition modeling 3D printing of medicines 2 

ABSTRACT 3 

One of the challenges for developing three-dimensional printed medicines is related to their 4 

stability due to the manufacturing conditions involving high temperatures. This work proposed 5 

a new protocol for preformulation studies simulating thermal processing and aging of the 6 

printed medicines, tested regarding their morphology and thermal, crystallographic, and 7 

spectroscopic profiles. Generally, despite the strong drug-polymer interactions observed, the 8 

chemical stability of the model drugs was preserved under such conditions. In fact, in the 9 

metoprolol and Soluplus® composition, the drug's solubilization in the polymer produced a 10 

delay in the drug decomposition, suggesting a protective effect of the matrix. Paracetamol and 11 

polyvinyl alcohol mixture, in turn, showed unmistakable signs of thermal instability and 12 

chemical decomposition, in addition to physical changes. In the presented context, establishing 13 

protocols that simulate processing and storage conditions may be decisive for obtaining stable 14 

pharmaceutical dosage forms using three-dimensional printing technology. 15 

Keywords: three-dimensional printing; preformulation; hot-melt extrusion; thermal analysis; 16 

drug-polymer compatibility.  17 
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1. Introduction 18 

Preformulation is an important stage for drug product development, supporting 19 

medicines' manufacturing within quality and stability standards required for regulatory 20 

registration. Such study must be designed under tailored protocols to simulate the processes 21 

involved in pharmaceutical production, identifying possible deleterious interactions among the 22 

formulation components [1]. 23 

Several analytical tools can be used to characterize active pharmaceutical ingredients 24 

and excipients in preformulation studies [2]. Notably, derivative thermogravimetric analysis 25 

(DTG) and differential exploratory calorimetry (DSC) are advantageous in stimulating 26 

accelerated aging during the assay. By monitoring the enthalpy and mass loss involved in phase 27 

transition phenomena and chemical reactions, it is possible to access the sample stability under 28 

virtual processing and storage conditions [3]. In fact, the thermal analysis combined with 29 

spectroscopic and diffractometric measurements proves to be helpful in anticipating 30 

conclusions on drug stability in which the health guidelines of drug stability studies take several 31 

months to reach [4-7]. 32 

Recent studies show the outstanding potential of additive manufacturing in the 33 

pharmaceutical field [8-10], in which fused deposition modelling three-dimensional printing 34 

(3D/FDM) has been proven to be one of the most promising techniques to elaborate drug 35 

products [11]. Notably, a 3D-printed dosage form can have its composition, release kinetics, 36 

shape, and size specifically designed to meet patients' specific needs [12-14]. For this, the raw 37 

materials are initially subjected to pharmaceutical hot-melt extrusion (HME) to form drug-38 

loaded filaments. Then, 3D/FDM printers build medicines under electronic control from these 39 

filaments' melting [15,16]. The filaments used in 3D/FDM printing are composed of plastic 40 

polymers heated in the print nozzle at temperatures above their glass transition and deposited 41 
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in overlapping layers of variable height and dimension on a flat surface with heating control 42 

[17]. 43 

The avant-garde scenario of this recent technology, typical from the engineering of 44 

materials and brought to the pharmaceutical field, carries potential risks to the product stability. 45 

Unlike the usual pharmaceutical manufacturing processes, such as granulation and 46 

compression, in which well-established preformulation protocols can simulate and make 47 

projections about the final product's stability yet, no procedures adapted to the new processes 48 

involved in the 3D printing of medicines were proposed. Furthermore, due to the recent 49 

incorporation of this technology in the pharmaceutical field, little is known about such printed 50 

products' stability, especially those containing thermo-sensitive drugs [18,19]. 51 

Thus, the present study aims to fill the gap between the preformulation of 52 

pharmaceutical dosage forms produced with HME and 3D/FDM printing by proposing a new 53 

protocol involving the simulation of the combined thermal stresses. To this end, four promising 54 

polymers for pharmaceutical use involving such technology were selected (Eudragit® L (EUL); 55 

Plasdone® (PVPVA); polyvinyl alcohol (PVA); and Soluplus® (SOL)), which were tested using 56 

two model drugs, paracetamol (PCM), as a thermoresistant drug; and metoprolol tartrate 57 

(MTL), as a thermosensitive drug. Drug-polymer sets were subjected to thermal stress, aged in 58 

a stability chamber, and evaluated regarding their morphology and thermal, crystallographic, 59 

and spectroscopic profiles. 60 

2. Experimental  61 

2.1. Materials 62 

PCM (lot 1511337) was purchased by Purifarma (São Paulo, Brazil), and MTL (lot FN 63 

81700006) was provided by Purifarma (Anápolis, Brazil). Plasdone® K-29/32 64 

(poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA), lot 002177615) was donated by Ashland 65 
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Specialty Ingredients (Covington, LA, USA), Eudragit® L100 (EUL, methacrylic acid-methyl 66 

methacrylate copolymer, lot B111003013) was provided by Evonik (Essen, Germany), 67 

Soluplus® (SOL, polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol copolymer, lot 68 

84414368E0) was a gift from BASF (Ludwigshafen, Germany), and Parteck® MXP (PVA, 69 

polyvinyl alcohol, lot F1952064) was donated by Merck (Darmstadt, Germany). 70 

2.2. Sample preparation 71 

To test the versatility of the proposed protocol, polymers with different physical-72 

chemical properties, widely used in the pharmaceutical field and easy to adapt to the 3D 73 

printing of medicines were selected. Remarkably, the pH-dependent solubility of EUL, the 74 

rapid aqueous disintegration of PVA, and the high hydrophilicity of SOL and PVPVA enable 75 

the preparation of different drug delivery systems by 3D-printing, such as gastro-resistant [20, 76 

21], immediate-release [22, 23], and orodispersible [24] dosage forms.  77 

Binary mixtures of each model drug (PCM or MTL) and a polymer (EUL, PVPVA, 78 

PVA, or SOL) in 1:1 (m/m) proportion were prepared and submitted to a double heating 79 

treatment, simulating the thermal stress of the manufacturing processes of HME and FDM/3D 80 

printing. Specifically, the samples (binary mixtures and their components alone) were heated 81 

twice in an oven for 2 min each, at temperatures commonly used for extrusion and printing 82 

based on the literature, as following: PVPVA mixtures (100 and 135 ºC [25, 26]); SOL 83 

mixtures (120 and 180 ºC [27]); EUL (120 and 160ºC [28]); and PVA (160 and 180ºC [29, 84 

30]). The oven was equilibrated at each setpoint temperature before the samples were placed. 85 

Moreover, the samples were equilibrated at room temperature between the two heating 86 

processes. 87 

Additionally, the double-heated samples were subjected to an accelerated stability 88 

protocol. Briefly, the samples in open containers were aged at 40 ºC and 75% of relative 89 

humidity in a stability chamber (Nova Ética®, São Paulo, Brazil) for 3 months and analyzed at 90 
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different times (15, 30, 60, and 90 days) according to the assays described as follows based on 91 

the FDA recommendations [4]. 92 

2.3. Thermal analysis 93 

Thermal analysis tests were performed in the binary mixtures before and after double 94 

heating and accelerated aging at different times, as well as in the compounds alone subjected 95 

to the same treatments. Samples were evaluated by differential scanning calorimetry (DSC) 96 

performed in a previously calibrated DSC-60A equipment (Shimadzu®, Kyoto, Japan) using 97 

approximately 5 mg of the samples placed in aluminum crucibles. The equipment operated 98 

under a dynamic N2 atmosphere (50 mL/min) at 10 ºC/min from 30 to 450 ºC. The drug 99 

crystallinity in each mixture was calculated based on the drug melting enthalpy as supplied in 100 

percentage following the equation [31]:  101 

Drug crystallinity = ΔHM /ΔHdrug x 100, 102 

where ΔHM is the drug melting enthalpy in the mixtures, and ΔHdrug is the melting enthalpy of 103 

the drug as supplied. 104 

Thermogravimetric determinations were performed using approximately 5 mg of the 105 

samples placed in platinum crucibles under a 50 mL/min nitrogen flow using a Shimadzu DTG-106 

60H (Kyoto, Japan). The equipment was operated at 10 ºC/min in the range of 30-450 ºC. 107 

Thermal data were processed by the TA software version 2.21 (Shimadzu, Kyoto, Japan) and 108 

plotted with the OriginPro software version 9.65 (Originlab Corp., Northampton, MA, USA). 109 

2.4. X-ray powder diffraction (XRPD) 110 

XRPD spectra were obtained in a Bruker D8 Discover (Karlsruhe, Germany) for 111 

untreated and “aged-90d” samples. For this analysis, the diffraction patterns were obtained on 112 

angles in the range of 5 to 60º (2Ɵ) in scan speed of 2º/min and step size of 0.02º. 113 
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2.5. Fourier transform infrared spectroscopy (FTIR) 114 

Infrared spectra of binary mixtures and their components alone (untreated, double 115 

heated, and aged) were recorded in a transmittance range from 600 to 4.000 cm-1 (optical 116 

resolution of 4 cm-1) in a Varian 640 FTIR spectrometer (Agilent Technologies, Santa Clara, 117 

CA, USA). Comparisons among untreated and treated samples were performed, calculating the 118 

correlation coefficient using the Essential FTIR software version 3.50 (Operant LLC, Burke, 119 

VA, USA) [7]. 120 

2.6. Microphotographs 121 

The morphological aspect of the samples (untreated, double heated, and aged) was 122 

analyzed by optical microscopy using a stereoscope connected to a video camera 123 

(Laborana/SZT, São Paulo, Brazil). The images were plotted using the Microsoft Windows 124 

Paint software version 4.1, and no masks or filters were applied to the original pictures. 125 

3. Results and discussion 126 

3.1. Thermal processing of the selected model drugs  127 

HME and 3D printing processes involve temperatures much higher than those required 128 

in the traditional pharmaceutical production of solid dosage forms, even considering operations 129 

that also demand heating, such as drying or granulation. Moreover, even temperatures 130 

considered low for HME/FDM processing are conditions of high thermal stress for 131 

pharmaceutical systems [32]. Despite the speed involved in the HME and 3D printing, which 132 

takes only a few minutes to be performed, in both processes, temperatures above 100 ºC are 133 

required, which can affect the stability of the dosage form, entailing a non-desirable 134 

degradation [15, 18]. Therefore, the study's protocol was designed to investigate 135 
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physicochemical repercussions on selected model drugs' stability when inserted in polymeric 136 

matrices under heating and aging. 137 

PCM was chosen as a thermostable drug because it has also been used as a model in 138 

several other studies [33-35]. In fact, according to the DTG analyzes, the decomposition of this 139 

drug occurred in one step at high temperatures, in the range of 200-305 ºC (Table 1). The 140 

heating used in this study to simulate HME processing and 3D printing was in the range of 141 

160-180 ºC, which is relatively out of the drug decomposition interval. The DSC profile of the 142 

PCM alone submitted to double heating and subsequently aged in a climatic chamber showed 143 

these treatments practically did not cause changes in the drug's melting event, which remains 144 

in the same temperature range (Tpeak around 171 ºC). The PCM decomposition profile did not 145 

change either, even after 90 days of aging, with a Tpeak of DTG at 295 ºC. 146 

The FTIR bands of the PCM functional groups were also preserved in all conditions 147 

analyzed (Fig. S1). The correlation coefficients between the spectra of the untreated drug and 148 

the treated samples showed values between 0.90 and 0.93, confirming the preservation of the 149 

drug's chemical stability under such conditions. Nevertheless, the samples' heating was enough 150 

to stimulate drug melting and subsequent recrystallization without altering the drug's 151 

crystalline phase, as demonstrated by the X-ray diffraction spectra (Fig. S2A). 152 

MTL, in turn, was chosen as a thermosensitive model drug [36-38]. Indeed, the DTG 153 

showed an intense mass loss in the range of 170 to 240 ºC. Unlike PCM, the heating used to 154 

simulate the extrusion and printing processes (160 and 180 ºC, respectively) involves 155 

temperatures that could trigger the drug's chemical decomposition. The DSC of the double 156 

heated and aged samples showed a shift of the drug melting to lower temperatures, more 157 

markedly over time, reaching a change of 4 ºC in the case of MTL aged-90d, with a reduction 158 

of about 15% in its enthalpy (Table 1). 159 
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Despite this, the FTIR spectra of the MTL samples submitted to accelerated aging 160 

showed a high correlation coefficient with the untreated sample (above 0.9), evidencing that 161 

although the drug chemical decomposition is a possibility, as suggested by the thermal data, 162 

such a deleterious process is only initial and does not compromise the sample to a great extent. 163 

Indeed, the main drug FTIR bands are all recognized in MTL aged-90d (Fig. S3). Also, the 164 

drug crystals have the same original crystalline phase, with a minor oscillation of the baseline, 165 

indicating traces of the amorphous drug in the sample (Fig. S2B). 166 

3.2. Thermal processing and aging of the polymeric matrices with PCM 167 

Due to successive HME and 3D/FDM printing, thermal stress may increase the risk of 168 

possible harmful interactions between the drug and the excipients used to produce 3D-printed 169 

medicines [18]. Unlike capsules and tablets, in such modern medicines, a more intrinsic contact 170 

is established between the formula components, i.e., the drug is embedded in the polymer, 171 

creating intermolecular interactions such as van der Waals forces and hydrogen bonds. In this 172 

sense, the development of adapted protocols to verify drug-excipient compatibility is of even 173 

greater importance to guarantee drug products' stability. 174 

The incorporation of PCM into EUL did not change the thermal profile of the drug. 175 

Indeed, both the melting event and the typical decomposition profile of PCM appeared 176 

practically unaffected even after the accelerated aging of the samples (Figs. 1 and 2). The 177 

infrared spectra corroborate these findings, showing all the bands corresponding to the drug 178 

functional groups, with a high correlation coefficient (above 0.9) of the fresh sample compared 179 

to the treated and/or aged samples (Fig. 3). It endorses the chemical compatibility between 180 

these components in such processing conditions. 181 

Still, the results of XRPD showed the maintenance of the original crystalline phase of 182 

PCM, which presented the prominent diffraction peaks at 15.5°, 18.2°, 23.5°, 24.4, and 26.5° 183 

2Ɵ (Fig. 4). However, an increased amorphous component was observed in the PCM-EUL 184 
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“aged-90d” sample, suggesting the aging may have stimulated interaction among the mixture 185 

components leading to partial solubilization of the drug in the polymer, which is corroborated 186 

by a drug crystallinity of 62.8%, as calculated by DSC (Table 1). A similar effect was recently 187 

reported in matrix tablets of acrylic polymers containing PCM [39]. The literature shows that 188 

EUL has a high affinity for PCM by establishing hydrogen bonds with this drug's amide group 189 

[40]. Optical microscopy images corroborate this hypothesis by showing the formation of 190 

slightly yellow agglomerates (Fig. 4). 191 

PCM-PVPVA systems, on the other hand, showed substantial thermal changes in the 192 

DSC (Fig. 1). Notably, the peak of drug melting has completely disappeared, even in the 193 

untreated samples, indicating a strong drug-polymer thermal interaction. In contrast, XRPD 194 

diffractograms reveal that the drug has a crystalline profile in samples with PVPVA (Fig. 4) 195 

and DTG data indicate that the drug's decomposition profile did not reveal changes, with its 196 

decomposition intervals in agreement with the PCM alone (Fig. 2).  197 

These findings indicate that the intense thermal interaction between these components 198 

observed by DSC is due to the solubilization of the drug in the polymer matrix during this 199 

analysis since it is possible to identify PCM diffraction peaks in the binary mixture. In fact, the 200 

infrared spectra showed that the bands corresponding to the PCM's functional groups could be 201 

identified without modifications, with a great correlation between the spectra of the untreated 202 

mixtures and stressed samples (r>0.95). The smoothing of the band at 1258-1224 cm-1 203 

corresponding to C-N stretching may be related to the drug solubilization in the polymer and 204 

the formation of hydrogen bonds (Fig. 3). 205 

The aging of the PCM-PVPVA under high relative humidity conditions caused a visible 206 

water uptake and agglomerates' formation (Fig. 4); however, without causing damage to the 207 

sample's chemical stability. This polymeric matrix's hygroscopicity is reported in other studies 208 

[29, 41], suggesting the storage of printed medicines based on this polymer should be placed 209 
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using impermeable packaging. Also, the PCM's diffractometric profile could be recognized in 210 

samples with a maximum level of aging (Fig. 4). Still, an increased amorphous component was 211 

noted regarding the drug's solubilization in PVPVA, as suggested by the DSC profile. Thus, 212 

the PCM was compatible with PVPVA even in extreme temperature conditions, such as a 213 

previously reported study for the physical mixture of these components without involving 214 

simulated conditions of double heating and aging [42]. 215 

Differently from the two pairs of drug-polymer mentioned to this point, in which the 216 

thermo-resistant model drug was compatible with the polymeric vehicles EUL and PVPVA 217 

despite the thermal stress and accelerated aging, a different outcome was observed for the 218 

system containing PVA. The DSC profile presented in Fig. 1 showed that in the untreated 219 

sample, there is an anticipation of drug melting at around 5 ºC, indicating an interaction 220 

between them. Such thermal interaction seems to decrease with the samples' aging, which 221 

exhibited less intense changes in the drug melting. 222 

In turn, DTG showed that while the decomposition profile of PCM is recognized in the 223 

untreated PCM-PVA with Tonset at 203 ºC (Fig. 2), the sample that underwent double heating 224 

revealed a change in the degradation profile, which included the anticipation of decomposition 225 

by about 15 ºC. This stability loss is accentuated in the PCM-PVA “aged-90d”, whose 226 

decomposition starts at 185 ºC, even before the end of the drug melting event. 227 

The FTIR spectra of these samples plotted in Fig. 3 revealed intensity loss of the bands 228 

corresponding to the drug's functional groups, especially in the bands at 1609 and 1562 cm-1, 229 

corresponding to the aromatic C=C stretching and N-H bending, respectively. Also, the band 230 

at 1258-1224 cm-1 corresponding to the C-N stretching lost definition. Consequently, these 231 

samples' correlation coefficients presented reduced values (in the range of 0.7 to 0.8). 232 

Such findings together suggest chemical reactions involving the drug. Moreover, the 233 

morphology of the sample PCM-PVA “aged-90d” revealed a marked darkening of the powder, 234 
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showing brownish crystals (Fig. 4). This is also observed as oscillations in the X-ray 235 

diffractogram baseline, especially in the range of 17° and 23° 2Ɵ, suggesting an amorphous 236 

profile of the degradation products arising from the chemical reactions between the 237 

components (Fig. 4). 238 

In this combination of PCM and PVA, the double heating to simulate extrusion and 3D 239 

printing processes highlight the tendency to deleterious chemical reactions between the drug 240 

and the polymer, making clear the chemical incompatibility under customary conditions of 241 

pharmaceutical production had not been observed yet. In fact, this polymer was used in 242 

different pharmaceutical systems containing PCMs such as pellets, nanoparticles, and 243 

microemulsions, without showing signs of incompatibility [43-45]. 244 

Finally, SOL showed a strong affinity for PCM according to the DSC profiles exhibited 245 

in Fig. 1. While in the untreated mixture, the drug melting appeared quite wide; this event 246 

disappeared after the double heating, suggesting the complete solubilization of the drug in the 247 

polymeric matrix after the thermal treatment. Moreover, the mass loss profile of these samples 248 

occurs in the same temperature range, with minor oscillations, according to the DTG data (Fig. 249 

2). We also observed small changes in the PCM characteristic bands (Fig. 3), which may be 250 

caused by establishing interactions with the polymer, such as hydrogen bonds, particularly in 251 

the band at 1649 cm-1 related to the drug carbonyl group [26]. The sample with the maximum 252 

degree of aging (PCM-SOL “aged-90d”) preserves the drug's crystalline profile, although quite 253 

attenuated due to the high drug-polymer interaction observed in this sample (Fig. 4). Still, the 254 

sample's morphology revealed aggregates' formation without any color change, corroborating 255 

the chemical stability of this mixture. 256 

3.3. Thermal processing and aging of the polymeric matrices with MTL 257 

The system MTL-EUL showed a strong thermal interaction between the components 258 

after the double heating, with the disappearance of the melting event in the DSC curve of this 259 
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sample, indicating complete solubilization of the drug in the polymeric matrix after such 260 

thermal processing (Fig. 5). In aged samples, a small crystallization of the drug can be seen 261 

involving reduced enthalpy. Even so, the thermal decomposition profile of MTL can be 262 

recognized in all evaluated samples (Fig. 6). Notably, the Tonset involving the first stage of mass 263 

loss by decomposition at 169 ºC shows oscillations of only a few degrees even after forced 264 

aging. Interestingly, this formulation's aging caused an unexpected water uptake in the sample, 265 

up to 7% in MTL-EUL “aged-90d”.  266 

The predominantly amorphous diffractometric profile of the MTL-EUL in the aged-267 

90d sample confirms the drug remains mostly dissolved in the polymeric matrix even after 268 

forced aging. As observed by optical microscopy, the glassy morphology of this sample 269 

corroborates this conclusion (Fig. 7). The hygroscopicity of MTL was possibly accentuated in 270 

its amorphous form, which explains the uptake of water under conditions of high relative 271 

humidity storage [46]. 272 

Even so, based on FTIR results, it is possible to reject the sample decomposition since 273 

the functional groups of the drug are preserved in the spectra, including the sample with the 274 

highest degree of aging (MTL-EUL “aged-90d”). Furthermore, the correlation coefficients of 275 

the untreated sample's spectrum and the aged samples showed values consistently above 0.9 276 

(Fig. 8), thus corroborating the drug-polymer compatibility. Similar findings have been found 277 

in matrix MTL systems containing different acrylic polymers produced using heating [47, 48]. 278 

In the system containing MTL and PVPVA that underwent double heating, a slight 279 

broadening of the melting peak was observed, with an anticipation of 2-6 ºC. This thermal 280 

interaction is accentuated with the sample aging, possibly due to the plasticizing effect of this 281 

polymer's water uptake [29]. The DTG curves suggest this association does not impair the 282 

drug's stability since the first decomposition mass loss event occurred in the same temperature 283 

range as the MTL alone (Fig. 6). Additionally, the samples' infrared spectra did not show 284 
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changes in the bands of the drug's functional groups, showing a high correlation with the 285 

untreated sample (Fig. 8). The vitreous aspect and strong amorphous component in the sample 286 

based on the XRPD spectra confirm the partial drug solubilization in the polymeric matrix (Fig. 287 

7). 288 

The MTL samples mixed with PVA or SOL showed signs of strong drug-polymer 289 

interaction with the almost disappearance of the drug melting event, suggesting drug 290 

solubilization in the polymeric matrices after the double heating that simulates the extrusion 291 

and 3D printing processes (Fig. 5). The microscopical appearance of the aged samples was 292 

glassy and without color changes. Also, their diffractometric profile had a crystalline 293 

component that coincides with the initial crystalline phase of the MTL, presenting the main 294 

diffraction peaks at 10.6°, 11.9°, 19.4°, 20.3°, 23.1°, and 24.0° 2Ɵ (Fig. 7). However, there is 295 

still a strong amorphous component in the mixture, corroborating the DSC findings. 296 

In the composition containing MTL and PVA, the decomposition profile obtained by 297 

DTG was compatible with what was observed for the drug alone (Fig. 6). In contrast to PCM-298 

PVA, there is no morphological or color change in aged MTL-PVA samples (Fig. 7). The 299 

infrared spectra showed only oscillations of bands, which can be attributed to the interactions 300 

established by the components due to the solubilization of the drug in the polymeric matrix, 301 

confirming their chemical compatibility with each other (Fig. 8). 302 

In the mixture containing MTL and SOL, the interaction between the components 303 

changes the mixture's decomposition profile, whose temperature range occurs at least 10 304 

degrees later than expected, suggesting a protective effect of the polymer matrix. Moreover, in 305 

some samples of this mixture, we observed attenuation and displacement of infrared bands, 306 

particularly those bands at 3,455 and 1,512 cm-1 corresponding to stretching and bending of 307 

NH group, respectively, which can be attributed to the formation of hydrogen bonds. The 308 

sample with the longest aging time (MTL-SOL “aged-90d”) showed a high correlation with 309 
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the untreated mixture in the FTIR spectra, proving the chemical integrity of MTL, despite the 310 

strong drug-polymer interaction which, in this case, produces positive consequences for the 311 

stability of the system. Similar results were achieved with SOL-HME systems loading 312 

carbamazepine and itraconazole [49, 50]. 313 

Thus, the preformulation protocol used in this study allowed to simulate the thermal 314 

stresses involved in the HME and 3D/FDM printing processes rapidly and straightforwardly 315 

with reliable results, using analytical tools accessible to the routine of pharmaceutical 316 

production. 317 

4. Conclusions 318 

This study, involving two model drugs with different sensitivity to temperature and four 319 

polymeric matrices, showed despite the thermal stress accumulated in the double thermal 320 

processing of the samples and their forced aging, there are good prospects that these drug 321 

products have adequate stability for commercialization. 322 

Even in certain circumstances, interactions with polymers act as a protective factor to 323 

the drug, as observed between the thermosensitive drug MTL and SOL. In contrast, drug-324 

excipient incompatibilities that can go unnoticed in conventional solid dosage forms can 325 

negatively affect 3D printing medicines due to thermal inheritance and the close relationship 326 

between the formulation's components as observed in the association of PCM and PVA. In this 327 

context, establishing protocols that simulate processing and storage conditions proposed in this 328 

work can be decisive for obtaining stable pharmaceutical dosage forms using this new 329 

technology. 330 
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FIGURES CAPTIONS  473 

Fig. 1. DSC curves of PCM as supplied and binary systems PCM-EUL, PCM-PVA, PCM-474 

PVPVA, and PCM-SOL untreated and subjected to double-heating and different aging times 475 

(30, 60, and 90 days). The PCM melting peak is shaded. 476 

Fig. 2. DTG curves of PCM as supplied and binary systems PCM-EUL, PCM-PVA, PCM-477 

PVPVA, and PCM-SOL untreated and subjected to double-heating and different aging times 478 

(30, 60, and 90 days). The onset decomposition temperature and the temperature peaks of the 479 

decomposition phases are indicated. 480 

Fig. 3. FTIR spectra PCM as supplied and binary systems PCM-EUL, PCM-PVA, PCM-481 

PVPVA, and PCM-SOL untreated and subjected to double-heating and different aging times 482 

(30, 60, and 90 days). The bands related to the PCM functional groups are highlighted in the 483 

spectra and correlated with its chemical structure. The correlation coefficient (r) among the 484 

untreated and treated samples is also displayed.  485 

Fig. 4. XRPD diffractograms and optical micrographs of PCM as supplied and binary systems 486 

PCM-EUL, PCM-PVA, PCM-PVPVA, and PCM-SOL untreated and aged. The characteristic 487 

peaks of crystal PCM are shaded in diffractograms (15.45°, 18.15°, 23.45°, 24.35°, 26.50°). 488 

The photomicrography magnification was 4.5×. Tirar um pouco o brilho da foto de PCT-EUL 489 

90d. 490 

Fig. 5. DSC curves of MTL as supplied and binary systems MTL-EUL, MTL -PVA, MTL -491 

PVPVA, and MTL -SOL untreated and subjected to double-heating and different aging times 492 

(30, 60, and 90 days). The MTL melting peak is shaded. 493 

Fig. 6. DTG curves of MTL as supplied and binary systems MTL-EUL, MTL-PVA, MTL-494 

PVPVA, and MTL-SOL untreated and subjected to double-heating and different aging times 495 
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(30, 60, and 90 days). The onset decomposition temperature and the temperature peaks of the 496 

decomposition phases are indicated. 497 

Fig. 7. XRPD diffractograms and optical micrographs of MTL as supplied and binary systems 498 

MTL-EUL, MTL-PVA, MTL-PVPVA, and MTL-SOL, untreated and aged. The characteristic 499 

peaks of crystal MTL are shaded in diffractograms (10.55°, 11.85°, 19.35°, 20.30°, 23.10°, 500 

23.95°). The photomicrography magnification was 4.5×. 501 

Fig. 8. FTIR spectra MTL as supplied and binary systems MTLM-EUL, MTL-PVA, MTL-502 

PVPVA, and MTL-SOL untreated and subjected to double-heating and different aging times 503 

(30, 60, and 90 days). The bands related to the PCM functional groups are highlighted in the 504 

spectra and correlated with its chemical structure. The correlation coefficient (r) among the 505 

untreated and treated samples is also displayed. 506 
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Table 1. DTG data for weight loss (%) occurring up to 350, together with DSC results for melting peak (°C) and 

drugs crystallinity (%) of PCM and MTL as supplied and its binary systems untreated and subjected to greater 

aging time (90d). NA = not assessed. 

Sample 

DSC DTG 

Melting peak (°C) Crystallinity (%) Mass loss (%) 

Untreated Aged 90d Untreated Aged 90d Untreated Aged 90d 

PCM 171.2 170.9 100 91.1 100 100 

PCM-EUL 170.2 171.8 62.8 77.7 43.4 45.3 

PCM-PVA 166.1 169.8 100 79.4 98.6 80.8 

PCM-PVPVA 170.1 NA 0.4 5.9 43.8 59.6 

PCM-SOL 162.7 157.1 55.9 10.2 63.5 49.5 

MTL 125.1 121.9 100 86.5 95.2 92.5 

MTL-EUL 124.8 113.3 56.8 69.9 45.5 51.6 

MTL-PVA 125.3 127.0 91.2 96.2 74.3 67.7 

MTL-PVPVA 124.9 122.3 70.2 60.8 62.1 61.9 

MTL-SOL 124.9 115.4 100 38.0 54.3 50.2 
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Highlights 

 

o Preformulation protocol was proposed to guide the development of 3D-printed 

medicines 

o Drug models were able to support thermal processing equivalent to FDM/3D 

printing 

o Soluplus showed a protective effect for metoprolol after double heating and aging   

o Paracetamol and PVA mixture demonstrated incompatibility under heating 

processing  
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