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Abstract 31 

 32 

The anthelmintic FDA-approved flubendazole has shown potential to be repositioned to treat cancer and 33 

dry macular degeneration, but its poor water solubility limits its use. Amorphous solid dispersions may 34 

overcome this challenge, but the balance of excipients may impact the preparation method and drug 35 

release. The purpose of this study was to evaluate the influence of adjuvants and drug loading on the 36 

development of a flubendazole-copovidone amorphous solid dispersion by hot-melt extrusion. Drug, 37 

copovidone and adjuvants (magnesium stearate and hydroxypropyl cellulose) mixtures were statistically 38 

designed, and the process performed in a twin-screw extruder. The study showed that flubendazole and 39 

copovidone mixtures were highly extrudable, except when drug loading was high (>40%). The study also 40 

showed that magnesium stearate had a positive impact on the extrusion, being more effective than 41 

hydroxypropyl cellulose. The extruded materials were evaluated by modulated differential scanning 42 

calorimetry and X-ray powder diffraction, showing positive results related to amorphization and physical 43 

stability. Pair distribuction fuction analysis indicated the presence of drug-rich domains with medium-44 

range order structure and no evidence of polymer-drug interaction. All extrudates showed faster 45 
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dissolution (HCl, pH 1.2) when compared with pure flubendazole and both adjuvants had a notable 46 

influence on the dissolution rate. In conclusion, hot-melt extrusion may be a viable option to obtain stable 47 

flubendazole:copovidone amorphous dispersions. 48 

 49 

Keywords: flubendazole, copovidone, hydroxypropyl cellulose, magnesium stearate, hot-melt extrusion, 50 

amorphous solid dispersion, dissolution.  51 

 52 

Abbreviations: ASD, amorphous solid dispersion; FBZ, flubendazole; HME, hot-melt extrusion; HPC, 53 

hydroxypropyl cellulose; mDSC, modulated differential scanning calorimetry; Mg St, magnesium 54 

stearate; PDF, pair distribution function; SME, specific mechanical energy; XRPD, X-ray powder 55 

diffraction.    56 

 57 

1. Introduction 58 

 59 

Amorphous solid dispersions (ASDs) have become a popular and efficient approach in 60 

pharmaceutical development to enhance the oral bioavailability of poorly water-soluble compounds. The 61 

amorphous drug does not have a high level of structural organization, yielding to high free energy and, 62 

consequently, increasing its solubility in the gastrointestinal medium. Therefore, the drug can reach 63 

significant levels of water solubility, allowing oral absorption (Zografi and Newman, 2016; Danda et al., 64 

2019). ASD can improve drug bioavailability when the supersaturated state is reached and kept for 65 

enough time for the drug to be absorbed (Wilson et al., 2018).  66 

Hot-melt extrusion (HME) is among the most efficient methods to prepare ASD (Lima et al., 2020). 67 

In this method, a carrier (usually a thermoplastic polymer) is mixed with the drug and heated at the 68 

appropriate temperature, based on the melt or glass transition temperature of the carrier selected. This 69 

process results in a solid dispersion in which the active compound is dissolved or dispersed into the 70 

polymer matrix (Tran et al., 2021). The HME process is continuous, economical, requires few steps for 71 

execution, and avoids using organic solvents and long drying periods, as required by other methods such 72 

as spray-drying (SD) (Maniruzzaman and Nokhodchi, 2017). Successfully developed products for oral 73 

administration are currently in the market, such as Kaletra® (lopinavir/ritonavir), Venclexta® (venetoclax), 74 

and Onmel® (itraconazole) (Simões et al., 2019; Solanki et al., 2019). 75 

Considering the process, HME equipment is composed of a feeder and barrel, which contains the  76 

well-designed screws for the transporting, mixing, and meshing of the melted material. A vacuum pump 77 

can be coupled to the barrel for gases removal. In HME process, the polymer is heated until it gets to an 78 

appropriate melt viscosity, allowing drug-polymer-adjuvants to be mixed, dissolved, and extrused 79 

(Butredddy et al., 2021). The equipment is divided into zones that can be set up using different 80 

temperatures, which can be regulated for each specific formulation. At the end of the process, a die is 81 

connected to the equipment, which defines the shape of the material obtained. Parameters usually 82 

monitored include feed rate, heating zones temperature, melt pressure, extrusion torque, and screw 83 

configuration and speed (Patil et al., 2016; Tambe et al., 2021).  84 
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The working process temperature in the areas where the screws are configured with mixer 85 

elements is preferable above the melting point of the drug (Tmelt) (Lakshman et al., 2008), and required 86 

to be 15-60 °C above the polymer glass transition temperature (Tg) (Crowley et al., 2007). This is 87 

recommended for softening the system, which improves the flow and mixing, resulting in lower torque 88 

during extrusion and better processability and dispersion at molecular level, which is essential for the 89 

enhacement of dissolution (Lakshman et al., 2008; Tambe et al., 2021). However, despite the great 90 

potential of HME process to overcome solubility problems, many drugs with high Tmelt (above 200 °C) are 91 

challenging to extrudate (Lu et al., 2018; Huang et al., 2019), because such high temperature processing 92 

can cause drug and carriers degradation (LaFountaine et al., 2016; Haser et al., 2017; Fan et al., 2019; 93 

Huang et al., 2019).  94 

Liu et al. (2010) highlights that, when working with high Tmelt drug, the use of strategies for improving 95 

dispersive and distributive mixing can accelerate the amorphization process and allow to work at 96 

processing temperatures lower than the drug´s melting point (Liu et al., 2010). Ball milling (Fan et al., 97 

2019), eutectic formation (Zhou, H. et al., 2021), supercritical carbon dioxide (Sauceau et al., 2011), pre-98 

amorphous formation through solvent evaporation (Lakshman et al., 2008), and cocrystalization (Liu et 99 

al., 2012) are examples of sophisticated strategies that can be combined with HME to decrease extrusion 100 

processing temperatures of high Tmelt drugs through melting point depression or suppression. More 101 

common and easily scalable approaches are the use of drug-miscible carriers and adjuvants such as 102 

plasticizers and polymer combinations to enhance processability at lower temperatures (Desai et al., 103 

2018; Solanki et al., 2019; Zhao et al., 2019). This choice must also meet performance attributes such 104 

as dissolution, stability, and acceptable drug load to reduced dosage form size (Dedroog et al., 2019). 105 

Consequently, new systems and adjuvants are being investigated through binary and ternary mixtures 106 

to achieve better HME formulations.  Maniruzzaman et al. (2012), reported the high manufacturability at 107 

low temperatures of solid lipids in extrusion processes for drug formulations (Maniruzzaman et al., 2012). 108 

Desai et al. (2018) reported the improvements in physical and mechanical properties for HME process 109 

due to the plasticizer effect of the solid lubricants polyethylene glycol 8000, stearic acid, and glyceryl 110 

behenate in indomethacin-Eudragit® E PO mixtures. The cellulose derivative hydroxypropyl cellulose 111 

(HPC), even not been largely used for HME processes, have been highlighted as a promising alternative 112 

for providing interesting properties for processability, stability and dissolution (Paradkar et al., 2009; 113 

Sarode et al., 2014; Luebbert et al., 2021). However, given the known properties of solid lipids and HPC 114 

in traditional processes of tablet development,  there are concerns about the correct balance between 115 

concentration levels in formulation, dissolution, and its consequences for extrudability. Hence, it is critical 116 

to assess adjuvant and polymer characteristics in HME formulations, besides the drug:polymer miscibility 117 

and their influence on processability and dissolution. 118 

Herein, HPC and the most popular lipid lubrificant magnesium stearate are investigated in hotmelt 119 

copovidone-based amorphous solid dispersions of flubendazole. Copovidone is a highly extrusable 120 

water-soluble thermoplastic copolymer manufactured by the polymerization of 6 parts of the hydrophilic 121 

group N-vinylpyrrolidone and 4 parts of the lipophilic monomer vinyl acetate. This amphiphilic 122 

characteristic makes copovidone a suitable polymer to be used in hot melt extrusion process as a 123 
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solubilizer of poorly soluble drugs (Kolter, 2013). Flubendazole (FBZ) is a well-established anthelminthic 124 

drug that has been considered for repurposing in cancer treatment (Hou et al., 2015; Li et al., 2019; Florio 125 

et al., 2021; X. Zhou et al., 2021), besides for age-related dry macular degeneration, an irreversible cause 126 

of blindness (Zhang et al., 2021). However, reformulation is needed because FBZ is class II rated 127 

according to the Biopharmaceutics Classification System (BCS), presenting an extremely limited oral 128 

absorption due to its poor water solubility  (Ceballos et al., 2012). Further,  FBZ has also low solubility in 129 

the most common organic solvents; consequently, the obtention of ASD by evaporation techniques is 130 

very challenging, which makes HME such an interesting option. Unfortunately, hot melt extrusion has not 131 

been attempted due to its high Tmelt (~238°C) (Vialpando et al., 2016). Therefore, in this study, the 132 

extrusion and dissolution properties of HME flubendazole-copovidone amorphous systems are 133 

presented, as well as the impact of potential adjuvants through the design of factorial mixtures. 134 

 135 

2. Materials and methods 136 

 137 

2.1. Material 138 

 139 

FBZ was aquired from the Changzou Yabang-QH Pharmachem CO., LTD company (Changzou, 140 

Jiangsu, China). The polymers hydroxypropyl cellulose – HPC (Klucel™ EF) and copovidone 141 

(Plasdone™ S630) were kindly donated by Ashland Inc. (Wilmington, EUA). Magnesium stearate (Mg 142 

St) was aquired from Mallinckrodt Inc (St. Louis, United States). 143 

 144 

2.2. Method 145 

 146 

2.2.1. Experimental design for HME 147 

 148 

The impact of FBZ, polymer and adjuvant concentrations were evaluated during the extrusion 149 

process. The design of factorial mixtures (extreme vertex type, with three components, without random 150 

curves or axial points) was evaluated through the software Minitab 17 (Minitab, Inc.). The levels of each 151 

component  were  chosen considering common levels reported in literature for similar studies (Desai et 152 

al., 2018; Hurley et al., 2019; Luebbert et al., 2021; Pereira et al., 2020), but also considering wide ranges 153 

for promoting variations in responses that could indicate new optimization zones. The experimental 154 

design considered 3 levels for each blend component. Copovidone was tested between the levels 60 (-155 

1) and 90% (+1) in the formulation; the adjuvants Mg St and HPC between 0 (-1) and 20% (+1), and FBZ 156 

between 10 (-1) and 40% (+1).  In case of the drug, the highest level was selected because is considered 157 

a high load for amorphous dispersion of FBZ (Vialpando et al., 2016). All experiments were performed 158 

independently. Table 1 describes the experimental matrix generated by the statistical software Minitab 159 

17. 160 

  161 
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 162 

 163 

Table 1: Experimental matrix showing the concentrations 

(%w/w) of each compound. Extreme vertex, without 

randomized curves or axial points. 

Test FBZ (%) Copovidone (%) 
Adjuvant 

Mg St (%) HPC (%) 

1a 10 90 - - 

2 10 70 20 - 

3a 40 60 - - 

4 20 60 20 - 

5 20 70 10 - 

7 10 70 - 20 

9 20 60 - 20 

10 20 70 - 10 

FBZ : flubendazole; Mg St: magnesium stearate; HPC: 

hydroxypropyl cellulose. aNote: For the sake of clarity test 6 

and 8 are excluded from the table, since tests 1 & 6, 3 & 8 are 

the same vertex/composition of the mixture design. 

 164 

 165 

2.2.2 Preparation of the solid dispersions by HME 166 

 167 

The samples were previously weighed and mixed for 10 minutes in a V-blender (Lawes) at 15 rpm. 168 

FBZ extruded dispersions were obtained in a 18 mm twin-screw extruder with volumetric feeder, model 169 

ZSE-18 (Leistritz, Germany) (Fig. 1a). A large open die of 1.5 cm diameter was used on the process to 170 

reduce the risk of material blockage. As soon as the material left the equipment, a discharge conveyor 171 

was settled at 5 rpm to cool material down using compressed air and, to reduce extrudate diameter to 172 

be better milled (see Fig.3). For comparison purposes the process settings and screws configuration 173 

were kept constants for all experiments. To increase shear rate, thus improve distributive and dispersive 174 

drug mixing, the extruder screws were set at high speed (600 rpm) and configurated to have four zones 175 

containing kneading blocks, as shown in Fig. 1b; the screw feeder speed were set at 300 rpm to maintain 176 

a constant material throughput. The temperature of each heating zone was set above copovidone Tg on 177 

the mixing zones, as indicated in Fig. 1a. The extruded materials were milled  with a conical mill (Quadro 178 

Comil) through 5.00 mm mesh, then through 2.00 mm mesh and finally 1.00 mm mesh, at 3000 rpm. 179 

 180 

  181 



6 
 

 182 

 183 

 184 

Fig. 1. Schematic of extruder Leistriz ZSE-18 (adapted with permission of Leistriz, courtesy of Charlie Martin) 185 

indicating the heating zones and their set up temperatures, co-rotating screws (source Leistritz) and extrusion flow 186 

(feeder → die) are also informed ( b) screws elements used at the HME process; c) molecular structures of 187 

flubendazole, copovidone, hydroxypropyl cellulose and magnesium stearate. Structures drawn by Chemicalize 188 

(ChemAxon) (https://chemicalize.com, accessed June 2021).  189 

 190 

 191 

2.2.3 Thermal Analysis  192 

 193 

Differential scanning calorimetry (DSC) experiments were performed in a DSC Q2000, TA-194 

Instruments (New Castle, DE, USA) equipment. Samples of c.a. 6 mg were scanned under dynamical 195 

nitrogen atmosphere of 50 mL.min-1, in an aluminum pan partially closed. The glass transition 196 

temperatures were determined at heating rate of 10 ºC.min-1, temperature modulation amplitude of ± 1.5 197 

ºC; period of 40 s and temperature range between 25 and 300 ºC. For individual components and binary 198 

physical mixtures, the samples were scanned at same conditions without modulation. The equipment 199 

was previously calibrated with metallic Indium standard. 200 

 201 

 202 
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2.2.4 X-ray powder diffraction  203 

 204 

X-ray powder diffraction (XRPD) analysis were performed for qualitative study of crystalline and 205 

amorphous phases of the extruded materials and isolated compounds. A diffractometer (Bruker) model 206 

D8 Focus, with CuKα1|2 (λ=1.5406 Å, 1.5444 Å) radiation was used. Data collection were performed in 207 

the range from 5 to 40° (2θ), with a step of 0.07° (2 θ) and 5 s/step in reflection mode. 208 

 209 

 210 

2.2.5 Dissolution tests 211 

 212 

The extruded samples and pure FBZ were manually encapsulated into a size 00 (Capsugel) incolor 213 

gelatine capsule, with 100 mg of drug content. Dissolution was performed using a Distek dissolution 214 

system model 2100 (Distek, NJ, USA) integrated with an Agilent 8453 in line UV/Vis (Agilent, USA), using 215 

USP apparatus I. FBZ has higher solubility at pH 1.2, because of its weakly basic nature (pKa 216 

FBZH+=3.32)(de Araujo et al., 2018); consequently, acidic medium was selected to favor dissolution. 217 

Dissolution medium was 900 mL of HCl (pH 1.2) at 37 °C ± 1 °C, set for 100 rpm rotation speed. FBZ 218 

was quantified by UV (λ = 250 nm) at time points of 5, 10, 15, 30, 45, 60, 75, 90, 105 and 120 minutes. 219 

An FBZ stock solution in formic acid (1.00 mg.mL-1) was prepared and diluted with HCl to achieve linearity 220 

in the range 0.03 – 0.13 mg.mL-1.    221 

 222 

2.2.6 Pair distribution function (PDF) analysis 223 

 224 

High-energy synchrotron X-ray powder diffraction experiments were performed at beamline 6-ID-225 

D at the Advanced Photon Source, Argonne National Laboratory (USA), with incident energy of 100.315 226 

keV (wavelength of 0.12360 Å). The 2D data obtained were integrated into a 1D dataset using routines 227 

within the DAWN software (Filik et al., 2017). The structure function was extracted using the PDFgetX2 228 

software (Qiu et al., 2004 ; Juhás et al., 2013), considering a Q-range from 0.4 to 17.5 Å-1 for the S(Q) 229 

to perform the Fourier transform. 230 

 231 

3. Results and discussions 232 

 233 

3.1 Preparation of the solid dispersions by HME 234 

 235 

HME output process parameters are summarized in Table 2 and the contour graphs of Fig. 2 show 236 

the melt pressure (a and b) and torque (c and d) for each extruded material. As the drug concentration 237 

increased in the mixture the extrusion process became more difficult, indicated by the intense rise of 238 

torque and the specific mechanical energy (SME). This was caused because the copovidone capacity to 239 

solubilize FBZ was exceeded. Consequently, the presence of undissolved solids increases the viscosity 240 

of the mixture, impairing the extrusion process. Liu et al. (2013) reported that proper solubilization of the 241 
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drug in the polymer is highly dependable on the good miscibility and low viscosity of the mixture. They 242 

were able to load up to 30% of carbamazepine by combining polymers to improve processability (Liu et 243 

al., 2013). In our case, the extrusion of the high drug load test 3 (40% FBZ) reached 100% torque and 244 

exceeded the maximal pressure tolerated by the equipment (>2,000 psi), resulting in obstruction of the 245 

melted material at the exit of the extruder. A test 3 sample (40:60 FBZ:copovidone) recovered from the 246 

obstructed equipment is shown in Fig. 3. The opacity of this sample indicated that FBZ was undissolved, 247 

i.e., the drug remained in a crystalline state, which was confirmed by XRPD analysis (not shown).  248 

 249 

 250 

 251 

 252 

Table 2: HME output process parameters for the tested formulations.  

Test 
Torque 

(%) 

Residence time 

(s) 

Melt pressure 

(psi) 

Feeding rate for 300 

rpm (kg.h-1) 
SME** (kWh.kg-1)  

1 48 53 186 1.14 1.9196 

2 17 63 212 0.78 0.9936 

3 >100 not evaluated >2000 psi* not evaluated not evaluated 

4 20 75 200 0.60 1.5197 

5 24 47 189 0.96 1.1398 

7 57 52 191 0.74 3.5117 

9 66 58 186 0.61 4.9327 

10 65 55 174 0.83 3.5703 

* When the pressure meter (located at the end of the equipment) reaches pressure level equal to or 

above 2000 psi, it causes the extruder to emit an alert signal. Then, the process is interrupted until the 

pressure is decreased at lower levels. Same happens when torque reaches 100%. ** SME: Specific 

mechanical energy. 

 253 

The contour graphs (Fig. 2) were plotted to better visualize the impact of each compound 254 

concentration in the extrusion process. The increase of the drug concentration and the reduction of 255 

copovidone negatively interfere with FBZ extrusion process. However, combinations with Mg St (2, 4 and 256 

5) significantly improved processability, being more effective than HPC rich formulations (7, 9 and 10), 257 

which presented the highest specific energy and torque values (Table 2). The difference between Mg St 258 

and HPC may be related to the structural difference between the adjuvants (Fig. 1b): while Mg St has a 259 

lipophilic characteristic, HPC does not have the lubricant effect as strong as Mg St, despite its hydrophilic 260 

structure suitable for drug:polymer interactions in ASD. Besides the well described lubricant effect of Mg 261 

St in HME (Pereira et al., 2020), the efficiency is also related to the solubilization and miscibility of FBZ 262 

in the melted Mg St. This was confirmed by complementary DSC analysis of a FBZ:Mg St  binary physical 263 

mixture (1:1 ratio), in which it was possible to observe the Mg St melting at 108 °C (Tonset) and the 264 

subsequent absence of FBZ melting peak at 246 °C (Supplementary Material, Fig.S1A). Regarding to 265 
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FBZ:HPC binary mixture (1:1 ratio), the FBZ melting peak was maintained, indicating no detectable 266 

interaction between both (Supplementary Material, Fig.S1B). Despite Klucel™ EF is widely used in HME 267 

due to its lower viscosity and lower processing temperature (Jani and Patel, 2015), which improves 268 

processability, this was not effective in the case of FBZ. Repka et al. (2000) also reported issues during 269 

processing of HME films due to the excessive stress caused by HPC in the formulation (Repka and 270 

McGinity, 2000). 271 

 272 

 273 

Fig. 2. Contour graph of melt pressure (a and b) and torque (c and d) for the mixtures FBZ:copovidone:adjuvant. 274 

Maximum pressure and torque of 2000 psi and 100%, respectively, were used as criteria. Values in the countor 275 

graphics represent the proportion (%, w/w) in the formulation. Mg St: magnesium stearate; HPC: hydroxypropyl 276 

cellulose.  277 

 278 

 279 
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 280 

Fig. 3. HME samples obtained from the equipment: 1: 10:90 flubendazole:copovidone mixture;  2, 4 and 5: samples 281 

with magnesium stearate; 7, 9 and 10: samples with hydroxypropyl cellulose. Test 3 sample (40:60 282 

flubendazole:copovidone) obtained from obstructured equipment. Its opacity indicates that the drug was 283 

undissolved, which was confirmed by XRPD analysis (data not shown). 284 

 285 

3.3 Thermal analysis 286 

 287 

Fig. 4 shows DSC curves of the extruded materials (tests 1, 4 and 9) and the isolated components. 288 

FBZ melts at 246 °C and Mg St at 122 °C. The copovidone already in the amorphous state does not 289 

present any endothermic event related to fusion. In this case, only an event attributed to Tg can be 290 

observed. For all the extruded materials, the peak of FBZ fusion was absent indicating a disarranged of 291 

the crystalline packing and, in such a way, the molecules of this drug came out randomly dispersed, that 292 

is the condition of amorphous systems. The success of amorphization is related to the interaction 293 

between the active pharmaceutical ingredient (API) and carriers (polymers and adjuvants). The 294 

intermolecular interactions between functional groups of the carrier and the drug, as dipole-dipole 295 

interactions, Van der Waals and hydrogen bonds, have a central role to keep the active substance into 296 

an amorphous state. Such interactions increase the miscibility of the drug with the polymeric matrix and 297 

maintain the stability of the drug into an amorphous state or molecularly dispersed. (Kaushal et al., 2004; 298 

Qian et al., 2010).  The other thermal event observed in Test 1 sample was the Tg of amorphous FBZ, 299 

remaining at the average value of 160°C, as indicated in Fig. 4D. For the other tests, this event could not 300 

be detected by the analysis parameters selected. The presence of two Tg’s demonstrate that the system 301 

formed by copovidone and amorphous FBZ have two distinct phases. This is an indication of amorphous 302 

phase separation and despite of fact that the sample is amorphous by conventional X-ray Powder 303 

Diffraction Amorphous (see section 3.4), the system is heterogeneous and may contain the presence of 304 
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drug-rich domains in which recrystallization may start (Lin and Huang, 2010). Thus, further investigation 305 

with PDF analysis was performed and it is discussed below (see section 3.6).  306 

 307 

 308 

 309 

 310 

Fig. 4. DSC curve for tests 1, 4, 9, and the isolated components flubendazole, Mg St and HPC (a, b, c); d)  mDSC 311 

curve (reversing heat flow signal) for test 1, emphasizing the event of vitreous transition of copovidone (106 °C) 312 

and flubendazole (159 °C). All the curves obtained through dynamical atmosphere of N2 (50 mL.min-1) and heating 313 

rate of 10 °C.min-1. 314 

 315 

3.4 X-ray powder diffraction data  316 

 317 

The samples were analyzed by X-ray powder diffractometry to confirm the amorphous nature of 318 

the FBZ amorphous solid dispersion. The diffractograms of the initial extruded materials and isolated 319 

components of the formulations are indicated in Fig. 5a. FBZ crystalline structure presents Bragg peaks 320 

around 6° and 17° (2θ). A similar result has been reported (Vigh et al., 2017), which indicates the initial 321 

crystalline state of pure FBZ. Mg St in its turn presents typical peaks around 5° and 9° (2θ), besides a 322 
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large peak around 21° (2θ). This pattern may be assigned to the anhydrate phase, but the two peaks 323 

around 21° (2θ) may indicate a hydrate phase (Bracconi et al., 2003). Thus, it is possible that the Mg St 324 

used could contain a small fraction of magnesium stearate hydrate phase. Since Mg St melts at the same 325 

temperature range expected for the water loss, consequently, the water loss event is not clearly observed 326 

in the DSC. The detection of the presence of hydrate by thermal analysis may be better visualized by 327 

using thermogravimetry in complementary investigations.These results confirm the hypothesis that the 328 

crystalline materials were amorphous after HME, since any peak of the FBZ or Mg St crystalline 329 

compounds is observed. The extruded materials were also evaluated after 12 months at room 330 

temperature and no recrystallization was observed (Fig. 5b) by the conventional XRPD analysis.. 331 

 332 

 333 

Fig. 5. Diffractograms of the extruded materials. a) initial. b) after 12 months of stability study at room temperature. 334 

1: 10:90 flubendazole:copovidone mixture;  2, 4 and 5: samples with magnesium stearate; 7, 9 and 10: samples 335 

with hydroxypropyl cellulose.  336 

 337 

3.5 Dissolution tests 338 

 339 

Dissolution profiles of extruded materials versus pure FBZ are showed in Fig. 6 (a), where 100% 340 

is the complete dissolution of a 100 mg dose of the API. The time for capsule disintegration varied, 341 

leading to a high relative standard deviation (RSD) at the initial points of the experiment. Tests 2, 4, 5, 9, 342 

10 and pure FBZ presented residual material at the last time of collection, which also contributed for a 343 

higher deviation. FBZ release (%) and RSD results are presented in supplementary material. 344 

 345 
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 346 

Fig. 6. a) Dissolution profiles of extruded materials versus pure FBZ, realized through HCl pH 1.2, at 37 °C (± 1°C), 347 

apparatus I (100 rpm), collecting times 5, 10, 15, 30, 45, 60, 75, 90, 105 and 120 minutes. 1: 10:90 348 

flubendazole:copovidone mixture;  2, 4 and 5: samples with magnesium stearate; 7, 9 and 10: samples with 349 

hydroxypropyl cellulose. b) and c) Contour graph of melt pressure, torque, dissolution and dissolution speed for the 350 

FBZ:copovidone mixtures with Mg St (b) and HPC (c). Values in the countor graphics represent the proportion (%, 351 

w/w) in the formulation. Satisfactory values for the responses: pressure between 10 and 1000 (psi), torque between 352 

10 and 70 (%), dissolution at 120 min between 70 and 100%, and dissolution speed between 1 and 3 (arbitrary 353 

units). The white region is where these conditions are met.   354 

 355 

We noticed a faster and significant increase of FBZ ASD dissolution compared with the pure 356 

crystalline drug, regardless of the formulation. As soon as copovidone is increased and the adjuvant 357 

reduced, FBZ release increases. Furthermore, rising drug load had a negative effect on FBZ dissolution. 358 

Among the extruded materials, test 1 (10:90 FBZ:copovidone) showed the best FBZ release per unit 359 
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time. However, this formulation did not provide the best processability for HME (Table 2). Besides, in 360 

part, the project was aimed at optimizing drug loading, but HME of test 3 (40:60 FBZ:copovidone) failed 361 

due to its high melt viscosity, which leads to equipment obstruction. Hence, reducing drug load could 362 

allow FBZ:copovidone ASD extrusion and provide the best release results with no need of adjuvant. 363 

Nevertheless, we evaluated the addition of Mg St or HPC and the balance of FBZ:copovidone HME 364 

process and dissolution performance. For this purpose, FBZ HME contour graphs (Fig 6b and c), were 365 

considered satisfactory values for the responses: melted material pressure between 10 and 1000 (psi), 366 

torque between 10 and 70 (%), drug dissolution between 70% and 100% at 120 min., and dissolution 367 

speed between 1 and 3 (arbitrary units). 368 

 According to the results, the impact of Mg St on the dissolution profile was greater than HPC due 369 

to its high hydrophobicity, which hinders the penetration of the dissolution media through the granules of 370 

the extruded material. This phenomenon might be attributed to the formation of a hydrophobic film around 371 

the particles and reduced wettability (Wang et al., 2010; Zarmpi et al., 2020). In fact, formulations with 372 

Mg St (2, 4 and 5) provided the best processability for HME (Table 2), but release results were only better 373 

than pure FBZ. Since we used Mg St concentrations of 20, 20 and 10% (tests 2, 4 and 5, respectively), 374 

the proportion of this lubricant should be lowered to maintain the improved processability, compared with 375 

test 1 (10:90 FBZ:copovidone). Therefore, test 5 (20:70:10 FBZ:copovidone:Mg St) has twice the FBZ 376 

drug load compared with test 1, and provided the best processability and release results when using Mg 377 

St. We hypothesize that in futher opmization experiments reducing lubricant to a concentration as small 378 

as possible could maintain the improved processability, while dissolution would be as good as test 1. 379 

However, the contour graph in Fig. 6b shows that the ideal conditions to achieve at least 70% of 380 

dissolution at 120 min. are in the white region. It means that copovidone proportion would have to be 381 

close to 90%, and FBZ and Mg St as small as possible, which approximates the condition of the test 1. 382 

Therefore, increasing FBZ has a negative impact on dissolution, whereas Mg St improves processability 383 

but compromises drug release.     384 

Sarode et al. 2014 reported that the use of HPC in ASD preparations produced by hot melt mixing 385 

can enhance dissolution properties of felodipine (Sarode et al., 2014). In our case for HPC, formulation 386 

7 (10:70:20 FBZ:copovidone:HPC) provided the release result after 2h that most closely achieved that 387 

obtained with test 1, despite slower release rate and incomplete dissolution (< 80%). The contour graph 388 

in Fig. 6c shows that the ideal conditions to achieve at least 70% FBZ release are similar to those when 389 

using Mg St, except that it is possible to use higher proportions of HPC compared to Mg St. HPC is widely 390 

used as carrier for HME due to its suitable properties such as relatively high Tg (which can inhibit 391 

recrystallization during storage) and melting viscosity (suitable for processing) (Luebbert et al., 2021; 392 

Sarode et al., 2014). However, the addition of this polymer did not improve processability (Table 2) nor 393 

significantly enhanced dissolution to justify its use.  Therefore, the results herein obtained did not indicate 394 

the need of the adjuvants for FBZ ASD HME.       395 

 396 

 397 

 398 
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 399 

3.6 Pair distribution function analysis 400 

 401 

It is known that due to Scherrer broadening, the conventional XRPD analysis is not able to identify 402 

nanocrystalline domains that may trigger crystallization (Billinge, 2019). Another point to be considered 403 

is the low crystalline quantity that can be identified considering the limit of resolution of the equipment 404 

set up using to perform the measurements. In our case, conventional XRPD analysis for  test 1 did not 405 

indicate any crystalline/nanocrystalline domains, i.e., by this analysis test 1 sample was X-ray 406 

amorphous. However, thermal analysis indicated the presence of amorphous phase separation, i.e. the 407 

presence of two Tg’s demonstrate that the system formed by copovidone and amorphous FBZ have two 408 

distinct phases (Lin and Huang, 2010). Thus, Pair Distribution Function analysis was used to investigate 409 

the local structure of the dispersion and confirm the presence of locally well-ordered drug-rich domains, 410 

being  crystalline and/or nanocrystalline ones.  411 

Figure 7a shows the structure factor S(Q) for pure copovidone and test 1 samples. Copovidone 412 

S(Q) does not have any crystalline Bragg peaks, indicating the amorphous structure for the sample. 413 

However, test 1 S(Q) has subtle peaks mainly before 4 Å-1, which can be related to crystalline domains 414 

in the system. Notably, these crystalline domains could not be observed in the conventional X-ray 415 

diffraction pattern, demonstrating the high sensibility to small crystalline contributions that high-resolution 416 

X-ray diffraction presents. Also,  domains smaller than 30 nm are not detected by DSC (Newman et al., 417 

2008). In figure 7b are presented the PDF pattern for the test 1 sample (black), scaled Copovidone PDF 418 

pattern at 90%(blue), scaled crystalline FBZ PDF pattern at 10% (green) and the result composition (red) 419 

between the pure compounds (Copovidone and FBZ) scaled at the proportion that is expect for the test 420 

1 sample (10:90 FBZ:Copovidone). The PDF pattern based on the proportion of the compounds (red 421 

line) agrees with that one for the pure test 1 pattern indicating that small poorly formed crystals (of a few 422 

nm in size) appear to be trapped in the polymer at 10% concentration.  423 

  424 
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 425 

 426 

 427 

Fig. 7: (a) Structure function S(Q) obtained for pure copovidone and test 1; (b) PDF function for the test 1 (10:90 428 

flubendazole:copovidone), pure flubendazole (crystalline) scaled at 10%, pure copovidone scaled at 90% and the 429 

composition between scaled copovidone and flubendazole patterns. 430 

 431 

Possible interaction between drug and matrix was also evaluated by the PDF method and the result 432 

are presented in Figure 8. In this analysis, the intermediate range order of the test 1 sample minus the 433 

polymer matches the intermolecular packing of FBZ (red line), which indicates there does not seem to 434 

be any evidence of a significant polymer-drug interaction. Therefore, the results presented in this section, 435 

along with stability results show that there are no crystalline peaks in the test 1 sample after 12 months, 436 

which suggests that the matrix preserved the small formed crystals/nanocrystals, which stay trapped in 437 

the system avoiding in its turn complete drug recrystallization. 438 

 439 
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 440 

Fig. 8: Subtraction polymer correlations from the test 1 sample correlations result in the intermediate range order 441 

that matches intermolecular packing of flubendazole.  442 

 443 

4. Conclusion 444 

 445 

In this study we investigated the influence of flubendazole and copovidone concentrations as well 446 

as the impact of potential adjuvants MgSt and HPC  on the processability and dissolution of HME ASD 447 

formulations. Flubendazole and copovidone had a strong influence on the success of the extrusions. 448 

Based on the dissolution endpoint of 70% drug dissolved, the study showed the best concentration range 449 

of each material.  Countour diagrams were used to show the ranges of melt pressure and torque that led 450 

to the optimum dissolution rate.  MgSt can improve processability, being more effective than HPC rich 451 

formulations, however, its use compromises dissolution. On the other hand, HPC can increase release 452 

at certain level; however, adjuvant free formulation had the best FBZ release. DSC and X-ray analysis 453 

of the extruded material indicated the absence of crystallinity for all produced and viable extruded 454 

material, but the presence of drug-rich domains (phase separation) was indicated by glass transition 455 

determination and PDF analysis. The compositions remained stable for 12 months at room temperature. 456 

This study showed that hot melt extrusion of flubendazole-copovidone compositions can be optimized to 457 

give products with acceptable dissolution.    458 

  459 
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