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Abstract 23 

The development of oral solid dosage forms, such as tablets, that contain a high dose of drug(s) 24 

requires polymers and other additives to be incorporated at as low levels as possible, to keep 25 

the final tablet weight low, and correspondingly the dosage form size small enough to be 26 

acceptable from a patient perspective. Additionally, a multi-step batch-based manufacturing 27 

process is usually required for production of solid dosage forms. This study presents the 28 

development and production, by twin-screw melt granulation technology, of a high-dose 29 

immediate-release fixed dose combination product of metformin hydrochloride (MET) and 30 

sitagliptin phosphate (SIT), with drug loads of 80 % w/w and 6 % w/w, respectively. For an 31 

850/63 mg dose of MET/SIT, the final weight of caplets was approximately 1063 mg compared 32 

with 1143 mg for the equivalent dose in Janumet®, the marketed product. Mixtures of the two 33 

drugs and polymers were melt granulated at temperatures below the individual melting 34 

temperatures of MET and SIT (231.65 °C and 213.89 °C, respectively), but above the glass 35 

transition temperature or melting temperature of the binder used. By careful selection of 36 

binders, and processing conditions, direct compressed immediate release caplets with desired 37 

product profiles were successfully produced. The melt granule formulations before 38 

compression showed good flow properties, were larger in particle size than individual starting 39 

API materials and were easily compressible. Melt granulation is a suitable platform for 40 

developing direct compressible high-dose immediate release solid dosage forms of fixed dose 41 

combination products. 42 

              43 
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Introduction 51 

Diabetes mellitus is a metabolic disorder associated with high blood glucose levels 52 

(hyperglycemia) as a result of defects in insulin secretion and/or insulin action (1). Glucose is 53 

vital in maintaining a person’s health as it is the main energy source for cells that make up 54 

muscles and tissues. It is also the brain’s main fuel source (2). However, excess amounts of 55 

glucose in the bloodstream can result in severe medical complications. There are two main 56 

chronic forms of diabetes, type 1 and type 2, which can generally be categorized by their 57 

respective pathogenesis, clinical presentation and treatment requirements. Type 2 diabetes 58 

mellitus accounts for about 90 % of all diabetes cases and is characterised by insulin resistance 59 

at target cells and a relative rather than absolute deficiency in insulin activity which is 60 

associated with type 1 diabetes mellitus (3). Metformin hydrochloride (MET) is a biguanide 61 

with antihyperglycemic effects, lowering both basal and postprandial plasma glucose. It is the 62 

most widely used oral antidiabetic agent in type 2 diabetes and has been marketed since 1957. 63 

The dose of MET may vary from 500 mg once daily up to 1000 mg three times daily depending 64 

on response. MET exerts its effect by reduction of hepatic glucose production by inhibiting 65 

gluconeogenesis and glycogenolysis, increasing insulin sensitivity in muscle and delaying 66 

intestinal glucose absorption (4). MET is classified according to the Biopharmaceutics 67 

Classification System (BCS) as a BCS class III drug, which means that it shows high solubility 68 

and poor permeability characteristics. When MET monotherapy is unsuccessful at achieving 69 

satisfactory blood glucose control, a second anti-diabetic agent is often added to a patient’s 70 

medication regimen. Sitagliptin phosphate (SIT) is a dipeptidyl peptidase-4 (DPP-4) inhibitor 71 

and works to control blood glucose levels by preventing the degradation of glucagon like 72 

peptide-1 agonist (GLP-1). It is also classified as a BCS class III drug. GLP-1 is degraded by 73 

DPP-4 and is one of two incretin hormones that stimulate insulin release and inhibit glucagon 74 

secretion, suppressing gastric emptying, and reducing appetite and food intake (5). DPP-4 75 

inhibitors preserve β-cell mass through stimulation of cell proliferation, stimulating insulin 76 

secretion and inhibiting glucagon secretion (5).  77 

MET and SIT are currently available as a fixed dose combination (FDC) product on the market 78 

in the form of Janumet®, a tablet product manufactured by Merck. Janumet® is available as 79 

850/50 mg and 1000/50 mg metformin hydrochloride/sitagliptin (as sitagliptin phosphate 80 

monohydrate) film-coated tablets. By definition, a FDC product is a combination product that 81 

includes two or more Active Pharmaceutical Ingredients (APIs) combined in a single dosage 82 



form, which is manufactured and distributed in fixed doses (6). FDC products are seen as 83 

advantageous for people requiring several medications to treat a target disease as they reduce 84 

the pill burden (7–9), can have synergistic or additive effects on pharmacological actions and 85 

result in cost reduction for both the patient and the manufacturer.  86 

Melt granulation (MG), which is also often referred to as thermoplastic granulation, is a 87 

technique that facilitates the agglomeration of powder particles, using excipients which melt 88 

or soften at relatively low temperature, to form granules (10). The most common production 89 

technique for MG uses extruders, but MG in high-shear mixers has also been extensively 90 

described in the literature. The mechanism of MG is essentially like that of wet granulation 91 

with the main difference being, unlike wet granulation, no solution or liquid, such as water, is 92 

added to the powder bed before or during processing (11). Instead, the active pharmaceutical 93 

ingredient (API) is subjected to temperatures below its melting temperature but above the glass 94 

transition temperature (Tg) or melting temperature of the solid excipients used as polymeric 95 

binders. Once the melting of the binders and mixing with the API(s) has occurred, the mixture 96 

is then subjected to lower temperatures where, in an extruder, the mixture solidifies and 97 

produces granules at the end of the extruder barrel. MG has the advantage over other types of 98 

granulators in being designed for continuous processing. Additionally, MG has been reported 99 

to be beneficial in enhancing compactability, densifying granules, enhancing flowability, 100 

reducing segregation, and decreasing the generation of dust of pharmaceutical materials 101 

(11,12). It also has the advantage of being seen as a “green technology”, as no solvents are 102 

required, and it is easily scaled up (13). 103 

The main aim of the current work was to investigate the viability of twin-screw melt 104 

granulation as a continuous processing technique to produce a monolithic high dose FDC 105 

product of MET and SIT. Additionally, the study aimed to investigate the effect of different 106 

binder grades and processing conditions on the characteristics of the produced granules as well 107 

as the in vitro performance of the subsequent compressed caplets.   108 

 109 

 110 

 111 

 112 



Materials and Methods 113 

Materials 114 

Metformin hydrochloride (MET) was purchased from Tokyo Chemical Industry UK Ltd. 115 

(Oxford, UK) and sitagliptin phosphate (SIT) was purchased from Kemprotec (Carnforth, UK). 116 

Three hydroxypropyl cellulose (HPC) grades were studied as carrier polymers/meltable binders 117 

and their characteristics are detailed in Table I. HPC-A was obtained from Ashland (Covington, 118 

Kentucky, USA), HPC-S was received from Sigma-Aldrich (Dorset, UK) and L-HPC was 119 

obtained from Shin-Etsu (Wiesbaden, Germany). Polyethylene glycol (3350 g/ mol) was 120 

purchased from Sigma-Aldrich (Dorset, UK). Microcrystalline cellulose, Avicel PH102, was 121 

received from IMCD Ltd. (Sutton, UK). Deionised water was obtained using an Elix 3 122 

connected to a Synergy® UV water purification system (Millipore, UK). All other chemicals 123 

were obtained from Sigma-Aldrich (Dorset, UK) and were of analytical grade or equivalent 124 

and were used without any further treatment.  125 

Methods 126 

Solid state characteristics  127 

Thermogravimetric Analysis (TGA) 128 

Thermogravimetric analysis studies were conducted using a TGA Q50 (TA Instruments, 129 

Leatherhead, UK) to evaluate the onset of degradation of each of the individual ingredients. 130 

Samples (5–10 mg) were analysed in open standard aluminium pans using a linear heating rate 131 

of 10 °C/min from 50 to 400 °C. TGA data was analysed using TA Universal Analysis software 132 

version 4.5A (TA Instruments, Leatherhead, UK). Analysis was performed in triplicate. 133 

Differential Scanning Calorimetry (DSC) 134 

The thermal behaviour of materials was analysed using a differential scanning calorimeter 135 

(Q200, TA Instruments, Leatherhead, UK). Nitrogen was used as the purge gas (60 ml/min). 136 

Temperature and cell constant calibration was performed with an indium standard. Samples 137 

(5–10 mg) were analysed in crimped standard aluminium pans with a heating rate of 10 °C/min. 138 

DSC data was analysed using TA Universal Analysis software version 4.5A (TA Instruments, 139 

Leatherhead, UK). Melting temperatures of drugs were determined and reported as peak 140 

temperature. The glass transition temperatures were defined as the midpoint of the transition. 141 



HPC polymers were heated to 140 °C, held for 5 min to remove any moisture present, and 142 

cooled to – 40 °C before being heated at a heating rate of 10 °C/min to determine the glass 143 

transition and melting temperatures. Analysis was performed in triplicate. 144 

Powder X-ray Diffraction (PXRD) 145 

Powder x-ray diffraction studies were conducted to determine the solid-state nature of API raw 146 

materials, polymers, physical mixtures and manufactured melt granulate formulations. PXRD 147 

was performed on a Mini-Flex II (Rigaku™ Corporation, Japan) with Cu Kα radiation (30 kV) 148 

in the angular range (2θ) varying from 5 to 40° using a step scan mode with a step width of 149 

0.05° and a counting time of 2 s/ step. Scans were performed in triplicate at room temperature. 150 

Manufacture of Twin-screw Melt Granules   151 

Formulations of HPC and APIs were physically mixed for 5 minutes, using a mortar and pestle. 152 

Mixed powders were manually fed into a co-rotating 20:1 (screw length to diameter ratio), fully 153 

intermeshing twin-screw Rondol Microlab 10 mm extruder (Rondol Technology Ltd., France) 154 

with only forward conveying elements assembled and no die attached (open end) (Table II). 155 

The ratio of MET to SIT was kept constant at 850:63, which corresponds to a dose ratio of 850 156 

mg of MET and 50 mg of sitagliptin. This is comparable to the already commercialised FDC 157 

product containing MET and SIT. PEG 3350 was used, when necessary, as an additional 158 

binding agent to improve granule production and appearance, and was mixed with the other 159 

components using a mortar and pestle prior to granulation. The extruder barrel was divided into 160 

4 heating zones (the feeding zone and heating zones 1-3). Processing temperatures were set at 161 

130 °C and incrementally increased up from the feed to the collect end. Screw rotation speed 162 

was varied between 5-20 rpm during the development and optimisation stage of the study with 163 

10 rpm being selected as the optimised screw rotation. Batch size remained constant at 5 grams 164 

per batch. 165 

 166 

Characterisation of Melt Granules  167 

Particle Size Analysis (PSA) 168 

PSA was performed by laser diffraction using a Malvern Mastersizer 3000 particle sizer 169 

(Malvern Instruments Ltd, Worchester, UK) with Aero M dry powder dispersion accessory. 170 



The dispersive air pressure used was 2 bar. Samples were run at a vibration feed rate of 50 %. 171 

The particle size reported is the median diameter d (50). The d (50) is the diameter where 50 172 

% of the cumulative distribution is above and 50 % is below this size. The values presented are 173 

the average of at least three determinations. Mastersizer 3000 software (Version 3.50) was used 174 

for the analysis of the particle size.	175 

Flowability Measurements  176 

Flowability behaviour of physical powder blends and melt granules was determined using a 177 

FT4 powder rheometer (Freeman Technology, Tewkesbury, UK). Cohesiveness and angle of 178 

internal friction were determined by placing between 1 and 2 grams of samples in the 1 mL 179 

shear cell and applying a 24 mm shear head. The flowability for each sample following pre 180 

shearing at a pre-shear normal stress of 9 kPa was investigated by determining the angle of 181 

internal friction (AIF), cohesiveness and flow function (FF) (17). All samples were tested at 182 

least in triplicate and average values determined. 183 

Content Assay Studies  184 

50 mg of each manufactured formulation was accurately weighed using a microbalance 185 

(Mettler-Toledo, Leicester, UK), added to a 100 ml volumetric flask and made up to the mark 186 

with 0.1 M HCl solution. The solution was sonicated for 10 min to ensure the formulation was 187 

fully dissolved, filtered through 0.45 µm PTFE filters (Fisher Scientific Ireland Ltd., Dublin, 188 

Ireland), and diluted suitably to fall within the concentrations of the calibration curves for the 189 

individual APIs and then analysed by High Performance Liquid Chromatography (HPLC). The 190 

concentrations of MET and SIT in solution were determined using an Alliance HPLC with a 191 

Waters 2695 Separations module system and Waters 2996 photodiode array detector (Waters, 192 

Milford, MA, USA). The HPLC mobile phases consisted of a 0.01 M ammonium acetate 193 

solution adjusted to pH 4.5 with acetic acid (mobile phase A) and acetonitrile (mobile phase 194 

B). The ratio of mobile phase A to mobile phase B was 30:70 v/v. The mobile phase was 195 

vacuum filtered through a 0.45 μm membrane filter (Pall Supor® 0.45 μm, 47 mm) and bath 196 

sonicated for 5 min. Separation was achieved using a Zorbax CN (4.6 mm i.d., 250 mm and 5 197 

µm) column, detection wavelength was 239 nm for MET and 267nm for SIT, flow rate of 1.0 198 

ml/min and an injection volume of 10 µL. The elution times for MET and SIT were 11.1 min 199 

and 13.5 min respectively. Empower software was used for peak evaluation. Calibration curves 200 

were conducted weekly, with freshly prepared samples, while studies were on-going. The 201 



linearity range was between 1 - 100 μg/ml for MET and 1 – 75 μg/ml for SIT with regression 202 

coefficient (r2) of 0.999 and 0.998, respectively. The limits of detection for the method were 203 

0.6 μg/ml for MET and 1.1 μg/ml for SIT. The HPLC method was validated for linearity, range, 204 

accuracy, precision and robustness as per ICH Q2 (R1) guidelines. Drug content was calculated 205 

by determining the area under the curve and comparing to area under the curve of standards of 206 

known concentration. Analysis was performed in triplicate. 207 

Scanning Electron Microscopy (SEM) 208 

SEM studies were conducted to visualise the morphology of raw materials and melt granule 209 

formulations. The surface images of the samples were captured at various magnifications by 210 

SEM using a Zeiss Supra Variable Pressure Field Emission Scanning Electron Microscope 211 

(Zeiss, Oberkochen, Germany) equipped with a secondary electron detector at 5kV. Samples 212 

to be studied, were glued onto carbon tabs mounted on to aluminium pin stubs and sputter-213 

coated with a gold/palladium mixture under vacuum prior to analysis. 214 

Caplet Manufacture 215 

The manufactured and optimised melt granules with the highest possible drug loads were 216 

manually compressed into caplets using a Natoli single punch press (Natoli, USA). 217 

Additionally, the same formulations were blended with Avicel® PH102 (10 % (w/w)) using a 218 

Turbula mixer (Glen Creston Ltd., Basel, Switzerland) for 10 minutes at 60 rpm before being 219 

manually compressed into caplets using a Natoli single punch press (Natoli, USA). 1063 mg 220 

of each formulation (equivalent to 850 mg MET and 63 mg SIT) were weighed and compressed 221 

in an in house designed die (figure 1) using two different compression forces, 5000 N and 8000 222 

N (I Holland Ltd, Nottingham, UK). When Avicel PH102 was added the total weight of each 223 

compressed caplet was 1170 mg. Conventional caplet quality control tests (weight variation, 224 

friability, hardness, disintegration, drug content, in-vitro dissolution) were conducted 225 

according to pharmacopoeia standards.  226 

 227 

 228 

 229 

 230 



Caplet Characterisation  231 

Hardness Test 232 

A minimum of 6 individual caplets that were prepared at the different compression forces were 233 

subjected to a crushing test using an EH-01 Electrolab manual tablet hardness tester 234 

(Electrolab, Mumbai, India). Thickness (internal and external), diameter and length of caplets 235 

were first measured using a digital electronic external micrometer (RS PRO Micrometer 236 

External, 0 - 25 mm, Radionics Ltd., Dublin, Ireland) before placing at the moving jaw of the 237 

hardness tester. The long side of the caplet was oriented parallel to the direction of force. The 238 

force required to break the caplet was recorded in Newtons (N) and tensile strength was 239 

calculated according to equation 1 proposed by Pitt and Heasley below (18): 240 

𝜎௧ ൌ ଶଷ ሺ ଵ଴௉గ஽మቀଶ.଼ସ ೟ವି଴.ଵଶ଺ ೟ೢାଷ.ଵହವೢା଴.଴ଵቁሻ    Equation 1 241 

Where:  242 𝜎௧= Tensile strength (MPa) 243 

P= Fracture load (N),  244 

D= diameter (mm)  245 

t= thickness (external) 246 

w= thickness (internal) (height) 247 

L= length of long axis (mm)     248 

 249 

Friability Studies 250 

A sample of 10 caplets were carefully dedusted prior to testing, accurately weighed and placed 251 

in a Copley TA20 friability test drum (Copley Scientific, Nottingham, UK). The drum was 252 

rotated for 100 rpm at 25 rpm for 4 minutes as per the British Pharmacopoeia (BP) method 253 

(19). Caplets were dedusted and accurately weighed. Friability was calculated as per equation 254 

2 below: 255 



% 𝐹 ൌ  
ௐబି ௐభௐబ  𝑋 100       Equation 2 256 

Where: 257 

% F = percentage friability 258 

W0 = the initial total weight of caplets  259 

W1 = the total weight of caplets after the test. 260 

Disintegration Studies  261 

A minimum of 6 caplets were placed in the basket rack of a Erweka ZT 44 disintegration tester 262 

(Novatech, Newcastle, UK) which was immersed in a bath of 0.1 M HCl, pH 1.2, held at 37 263 

°C with a constant vertical agitation rate of 30 cycles per minute as per the BP method (20). 264 

The volume of the fluid in the vessel was such that at the highest point of the upward stroke 265 

the wire mesh remained at least 15 mm below the surface of the fluid and descended to not less 266 

than 25 mm from the bottom of the vessel on the downward stroke. At no time was the top of 267 

the basket-rack assembly submerged. The time required for all the caplets to pass through the 268 

mesh screen was recorded. 269 

In-vitro Dissolution Studies 270 

In-vitro dissolution studies of the manufactured caplets were performed using a Sotax AT-7 271 

USP type II paddle apparatus (Sotax, Wallbrunnstraße, Germany). The dissolution study was 272 

carried out using 0.1 M HCl as the dissolution medium (volume: 900 ml, temperature: 37 ± 0.5 273 

°C, pH: 1.2) and a rotational speed of 50 rpm. This dissolution method was chosen to mimic 274 

the target release conditions of the stomach. 5 ml aliquots were withdrawn and were replaced 275 

with fresh media at the pre-determined time intervals. Samples were filtered through PTFE 276 

hydrophilic 0.45 μm filters (Fisher Scientific Ireland Ltd., Dublin, Ireland) and were analysed 277 

for drug content by HPLC as previously described. The dissolution study was terminated after 278 

120 min. All studies were conducted in triplicate. 279 

Statistical Analysis  280 

Statistical analysis was conducted using Minitab® 16 software. A two-sample t-test was carried 281 

out to compare the effects of particle size for different melt granule formulations. A two-sample 282 



t-test was carried out to compare the various flowability measurements of physical mixtures 283 

and melt granulation formulations. A one-way Analysis of Variance (ANOVA) was carried out 284 

to compare the various flowability measurements of physical mixtures, melt granulation 285 

formulations and melt granulation formulations with the addition of 10 % w/w glidant. A 286 

one-way ANOVA at each individual time point was used to compare the difference in drug 287 

release profiles of manufactured formulations. In all statistical analyses, p < 0.05 denoted 288 

significance. 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 
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 301 
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 305 

 306 



Results and Discussion  307 

Hydroxypropyl cellulosic (HPC) based polymers have been successfully employed in previous 308 

melt-granulation studies for high dose drugs, including MET (11,13,21), because of their high 309 

binding ability behaviour (22,23). Lakshman et. al. reported that MET was compatible with 310 

HPC polymers (22). As formulations with drug loads of up to 90 % have been successfully 311 

achieved using the MG process and reported in the literature, it was an aim of this study to 312 

minimise the amount of HPC required to manufacture successful granules comprising two 313 

APIs. Initial trials with HPC-A and HPC-S with drug loading of MET alone proved successful 314 

at granule formation with API loading up to 85 % w/w. Initial trials using L-HPC at various 315 

ratios with MET alone (trialling 30:70, 40:60, 50:50, 60:40 L-HPC: MET % w/w), various 316 

screw rotation speeds (5 – 20 rpm) and processing temperatures proved unsuccessful at granule 317 

formation. This is thought to be due to the poor binding properties of L-HPC polymer which 318 

makes it unsuitable for use in MG studies with MET. As shown in Table I, L-HPC has a very 319 

low level of substitution of hydroxypropyl groups on the cellulose backbone, which means that 320 

less binding groups are available, in order to achieve binding between the API and polymer, 321 

compared to the other HPC grades used. Previous studies also suggest that L-HPC is suitable 322 

for wet granulation applications or other aqueous based methods, but not MG (24,25). 323 

Subsequently, L-HPC was excluded from further work, with the focus being only on the other 324 

two grades of HPC (i.e. HPC-A and HPC-S). 325 

Solid state characteristics of raw materials 326 

As MG employs thermal energy during the process, it is important to know the thermal 327 

degradation points of each of the components to be added to the formulations for MG studies. 328 

Figure 2 shows the various thermal degradation temperatures by TGA for the different 329 

components used in developing the final formulations. MET has previously been reported to 330 

be thermally stable over a wide range of temperatures (26) and was found by TGA to be 331 

thermally stable up to 230.52 ± 1.62 °C (figure 2 (a)). SIT also showed thermal stability up to 332 

216.21 ± 2.73 °C (figure 2 (b)), which was consistent with a previous report (27). It is worth 333 

noting that there was some weight loss in SIT samples between approximately 90 oC and 126 334 

°C, corresponding to 3.34 % w/w of the initial sample weight; this loss in weight can be 335 

attributed to the single water molecule within the initial starting monohydrate material. TGA 336 

studies of HPC samples indicated that their thermal degradation occurs at higher temperatures 337 

than the APIs. The HPC-S grade showed a thermal stability up to 294.16 ± 0.98 °C, whereas 338 



HPC-A started to thermally decompose at 334.68 ± 1.89 °C. PEG 3350 started to thermally 339 

degrade at 355.45 ± 1.44 °C. 340 

 341 

As HPC is a semi-crystalline polymer it has both amorphous and crystalline domains within 342 

the structure (28). The polymer itself is very hygroscopic, and as a result the Tg of the 343 

amorphous domain varies greatly with moisture content (29). Based on work conducted by 344 

Picker-Freyer and Dürig, crystallinity for the various grades of HPC is estimated to be between 345 

7 % and 9 % (29). Figure 3 below, shows the second heating cycle of a heat-cool-heat cycle of 346 

both HPC-A and HPC-S to highlight the thermal characteristics of the polymers without any 347 

water content. The results correspond well to previous reports by Picker-Freyer and Dürig 348 

(2007). These authors reported the Tgs of the amorphous portion of HPC polymers to be close 349 

to 0 °C, while in the current study they were determined to be at 7.27 ± 0.35 and 9.66 ± 0.20 350 

oC for HPC-A and HPC-S respectively. HPC crystalline domains have been reported to display 351 

melting endotherms in the range of 180 °C to 220 °C (29), and the higher the molecular weight 352 

of the HPC polymer, the higher the melting endotherm. This is evident in figure 3, where HPC-353 

A is shown to have a higher melting point, at 205.99 ± 1.31 °C, compared to HPC-S, at 194.73 354 

± 1.89 °C (29). 355 

 356 

Standard DSC runs showed the starting API materials were crystalline in nature with sharp 357 

melting endotherms at 232.53 ± 1.20 °C and 213.48 ± 0.75 °C for MET and SIT, respectively 358 

(figure 4). With regards to the endotherm seen with SIT at 137.66 ± 1.15 °C, this can be 359 

attributed to the loss of a water molecule, as previously observed by TGA. PEG 3350 is a semi-360 

crystalline plasticizer that exhibits a melting endotherm at 59.79 ± 0.04 °C (figure 4 (a)). As 361 

both MET and SIT start to thermally degrade near their melting temperatures, the MG process 362 

temperatures have to be set below the thermal degradation points of the APIs. 363 

 364 

PXRD data (figure 5) supported the data obtained from DSC analysis, that the starting API 365 

materials were in the crystalline state. MET showed characteristic Bragg peaks at 12.25 °(2θ), 366 

17.65 °(2θ), 22.40 °(2θ) and 39.50 °(2θ), which are consistent with the literature (30,31). SIT 367 

showed characteristic Bragg peaks at 13.90 °(2θ), 16.10 °(2θ), 18.65 °(2θ), and 21.25 °(2θ), 368 



which are also consistent with the literature (32). PEG 3350 showed characteristic Bragg peaks 369 

at 19.20 °(2θ) and 23.30 °(2θ), consistent with previous reports in the literature (33,34). The 370 

PXRD diffractograms for HPC-A and HPC-S are very similar, displaying “halo” patterns, 371 

which are characteristic of amorphous materials, centred at 8.55 °(2θ) and 20.35 °(2θ) 372 

respectively. While cellulose polymers consist of both crystalline and amorphous domains, the 373 

crystalline domain content is presumably so small, the amorphous halo dominates the PXRD 374 

pattern. 375 

 376 

Manufacture of Melt granules 377 

The initial visual characterisation of melt granules is essential when processing materials using 378 

a twin-screw melt granulation technique (12,35). Optimised melt granule formulations are 379 

expected to be solid, uniform in particle size distribution, show acceptable flow properties and 380 

have no charred spots (36,37). During the course of this study, during method development and 381 

optimisation, a range of processing parameters (screw rotation speed and processing 382 

temperatures), HPC grade and proportions were investigated to optimise the final melt granule 383 

formulation so that it exhibited acceptable visual characteristics upon manufacture. 384 

The extruder barrel was divided into 4 heating zones (including the feeding zone and heating 385 

zones 1-3). The final temperatures chosen are displayed in table III. The temperature 386 

throughout remains below the melting temperatures of both APIs but above both HPC-A and 387 

HPC-S Tgs and above the melting temperature of PEG 3350. This allows for granules to form 388 

successfully. The temperature increases from the feed zone through to zone 3 to allow the 389 

complete melting/softening of the excipients while also allowing adequate time for the 390 

components to mix with one another during the process.  391 

A disadvantage associated with working with FDC products is that the ratio of drugs needs to 392 

remain constant, in this case, for every 850 mg of MET we need 63 mg of SIT (equivalent to 393 

50 mg of sitagliptin). For this reason, the only variation in formulation can come from the 394 

excipients added. Ideally, the final formulation should contain as little excipients as possible 395 

due to the already large API content required. HPC-S and HPC-A were successfully employed 396 

to produce granules which, from initial visual inspection, were larger in size compared to the 397 

physical mixtures fed into the extruder. Initial studies consisted of MET and HPC only as these 398 

components made up most of the formulation. It was possible to process MET drug loadings 399 



as high as 85 % w/w using either of the two grades of HPC. However, the manufactured 400 

granules were slightly fragile and tended to break apart after they were cooled. While other 401 

studies have shown that MET may be successfully melt granulated up to 90 % w/w with HPC 402 

and other polymers using larger melt extruders (21,22), it is likely that this is because of the 403 

ability of larger extruders to exert relatively higher pressures and torque required for granule 404 

formation in comparison to the 10 mm lab-scale extruder used in this study. To overcome this 405 

problem, PEG 3350 was added to the formulation, as it was hypothesised that the melting of 406 

this low melting point hydrophilic substance would allow for better granule formation. PEGs 407 

are well suited to work as binders in granulation and have been successfully used for many 408 

years in various granulation techniques (38,39). Low molecular weight PEGs have been shown 409 

to produce more spherical particles than high molecular weight PEGs owing to differences in 410 

viscosity exerted during the MG process (38). The addition of the PEG at low concentration 411 

had the desired effects visually, with granules appearing more free flowing and less fragile.  412 

Control studies using PEG 3350 alone were also conducted using the same process conditions 413 

and PEG concentrations of 5 %, 10 % and 15 % w/w  with MET. At 5 % w/w PEG there was 414 

no noticeable difference between the initial physical mix and the product produced post MG. 415 

At 10 % and 15 % w/w, granules were not formed; rather large agglomerated masses of material 416 

resulted, and thus PEG 3350 alone was deemed unsuitable as a binder.  417 

Finally, the second API, SIT, was added to the formulation and the final % w/w of each 418 

component is displayed in table III below. The optimised screw rotation speed was 10 rpm. 419 

 420 

Characterisation of the Melt Granules 421 

Differential Scanning Calorimetry (DSC) 422 

Strong intermolecular interactions exist between MET and SIT which is evident by the decrease 423 

in melting temperatures seen in the physical mixture between the two APIs (figure 6 (a)) in the 424 

FDC product ratio, 850:63. SIT melting point is significantly lowered to 188 °C, while MET 425 

melting point is also decreased to 227 °C. Figures 6 (b) and 6 (c) show DSC results for physical 426 

mixtures (PM) for constituents of both formulations chosen as the optimized formulations. 427 

Melting points are evident in both PMs for PEG, SIT and MET indicating crystallinity may be 428 

measured via DSC for the proportion used in the formulations. The lack of endothermic peaks 429 



for PEG 3350 and SIT in the MG formulations (figure 6 (d) and 6 (e)), indicate that post 430 

processing, both components are present in a non-crystalline state, most likely in their 431 

amorphous states. MET remains fully crystalline. For MG formulations, the absence of a 432 

melting endotherm for SIT, which is evident in the PMs, can be explained by the API melting 433 

during the process. As the melting point is evident in the thermograms of the PMs, if SIT 434 

remained crystalline after MG then the same endotherms would be expected to be seen post 435 

processing. The DSC thermograms of the PMs also indicate that the quantity of SIT in the 436 

formulation is not soluble in the other excipients, which display melting points or Tgs lower 437 

than 186 °C, since, if SIT was soluble in these excipients, one would expect that no endotherm 438 

at 186 °C would be seen. Even though the highest temperature on the extruder during 439 

processing was 180 °C, local hot spots can form causing increases in temperature above the set 440 

point on the thermostats (40). It is most likely these hot spots allowed SIT to melt forming an 441 

amorphous form during the processing. MET remains fully crystalline in both MG formulations 442 

with no statistical difference between the heat of fusion for any of the PM and MG samples (p 443 

> 0.05). 444 

 445 

Powder X-ray Diffraction (PXRD) 446 

The PXRD patterns for PM and MG formulations are shown in figure 7. Bragg peaks displayed 447 

in the diffractograms of PMs (figure 7 (a) and (b)) are peaks associated with crystalline MET. 448 

Due to the high MET content in the formulations and the strong Bragg peaks associated with 449 

it, unique Bragg peaks associated with SIT and PEG 3350 are not detectable in the PMs. Thus, 450 

as a method of determining the solid state of SIT and PEG 3350 post processing, PXRD is 451 

unsuitable. However, it remains a suitable technique to determine the solid state of MET. For 452 

MG formulations, MET remains in the crystalline state post processing as is evident with 453 

characteristic Bragg peaks remaining. Two MET polymorphs have previously been reported in 454 

the literature, the stable form A and a metastable form B (41,42). The MET raw material used 455 

during the study was form A. The positions of the strong diffraction peaks are the same for all 456 

PM and MG formulations, indicating the same crystal lattice and implying no MET polymorph 457 

form change in MET during processing. While we see a difference in peak intensity of the 458 

different formulations, this may be explained by the preferential orientation of the crystals 459 

within the sample holder (43).  460 



Particle Size Analysis (PSA) 461 

Particle size plays an important role in many aspects of the manufacturing process. In general, 462 

smaller particles demonstrate stronger interparticular cohesive forces compared to larger 463 

particles, which in turn affects the flowability. Typically, granulation aims to increase particle 464 

size of formulations to form granules (usually between 200 µm and 4000 µm) by creating bonds 465 

between particles by compression or by using binding agents. Particle size analysis (PSA) 466 

results are presented in table IV for the APIs and MG formulations. As MET comprised the 467 

majority of the formulations (80 %), the particle size of the MET raw material was compared 468 

to the MG formulations particle size. The median particle size of MG formulations were 469 

statistically larger than the MET raw material (p < 0.05). As the MG process resulted in 470 

particles larger than the MET raw material, and were larger than 200 µm, the process conditions 471 

were considered to have resulted in successful granule manufacture for both HPC grades.  472 

 473 

Flowability measurements 474 

Flowability measurements are essential, as poorly flowing particles or powder blends are 475 

problematic in the manufacturing of solid dosage forms, such as compressed tablets or powder-476 

filled hard gelatin capsules (44). Powder flow characteristics are determined by both the 477 

physical properties of the powders such as particle size, distribution and shape and are also 478 

determined by several environmental factors such as temperature, humidity and the stresses 479 

applied during storage and processing, such as gravity, vibrations, air pressure, and external 480 

loading from filling devices (45). As the products being tested varied in particle size, the initial 481 

state of the products before testing is particularly important and so “conditioning” to ensure a 482 

reproducible packing condition is essential if the data is to be reproducible, repeatable and 483 

comparable (17). Once consolidation has been completed and shear testing has been performed, 484 

several different results may be determined, including the measured Angle of Internal Friction 485 

(AIF) and cohesion, which can be directly used to assess the product’s flowability. The AIF is 486 

defined as a measure of the ability of a unit of product to withstand a shear stress. It is the angle 487 

(φ), measured between the normal force and resultant force that is attained when failure just 488 

occurs in response to a shearing stress. The AIF values have been shown to be directly related 489 

to particle size and shape (17,46). Previously, it was reported that the AIF plays a significant 490 

role in determining the flow function (FF) of powders and granules (17,46,47). Recently 491 



however, Wang et al. (48) reported that, while, by definition FF requires the AIF be known, in 492 

practice the AIF plays a very limited role, and cohesive factors are much more critical in 493 

determining powder flowability. Correlation between FF and cohesion can be sustained as long 494 

as the AIF at incipient flow is not significantly larger than the AIF at steady-state flow, a 495 

condition covering almost all pharmaceutical powders. These findings were confirmed by 496 

Leung et al. (49) when the experimental conditions were undertaken using a much larger 497 

sample size.  498 

Results of AIF, cohesiveness and FF are shown in table V for PMs of HPC-A and HPC-S 499 

formulations, MGs of HPC-A and HPC-S formulations and MGs of HPC-A and HPC-S 500 

formulations with the addition of 10% w/w glidant. For HPC-S formulations, statistically there 501 

was no difference between the PM and MG formulations in their respective AIF, cohesiveness 502 

and FF results (p > 0.05). For HPC-A formulations, the same observation was made with no 503 

difference between the PM and MG formulations in their respective AIF, cohesiveness and FF 504 

results (p > 0.05). Avicel PH102 is a brand of microcrystalline cellulose (MCC) that has been 505 

used in processing to improve flowability while also reporting to improve compaction of 506 

powers due to its plastic properties (50,51).  To try and improve the flowability parameters of 507 

the MGs formulations relative to the PMs, 10 % w/w Avicel was added to each formulation. 508 

While the concentration of Avicel PH102 added to formulations varies greatly throughout the 509 

literature, one of the goals of the current study was to ensure the minimum quantity of 510 

excipients as possible was used, hence 10 % w/w was chosen in order to keep the final 511 

formulation suitable for patient consumption. However, no significant changes in AIF, 512 

cohesiveness or FF were seen upon addition of the glidant for either formulation (p > 0.05). 513 

The average particle size for Avicel PH102 is 100 µm according to the manufacturer’s 514 

specifications. Due to the relatively low concentration of Avicel PH102 and the smaller particle 515 

size compared to the MG formulations, it exerts no significant effects on flowability 516 

measurements. Also, Avicel PH102 at 10 % w/w concentration was compressed into caplets 517 

but did not significantly affect the caplet hardness, friability, disintegration or in-vitro 518 

dissolution studies of either formulation and these results were excluded from the current work. 519 

 520 

Several other factors can have significant effects on the flowability of products such as 521 

moisture content, storage conditions and hopper angle. Jenike (52) used FF to classify powder 522 



flowability, with higher values representing easier flow, as shown in table VI. All formulations 523 

tested are considered to be easy flowing based on the classification. 524 

Content Assay 525 

During processing, degradation of APIs may occur and as a result it is important to investigate 526 

the final API content to comply with regulations. During MG, thermal degradation is a potential 527 

hazard for APIs due to excess thermal energy generation. Acceptable limits of API content are 528 

usually stipulated in the monographs of pharmacopoeias. In the BP, no monograph currently 529 

exits for FDCs containing both MET and SIT. For individual monographs of MET and SIT, 530 

the requirement for content assay tests to be successful is to have drug content not less than 531 

95.0 % and not more than 105.0 % of the stated amount (53,54). Table VII shows content assay 532 

for MET and SIT for all MG processed formulations, with all results complying with the 533 

required content of APIs. 534 

Scanning Electron Microscopy 535 

SEM images for API raw materials (MET and SIT) show both APIs to consist of orthorhombic-536 

shaped crystals (figure 8 (a) and (b)). Figures 8 (c) and 8 (d) show SEM images for the MG 537 

formulations containing HPC-A and HPC-S respectively. The formulations appear as round 538 

agglomerates of smaller particles, with the loss of the longitudinal orthorhombic structures of 539 

the individual API raw materials. This corresponds well to the increase in the particle size, 540 

discussed above, of the MG formulations in comparison to the APIs raw materials. 541 

 542 

Manufacture of Caplets 543 

Due to the large therapeutic dosage of the APIs, conventional circular tablets with flat faces 544 

are unsuitable for patients to swallow easily. As the market product Janumet®, is manufactured 545 

to produce an elongated tablet, otherwise known as a caplet, it was decided that our in-house 546 

caplet die would be used to produce a similarly shaped product for ease of swallowing (figure 547 

9). Two different compression forces were selected for caplet formation and the manufactured 548 

caplets were subjected to evaluation according to the common compendial tests for oral tablets 549 

(i.e. hardness, friability, disintegration and in-vitro dissolution).  550 

 551 



Characterisation of Caplets 552 

Caplet hardness testing 553 

The strength of manufactured caplets can be defined in terms of the compression force required 554 

to fracture a specimen across its diameter, which is commonly determined by conducting a 555 

hardness test (55). The hardness of complex dosage forms, such as elongated caplets, may be 556 

determined using a crushing method, however, the breaking load does not take into 557 

consideration all dimensions and shape of such complex geometries. Thus, converting fracture 558 

loads to tensile strength, allows the determination of resistance to crushing while also taking 559 

into consideration the geometry of the tablets being tested (18). Table VIII shows the measured 560 

dimensions of the MG caplets manufactured post different compression forces. The length of 561 

the short axis (D) and the length of the long axis (L) show no statistical differences (p > 0.05) 562 

regardless of formulation or compression force used. However, for overall thickness (t) and 563 

tablet wall height (w), increased compression force resulted in significantly smaller caplets, as 564 

expected. HPC has previously been described as being a visco-elastic material (29), meaning 565 

increased compression forces result in greater compaction. The results here also correspond 566 

well with Picker-Freyer and Dürig’s (29) findings that compactability is significantly affected 567 

by the molecular weight of HPC polymers. These authors concluded that the lower the 568 

molecular weight of the HPC polymer, the higher the plasticity and compactibility. Our results 569 

show similar findings, with MG formulations containing HPC-S being more compact than the 570 

equivalent MG formulations containing HPC-A. 571 

Due to the higher compactability and plasticity of the HPC-S formulations, HPC-S caplets are 572 

harder than the equivalent caplets produced with HPC-A (table IX). Figure 9(b) shows an 573 

example of the axial fracture that occurs when caplets exceed their fracture load. 574 

 575 

Friability Studies 576 

Friability is the tendency of a solid dosage from (e.g. caplet) to crumble, chip or break 577 

following compression, which could be caused by many factors such as: caplet design, 578 

insufficient excipients (e.g. binder) and low compression force during pressing. Caplets should 579 

be hard enough to withstand packaging and transport conditions, but also need to disintegrate 580 

in a reasonable time to allow for drug dissolution to occur (56,57). The BP sets the standard 581 



for friability testing, with a maximum loss of mass (obtained from a single test or from the 582 

mean of 3 tests) not greater than 1.0 % considered acceptable for most products (19). Friability 583 

results for MG caplets are shown in table X. For MG caplets, MG HPC-S, compressed at 8000 584 

N, is the only MG caplet formulation to pass friability.  585 

 586 

Disintegration Studies 587 

Disintegration refers to the mechanical break up of a compressed tablet into small granules 588 

upon ingestion and therefore it is characterised by the breakdown of the interparticulate bonds, 589 

which were forged during the compaction of the tablet (58). Oral solid dosage forms are 590 

required to break apart or disintegrate in a reasonable period of time when brought into contact 591 

with a liquid medium to allow for the APIs contained in the dosage forms to be released (59,60). 592 

In addition to the solubility of components of the solid dosage form and the type of 593 

disintegration medium, it is well documented that the more compact the solid dosage form the 594 

more the time it needs to disintegrate, and hence very compressed caplets may show longer 595 

disintegration times (59,61). Table XI shows disintegration times for each of the manufactured 596 

caplets compacted at different compression forces. For uncoated oral tablets with an immediate 597 

release profile, the BP states that, tablets must be fully disintegrated within 15 min in order to 598 

comply with standards (62). All MG caplets passed the disintegration test, with caplets fully 599 

disintegrated within 15 min. MG HPC-A formulation caplets disintegrated statistically quicker 600 

(p < 0.05) than the equivalent MG HPC-S formulation caplets due to differences in tablet 601 

hardness, tablet size and porosity. Each of these factors has previously been described as having 602 

an influence on the disintegration times of oral solid dosage forms (58).  603 

 604 

In-Vitro Dissolution Studies 605 

In-vitro drug dissolution studies were undertaken for the MG HPC-A and HPC-S caplets, and 606 

results compared to dissolution profiles obtained for Janumet® (figure 10) as a reference. 607 

Dissolution conditions were chosen to mimic conditions in the stomach, the target release 608 

region for the caplets.  All MG caplets fully released both MET and SIT within 10 min and 5 609 

min respectively (figure 10). Interestingly, the compression force applied to manufactured 610 

caplets had no influence on rate of release of both drugs. As both MET and SIT are BCS class 611 



III drug compounds, absorption is permeation rate limited and bioavailability is independent 612 

of drug release from the dosage form. From a regulatory point of view, BCS class III drug 613 

compounds can qualify for BCS based biowaivers which in turn lead to a reduction in initial 614 

set up costs for getting a product to market. To qualify for a BCS class III biowaiver, the test 615 

product must have very rapid dissolution profiles (> 85 % in the first 15 min) and the test 616 

product formulation is qualitatively the same and quantitatively very similar to the reference 617 

product (63). This is due to BCS Class III drug substances being more susceptible to the effects 618 

of excipients and because they may have site-specific absorption, there are a large number of 619 

mechanisms through which excipients can affect their absorption (64). 620 

 621 
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 635 



Conclusion 636 

The continuous manufacturing of fixed dose combination products is beneficial in 637 

pharmaceutical manufacturing, where there has been increased interest in recent years in 638 

moving away from batch-based processes due to their limitations. The melt granulation 639 

technique employed in this study shows the potential application of the process for its 640 

implementation in a continuous manufacturing environment for large fixed dose combination 641 

formulations. Manufactured caplets had a smaller mass than the marketed equivalent. Caplets 642 

that passed all compendial tests for solid oral dose immediate release products can be 643 

successfully manufactured using melt granulation. However, many factors including machine 644 

parameters, polymer composition and compression forces used for final caplet compaction all 645 

impact the final product characteristics. Additionally, as metformin is indicated for treatment 646 

in type II diabetes in combination with several other active pharmaceutical ingredients, further 647 

work could be done to assess the suitability of melt granulation to produce fixed dose 648 

combination products of metformin and other active pharmaceutical ingredients. 649 
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 898 

Figure 1. In-house design of manufactured caplets (a) and caplet shape and dimensions for 899 

Equation 1 (b) (18) 900 

 901 

Figure 2. TGA thermograms of raw materials: (a) MET, (b) SIT, (c) HPC-S, (d) HPC-A and, 902 

(e) PEG 3350. 903 

 904 



 905 

Figure 3: DSC thermogram of the second heating cycle in a heat-cool-heat cycle for (a) HPC-906 

A and (b) HPC-S. 907 

 908 

Figure 4. DSC thermogram of API raw materials: (a) PEG 3350, (b) SIT, (c) MET. 909 

 910 

 911 



 912 

Figure 5. PXRD of raw materials over the range of 5–40° 2θ: (a) HPC-S, (b) HPC-A, (c) PEG 913 

3350, (d) SIT, and (e) MET. 914 

 915 

Figure 6. DSC thermograms of (a) physical mixture of MET and SIT in the ratio 850:63, (b) 916 

physical mixture of HPC-S formulation, (c) physical mixture of HPC-A formulation, (d) melt 917 

granulation of HPC-S formulation and (e) melt granulation of HPC-A formulation. 918 

 919 



 920 

Figure 7. PXRD over the range of 5–40° 2θ: (a) physical mixture of HPC-S formulation (b) 921 

physical mixture of HPC-A formulation (c) melt granulation HPC-S formulation and (d) melt 922 

granulation HPC-A formulation. 923 

 924 

Figure 8. SEM micrographs of (a) MET raw material, (b) SIT raw material, (c) MG HPC-A 925 

formulation and (d) MG HPC-S formulation. Note the different scale bars on the figures. The 926 

scale bars on figures (a), (c) and (d) are 200 m, while that on figure (b) is 20 m) 927 



 928 

Figure 9. (a) Photographs of the manufactured caplets and (b) image of axial fracture of caplet 929 

after hardness test. 930 

 931 

Figure 10. Dissolution of melt granulation (MG) caplets in pH 1.2 showing (a) MET release 932 

profiles and (b) SIT release profiles. Dissolution of Janumet® also included for reference. 933 

Table I. Physicochemical properties of HPC polymers used in the study (14–16). 934 



 

Hydroxypropoxy content (%) 
Moles of 

substitutiona 
Molecular weight (g/mol) 

HPC-A 75 3.8 1,150,000 

HPC-S 65 3.0 100,000 

L-HPC 11 0.2 100,000 

amoles of substitution is the number of moles of hydroxypropyl groups per glucose unit.  935 

 936 

Table II. Specification of Rondol 10 mm Microlab extruder. 937 

Specification Value Unit 

Screw diameter 10 mm 

Screw speed 0~200 rpm 

Profile  Co-rotating, intermeshing - 

Number of barrel heating sections  4 - 

Length of each barrel section  05:01 L/D 

Overall barrel length 20:01 L/D 

Minimum run size  10 g 

Typical wastage  <3 g 

Maximum processing temperature 300 °C 

Materials of construction of the barrel High strength carbon steel - 

Cooling water requirement  1 L/min 

 938 

 939 

 940 

 941 

 942 

 943 

 944 



Table III. Summary and composition and processing temperature for optimised formulations. 945 

Proportion (% w/w) of components in MG formulation 

MET SIT PEG 3350 HPC-A or HPC-S 

80 6.00 4.0 10.0 

Processing Temperature (°C) 

Zone 3 Zone 2 Zone 1 Feed Zone 

180 170 150 130 

 946 

Table IV. Overview of particle size analysis (PSA) results (median particle size, d50) of API 947 

raw materials and processed MG formulations. 948 

Sample Particle size (d50) (µm) 

MET 115.08 ± 10.88 

SIT 28.64 ± 0.80 

MG HPC-A formulation 221.67 ± 13.80 

MG HPC-S formulation 281.67 ± 55.05 

 949 

 950 

 951 

 952 

 953 

 954 



 955 

Table V. Summary of flow parameters of physical mixtures (PM), manufactured melt 956 

granules (MG) and manufactured MG materials with glidant. 957 

Sample AIF, º Cohesion, kPa FF 

PM MET SIT HPC-A PEG 31.45 ± 1.06 0.81 ± 0.13 5.61 ± 0.84 

PM MET SIT HPC-S PEG 32.01 ± 2.55 0.84 ± 0.18 5.57 ± 0.85 

MG MET SIT HPC-A PEG 32.00 ± 1.56 1.05 ± 0.13 4.74 ± 0.69 

MG MET SIT HPC-S PEG 34.30 ± 1.28 0.79 ± 0.18 5.38 ± 1.32 

MG MET SIT HPC-A PEG 

and glidant (10 % w/w) 
30.45 ± 1.15 0.85 ± 0.09 5.41 ± 0.84 

MG MET SIT HPC-S PEG 

and glidant (10 % w/w) 
31.80 ± 1.73 0.74 ± 0.14 5.21 ± 0.45 

 958 

Table VI. Jenike classification of flowability by flow function (FF) (52). 959 

Flowability No flow 
Very 

cohesive 
Cohesive Easy flow Free flowing 

Flow 

function 
<1 <2 <4 <10 >10 

 960 

 961 

 962 

 963 

 964 



 965 

 966 

Table VII. Content assay (%) of melt granulation (MG) formulations. 967 

Formulation MG HPC-S formulation MG HPC-A formulation 

MET (% of max 

theoretical amount) 
98.12 ± 0.84 98.84 ± 0.46 

SIT (% of max 

theoretical amount) 
99.14 ± 0.35 98.47 ± 0.74 

 968 

Table VIII. Dimensions of melt granulation (MG) manufactured caplets post compression at 969 

different compression forces. 970 

Sample MG HPC-A formulation MG HPC-S formulation 

Compression force to 

form caplets (N) 
5000 8000 5000 8000 

L (mm) 21.39 ± 0.02 21.43 ± 0.03 21.41 ± 0.02 21.44 ± 0.02 

D (mm) 10.52 ± 0.02 10.52 ± 0.02 10.52 ± 0.02 10.51 ± 0.03 

t (mm) 6.32 ± 0.01 6.03 ± 0.05 6.14 ± 0.02 5.93 ± 0.03 

w (mm) 3.93 ± 0.01 3.59 ± 0.08 3.58 ± 0.08 3.23 ± 0.09 

 971 

 972 

 973 

 974 



 975 

 976 

Table IX. Results of the tablet hardness test for MG formulations compressed into caplets at 977 

different compression forces. 978 

Sample 
MG HPC-A formulation 

caplets 

MG HPC-S formulation 

caplets 

Compression force to 

form caplets (N) 
5000 8000 5000 8000 

Tensile strength of 

Melt Granulation 

products (MPa) 

0.22 ± 0.01 0.31 ± 0.01 0.28 ± 0.03 0.44 ± 0.05 

 979 

Table X. Friability test results for melt granulation caplets compressed at different 980 

compression forces. 981 

Sample 
MG HPC-A formulation 

caplets 

MG HPC-S formulation 

caplets 

Compression force to form 

caplets (N) 
5000 8000 5000 8000 

Friability of Melt 

Granulation caplets (%) 

65.53 % 

(Fail) 

81.08 % 

(Fail) 

91.96 % 

(Fail) 

99.25 % 

(Pass) 

 982 

 983 

 984 

 985 



 986 

 987 

 988 

Table XI. Disintegration times of MG caplets compressed at different compression forces. 989 

Sample HPC-A formulation HPC-S formulation 

Compaction force to form 

caplets (N) 
5000 8000 5000 8000 

Disintegration of Melt 

Granulation caplets (seconds) 
70 ± 12 257 ± 55 235 ± 35 748 ± 28 

 990 

 991 


