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Abstract

Granules with release-sustaining properties were developed by twin screw hot melt granulation (HMG)

using a combination of stearic acid (SA) and high molecular weight polyethylene oxide (PEO) as matrix for

a highly water soluble model drug, metoprolol tartrate (MPT). Earlier studies demonstrated that mixing

molten SA and PEO resulted in hydrogen bond formation between hydroxyl groups of fatty acid molecules

and ether groups in PEO chains. These molecular interactions might be beneficial in order to elevate the

sustained release effect of drugs from a SA/PEO matrix. This study aims to investigate the continuous twin

screw melt granulation technique to study the impact of a SA/PEO matrix on the dissolution rate of a highly

water soluble drug (MPT). Decreasing the SA/PEO ratio improved the release-sustaining properties of the

matrix. The solid state of the granules was characterized using differential scanning calorimetry (DSC), nu-

clear magnetic resonance (NMR), X-ray diffraction (XRD), Raman spectroscopy, Fourier Transform Infrared

(FTIR) and Near Infrared chemical imaging (NIR-CI) in order to understand the dissolution behavior. The

results revealed a preferential interaction of the MPT molecules with stearic acid impeding the PEO to

form hydrogen bonds with the stearic acid chains. However, this allowed the PEO chains to recrystallize

inside the stearic acid matrix after granulation, hence, elevating the release-sustaining characteristics of the

formulation.

Keywords: Continuous twin-screw melt granulation, Stearic acid, PEO, DSC, Vibrational spectroscopy,
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1. Introduction1

Continuous melt granulation is gaining popularity in the pharmaceutical industry due to its multiple2

advantages. Hot melt granulation (HMG) uses a molten binder to agglomerate the pharmaceutical powder3

particles. Following particle agglomeration and consolidation, the granules are cooled to room temperature4

and a solid end product with a granular structure is formed. For this granulation method, the drying step,5

which is required after wet granulation, is eliminated, hence, the process time and energy requirements are6

significantly reduced. Since no liquids are used, HMG has the possibility to agglomerate moisture-sensitive7

materials [? ][? ][? ]. Furthermore, melt granulation can be used to develop high-dose formulations with8

up to 90% of active pharmaceutical ingredient (API) [? ][? ].9

10

The type of binder used during melt granulation (and its distribution during processing) is one of the11

main determinants of the granule quality attributes. Hydrophilic binders, such as low molecular weight12

polyethylene glycol (PEG) 3000-20,000 or Gelucire 50/13 and 44/14, are typically used to develop immediate-13

release systems where the granules quickly disintegrate or dissolve after intake [? ][? ][? ]. In contrast,14

sustained-release melt granules are prepared via melt granulation using hydrophobic binders, such as fatty15

acids, microcrystalline wax or hydrogenated castor oil (HCO), which retain the granule’s matrix structure16

in aqueous media [? ][? ][? ]. The binders should have a melting point above 50 ◦C to avoid soften-17

ing of the dosage form during storage and in case of sustained drug delivery systems also to maintain the18

structural integrity of the matrix at body temperature to avoid excessive drug release after oral delivery [? ].19

20

Previous research has proven that the addition of a hydrophilic polymer to a hydrophobic matrix can21

modify the drug release from the matrix [? ][? ][? ]. However, only a very few studies currently exist in the22

specific area of using HMG to develop granules containing both hydrophilic and hydrophobic binders. Tiwari23

et al. firstly prepared melt granules using only HCO which showed a sustained release where 100% tramadol24

was released over 20 hours. The slow release of the drug was attributed to the formation of a uniform coating25

on the individual drug particles by the hydrophobic polymer during melt granulation hindering penetration26

of the solvent. Consequently, addition of hydrophilic hydroxypropylmethylcellulose (HPMC) significantly27
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increased the tramadol release rate since the tablet started to swell and burst out the drug. This effect28

was attributed to the presence of both HPMC, which rapidly took up the water leading to swelling, and29

HCO, which repels the water, resulting in separation of the formulation components. They concluded that30

the combination of hydrophilic and hydrophobic polymer matrices was not suitable in the development of31

a controlled release dosage form for water soluble drugs [? ]. However, Vervaeck et al. proposed the use32

of fatty acids as matrix formers during prilling to control the release of the highly water soluble metoprolol33

tartrate (MPT). It was concluded that the MPT release could be tailored over a wide range through addition34

of PEG by varying the PEG concentration and the PEG molecular weight (4000-10,000) [? ]. The use of35

PEO in combination with a fatty acid is widely investigated in the field of the phase changing materials36

[? ][? ][? ][? ][? ][? ]. It is discovered that mixing both components in the melt resulted in hydrogen37

bond formation between hydroxyl groups of fatty acid molecules (proton donor group) and ether groups in38

PEO chains (proton acceptor group). The occurrence of these molecular interactions might be beneficial in39

order to elevate the release-sustaining properties of a drug from a SA/PEO matrix. Therefore, this research40

aims to investigate the continuous twin screw melt granulation technique to study the use of a SA/PEO41

matrix on the dissolution rate of a highly water soluble drug (MPT). The solid state of the granules, was42

characterized using DSC, NMR, XRD, Raman spectroscopy, FTIR and NIR-CI in order to understand the43

dissolution profile.44

2. Materials and methods45

2.1. Materials46

SA with a C18 purity of 98.7% (melting temperature (Tm)=69 ◦C) was purchased from Mosselman (Ghlin,47

Belgium) and was used as the matrix forming fatty acid. The fatty acid matrix was modified by adding PEO,48

a semi-crystalline polymer. Sentry Polyoxr WSR N12K (polyethylene oxide, PEO 1,000,000 g/mol) was49

purchased from Colorcon (Dartford Kent, United Kingdom). MPT (UTAG, Almere, The Netherlands) was50

selected as highly water soluble model drug. Five blends with a constant drug load of 5% and increasing PEO51

concentration were prepared using a tumbling mixer (W.A. Bachofen, Basel, Switzerland). The maximum52

SA/ concentration was limited to 60/40 owing to the elastic properties of the granules when the PEO53

concentration became too high. In addition, five drug-free blends with corresponding SA/PEO ratios were54

prepared in order to be able to study the characteristics of the matrix. The composition of the blends is55

given in table 1.56
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Table 1: Experimental powder mixtures in varying SA,PEO and MPT content (% w/w).

Blend SA PEO MPT

F1 90 10 0
F2 80 20 0
F3 75 25 0
F4 70 30 0
F5 60 40 0
M1 85.5 9.5 5
M2 76 19 5
M3 71.25 23.75 5
M4 66.5 28.5 5
M5 57 38 5

2.2. Twin-screw melt granulation57

Melt granulation was performed using a co-rotating intermeshing twin-screw granulator (Prism Eurolab58

16) (Thermo Fisher Scientific, Karlsruhe, Germany) with a barrel length of 25 L/D, where L is the axial59

screw length of the machine and D is the inner bore diameter. The screw design was identical for all60

experiments containing one kneading zone located in the fifth segment and consisting of 6 kneading discs61

positioned at a 60 ◦ stagger angle in reversed direction. The premixed samples (Table 1) were fed into the62

granulator using a DD Flexwall 18 gravimetric feeder (Brabender Technologie, Germany), which was set in63

the gravimetric feeding mode. Throughput and screw speed were kept constant at 0.3 kg/h and 150 rpm,64

respectively. The barrel was divided into 6 barrel zones. Barrel temperature from segment 2 to 5 was kept65

constant at 60 ◦C. Segment 6, which is located at the end of the barrel, had a lower temperature of 40 ◦C66

during all runs in order to cool down the granules and hence avoiding them to stick together when leaving the67

granulator. Granule samples were collected after melt granulation of each mixture (Table 1). Afterwards,68

samples were stored at room temperature.69

2.3. In vitro dissolution70

In vitro dissolution was performed using USP dissolution apparatus 1 (baskets). The equipment consisted71

of a VK 7010 dissolution system coupled with a VK 8000 automatic sampling station (Vankel, New Jersey,72

USA). An amount of granules, corresponding to 30 mg MPT, was inserted into the baskets. Basket rotational73

speed was set at 100 rpm and the temperature of the dissolution medium was maintained at 37 ◦C. Samples74

of 5 mL were withdrawn after 0.5, 1, 2, 4, 6, 8, 12, 16, 20 and 24 hours and spectrophotometrically analyzed75

at 222nm using a double beam spectrophotometer (UV-1650PC, Shimadzu, Antwerp, Belgium). A validated76

calibration model was used for quantification of the MPT. Each experiment was performed in triplicate.77
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2.4. Solid state NMR78

Carbon-13 solid-state CP/MAS NMR spectra were acquired on an Agilent VNMRS DirectDrive 400 MHz79

spectrometer (9.4 T wide bore magnet) equipped with a T3HX 3.2 mm probe dedicated for small sample80

volumes and high decoupling powers. Magic angle spinning (MAS) was performed at 7 kHz in ceramic rotors81

of 3.2 mm (22µl). The aromatic signal of hexamethylbenzene was used to determine the Hartmann-Hahn82

condition (ω1H =γH .B1H =γC .B1C =ω1C) for cross-polarization (CP), and to calibrate the carbon chemi-83

cal shift scale (132.1 ppm).84

85

Acquisition parameters used for the carbon spectra and T1H measurements were: a spectral width of86

50 kHz, a 90 ◦ pulse length of 2.5µs, a spin-lock field for CP of 100 kHz, a contact time for CP of 0.5 ms, an87

acquisition time of 30 ms and a recycle delay time of 60 s. High power proton dipolar decoupling was set to88

100 kHz during the acquisition time.89

90

The T1H relaxation decay times were measured, via the carbon signals, by the Inversion Recovery91

method. The signal intensities were analyzed mono-exponentially as a function of the variable inversion92

time t according to:93

I(t) = Io.(1 − 2.exp(−t/T1H)) + cte (1)

The experimental T1H relaxation data were analyzed by a non-linear least-squares fit (Levenberg-94

Marquardt algorithm).95

2.5. Differential scanning calorimetry96

DSC was used to measure the onset Tm and melt enthalpy (∆H ) of the pure compounds, physical97

mixtures and the corresponding granule samples obtained after melt granulation of the blends from table 1.98

A DSC Q2000 calorimeter (TA Instruments, Zellik, Belgium) was used. Samples (± 5 mg) were hermetically99

sealed in aluminium pans. A heat-cool-heat method with a linear heating rate of 10 ◦C/min was applied100

for the physical mixtures, whereas only one heating was performed for the granulated samples (also heating101

rate of 10 ◦C/min). Dry nitrogen was used as a purge gas through the DSC at a flow rate of 50 mL/min.102

Analysis was performed in triplicate.103
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2.6. Fourier Transform Infra-red104

Attenuated Total Reflection (ATR) FTIR spectroscopy was performed on pure substances, physical mix-105

tures and corresponding granules in order to identify molecular interactions formed during continuous twin106

screw melt granulation. Spectra were recorded using a Nicolet iS5 ATR FTIR (Thermo Fisher Scientific).107

Each spectrum was collected in the range 4000-550 cm−1 with a resolution of 8 cm−1 and averaged over 32108

scans. All spectra were Standard Normal Variate (SNV)-preprocessed to eliminate the physical variation109

and environmental noise in order to enhance the contribution of the chemical composition.110

2.7. Raman111

Raman spectra were collected with a Raman Rxn1 spectrometer (Kaiser Optical Systems, Ann Arbor,112

MI, USA), equipped with an air-cooled CCD detector. The laser wavelength was the 785 nm line from a113

785 nm Invictus NIR diode laser. All spectra were recorded over the 100−1800 cm−1 range with a resolution114

of 4 cm−1, an exposure time of 10 s and averaged over 3 scans. A laser power of 400 mW was used. Data115

analysis was performed using SIMCA P+(Version 14, Umetrics, Umea, Sweden). All spectra were SNV-116

preprocessed to remove the influence of physical properties and environmental noise in order to enhance the117

contribution of the chemical composition. Raman spectroscopy was performed on the pure compounds, the118

physical mixtures, and the corresponding granules.119

2.8. X-ray diffraction120

Crystallinity was analyzed using X-ray diffraction on the pure compounds, the physical mixtures, and121

the corresponding granules. X-ray diffraction was performed with a D5000 Cu Kα diffractor (k = 1.54 A)122

(Siemens, Karlsruhe, Germany) with a voltage of 40 mV in the angular range of 10 ◦ < 2h < 60 ◦ using a123

step scan mode (step size = 0.02 ◦, counting time = 1 s/step).124

2.9. NIR chemical imaging125

A square of circa 25 cm2 was covered with granules collected during each HMG experiment and was126

analyzed using NIR-CI in order to visualize the matrix material on the surface of the granules. The Near127

Infrared (NIR) spectral images of the granules were collected using a Pushbroom line-scanning hyperspec-128

tral camera (VLNIR, Specim Ltd., Oulu, Finland). The granules were placed on a black background. The129

Imspector N17E spectrograph scans a row of 320 spatial pixels at a time (spatial resolution was 32µm), and130

disperses the incoming light from each pixel in the spectral range 900-1700 nm onto one column of the 320131

x 256-pixel Indium Gallium Arsenide (InGaAs)-detector (12-bit readout, thermoelectrically cooled). The132
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granules were illuminated with a set of three halogen lamps in a 45-0 configuration (Specim Ltd., Oulu,133

Finland). Hence, the set of lamps shine light onto the sample surface at an angle of 45 ◦ and the camera134

looks directly down towards the sample (Figure 1). For each granule sample, a row of granules was measured.135

From the total NIR-CI-image, a square (150x150pixels) was selected. The spectral data of this square were136

preprocessed by a combination of SNV and second derivative correction. The mean spectrum of each square137

was calculated to visually inspect the spectral differences. Multivariate curve resolution (MCR) analysis138

was applied to the preprocessed squares in order to estimate the relative concentration of each component139

on the surface of the granules.140

141

mean%spectrum%

150x150%
pixels%

Sample% NIR%image%

Figure 1: NIR-CI set-up and visualization data analysis to reach a mean spectrum of a NIR-image.

MCR aims to obtain a clear description of the contribution of each material component in the formulation142

from the overall measured variation in the data matrix (D). Hence, all collected spectra in the image are143

considered as the result of the additive contribution of all pure components involved in the formulation.144

Therefore, MCR decomposes D into the contributions linked to each of the pure components in the system:145

D = C.ST + E (2)

with C and S representing the concentration profile and spectra, respectively. E is the error matrix.146

The working procedure started with the initial estimation of C and S and worked by optimizing iteratively147

the concentration and response profiles using the available information about the system. This procedure148

is named the iterative alternating least squares resolution method (MCR-ALS). The introduction of this149
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information was carried out through the implementation of constraints. Constraints are mathematical or150

chemical properties systematically fulfilled by the whole system or by some of its pure contributions. The151

only constraint used for this study was the default assumption of non-negativity in the row mode; i.e. neg-152

ative elements are not allowed in the concentration profile C. The initial estimates provided to the system153

were the median spectra of the NIR-CI data of pure SA and PEO, preprocessed in an identical way as154

the granule images. The MCR analysis was performed using the MCR-ALS GUI created by Jaumot et al.,155

running on MATLAB (version R2015a, The Mathworks Inc., USA) [? ].156

157

3. Results158

In vitro dissolution was executed to examine the influence of PEO on the release rate of MPT from a159

stearic acid matrix developed during continuous hot melt granulation. Figure 2 represents the dissolution160

profiles in water for granules containing 5% MPT in a stearic acid matrix with increasing PEO1M content.161

At low PEO fractions (blend M1), 100% of the drug was released in 4h. However, a large burst effect was162

observed, releasing already 77% MPT after 0.5h. The sustained-release properties did improve at increasing163

PEO concentrations where only 90% MPT was released after 24h for granules containing 38% PEO. Addi-164

tionally, the burst effect decreased with a release of only 28% MPT in 0.5h (blend M5).165

166
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Figure 2: Release of 5% MPT from a SA/PEO matrix with varying ratio (blends M1-M5).

The influence of PEG4000-10,000 on the dissolution rate of MPT from a behenic acid matrix was already167

studied earlier for a prilling process by Vervaeck et al. [? ]. An accelerated drug release was observed at168

increasing PEG concentrations. Complete drug release (10% MPT) was observed after 24h when 5% PEG169
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was added to the fatty acid matrix whereas complete drug release was already obtained after 12h when170

using 10% PEG. Furthermore, addition of PEG to the behenic acid matrix induced a burst release which171

increased when prilling was executed using higher PEG fractions. Performing melt granulation using de-172

creasing SA/PEO1M ratios had an opposite effect on the burst effect and release rate of MPT from a fatty173

acid matrix compared to prilling using PEG 4000-10,000. An increasing PEO1M fraction caused a more174

sustained release of MPT with a lower burst effect during melt granulation whereas the use of higher PEG175

4000-10,000 fractions during prilling stimulated the drug release with a higher burst effect. During prilling,176

the PEG chains possibly generated an extended channel system in the prills, destroying the matrix effect of177

behenic acid. Hence, the release of MPT was accelerated. Since addition of PEO1M had a release-sustaining178

effect, the extended channel system can not be the reason for the delayed dissolution rate of MPT from the179

granules. Low (PEG4000-10,000) and high (PEO 1,000,000) molecular weight PEG/PEO behave different180

after hydration. Low molecular PEG’s dissolve into the medium, whereas high molecular weight PEO starts181

swelling, forming a gel-structure. Therefore, solid state characterization of the granules was performed to182

understand the dissolution behavior of MPT from a SA/PEO1M matrix.183

184

Earlier research discovered that mixing SA and PEO in the melt resulted in hydrogen bond formation185

between hydroxyl groups of fatty acid molecules and ether groups in PEO chains [? ][? ]. The occurrence186

of these molecular interactions might be beneficial in order to enhance the sustained release effect of a drug187

from a SA/PEO matrix. Therefore, drug-free granules (blends F1-F5) were analyzed in order to study if188

these interactions were also present after melt granulation and whether they were maintained after addition189

of MPT (blends M1-M5).190

191

The FTIR spectra demonstrated that interaction did occur between PEO and SA after melt granulation192

of the drug-free blends (F1-F5). The most obvious changes in comparison with the physical mixtures could193

be observed in the peaks due to the PEO molecules. Peak 842 cm−1, which is attributed to the C-O and C-C194

stretching vibration and CH2 rocking vibration of the PEO ethylene groups shifted to higher wavenumbers in195

comparison with the physical mixture (Figure 3). The shift was not visible for blends of ratio SA/PEO 60/40196

and ranged from 1 cm−1 for granules of ratio SA/PEO 75/25 to 2.6 cm−1 after granulation of blend 90/10.197

Peak 960 cm−1 disappeared and peak 1060 cm−1 became broader and shifted 1 cm−1 to higher wavenumbers198

in comparison with the physical mixtures. Peaks 960 cm−1 and 1060 cm−1 were due to the C-O-C stretching199

vibration of PEO. These shifts revealed an interaction with the ether oxygens in the PEO chains which200
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counteracts the C-O-C stretch causing vibration at higher wavenumbers. At the same time, the CH2 wag-201

ging and C-C stretching vibrations of PEO, appearing at respectively 1342 cm−1 and 1360 cm−1, decreased202

in intensity and broadened which can be seen in figure 3. The latter effect can be assigned to the lower bond203

strength between C-C due to the interaction at the C-O-C band. Spectroscopic deviations were also seen for204

stearic acid. The CH2 and CH3 rocking vibrations in the range 720−888 cm−1 broadened after granulation.205

Additionally, the C-O stretching vibrations of the acidic functional group positioned at 1278 and 1296 cm−1
206

broadened and the latter peak shifted 1.2 cm−1 to higher wavenumbers. Furthermore, the peak ratio of both207

peaks changed since peak 1278 cm−1 became less intense. Pielichowska assigned the 1278 cm−1 peak to the208

C-O stretching vibration in a system with hydrogen bonds [? ]. This means that less stearic acid dimers209

were formed after granulation compared to the physical mixtures. In the physical mixtures, small bands210

could be observed at 1540 and 1577 cm−1 due to the carboxylate peak. However, the bands could not be211

detected anymore after granulation. A shift of 2 cm−1 to higher wavenumbers could be observed for the C-O212

stretching and C-O-H in plane bending at 1430 cm−1 for blend 60/40 which decreased to 1.3 cm−1 for blend213

75/25 and was disappeared for blend 90/10. The C=O stretch of the C-O-O-H function (1699 cm−1) be-214

came broader after granulation and was most pronounced as the PEO concentration increased. Finally, the215

C-H stretching vibrations of the CH2 at 2914 cm−1 became broadened. These spectral observations clearly216

showed that hydrogen bond formation did occur between the acidic group of stearic acid and the C-O-C217

of PEO after continuous melt granulation. Since peak 1699 cm−1 broadened, most likely also interaction218

occurred between the C=O of stearic acid and the O-H end groups of PEO, which are not recognizable in219

the FTIR spectra.220

221

When MPT was added to the blend, a SA-MPT interaction did occur making the entire PEO molecules222

less visible. Characteristic FTIR bands for MPT were found in the physical mixtures at 604, 822, 1250, 1382223

and 1580 cm−1, representing the out-of-plane O-H vibration of alcohol, out-of-plane O-H vibration of the224

carbonyl group, the O-H deformation, the aromatic ring stretching and the CO2 antisymmetric stretching225

vibration of the MPT. In the granules, the bands at 822 and 1580 cm−1 had broadened and the bands at226

1250 and 1382 cm−1 disappeared as showed in figure 4. These changes indicated a loss in crystallinity and227

the existence of amorphous MPT fractions. Simultaneously, the bands due to the PEO vibrations became228

less pronounced after granulation and the spectrum shifted in the direction of the spectrum of pure stearic229

acid. This was most remarkable for peaks 842, 1147 and 1347 cm−1 which were almost undetectable after230

granulation. It was also noticeable for peak 1099 cm−1 which was deformed to the shape of the stearic acid231
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Figure 3: FTIR signals of drug-free physical mixtures (F1, F3 and F5) and corresponding granules for regions
800-860 cm−1, 865-980 cm−1 and 1320-1370 cm−1.

peak of 1103 cm−1. However, at elevated PEO concentrations, the PEO became more visible which was the232

case for blend SA/PEO/MPT 57/38/5. The reason for the less pronounced PEO vibrations will be discussed233

later.234

235

The formation of hydrogen bonds and Van der Waals interactions between stearic acid and the entire236

MPT molecule was detected earlier by Vervaeck et al., where the representative Raman and FTIR peaks for237

MPT had broadened or disappeared after prilling [? ]. Vervaeck and coworkers suggested that an amorphous238

MPT fraction was distributed as separate phases throughout the entire fatty acid matrix. However, their239

XRD results revealed diffraction peaks of MPT demonstrating that the crystalline state of MPT was at240

least partially maintained after the prilling process. Apparently, during granulation of the SA/PEO/MPT241

blend, a competition between PEO and MPT for the interaction with stearic acid did occur. The FTIR242

spectra revealed interaction of the fatty acid with MPT whereas interaction with PEO was impeded and as243
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Figure 4: FTIR signals of MPT containing physical mixtures (M1, M3 and M5) and corresponding granules for
region (left) 1230-1270 cm−1 and (right) 1500-1650 cm−1.

a result, the PEO molecules became less visible. Since no interactions between SA and PEO occurred, these244

materials behave as two separate phases allowing stearic acid to partially cover the PEO molecules, hence245

making them less visible for spectroscopic measurements.246

247

In order to investigate the components on the granule surface, NIR-CI was executed on drug-free (F1,248

F3 and F5) and MPT containing granules (M1, M3 and M5). The mean spectra of the drug-free and MPT249

containing granules demonstrate the spectral differences and are shown in figure 5. The spectra of the MPT250

containing granules (green) are more dominated by the pure stearic acid spectrum in comparison with the251

drug-free granules (red). Hence, an increased appearance of stearic acid on the surface of the MPT containing252

granules can be assumed. PEO, on the other hand, was clearly visible on the surface of the drug-free granules253

whereas the visibility decreased after addition of MPT. Furthermore, MCR was applied on the preprocessed254

spectral data in order to obtain the relative contribution of both components, SA and PEO, on the surface255

of the granules. Therefore, the contribution spectra obtained after MCR analysis had to correspond with the256

spectra of the pure components, which was the case. The obtained concentration of SA and PEO is shown257

in figure 6. These results revealed that stearic acid was more present on the surface of the MPT containing258

granules compared to the drugfree granules with the same SA/PEO ratio. This confirmed the aforemen-259

tioned hypotheses that PEO was less visible during FTIR experiments because PEO got partially covered260

with SA when MPT was added to the blend. Hence, the lower intensity of the PEO peaks could be explained.261

262

Raman results confirmed the interaction between stearic acid and MPT. Since the peaks throughout the263

complete spectrum of MPT disappeared or reduced in intensity, it can be concluded that the entire MPT264
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Figure 5: Mean spectra obtained through imaging the surface of the granules of blends F1, F3 and F5 (red) and
M1, M3 and M5 (green) are shown in plot A, B and C, respectively. Plot D shows the mean spectra of
the pure compounds. These spectra were used for MCR calculations and were SNV corrected and second
derivative preprocessed. The peak differences caused by the dominant contribution of stearic acid are
arrowed.

molecule was involved in the interaction. A decrease in intensity was seen for the peaks 640, 820, 936, 966,265

1210 and 1253 cm−1 whereas peaks 452, 720, 1014, 1586 and 1614 cm−1 disappeared as is shown in figure 7.266

Hence, it is suggested that a fraction of MPT became amorphous during the continuous melt granulation267

process.268

269

Solid state NMR was applied to derive information about the packing arrangement as well as the molec-270

ular dynamics of the molecules after melt granulation. No difference in chemical shifts between the granules271

and the physical mixtures could be detected for stearic acid. For PEO on the other hand, a clear difference272

in lineshape of the PEO signal is discovered after melt granulation. Research from Chu et al. revealed the273
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Figure 6: Concentrations of SA (left) and PEO (right) on the surface of the granules of F1, F3 and F5 (circle) and
M1, M3 and M5 (cross) ratios calculated using MCR.
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Figure 7: Raman spectrum of physical mixture and granules of blend M3 showing the entire MPT molecule was
involved in the interaction with stearic acid.

possibility of using the solid state NMR lineshape and chemical shift to clearly distinguish between amor-274

phous and crystalline PEO molecules. Whereas a sharp resonance centered at 70 ppm corresponds to highly275

mobile amorphous PEO, the superimposed broad resonance centered at 72 ppm corresponds to crystalline276

PEO. The broadening for crystalline PEO resulted from the interference of decoupling field frequency and277

frequency of rotational oscillation of PEO helices [? ][? ]. For the drug-free granules, a very sharp peak278

could be observed at 70 ppm revealing a high fraction of amorphous PEO (figure 8). Moreover, the intensity279

of the amorphous peak increased at higher PEO concentration in the granules. However, this phenomenon280
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did not occur in a linear way but showed a large increment in going from 20% (height treshhold value of 9)281

to 30% PEO (height treshhold value of 26) and stabilized when the PEO concentration rose to 40%. This282

observation demonstrated that the fraction amorphous PEO increased between 20 and 30% PEO. Previous283

research demonstrated that the degree of crystallinity of PEO decreased to 43% in blends containing PEG284

10,000/stearic acid in ratio 1:3 (w/w) [? ]. This revealed that the crystallization of PEO was hindered in285

PEO/fatty acid blends resulting in a lower degree of polymer crystallinity as compared to the pure PEO,286

having a crystallinity of 73%. They explained that PEO and fatty acid chains were very close to each other287

in the blend (due to hydrogen bond formation between both) and therefore the fatty acid impeded the PEG288

to form well-defined crystals. The chemical shift and lineshape of all NMR signals of stearic acid remained289

identical for the granules with varying PEO/fatty acid ratio and, hence, allow to conclude that the solid290

state of stearic acid is similar in the different drug-free granulates.291

292

Adding 5% MPT to the granulation process, caused changes in the structural arrangement of the PEO293

molecules as could be seen in the broadened and, relatively to the stearic acid signals, decreased intensity of294

the NMR signals (Figure 8). Addition of MPT to the blend resulted in partial crystallization of the PEO.295

The favored SA-MPT interaction took place at the expense of the SA-PEO interaction, hence, causing par-296

tial phase separation of PEO which subsequently crystallized.297

298

As aforementioned, Pielichowski et al. have studied fatty acid/PEO systems already extensively. They299

observed that solidification of stearic acid takes place before crystallization of PEO starts. When crystalliza-300

tion of PEO is initiated, PEO crystals can only be formed in the limited space between existing fatty acid301

crystal structures. The limited space caused a high density and, hence, an increased viscosity of the PEO302

melt at crystallization temperature facilitating the PEO crystallization [? ][? ]. However, this crystallization303

process of PEO is hindered when hydrogen formation between SA and PEO took place [? ]. This explains304

the more amorphous state of the PEO chains in the drug free SA/PEO granules. Since addition of MPT305

hinders these hydrogen bonds, PEO crystallization can continue resulting in a higher PEO crystallinity in306

the SA/PEO/MPT granules.307

308

Both FTIR and NMR experiments revealed that the hydrogen bond formation between SA and PEO is309

hindered when adding MPT to the blend. Hence, the sustained release properties of the MPT molecules from310

the SA/PEO matrix could not be attributed to hydrogen bond formation between the matrix molecules.311
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Figure 8: NMR signals of PEO for F1-F5 (left) and M1-M5 (right)

According to Vervaeck et al., the release rate can also depend on the homogeneity of the distribution of312

PEO throughout the fatty acid matrix. They discovered that the higher molecular weight PEG was less313

homogeneously distributed throughout the matrix. These pockets with a high PEG concentration affected314

the porosity of the fatty acid matrix. PEG molecules leached more easily from these PEG-rich pockets and,315

hence, the MPT release rate was faster [? ]. T1-relaxation measurements were executed in order to study316

the homogeneity of the distribution of PEO throughout the stearic acid matrix. The T1H relaxation decay317

time can provide information regarding the phase morphology in a solid mixture via the process of spin318

diffusion by which energy is diffused throughout the spin system by successive energy conserving spin flips319

[? ][? ]. The maximum diffusive path length L can be approximated by the Fickian diffusion equation320

L=(6.D.T1H)1/2, with D the spin-diffusion coefficient (±4x10−16 m2/s), and allows to estimate the size of321

phase separated domains. Phase specific T1H decay times will only be observed if the domain sizes exceed322

the average diffusive path length. Otherwise a single averaged decay time will be observed. Pure stearic acid323

has carbon resonances at 15.4, 25.4, 33.1 and 182 ppm and the T1H decay time measured via these signals324

is 12.8 s. PEO on the other hand has a carbon resonance around 70-72 ppm and shows a T1H decay time of325

4.3 s. A single T1H decay time for PEO indicates that the T1H values of crystalline and amorphous PEO326

are averaged out by spin-diffusion, from which it can be concluded that the pure PEO crystals were smaller327

than 100 nm. For the physical mixtures, the signals of the composing constituents show, as expected, their328

component characteristic T1H values. T1H relaxation analysis of granules SA/PEO 75/25 (F3) demon-329

strated significantly decreased T1 values towards 9.8 and 2.1 s for SA and PEO, respectively, in comparison330

with the physical mixture. This might be due to the hydrogen bond formation between SA and PEO. Since331

the T1 values of stearic acid and PEO were different, it was evidenced that both components were not ho-332
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mogeneously distributed (on a scale of tens to hundreds of nm) but phase separated into large domains. The333

PEO domains appeared to be larger than 35 nm and the polymer appeared mainly in the amorphous phase334

as was demonstrated in the NMR spectra (Figure 8 left). The T1H relaxation of granules SA/PEO/MPT335

M3 showed, in agreement with the drug free granules, different T1H values for both SA (10.8 s) and PEO336

(2.3 s), demonstrating that also here the components behave as two separate phases. Also here, the PEO337

domains are larger than 35 nm, but the polymer appeared in the semi-crystalline state according the NMR338

spectra (Figure 8 right). Moreover, since a single T1H value is found for the semi-crystalline PEO, it can339

be concluded that the PEO in the crystals is, due to spin-diffusion, able to relax very efficiently (i.e. with340

short T1H value) via the amorphous PEO chains, indicating that the PEO crystals have to be smaller than341

35 nm. However, the T1H relaxation value of stearic acid increased by ± 1 s in comparison with the drug-free342

SA/PEO granules. These results confirmed the hypothesis that MPT starts interacting with the fatty acid343

and, hence, hindering the SA-PEO interaction.344

345
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Figure 9: The T1 relaxation time distribution of SA, PEO1M, physical mixtures F3 and M3 and corresponding
granules.

DSC experiments were performed in order to confirm the findings obtained from the NMR studies.346

Therefore, the enthalpic value (J/g) and onset melting temperature were determined of both the physical347

mixtures and corresponding granules (Table 1). Thermal analysis of the MPT containing physical mixtures348

and corresponding formulations revealed only one melting endotherm derived from the fatty acid and PEO349

molecules. Due to dissolution of the MPT crystals in the molten stearic acid during the measurement, no350
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MPT melting endotherm could be observed. In the drug-free granules, the enthalpic value was significantly351

reduced in comparison with the melting enthalpy of the physical mixtures (Figure 10). This difference even352

increased at higher PEO fractions. These findings confirmed the results of the NMR experiments that less353

crystalline material was present after granulation of the drug-free SA/PEO blends. Besides the reduction354

in the enthalpic value of the granules, also the melting onset temperature of the drug-free granules showed355

a significant decrease in comparison with the physical mixtures. As a result broadening of the melting356

range did occur. Pielichowski and Flejtuch experienced the same during thermal analysis of fatty acid/PEG357

blends. The DSC curves also displayed broadening of the temperature range during the second heating in358

comparison with the phase transitions of pure components, with a temperature shift towards lower values.359

This was explained by the fact that crystallization was impeded after melting fatty acids and PEG together.360

If more PEG was present in the blend, the hindered crystallization caused more and more ’defected struc-361

tures’ which are characterized by a lower melting temperature in the second heating [? ][? ]. When MPT362

was added to the blends before granulation, the onset melting temperature of the granules showed a similar363

decrease as was seen for the drug-free granules. However, the melting endotherm of the MPT-containing364

granules exceeded the enthalpic value of the physical mixtures (Figure 10). Since this phenomenon was more365

pronounced at higher SA concentrations, this is probably due to the interaction between MPT and SA. An366

increase in the melting enthalpy of fatty acid was seen earlier by Vervaeck et al. who explained that the367

excess of energy (8.38 J/g) was needed to dissolve the 30% MPT crystals. Additionally, because stearic acid368

interacts with the drug, the SA-PEO interaction is hindered. Hence, PEO crystallizes and the extent of369

crystallization can exceed the crystallinity of the physical mixtures where the pure PEO had a crystallinity370

of 73%.371
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Figure 10: Difference in enthalpic value between physical mixtures and granules for both drug-free (F1−F5) and
MPT containing (M1−M5) blends.
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The solid state of PEO was also characterized using XRD in order to confirm the previous observations.373

The X-ray diffraction patterns of the pure compounds, the drug-free SA/PEO and SA/PEO/MPT physical374

mixtures, and the corresponding granules are shown in Figure 11. MPT showed representative peaks for 2θ375

at 10.7 ◦, 16.0 ◦, 19.6 ◦, and 23.3 ◦. PEO, on the other hand, showed representative peaks for 2θ at 19.3 ◦,376

23.4 ◦, 26.3 ◦, 27.06 ◦, 35.2 ◦, 36.2 ◦, and 39.68 ◦. Since the X-ray diffraction patterns of MPT and PEO377

contain overlapping peaks, only the results from the XRD measurements of the drug-free blends (F1−F5)378

can be used to evaluate the solid state of PEO. For the drug-free SA/PEO granules can be seen that the379

representative PEO diffraction peaks broadened in comparison with the X-ray diffraction pattern of the380

drug-free physical mixtures, demonstrating PEO existed in a more amorphous state and, hence, confirming381

the NMR and DSC results (Figure 11 left). On the other hand, XRD appears to be very useful to evaluate382

the crystallinity of the stearic acid chains inside the granules. The X-ray diffraction patterns of the drug-free383

SA/PEO granules showed reduced intensity for the representative peaks of stearic acid. The less structured384

organization of the fatty acid chains can be due to the interaction between both components. However,385

after addition of 5% MPT to the blend, the MPT molecules started competing with PEO to interact with386

the stearic acid chains and, hence, the SA/PEO interaction is hindered. As a consequence, the stearic acid387

peaks became more prominent in the diffractogram of the MPT containing granules in comparison with388

diffractogram of the drug-free granules (Figure 11 right). Since stearic acid plays an important role acting389

as a barrier impeding the water to penetrate in the PEO domains, the higher crystallinity of stearic acid390

reveals that the crystalline structure of the barrier remained intact, which contributes to the slower drug391

release of MPT from the matrix.392
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Figure 11: X-ray diffraction patterns of pure SA (blue) and PEO (green), with (left) the drug free granules (F1, F3
and F5) (red) in comparison with the corresponding physical mixtures (black) and (right) the M1, M3
and M5 physical mixtures (black) with corresponding granules (grey) in comparison with the drug-free
granules (red).
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Additionally, the XRD data of the SA/PEO/MPT physical mixtures revealed diffraction peaks of MPT393

for 2θ at 10.7 ◦, 12.04 ◦, and 19.7 ◦, which disappeared/broadened for the corresponding granules. These394

results revealed that MPT existed in the amorphous form and confirmed the FTIR and Raman results395

demonstrating that MPT was interacting with stearic acid.396

397

It has to be highlighted that inside the granules, MPT is interacting with the lipophilic phase and, hence,398

MPT molecules can get released into the dissolution medium via two pathways. On the one hand, they can399

diffuse to hydrophilic PEO domains inside the granules from where they can diffuse further to the dissolution400

medium. On the other hand, the drug particles on the surface of the granules can dissolve immediately into401

the surrounding dissolution medium. The latter mentioned immediate dissolution results in a burst release402

[? ]. Since high concentrations of stearic acid correlate with a high burst release, this path has to be the403

most preferred one for high stearic acid concentrations. This burst effect decreased when the PEO fraction404

increased. The higher the PEO concentration was, the lower the amount MPT particles on the surface of the405

granules was and, hence, the more MPT molecules diffused to the hydrophilic PEO domains, extending their406

release in the dissolution medium. Apparently, water penetrates into the PEO chains causing swelling of the407

polymer and, hence, forming a gel-structure. The formation of this gel-phase lengthened the diffusion path408

of the drug and made diffusion more complicated due to the higher viscosity. Therefore the drug release was409

extended [? ]. Moreover, water permeability of a polymer in the solid state increases with polymer chain410

mobility. Since the polymer in the SA/PEO/MPT granules exists in a highly ordered semi-crystalline state,411

the water diffusion rate was significantly lower in these crystalline regions than in the amorphous domains.412

Therefore, the higher crystallinity of the PEO chains resulted in a slower hydration of PEO chains, slowing413

down the diffusion process of the MPT molecules into the dissolution medium. This is more pronounced414

when the granules have a higher PEO content.415

416

Probably, not only the gel-forming capacity of the high molecular weight PEO’s is causing a controlled417

drug release, but also the lipophilic matrix surrounding the PEO domains is slowing down the drug release.418

Since stearic acid is partially covering the PEO chains, the fatty acid acts as a barrier reducing the surface419

of the PEO domains exposed to the outer environment and, hence, controlling water penetration in these420

domains [? ]. A lower SA/PEO ratio reduced the contact surface between PEO and stearic acid (larger PEO421

domains), contributing to the slower diffusion process of the MPT molecules from the stearic acid matrix422

into the PEO domains.423
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424

4. General conclusion425

This study demonstrated that SA and PEO can be used as matrix-formers during twin screw melt426

granulation and increasing the amount of PEO extended the release of a highly water soluble drug. The427

solid state analysis revealed a preferred interaction of the MPT molecules with stearic acid impeding the PEO428

to form hydrogen bonds with the stearic acid chains, which was the case in drug-free granules. However, this429

allowed the PEO chains to crystallize inside the stearic acid matrix and, hence, elevating the sustained release430

characteristics of the stearic acid matrix. If water penetrated into the high molecular weight PEO, swelling431

of the polymer occurred with the formation of a gel-structure making diffusion of the drug more complicated.432

The increased crystallinity of the polymer hindered the hydration step of the polymer, increasing the release433

sustaining properties even more. Furthermore, the intact crystalline fatty acid matrix covered the PEO434

domains inside the granules which made hydration even harder. However, due to the interaction between435

the MPT and stearic acid molecules, MPT existed in the amorphous form in the fatty acid matrix.436
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