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Abstract 

A variety of polymer:polymer blends was used to prepare hot melt extrudates and empty 

capsules (bodies and caps) by injection-molding using a benchtop extruder (Babyplast). 

Kollidon SR:inulin and Carbothane:inulin blends were investigated. The impact of the blend 

ratio on the water uptake and dry mass loss kinetics upon exposure to 0.1 M HCl, phosphate 

buffer pH 6.8 and culture medium optionally inoculated with fecal samples from Inflammatory 

Bowel Disease (IBD) patients were studied. Hot melt extrudates were loaded with up to 60 % 

theophylline, capsules were filled with drug powder. Increasing the inulin content led to 

increased water uptake and dry mass loss rates, resulting in accelerated drug release from the 

dosage forms, irrespective of the type of polymer blend. This can be attributed to the higher 

hydrophilicity/water-solubility of this polymer compared to Kollidon SR and Carbothane. 

Interestingly, the presence of fecal samples in culture medium increased the water uptake and 

dry mass loss of hot melt extrudates to a certain extent, suggesting partial system degradation 

by bacterial enzymes. However, these phenomena did not translate into any noteworthy impact 

of the presence of colonic bacteria on theophylline release from the investigated extrudates or 

capsules. Hence, drug release can be expected to be independent of the location “small intestine 

vs. colon” from these dosage forms, which can be advantageous for long term release 

throughout the entire gastro intestinal tract. 

 

Keywords: Injection-molding; capsule shell; controlled release; polymer blend; polyurethane 
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1. Introduction 

Oral controlled drug delivery systems are of great practical importance. Often, polymers 

are used to trap the drug and control the resulting release rate [1-3]. Matrix systems as well as 

reservoir systems can be used for this purpose [4-6]. A variety of physico-chemical phenomena 

can be involved in the control of drug release, including the diffusion of water into the dosage 

form [7], drug dissolution [8], polymer swelling [9-11], drug diffusion [12], polymer 

dissolution [13,14], and polymer degradation [15] to mention just a few. Drug saturation effects 

can occur inside as well as outside the dosage form. It has recently been pointed out that perfect 

sink conditions in the surrounding bulk fluid do not assure the absence of saturation effects 

within the system [16]. 

The use of polymer blends (instead of single polymers) can be very helpful to easily provide 

desired system properties: By simply varying the polymer:polymer blend ratio a large spectrum 

of system properties can often be provided [17,18]. Polymer blends can be used as matrix 

formers as well as for the preparation of film coatings [19,20]. For example, blends of enteric 

and non-enteric polymers have been frequently reported for oral controlled drug delivery 

applications [21,22]. Ali et al. [23] used blends of Kollicoat SR and Eudragit RL for the coating 

of hydroxypropyl methylcellulose (HPMC) matrix tablets to increase the latter’s mechanical 

robustness. The idea was to combine the flexibility of Kollicoat SR and the permeability of 

Eudragit RL. Also, differently permeable polymers can be combined and the variation of their 

blend ratio be used to easily adjust the resulting drug release rate. For instance, Amighi and 

Moes studied theophylline release from pellets coated with mixtures of more permeable 

Eudragit RL and less permeable Eudragit RS [24]. Furthermore, the group of Abdul Basit 

proposed an interesting colon targeting system (Phloral™), based on a coating containing the 

enteric polymer Eudragit S and maize starch. This allows to combine two colon targeting 

strategies in the same system: pH-sensitivity and enzymatic degradation in the colon. In case 
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one triggering mechanisms fails, the other can still allow for site-specific drug delivery to the 

target site [25]. 

Different manufacturing techniques can be used to prepare polymeric controlled drug 

delivery systems, including compression [26,27], 3D printing [28-30], hot melt extrusion [31-

34] and injection molding [35,36]. When controlled drug delivery throughout the entire gastro 

intestinal tract of the patient is targeted, particular attention should be paid to the conditions 

provided during the drug release experiments. Often, only the contents of the upper gastro 

intestinal tract (stomach and small intestine) are simulated. However, if the drug is also 

absorbed from the colon and once daily dosing is desired, in addition the contents of the colon 

should be simulated. One of the key differences between the colon and the upper gastro 

intestinal tract is the presence of the microbiota, which can potentially substantially impact drug 

release from a dosage form. For example, certain polymers are degraded by enzymes secreted 

by colonic bacteria [37]. 

The aim of this study was to evaluate the potential of Kollidon SR:inulin and 

Carbothane:inulin blends for the preparation of polymeric controlled release dosage forms. 

Kollidon SR is a blend of 80% poly(vinyl acetate), 19% poly(vinyl pyrrolidone), sodium lauryl 

sulfate and colloidal silicon dioxide [38], inulin is a polysaccharide of natural origin [39]. The 

impact of the polymer:polymer blend ratio on the processability of the mixtures via hot melt 

extrusion as well as on the key properties of the obtained systems (water uptake, dry mass loss, 

drug release) was to be investigated. Furthermore, empty capsule shells (caps and bodies) were 

to be produced, which can be filled with arbitrary drugs, without the need of cost-intensive and 

time-consuming formulation development (optimization of the resulting drug release kinetics). 

Special attention was placed on the potential impact of the microbiome in the colon, when 

longer term drug release throughout the entire gastro intestinal tract is desired. 
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2. Materials and methods 

2.1. Materials 

Anhydrous theophylline and Kollidon SR [80% poly(vinyl acetate), 19% poly(vinyl 

pyrrolidone), sodium lauryl sulfate and colloidal silicon dioxide] (BASF, Ludwigshafen, 

Germany); Carbothane (Carbothane PC-3575A, a thermoplastic polyurethane; Lubrizol, 

Wilmington, USA); inulin (Inulin Synergy 1; Beneo, Oreye, Belgium); dibutyl sebacate (DBS; 

Stearinerie Dubois, Boulogne-Billancourt, France); extracts from beef and tryptone (pancreatic 

digest of casein; Becton Dickinson, Sparks, USA); yeast extract (Oxoid, Hants, UK); sodium 

chloride (J.T. Baker, Deventer, Netherlands); L-cysteine hydrochloride hydrate (Acros 

Organics, Geel, Belgium); Ringer solution (Merck, Darmstadt, Germany); acetic acid glacial 

(Fisher Bioblock, Illkirch, France); acetonitrile (CWR, Fontenay-sous-Bois, France). 

 

2.2. Preparation of hot melt extrudates 

Polymer powders were blended for 10 min at 98 rpm in a Turbula T2A (Willy A. Bachofen 

Maschinenfabrik, Muttenz, Switzerland), followed by manual mixing with DBS in a mortar 

using a pestle. After 24 h plasticization time, the drug was added and the blend further manually 

mixed in the mortar. The compositions of the formulations were varied as indicated. 

Polymer:polymer blend ratios are expressed in weight:weight. The indicated plasticizer 

percentage is referring to the mass of Kollidon SR or Carbothane (mass of Kollidon 

SR/Carbothane = 100 %). The plasticized blends were kept at room temperature for 24 h, 

followed by extrusion with a Nano 16 twin screw extruder (Leistritz, Nuremberg, Germany), 

equipped with a 4 mm diameter die (screw diameter = 16 mm, length/diameter ratio = 26.25). 

Figure S1 shows the setting of the screw elements. The process temperatures were kept constant 

at 100 – 100 – 100 – 100 °C [zone 4 (die) – zone 3 – zone 2 – zone 1]. The feed rate was set at 

3 mL/min. After cooling, the hot melt extrudates were manually cut into cylinders (1 cm 

length). 
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2.3. Preparation of injection-molded capsules 

A bench-top micromolding machine was used (BabyPlast 6/10P; Rambaldi, Molteno, Italy), 

equipped with a capsular mold furnished with a hot-runner and two interchangeable inserts for 

the manufacturing of matching capsule caps and bodies (600 μm thickness). The cylindrical hot 

melt extrudates were loaded into the injection-molder, and pushed into the injection chamber 

by the loading plunger. Afterwards, two different and consecutives injection pressures (P1 and 

P2) were applied and maintained for specific time periods (t1 and t2) to inject the polymeric melt 

into the mold cavity. The operating conditions were as follows: Plasticizing chamber 

temperature: 100 °C; injecting temperature: 100 °C; nozzle temperature: 100 °C; mold 

temperature: 107 °C; P1: 100 bar; P2: 80 bar; t1: 6 s; t2: 5 s; cooling time: 10 s. If indicated, the 

capsules were manually filled with 10 mg theophylline (and sealed upon wetting with ethanol). 

 

2.4. Optical microscopy 

Macroscopic pictures of hot melt extrudates and capsules were taken with an optical image 

analysis system (Nikon SMZ-U; Nikon, Tokyo, Japan), equipped with a Zeiss camera 

(Axiocam ICc1; Zeiss, Jena, Germany). Cross-sections of hot melt extrudates were obtained by 

manual breaking. 

 

2.5. In vitro drug release 

Under conditions simulating the upper gastro intestinal tract:  

Hot melt extrudates and injection-molded capsules (filled with 10 mg drug) were placed 

into flasks (1 sample per flask), filled with 200 mL 0.1 M HCl and agitated at 80 rpm (in a 

horizontal shaker, 37 °C; GFL 3033; Gesellschaft fuer Labortechnik, Burgwedel, Germany). 

After 2 h, the release medium was completely exchanged with phosphate buffer pH 6.8 

(USP 41). At pre-determined time points (indicated in the figures), 3 mL samples were 
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withdrawn (not replaced, sink conditions being provided throughout the experiments) and 

analyzed UV-spectrophotometrically (UV-1800; Shimadzu, Kyoto, Japan) at λ = 275 nm for 

their drug content. All experiments were performed in triplicate. Mean values +/- standard 

deviations are reported. 

Under conditions simulating the entire gastro intestinal tract:  

Hot melt extrudates and injection-molded capsules (filled with 10 mg drug) were exposed 

to 0.1 M HCl for 2 h and subsequently to phosphate buffer pH 6.8 (USP 41) for 6 h, in a USP 

Apparatus 3 (20 dpm, 37 °C, Bio-Dis; Varian, Paris, France). Afterwards, the extrudates were 

transferred into 120 mL flasks filled with: (i) 100 mL culture medium inoculated with human 

fecal samples, or (ii) culture medium free of feces for reasons of comparison. The samples were 

agitated (50 rpm; Stuart, Cole-Parmer; Villepinte, France) at 37 °C under anaerobic conditions 

(AnaeroGen 2.5 L; Thermo Scientific; Illkirch, France). Culture medium was prepared by 

dissolving 1.5 g beef extract, 3 g yeast extract, 5 g tryptone, 2.5 g NaCl and 0.3 g L-cysteine 

hydrochloride hydrate in 1 L distilled water (pH 7.0 ± 0.2) and subsequent sterilization in an 

autoclave. Culture medium inoculated with fecal samples was prepared as follows: Human fecal 

samples (approximately 1 g, from randomly selected IBD patients) were diluted 1:200 with 

cysteinated Ringer solution; 2.5 mL of this suspension was diluted with culture medium to 100 

mL. At pre-determined time points (indicated in the figures), 2 mL samples were withdrawn 

(not replaced, sink conditions being provided throughout the experiments), centrifuged at 

10000 rpm for 10 min (Centrifuge Universal 320; Hettich, Tuttlingen, Germany), filtered (0.45 

μm, Millex-HU; Merck Millipore, Tullagreen, Ireland) and analyzed by HPLC for their drug 

content using a Thermo Fisher Scientific Ultimate 3000, equipped with a LPG 3400 SD/RS 

pump, an auto sampler (WPS-3000 SL) and a UV-Vis detector (VWD-3400RS) (Thermo Fisher 

Scientific, Waltham, USA). The mobile phase consisted of 10 % acetonitrile and 90 % water 

(v/v). Samples were injected into a C18 column (Kinetex 5 µm EVO C18 100 Å, 250 mm x 4.6 

mm; Phenomenex, Le Pecq, France) and the flow rate was set at 1.0 mL/min. The drug was 
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detected UV-spectrophotometrically at λ = 275 nm. 

 

2.6. Water content and dry mass loss kinetics of hot melt extrudates 

The water content and the dry mass loss kinetics of hot melt extrudates were measured 

gravimetrically upon exposure to: (i) simulated gastric fluid (0.1 M HCl pH 1.2), (ii) simulated 

intestinal fluid (phosphate buffer pH 6.8; USP 41), and (iii) simulated colonic fluid (culture 

medium inoculated with feces from inflammatory bowel disease patients). The latter was 

prepared as described in section 2.5. 

Hot melt extrudates were placed into flasks (1 sample per flask), filled with 200 mL 0.1 M 

HCl or phosphate buffer pH 6.8 and agitated at 80 rpm (in a horizontal shaker, 37 °C; GFL 

3033). At pre-determined time points, extrudate samples were withdrawn and rinsed with water. 

Excess water was removed by careful blotting with Kimtech precision wipes (Kimberly Clark, 

Roswell, GA). The extrudates were accurately weighed (wet mass) and dried to constant weight 

at 60 °C (dry mass). The water uptake and the dry mass (%) at time t were calculated as follows: 

 

 Watercontent(%)(t) =
wetmass(t)-drymass(t)

wetmass(t)
.d%                                                             (1) 

  Erreur ! Cela devrait être un chiffre. 

                                                                                                                          (2) 

 

where dry mass (t = 0) is the dry extrudate mass before exposure to the medium. All experiments 

were performed in triplicate. Mean values +/- standard deviations are reported. 

 

2.7. Powder X-ray diffraction (PXRD) 

PXRD experiments were conducted with a PanAlytical X’PERT PRO MPD diffractometer 

(λCuKα = 1.5418 Å for combined K1 and K2), equipped with an X’celerator detector 

Water content (%) (t)  =  
wet mass (t)  −  dry mass (t)

wet mass (t)
 . 100 % 

Dry mass (%) (t)  =  
dry mass (t)

dry mass (t =  0)
 . 100 % 
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(Almlo, The Netherlands). Samples were placed in a spinning (15 rpm) flat sample holder 

(13 mm diameter, 2 mm depth). The measurements were performed in the Bragg-Brentano - 

geometry. 

 

 

3. Results and discussion 

 

3.1. Kollidon SR:inulin blends 

The left column in Figure 1 shows optical macroscopy pictures of hot melt extrudates based 

on different Kollidon SR:inulin blends before exposure to a release medium. The 

polymer:polymer blend ratio was varied as indicated on the left hand side. All extrudates were 

obtained with the same die (diameter = 4 mm), the extrusion temperature was constant (100 °C) 

and the feed rate set at 3 mL/min. As it can be seen, the “pure” Kollidon SR-based extrudates 

(plasticized with 30 % DBS) underwent a significant radial expansion upon leaving the die. The 

addition of inulin substantially decreased the importance of this phenomenon. At very high 

inulin contents (80 %) the expansion became again somewhat more important. This can likely 

be attributed to the fact that the two polymers are intimately blended during the hot melt 

extrusion process and mutually limit relaxation effects with volume increase upon pressure 

release. Depending on the polymer blend ratio, phases with different compositions are formed, 

exhibiting different expansion behaviors. 

The torque measured during hot melt extrusion was roughly around 30 %, slightly increasing 

with increasing inulin content (Figure 2a). Figure 2b shows the effect of the theophylline 

loading on the torque measured during the extrusion of Kollidon SR:inulin 50:50 blends. As it 

can be seen, the torque remained at about 30 % up to a drug loading of 40 %, and then increased 

moderately for drug loadings up to 60 %. These values indicate good processability. 

Figure 3 shows the X-ray diffractograms of hot melt extrudates based on Kollidon SR:inulin 
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50:50 blends containing 20 to 60 % theophylline. For reasons of comparison, also the 

diffraction patterns of drug-free extrudates and of the raw materials (Kollidon SR, inulin and 

theophylline) are shown. Clearly, the drug was in the crystalline state in all cases, whereas the 

two polymers and the placebo implants were X-ray amorphous. Furthermore, the angles of the 

Bragg peaks were the same for the different hot melt extrudates and the theophylline raw 

material. This indicates that at least parts of the theophylline crystals did not dissolve or undergo 

phase transitions during the extrusion process. 

Dynamic changes in the water content and dry mass of Kollidon SR:inulin-based hot melt 

extrudates upon exposure to different release media are illustrated in Figure 4. The upper row 

shows the behavior observed in 0.1 M HCl, simulating the contents of the stomach. The bottom 

row shows the changes observed in phosphate buffer pH 6.8, simulating the conditions in the 

small intestine. The Kollidon SR:inulin ratio was varied from 20:80 to 70:30, as indicated. For 

reasons of comparison, also the behavior of “pure” Kollidon SR extrudates (plasticized with 

30 % DBS) is shown. Clearly, the addition of increasing amounts of inulin substantially 

increased the water uptake and dry mass loss rates and extents of the systems. This is because 

inulin is water-soluble and increases the hydrophilicity of the extrudates. The visually observed 

substantial swelling of hot melt extrudates containing 80 % inulin upon exposure to 0.1 M HCl 

and phosphate buffer pH 6.8 is in good agreement with these observations (pictures in the 

middle and right column in Figure 1). Importantly, a large range of water uptake and dry mass 

loss behaviors can easily be provided at low as well as at neutral pH, by simply varying the 

polymer:polymer blend ratio of the extrudates. Please note that this might also help to 

effectively adjust desired drug release kinetics reservoir-shaped dosage forms, e.g. from 

capsules with shells based on Kollidon SR:inulin blends. 

The impact of the initial drug loading on theophylline release from hot melt extrudates based 

on Kollidon SR:inulin 50:50 blends in 0.1 M HCl for 2 h, followed by phosphate buffer pH 6.8 

for 6 h, is shown in Figure 5. As it can be seen, the drug release rate monotonically increased 
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with increasing theophylline content. This can be attributed to the fact that the density of the 

polymer network decreases: Once theophylline crystals are released, they are replaced by water, 

rendering the remaining matrix more permeable for the drug (and water). Please note that sink 

conditions were provided throughout the experiments. Nevertheless, possible drug saturation 

effects within the polymer matrix are likely [16].  

Figure 6 shows the impact of the presence of fecal samples from IBD patients on the water 

uptake and dry mass loss kinetics of hot melt extrudates based on different Kollidon SR:inulin 

blends. The black bars represent the results obtained upon 24 h exposure to culture medium 

free of bacteria, whereas the white bars indicate the water contents and dry mass after 24 h 

exposure to culture medium inoculated with fecal samples. The polymer:polymer blend ratio 

was varied as indicated. The behavior of extrudates based on “pure” Kollidon SR (plasticized 

with 30 % DBS) is illustrated for reasons of comparison. Consistent with the results obtained 

in media simulating the contents of the upper gastro intestinal tract (Figure 4), the water uptake 

and dry mass loss increased with increasing inulin content, irrespective of the presence/absence 

of colonic bacteria (due to the hydrophilicity/water-solubility of this polymer). Interestingly, 

50:50 Kollidon SR:inulin blends showed a somewhat higher water uptake in the presence of 

fecal samples, and 50:50, 30:70 and 20:80 blends a somewhat more important dry mass loss in 

this type of medium. This might eventually be explained by (partial) polymer degradation due 

to enzymes secreted by the bacteria [40]. Thus, drug release from these extrudates might be 

faster in the presence of fecal bacteria. However, Figure 7 shows that theophylline release from 

extrudates based on Kollidon SR:inulin 50:50 blends was not impacted by the presence of fecal 

samples: Drug release is shown upon exposure to 0.1 M HCl for 2 h, followed by 6 h phosphate 

buffer pH 6.8 and 10 h culture medium. The latter optionally contained fecal samples from IBD 

patients. This series of release media was intended to simulate the passage throughout the entire 

gastro intestinal tract. As it can be seen, the release patterns in the absence and presence of 

colonic bacteria (dashed and solid curves) were similar. So, the differences observed with 
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respect to the water uptake and erosion kinetics observed with the hot melt extrudates did not 

translate into any noteworthy differences in drug release in these cases. Consequently, drug 

release from this type of advanced drug delivery systems can be expected to be independent of 

the location “small intestine vs. colon” in a patient’s gastro intestinal tract. It was beyond the 

scope of this study to investigate the reasons for the apparent insensitivity of inulin to 

degradation by the bacterial enzymes. Eventually, intense blending with the Kollidon SR might 

“protect” the inulin. 

 

3.2. Carbothane:inulin blends 

The left column in Figure 8 shows optical macroscopy pictures of hot melt extrudates based 

on Carbothane:inuline blends, prepared at 100 °C and 3 mL/min. The polymer:polymer blend 

ratio was varied from 10:90 to 40:60, as indicated. Extrudates based on pure Carbothane were 

studied for reasons of comparison. Interestingly, the extrudate expansion after leaving the 4 mm 

die was the highest at 60 % inulin content. This can again be attributed to the different 

compositions of the polymeric phases and their expansion behaviors after pressure release (as 

discussed above). Figure 2c shows the torque measured during the hot melt extrusion process 

for these polymer blends, as a function of the blend ratio. Roughly, the torque was about 50 % 

and no clear impact of the composition on torque was visible. 

Theophylline release from hot melt extrudates based on 10:90, 20:80, 30:70 and 40:60 

Carbothane:inulin blends in media simulating the conditions in the upper gastro intestinal tract 

is shown in Figure 9. The initial drug content was 10 %. Clearly, the drug release rate 

substantially increased with increasing inulin content. This can again be explained by the 

hydrophilicity/water-solubility of this polymer. From a practical point of view, desired drug 

release kinetics can be rather easily adjusted by simply varying the Carbothane:inulin blend 

ratio. 

Importantly, the investigated Carbothane:inulin blends also allowed for the preparation of 
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empty capsule shells, feeding a bench-top injection-molder (Babyplast) with the hot melt 

extrudates described above (drug-free). Figure 10 shows examples of pictures of capsule bodies 

and caps (30:70 and 20:80 Carbothane:inulin). These capsules were manually filled with 10 mg 

theophylline and sealed by wetting with ethanol. Figure 11 shows the resulting drug release 

kinetics upon exposure to 0.1 M HCl for 2 h, followed by phosphate buffer pH 6.8. As it can 

be seen, the resulting release rate increased with increasing inulin content, due to the 

hydrophilicity/water-solubility of this polymer. However, compared to the drug release rates 

from the respective hot melt extrudates with a diameter of > 4 mm (Figure 9), theophylline 

release was substantially slower. This is somewhat surprising, because the capsule shell 

thickness was only 600 µm. Thus, the pathways to be overcome by most of the water and drug 

are much shorter. It has to be pointed out that the drug was distributed throughout the system 

in the case of extrudates, whereas the capsule shells were free of theophylline. Thus, for parts 

of the drug in the extrudates (located in surface near regions) the pathways were shorter 

compared to the capsules. Looking at Figures 9 and 11, it becomes obvious that drug release 

from the “larger” extrudates (> 4 mm diameter) was much faster than from the capsules with 

the thinner shells (600 µm). Eventually, the injection-molding step might alter the inner 

structure of the polymer:polymer blends. Also, drug released from the extrudates can be 

expected to be replaced by water, increasing the permeability of the remaining matrix. 

However, the initial drug loading was only 10 % in these cases. 

Figure 12 illustrates the effects of the Carbothane:inulin blend ratio on the water content and 

dry mass of hot melt extrudates after 24 h exposure to culture medium free of bacteria (black 

bars) and culture medium inoculated with fecal samples from IBD patients (white bars). For 

reasons of comparison, also extrudates based on Carbothane only were studied. Clearly, the 

water content increased and the dry mass decreased with increasing inulin content (due to the 

hydrophilicity/water-solubility of this polymer). Similar to the Kollidon SR:inulin blends 

discussed above, a certain (but limited) impact of the presence of fecal samples was observed, 
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eventually suggesting partial enzymatic inulin degradation, resulting in increased water 

contents and system erosion. However, as for the Kollidon SR:inulin blends, this did not 

translate into any noteworthy effects on drug release from the extrudates: The solid curves in 

Figure 13 show theophylline release from capsules filled with 10 mg drug upon exposure to 

culture medium free of colonic bacteria, the solid curves in culture medium inoculated with 

fecal samples from IBD patients. Again, the capsule shells were prepared by injection-molding, 

feeding a benchtop injection-molder (Babyplast) with drug-free hot melt extrudates. The 

Carbothane:inulin blend ratio was 10:90, 20:80 or 30:70, as indicated. As it can be seen, the 

solid and dashed curves are rather similar. Thus, as in the case of extrudates based on 

Kollidon SR:inulin blends, drug release from capsules with Carbothane:inulin shells is likely 

not affected by the location “small intestine vs. colon” in the patients gastro intestinal tract to a 

significant extent. Also in this case, the inulin might be “protected” by the presence of the other 

polymer against enzymatic attack under the given conditions. Again, the resulting theophylline 

release rate increased with increasing inulin content, irrespective of the type of release medium, 

for the reasons discussed above. 

 

4. Conclusion 

Kollidon SR:inulin and Carbothane:inulin blends offer an interesting potential for 

controlled drug delivery throughout the entire gastro intestinal tract. Matrix systems as well as 

empty capsule shells can be prepared by hot melt extrusion and injection-molding. 

Interestingly, slight effects of the presence of colonic bacteria on the water uptake and dry mass 

loss kinetics observed with hot melt extrudates did not translate into noteworthy differences in 

the resulting drug release patterns. Thus, the location within the gastro intestinal tract “small 

intestine vs. colon” does probably not alter the resulting drug release rate, which is of particular 

interest when controlled drug delivery throughout the entire gastro intestinal tract is targeted. 
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Figure captions 

Fig. 1:  Macroscopic pictures of hot melt extrudates based on Kollidon SR:inulin blends before 

and after exposure to 0.1 M HCl pH 1.2 for 2 h, optionally followed by phosphate 

buffer pH 6.8 for 6 h. The polymer:polymer blend ratio was varied as indicated on the 

left hand side. The potential exposure to the release media is indicated at the top. The 

extrudates were free of drug. 

Fig. 2:  Torque generated during the preparation of hot melt extrudates based on: a) Kollidon 

SR:inulin blends (the blend ratio is indicated in the diagram), b) Kollidon SR:inulin 

(50:50) blends, loaded with 10 to 60 % theophylline, and c) Carbothane:inulin blends 

(the blend ratio is indicated in the diagram).  

Fig. 3:  X-ray diffractograms of hot melt extrudates based on Kollidon SR:inulin (50:50) 

blends, loaded with different amounts of theophylline (as indicated). For reasons of 

comparison, also the X-ray diffractograms of hot melt extrudates free of drug as well 

as of the raw materials (theophylline, Kollidon SR and inulin) are illustrated. 

Fig. 4:  Dynamic changes in the water content and dry mass of hot melt extrudates based on 

different Kollidon SR:inulin blends (the blend ratio is indicated in the diagrams) upon 

exposure to: a) 0.1 M HCl and b) phosphate buffer pH 6.8. Extrudates consisting 

“only” of Kollidon SR (plasticized with 30 % DBS) are shown for reasons of 

comparison. 

Fig. 5:  Impact of the theophylline loading on drug release from hot melt extrudates in 0.1 M 

HCl for 2 h, followed by phosphate buffer pH 6.8. The systems were based on Kollidon 

SR:inulin (50:50) blends.  

Fig. 6:  Water content and dry mass of hot melt extrudates based on different Kollidon 

SR:inulin blends upon 24 h exposure to culture medium or culture medium inoculated 

with feces of patients suffering from inflammatory bowel diseases. Extrudates 
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consisting “only” of Kollidon SR (plasticized with 30 % DBS) were studied for 

reasons of comparison. 

Fig. 7:  Theophylline release from hot melt extrudates based on Kollidon SR:inulin (50:50) 

blends under conditions simulating the transit through the entire gastro intestinal tract: 

2 h in 0.1 M HCl, followed by 6 h in phosphate buffer pH 6.8, followed by culture 

medium inoculated with feces of patients suffering from inflammatory bowel diseases 

(solid curve). For reasons of comparison also drug release in 0.1 M HCl, phosphate 

buffer pH 6.8 and culture medium without fecal samples is shown (dotted curve). The 

drug loading was 10 %.  

Fig. 8:  Macroscopic pictures of hot melt extrudates based on different Carbothane:inulin 

blends before and after exposure to 0.1 M HCl pH 1.2 for 2 h, optionally followed by 

phosphate buffer pH 6.8 for 6 h. The polymer:polymer blend ratio was varied as 

indicated on the left hand side. The potential exposure to the release media is indicated 

at the top. The extrudates were free of drug. 

Fig. 9:  Theophylline release from hot melt extrudates based on different Carbothane:inulin 

blends in 0.1 M HCl for 2 h, followed by phosphate buffer pH 6.8. The 

polymer:polymer blend ratio was varied as indicated. The drug loading was 10 %. 

Fig. 10: Macroscopic pictures of injecting-molded empty capsules (caps and bodies) based on 

Carbothane:inulin blends. The polymer:polymer blend ratio was varied as indicated.  

Fig. 11: Theophylline release from injection-molded capsules based on different 

Carbothane:inulin blends in 0.1 M HCl for 2 h, followed by phosphate buffer pH 6.8. 

The polymer:polymer blend ratio was varied as indicated.  

Fig. 12: Water content and dry mass of hot melt extrudates based on different 

Carbothane:inulin blends upon 24 h exposure to culture medium or culture medium 

inoculated with feces of patients suffering from inflammatory bowel diseases. The 
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polymer:polymer blend ratio was varied as indicated. Extrudates consisting “only” of 

Carbothane (plasticized with 30 % DBS) were studied for reasons of comparison. 

Fig. 13: Theophylline release from injection-molded capsules based on different 

Carbothane:inulin blends under conditions simulating the transit through the entire 

gastro intestinal tract: 2 h in 0.1 M HCl, followed by 6 h in phosphate buffer pH 6.8, 

followed by culture medium inoculated with feces of patients suffering from 

inflammatory bowel diseases (solid curves). For reasons of comparison also drug 

release in 0.1 M HCl, phosphate buffer pH 6.8 and culture medium without fecal 

samples is shown (dotted curves).  
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Figure 12 
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