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ABSTRACT 

Melt extrusion is a well-known technique to disperse poorly water-soluble crystalline active 
pharmaceutical ingredients (APIs) in polymers for dissolution enhancement, which is 
achieved by destructing their crystal lattice. Its unquestionable advantages are that it is a 
solvent-free and high-throughput continuous manufacturing technology ensuring constant 
product quality, which is favoured by Process Analytical Technology guidelines, and the 
range of producible dosage forms is wide. At the same time, a clear disadvantage of 
conventional melt extrusion is that the heat sensitivity of some active compounds can be an 
obstacle to its application because most pharmaceutical-grade polymers can only be processed 
at a high temperature. 
The most promising way of providing milder processing conditions and hence reducing drug 
degradation is the utilization of supercritical carbon dioxide (scCO2) as a reversible plasticizer 
[1]. In addition, it acts as a physical blowing agent and leaves behind a well-grindable, rigid 
product of high specific surface area, which can be extremely beneficial in the case of 
immediate release formulations owing to the great influence of this property on dissolution 
rate. 
In this study, BCS II classified thermally sensitive drugs, which need dissolution 
enhancement, were extruded with an acid-soluble, methacrylate-based polymer, 
Eudragit E100. We studied the influence of different operating parameters on the production 
of foamy extrudates: melt throughput, scCO2 mass fraction, extrusion temperature and 
pressure. The samples were analysed for their physical properties: rigidity, porosity and 
characteristic pore size. API dispersion within the polymer matrix has also been characterized 
by X-ray diffraction, Raman mapping and dissolution tests. 

INTRODUCTION 

To face the lack of bioavailability of numerous active pharmaceutical ingredients, the use of 
hot melt extrusion (HME) has been extensively described [2]. High temperatures employed, 
resulting from the glass transition and/or melting point of the polymer used, require however 
the use of plasticizers which may exhibit some drawbacks. In this respect, the use of 
supercritical carbon dioxide scCO2 as a removable plasticizer has emerged as a new and 
effective practice [3]. In addition, the coupling of scCO2 technology with HME has been 
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described as a promising route for the manufacture of new galenical forms with enhanced 
dissolution or release-controlled properties of active ingredients embedded into a foamy 
polymeric matrix [1].  

In this paper, we describe two dissolution kinetics enhancement using scCO2-assisted hot melt 
extrusion with an acrylic polymer of pharmaceutical grade, Eudragit E, and two active 
ingredients, Carvedilol and Spironolactone. Both molecules belong to the class II of the 
Biopharmaceutics Classification System, meaning that their dissolution is poor leading to a 
lack of bioavailability. 

MATERIALS AND METHODS 

Materials: Active ingredients and Polymer 

Carvedilol (Fig. 1) purchased from 
Sigma-Aldrich (Budapest, Hungary) with 
purity ≥ 98% was used in this work. Its 
molecular weight is 406 g/mol and its 
melting point is 117 °C. It is a beta-
blocker used to treat congestive heart 
failures. 

 Figure 1. Formula of Carvedilol 

 

Spironolactone (Fig. 2) is a diuretic and anti-
hypertensive molecule having a molar mass of 
417 g/mol and a melting range of 198–207 °C. It 
was kindly provided by Gedeon Richter Plc. 
(Budapest, Hungary). 

Figure 2. Formula of Spironolactone 

 

Eudragit E (E100, Fig. 3) purchased from 
IMCD (Saint-Denis La Plaine, France). 
Eudragit is an amorphous acrylic polymer 
with an average molecular weight of 
150 kg/mol and a glass transition 
temperature in the range 45-52 °C. 

Figure 3. Formula of Eudragit E100 

 

amine groups, forms a coating soluble in gastric fluid in acidic
pH.[6] Eudragit E has already been successfully implemented for
HME. Six et al.[7] described the HME of the poorly water‐soluble
itraconazole with Eudragit E100 polymeric carrier. Melt extrusion
of this drug with Eudragit E polymer resulted in significantly
enhanced dissolution rate. More recently, Verreck et al. showed
that pressurized carbon dioxide, acting as a removable plasticizer
and foaming agent, reduces the melt extrusion temperature of
several pharmaceutically acceptable polymers, including Eudragit
E100.[8] Lately, Nikitine et al. studied the correlation between
operating conditions and foam structures of Eudragit E100.[9] This
work was also completed by the study of the influence of scCO2

on the polymer flow of Eudragit E100 in the extruder.[10–12]

Lipid soluble chemicals, such as carvedilol (CAR), are almost
insoluble in water. Therefore, they are poorly absorbed through
the gastrointestinal tract. CAR is a nonselective β‐adrenergic
blocking agent with an α‐blocking activity.[13] According to the
Biopharmaceutics Classification System, it belongs to the class II
drug having low solubility and good permeability. However, if
CAR is well absorbed after oral administration, it is subject to first‐
pass metabolism in the liver resulting in only about 25% absolute
bioavailability.[14] Eudragit E100 has already been used to
improve the bioavailability of CAR. Recently, E100 nanoparticles
containing CAR were prepared by nanoprecipitation.[15] Finally,
high encapsulation efficiency was obtained, and the release of
CAR from the nanoparticles was achieved within 5min.

In this work, melt extrusion and scCO2‐coupled extrusion was
used to generate solid dosage form based on Eudragit E100 with
CAR drug according to the method elaborated for producing
foams of this polymer.[9] The aimwas to obtain similar drug release
rate of CAR as it was achieved by nanoprecipitation and to
investigate the potential advantages of applying scCO2 during the
extrusion process. For achieving rapid dissolution, the feasibility of
an amorphous solid dispersion or solution of CAR and Eudragit
E100 was investigated in order to avoid the necessity of
overcoming the crystal lattice energy of CAR. In the case of solid
solution, the rate‐determining step of CAR release is the dissolution
of Eudragit E, which is quite rapid in acidic media such as the
gastric fluid. The properties of the extrudates were investigated by
several methods to study the morphology, the crystallinity, the
degradation, the mixing, and the dissolution profile.

MATERIALS AND METHODS
Materials

Carvedilol (Fig. 1) from Sigma‐Aldrich (Budapest, Hungary) with
purity≥ 98% was used in this work. The melting point of CAR is
117°C.[16] CO2 was purchased from Air Liquide (Paris, France) and
Eudragit E (E100, Fig. 2) from IMCD (Saint‐Denis La Plaine, France).
Eudragit is an amorphous polymer with an average molecular

weight of about 150 000 gmol−1. Its glass transition temperature,
measured by differential scanning calorimetry (ATG DSC 111,
SETARAM, Caluire, France), is in the range 45–52°C. A rheological
study at atmospheric pressure was performed[17], and the
polymer exhibited a pseudoplastic behavior with a viscosity
similar to those of molten polymers (around 103 Pa s). These
previous characterizations helped in choosing the operating
conditions to process Eudragit E100 by extrusion.

Extrusion coupled with supercritical CO2

Figure 3 shows the experimental set up, which has previously
been detailed elsewhere.[9,10] The single‐screw extruder has a
30‐mm screw diameter and a length to diameter (L/D) ratio of 35
(Rheoscam, SCAMEX, Crosne, France). A large L/D ratio generally
allows increasing not only the capacity of mixing and melting
but also energy consumption. The first conical part of the screw
has an L/D ratio of 20 and allows the transport of solid polymers
and then their melting and plasticizing. Then, the screw has a
cylindrical geometry from the first gastight ring to the die with
an L/D ratio of 15. Two restriction rings have been fitted out in
order to prevent scCO2 from backflowing. The diameter of the
die is 1mm and its length is 11.5mm.
The temperature inside the barrel is measured at five

locations: Ta and Tb before the CO2 injection, Tc and Td after
the injection, and Te in the die. In this study, the temperatures of
the different zones were fixed as follows: Ta = 125°C, Tb = Tc =
Td = 135°C and Te = 130°C and the measured temperatures were
stabilized at the predetermined values (±2°C) during the
experiments. They were kept in all cases higher than the
melting point of CAR (117°C[16]), allowing it to be melted and
thus increasing the possibility for obtaining solid solution.
The temperature and the pressure of the polymer inside the

extruder were measured by means of three pressure gauges (P1,
P2, and P3) and two temperature sensors (T1 and T2). Errors
associated to pressure and temperature sensors were about
0.2MPa and 3.3°C, respectively.
CO2 was pumped from a cylinder by a syringe pump (260D,

ISCO, Lincoln, NE, USA) regulated at 7°C. It was then introduced
at a constant volumetric flow rate and at a pressure slightly
higher than P1. The CO2 injector was positioned at an L/D ratio of
20 from the feed hopper. The pressure and the volumetric CO2

flow rate were measured within the syringe pump.
At the beginning of the extrusion process, pure E100 was fed

in the extruder. Before the injection of scCO2, the torque was
controlled by the rotating speed of the screw (higher rotatingFigure 1. Carvedilol formula.

Figure 2. Eudragit E formula.
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Methods:  

ScCO2-assisted 
extrusion of a mixture 
of active molecule and 
Eudragit E was 
performed on a single-
screw extruder 
(SCAMEX, Crosne, 
France), with a large 
L/D ratio of 35.  

CO2 was injected into 
the extruder barrel by 
means of a syringe 
pump (ISCO, USA). 

A detailed description 
of the system can be 
found in [3]. 

  Figure 4. Experimental apparatus 

Several methods -not presented here- were used for characterization of the dispersion of the 
active into the polymer matrix (i.e. amorphisation of the drug in the extrudates) as well as the 
foamy structure of the extrudates [4]. 

In vitro dissolution tests 

The concentration of active molecules in the samples was determined by UV 
spectrophotometry at 242 nm (Hewlett‐Packard HP 8452A) using a diode‐array detector. Six 
parallel tests were performed and analysed statistically. The test samples were obtained as 
follows: 

• For Carvedilol, using an Erweka DT6 dissolution tester (USP II apparatus, 
Heusenstamm, Germany). Samples equivalent to 12.5 mg of carvedilol were added as 
a powder directly in the dissolution vessel containing 900 ml 0.1 M HCl maintained at 
37±0.5 °C and stirred at 50 rpm. Samples (5 ml) were collected periodically. 

• For Spironolactone, using a PTWS 600 dissolution tester (USP II apparatus, Pharma 
Test Apparatebau AG, Hainburg, Germany). Samples equivalent to 8 mg of 
Spironolactone were placed in the dissolution vessel containing 900 ml of 0.1 M 
hydrochloric acid maintained at 37±0.5 °C and stirred at 100 rpm. Samples were 
collected periodically. 

 

 

speed resulted in higher torque) and was kept at high values
close to the established alarm limit (120Nm) to ensure high
production rate and short residence time. Once steady‐state
conditions had been reached with E100, drug polymer mixture
was introduced through the hopper. scCO2 was introduced into
the barrel once the drug polymer mixture had reached the die.
During the scCO2 injection, the torque decreased, and the rotation
speed could therefore be increased to reach higher production
rates and shorter residence time.When steady‐state conditions had
been reached again, extrudates were collected and air cooled at
ambient temperature. The samples were obtained under the
operating conditions given in Table 1. The sampling time and the
mass of the collected samples were measured in order to
determine the mass flow rate. Extrudates were then ground by
an IKA MF10 microfine (MF) grinder equipped with a MF 10.2
impact grinding head (Staufen, Germany). The applied rotation
speed was 3000 rpm and sieve was MF 2.0mm, thus the obtained
particle sizewas less than 2mm. The grindingwas carried out using
the same method in all cases. Based on optical and scanning

electron microscopy analyses, the sizes of majority of the particles
were between 100 and 1500µm.

Compositions and operating conditions for the different
samples are presented in Table 1. The CO2 flow rate was fixed
at 0.25 cm3min−1, and two drug mass contents were tested: 5%
and 20%.

Scanning electron microscopy

Morphology of the samples was investigated by a JEOL 6380LVa‐
type scanning electron microscope (Tokyo, Japan). Each speci-
men was fixed by conductive double‐sided carbon adhesive tape
and gold‐coated using a JEOL 1200 apparatus (Tokyo, Japan) in
order to avoid electrostatic charging.

Fourier transform infrared spectrometry

KBr tablet sample preparation method was used for the Fourier
transform infrared (FTIR) spectrometrymeasurement of untreated
materials and ground extrudates. The obtained tablets were

Figure 3. Experimental device.

Table 1. Compositions and operating conditions of the samples

Exp CAR (mass%) CO2 (cm
3min−1) Pressure (P1) in the barrel

at CO2 injection (bar)
Screw rotation
speed (rpm)

Flow rate (gmin−1)

1CAR0 0 0 165 5 5.5
2CAR5 5 0 135 5 5.5
3CAR5SC 5 0.25 78 5 5.5
4CAR5SC 5 0.25 85 7 7.7
5CAR5SC 5 0.25 112 10 11
6CAR20 20 0 115 5 5.5
7CAR20SC 20 0.25 57 5 5.5
8CAR20SC 20 0.25 74 7 7.7
9CAR20SC 20 0.25 90 10 11

CAR, carvedilol.

MELT AND scCO2‐AIDED MELT EXTRUSION FOR ENHANCED DISSULOTION

Polym. Adv. Technol. 2012, 23 909–918 Copyright © 2011 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/pat
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RESULTS: 

Figures 5 and 6 give the dissolution profiles of Carvedilol and Spironolactone samples 
respectively. 

  
Figure 5. Dissolution of Carvedilol from HME formulations (A, B, C, D) in 

comparison to unprocessed crystalline Carvedilol (E). (A) CO2-foamed-extruded and 
ground, (B) extruded and ground, (C) extruded, (D) CO2-foamed sample. 

Figure 5 shows that the E100 polymer matrix governs the dissolution rate of the Carvedilol 
extrudates. Carvedilol molecules dissolved simultaneously with the matrix. It confirms that 
Carvedilol was molecularly dispersed or nearly molecularly dispersed in the matrix by HME. 
As the matrix dissolves in acidic media rapidly, the dissolution times of the extrudates were 
found to be short as well. The dissolution rate depends on the surface area of the material 
exposed to the dissolution media. The CO2-foamed extrudates exhibit an increased surface 
area already in unmilled foams (curve D). This area could be however further increased by 
grinding (curve A). In the very first minutes, the A sample is even slightly more rapid in 
comparison with the unfoamed samples B, C. This is probably because of the inner porosity, 
leading to an increased surface area accessible to the solvent: the dissolution rate depends on 
the surface area of the material exposed to the dissolution medium. 

The reason for the slower dissolution of the unmilled foamed extrudate D compared to the 
ground one A is its low apparent density causing floating of the particles on the surface of the 
dissolution media. It results in limited contact with the solvent. In contrast, B and C samples 
sank into the dissolution media allowing the dissolution process to proceed faster through the 
fully accessible surfaces [5]. Consequently the dissolution time of ground samples (5 min) is 
significantly lower compared to that of unprocessed Carvedilol. 
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Figure 6. Dissolution of Spironolactone from HME formulations (A, B, C) in comparison 
with unprocessed microcrystalline Spironolactone (D). (A, B) CO2-foamed-extruded and 

ground, (C) CO2-foamed sample. 
 
In comparison to the extremely slow dissolution rate of microcrystalline Spironolactone 
(curve D), the dissolution of CO2-foamed extruded and ground samples (curves A and B) was 
considerably faster. Amorphisation of Spironolactone and the solubilizing effect of Eudragit E 
enabled the immediate release of approx. 90 % of the API content dissolved in 10 min. The 
difference between A and B samples lies in the porosity (data not shown), A having a higher 
porosity than B and exhibiting therefore a larger surface area. The CO2-foamed extruded 
(without grinding) dissolved at an intermediate rate (Curve C). 
 

CONCLUSION 

This study shows through both examples of Carvedilol and Spironolactone–Eudragit E 
foamed solid dispersions that HME assisted by supercritical-CO2 can lead to large dissolution 
rate enhancements. Fast-dissolving formulations of poorly water-soluble drugs can thus be 
achieved. In addition, by tuning the inner porosity and with an additional grinding step, a 
wide range of dissolution speed can be reached. 

This dissolution rate enhancement is due to an amorphisation of the drug into the polymer 
matrix [4], which resulted in a drug release rate governed by the polymer dissolution, which 
in turn depends on the specific surface area of the sample. 

Future developments of this process include the manufacture of new solid formulations with 
improved properties. 
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