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Different ethylene vinyl acetate grades (EVA9, EVA15, EVA28 and EVA40 having a VA content of 9%, 15%,
28% and 40%, respectively) were characterized via differential scanning calorimetry. Glass transition tem-
perature (Tg), polymer crystallinity, melting point and polymer flexibility were positively influenced by
the vinyl acetate content. The processability of EVA-based formulations produced by means of hot-melt
extrusion (2 mm die) was evaluated in function of VA content, extrusion temperature (60–140 �C) and
metoprolol tartrate (MPT, used as model drug) concentration (10–60%). Matrices containing 50% MPT
resulted in smooth-surfaced extrudates, whereas at 60% drug content severe surface defects (shark skin-
ning) were observed. Drug release from EVA/MPT matrices (50/50, w/w) was affected by the EVA grades:
90% after 24 h for EVA15 and 28, while EVA9 and EVA40 formulations released 80% and 60%, respectively.
Drug release also depended on drug loading and extrusion temperature. For all systems, the total matrix
porosity (measured by X-ray tomography) was decreased after dissolution due to elastic rearrangement
of the polymer. However, the largest porosity reduction was observed for EVA40 matrices as partial melt-
ing of the structure (melt onset temperature: 34.7 �C) also contributed (thereby reducing the drug release
pathway and yielding the lowest release rate from EVA40 formulations).

The Simulator of the Human Intestinal Microbial Ecosystem (SHIME) used to evaluate the stability of
EVA during gastrointestinal transit showed that EVA was not modified during GI transit, nor did it affect
the GI ecosystem following oral administration.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Hot-melt extrusion (HME) is a well-known technique in the
field of polymer science, and it has proven to be a useful tool for
pharmaceutical purposes to develop immediate- or sustained-re-
lease formulations. Compared with other techniques, HME has a
lower environmental impact (absence of solvents) and reduced
costs (few processing steps, continuous operation) [1–3]. As sus-
tained release dosage forms have an important role to improve
the life quality of chronic and poly-medicated patients by reducing
their daily intake of dosage forms, considerable research efforts
have been directed towards the use of polymers that provide prac-
tical, safe and controlled long-term delivery of drugs. Several poly-
mers, suitable for pharmaceutical HME applications have been
ll rights reserved.
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identified (ethylcellulose, polymethacrylate, hydroxypropylcellu-
lose, polyethylene oxide, polyvinylalcohol, etc.) [4–7], but the
majority of them require a plasticizer to improve the elasticity
and flexibility of the polymers [8–11]. This results in several
restrictions related to polymer/plasticizer miscibility, plasticizer
concentration, interactions with drug and polymer. In contrast,
ethylene vinyl acetate (EVA) does not require a plasticizer to obtain
good quality extrudates.

EVA is a copolymer of ethylene and vinyl acetate (VA). While
polyethylene is a semicrystalline polymer with alternating crystal-
line lamellae (with different types of crystals) and amorphous do-
mains, the incorporation of VA co-monomer units (typically the VA
content varies between 9% and 40%) into a polyethylene backbone
chain induces differences in crystallinity and crystalline structure,
melting point, solubility, density and glass transition temperature,
affecting the flexibility and thermoplastic characteristics of EVA
[12,13]. Therefore, the versatility of EVA for hot melt processing re-
sulted in a wide spectrum of applications [14]. In the pharmaceu-
tical field, it has been specifically used for the development of films
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[15,16], stent coatings [17], implantable devices [18], vaginal rings
[19], etc.

The purpose of this study was to evaluate the potential of EVA
as a matrix carrier for oral sustained release dosage forms pro-
duced via hot-melt extrusion, and to characterize the different as-
pects of EVA copolymers. Metoprolol tartrate was embedded as
model drug in the EVA matrices.

As the stability of EVA matrices after oral intake when exposed
to the gastrointestinal fluids and its effects on the gastrointestinal
microbiota have not been described, the effect of the polymer on
the gastrointestinal ecosystem and vice versa was evaluated using
a Simulator of the Human Intestinal Microbial Ecosystem
(SHIME).
2. Material and methods

2.1. Materials

Different ethylene vinyl acetate (EVA) grades (Elvax� 40w, 260,
550 and 750 with a vinyl acetate (VA) content of 40, 28, 15 and 9
wt.%, respectively) were kindly donated by Dupont (Geneva, Swit-
zerland) and used as hydrophobic carrier. Metoprolol tartrate
(MPT) (10 lm) (EQ Esteve, Barcelona, Spain) was selected as model
drug.
2.2. Hot-melt extrusion: production of the mini-matrices

EVA powder and physical mixtures of metoprolol tartrate and
EVA (homogenized using mortar and pestle) were fed into a
co-rotating twin-screw mini-extruder (Haake MiniLab II Micro
Compounder, Thermo Electron, Karlsruhe, Germany), operating at
different screw speeds (40, 60 and 90 rpm) and processing temper-
atures (60, 80, 90, 100, 110, 120, 130 and 140 �C) in order to evaluate
the processability of these formulations via hot-melt extrusion. The
extruder was equipped with a pneumatic feeder, two archimedes
screws and a cylindrical die of 2 mm. The extrudates were cooled
down to room temperature and manually cut, using surgical blades,
into mini-matrices of 2 mm length.
2.3. Extrudate characterization

The extrudates were visually inspected for surface defects (e.g.
shark skinning). The deformation due to cutting and the presence
of cracks were evaluated using a KH-7700 digital microscope (Hir-
ox, Japan), equipped with a high resolution zoom lens (MXG-10C
model, using co-axial vertical lighting for high-level optical obser-
vation) and an OL-70 II objective lens with a magnification capacity
of 70–700�. The imaging system had a 2.11 mega-pixel CCD sensor
and a maximum pixel resolution of 30 mega-pixels (i.e. 6400
horizontal lines and 4800 vertical lines). To visualize the surface
morphology photomicrographs were taken with a field emission
gun scanning electron microscope (SEM, type Quanta 200F, FEI,
Eindhoven, Nederland). The pressure in the chamber was 100 Pa,
and a large field detector was used.
2.4. X-ray diffraction

The crystallinity of powdered EVA grades and EVA samples ex-
tracted from the intestinal passage experiment was investigated by
means of X-ray diffraction. The X-ray patterns were determined
using a D5000 Cu Ka diffractor (k = 0.154 nm) (Siemens, Karlsruhe,
Germany) with a voltage of 40 mA in the angular range of
10� < 2h < 60� using a step scan mode (step width = 0.02�, counting
time = 1 s/step).
2.5. Raman spectroscopy

The MPT crystallinity and distribution of and the EVA40 solid
state were evaluated in EVA matrices containing 50% MPT via Ra-
man microscopy. A RamanRxn 1 Microprobe (Kaiser Optical sys-
tems, Ann Arbor, USA) equipped with an air-cooled CCD detector
(back-illuminated deep depletion design) was used to inspect
MPT crystallinity in the tablets. Using a 10� long working distance
objective lens (spot size of 50 lm), 10 spectra were collected on a
vertical cross-section of the tablets. To evaluate the MPT distribu-
tion on the vertical cross-section, three areas (2200 � 1200 lm2)
(two at the edges and one in the middle of the mini-tablet) were
scanned in a point-by-point mapping mode with a step size of
50 lm in both x and y directions. The laser wavelength during
the experiments was the 785 nm line from a 785 nm Invictus NIR
diode laser. All spectra were recorded at a resolution of 4 cm�1

using a laser power of 400 mW and a laser light exposure time of
20 s per spectrum. Before data analysis, spectra were baseline-cor-
rected (Pearson’s method). Data collection and analysis were done
using the HoloGRAMS™ data collection software package, the
HoloMAP™ data analysis software package and the Matlab� soft-
ware package (version 6.5).

2.6. Thermal analysis

Thermogravimetric analysis (Hi-res TGA 2950, TA instruments,
Leatherhead, UK) was employed to investigate the thermal stabil-
ity of EVA, MPT and extruded EVA/MPT samples (50/50 ratio, w/
w). Samples (±15 mg) were equilibrated at 50 �C and heated to
500 �C at a heating rate of 10 �C/min while recording the weight
loss.

Glass transition temperature (Tg), crystallization temperature
(Tc), melting point (Tm) and heat of fusion (DH) of pure components
(EVA40, EVA28, EVA15, EVA9 and MPT), physical mixtures and ex-
truded samples were analyzed by differential scanning calorimetry
(DSC) and modulated differential scanning calorimetry (MDSC).
The DSC instrument used was a Model 2920 from TA Instruments
(Leatherhead, UK) running in standard mode and equipped with a
refrigerated cooling system (RCS). Samples (±10 mg) were run in
closed aluminium pans; the mass of each empty sample pan was
matched with the mass of the empty reference pan to ±0.10 mg.
Depending on the samples and the determined parameters, the
experimental method consisted of a single heating cycle (heating
rate of 20 �C/min from �100 to 180 �C) or a three-phase analysis
with consecutive heating, cooling and heating cycles. All samples
and starting materials were analyzed in triplicate.

MDSC measurements were carried out using a Q2000 Modu-
lated DSC (TA, Instruments, Leatherhead, UK) equipped with a
refrigerated cooling system. Dry nitrogen at a flow rate of 50 ml/
min was used to purge the DSC cell. The amplitude of the temper-
ature was 0.3 �C, the period was 50 s and the underlying heating
rate was 2 �C/min. The samples were evaluated according to the
three cycle analysis (heating, cooling and heating) from �100 to
180 �C.

All results were analyzed using the TA Instruments Universal
Analysis 2000 software.

2.7. In vitro drug release

Drug release from the EVA-based matrices was determined
using USP apparatus 1 (baskets), in a VK 7010 dissolution system
combined with a VK 8000 automatic sampling station (VanKel
Industries, New Jersey, USA). The mini-tablets (eight tablets of
2 mm length) were placed in demineralized water (900 ml, at a
temperature of 37 ± 0.5 �C), while the rotational speed of the bas-
kets was 100 rpm. Samples of 5 ml were withdrawn at 0.5, 1, 2,
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4, 6, 8, 12, 16, 20 and 24 h (without medium replacement) and
spectrophotometrically analyzed for MPT at 222 nm by means of
a Perkin–Elmer Lambda 12 UV–VIS double beam spectrophotome-
ter (Zaventem, Belgium). The metoprolol tartrate content in the
samples was determined by linear regression using a calibration
curve. Each batch was evaluated in triplicate.

2.8. X-ray tomography

The internal 3D-structure of the mini-matrices (total porosity,
maximum opening and equivalent diameter of the pores) was eval-
uated by means of X-ray tomography. Total porosity is expressed
as the percentage of a material’s pore volume to its total volume.
Equivalent diameter and maximum opening are the diameter of
a sphere with the same volume as the pore and the diameter of
largest sphere that can be inscribed in the pore, respectively.

Extruded EVA 40 samples and mini-matrices containing EVA9,
15, 28 and 40 in combination with 50% MPT were scanned before
and after 24 h dissolution testing with the high resolution micro-
CT scanner of the Ghent University Centre for X-ray Tomography.
The EVA40 sample was also evaluated after 72 h dissolution test-
ing. The system is composed of a Feinfocus X-ray tube with Tung-
sten transmission target and diamond exit window, a Micos high
precision airbearing rotation stage and a Varian Paxscan 2520 V
a-Si flat panel detector [20]. The sample was rotated over 360� in
0.36� steps, with radiographic images recorded at every step. The
1000 shadow images were processed and reconstructed to 1500
cross-sectional images of 1100 � 1100 pixels with Octopus soft-
ware. Additional reconstructions using the Modified Bronnikov
Algorithm (MBA) [21–22] and the Bronnikov Aided Correction
(BAC) [23] were performed, to reduce the phase artefacts. As the
voxel pitch was about 2 lm, pores with a smaller diameter were
not visible on the CT scans. However, they do affect the recon-
structed image by reducing the density inside that voxel.

2.9. Stability of the EVA40 polymer under gastrointestinal conditions

The stability of EVA40 upon oral ingestion was evaluated in the
Simulator of the Human Intestinal Microbial Ecosystem (SHIME),
developed by the Laboratory of Microbial Ecology and Technology,
Ghent University, as described earlier [24]. In brief, EVA40 polymer
(2 g/l) was added to a standardized nutritional medium and incu-
bated under simulated stomach conditions for 90 min (37 �C, aero-
philic conditions). Next, an appropriate amount of bile salts and
digestive enzymes was added to simulate small intestinal condi-
tions, and the samples were further incubated for 150 min (37 �C,
microaerophilic conditions). Finally, a complex microbial commu-
nity was taken from the ascending colon compartment of the
SHIME and added to the setups. The samples were further incu-
bated for a period of 48 h (37 �C, anaerobic conditions).

All experiments were performed in triplicate. As a control, the
same experiment was performed in parallel, without addition of
EVA40.

EVA40 polymer was isolated from the stomach and small intes-
tinal incubation medium, and the polymer’s integrity and structure
was analyzed by means of DSC, X-ray and SEM. EVA40 could not be
recovered from the colonic incubation samples as the medium was
too dirty for EVA40 isolation.

The potential breakdown of the polymer by the intestinal
microflora was indirectly assessed. Changes in composition or
activity of the microbial community in the test with EVA40 as com-
pared to the control were used as marker for interaction between
EVA40 and the intestinal microbiota. Changes in composition were
assessed by selective plate counting for different bacterial groups
and by PCR–DGGE (Denaturing Gradient Gel Electrophoresis) anal-
ysis of the total microbial community, as described by Possemiers
et al. [25]. Effects on microbial activity were evaluated by pH mea-
surements and by quantification of the concentrations of short-
chain fatty acids (SCFA) and ammonium in the samples at the
beginning and end of the colonic incubations, as described earlier
[25].
3. Results and discussion

3.1. Polymer thermal analysis (influence of VA content)

Thermal investigation of the EVA grade (EVA40, EVA28, EVA15
and EVA9), with different vinyl acetate content (40%, 28%, 15%
and 9%, respectively), resulted in distinct thermograms (Fig. 1A
and Table 1).

The glass transition temperature (Tg) was not significantly af-
fected by the VA content, ranging between �25.3 �C for EVA15
and �28.7 �C for EVA40. Such a low Tg is responsible for the poly-
mer rubbery state at room temperature (high flexibility). However,
the specific heat capacity change (DCp) during glass transition in-
creased with the VA content (Fig. 1B). This is explained by the com-
plex amorphous phase of EVA that consists of an interfacial (less
mobile) and a melt-like (very mobile) amorphous phase [13]. The
free movement of amorphous segments during glass transition
contributes to the change of the specific heat. When a part of the
amorphous segments is locked (less mobile) between the crystal-
line chains or does not contribute to the glass transition change,
the change of heat capacity is reduced [26]. Hence, the results indi-
cate that EVA with a higher VA content has a lower rigid amor-
phous content, responsible for a higher flexibility (confirmed by
handling the polymer).

Distinct VA grades were also responsible for differences in the
melting onset temperatures and melting peaks. EVA40 showed
three melting peaks (three crystalline forms confirmed by the
derivative (time) of the heat flow), a melt onset temperature at
34.9 �C and a low heat of fusion (DH calculated from the integra-
tion of the three peaks) (Table 1). MDSC analysis of EVA40 indi-
cated that a small part of the crystalline phase already melted at
room temperature (partial melting of the polymer), whereas the
majority of the crystals melted at 42.8 �C (Tm).

According to Wang et al. [13], three different types of crystals
can be detected in EVA polymer with 18% VA content. However
in our study, only two polymorphs were visualized for EVA28, 15
and 9, which in the case of EVA28 were present in similar propor-
tions (Fig. 1A). Furthermore, DH measurements indicated that a
lower VA content increased the crystallinity of the polymer. These
results were also supported by X-ray diffraction (Fig. 2).

According to these thermoanalyses, the incorporation of vinyl
acetate co-monomer units into a polyethylene backbone chain
has three main critical effects: (a) reduced crystallinity, (b) lower
melting point and (c) increased flexibility.
3.2. Processability of EVA polymers via hot-melt extrusion

Depending on their VA content, the extrusion behavior of the
EVA grades differed: while EVA40 and EVA28 could already be pro-
cessed at a temperature of 60 �C (with higher torque registered for
EVA28), a temperature of 100 and 110 �C was required for EVA15
and EVA9, respectively. These results were correlated with the
melting (onset) melting temperature observed for the different
EVA grades (Table 1). For example, at 60 �C EVA28 was only par-
tially melted, justifying the higher torque.

Molecular weight measurements showed that EVA samples that
contained a lower VA content presented a higher molecular weight
(Table 1), responsible for an increase in polymer melt viscosity.
Therefore, higher process temperatures aided the extrusion



Fig. 1. (A) Thermograms of EVA with four different VA content (9%, 15%, 28% and 40%). The DSC was executed with a heat flow of 10 �C/min. The arrows indicate three crystal
forms for EVA40 and 2 for EVA9, 15 and 28. (B) Detail of EVA polymers Tg exhibiting different DCp. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
General properties, thermal behavior and crystallinity of the four different types of EVA.

General properties DSC: thermal behavior and crystallinity

Polymer type %VA MW Tg (�C) Melt onset temp. (�C) Tm (�C) Crystallinity (%)a

EVA40 40 64,900 �28.7 ± 0.3 34.9 ± 0.3 42.8 ± 0.0 13.7
EVA28 28 101,600 �28.6 ± 0.5 38.6 ± 1.1 72.8 ± 0.9 17.1
EVA15 15 151,200 �25.3 ± 0.5 70.0 ± 0.1 91.1 ± 0.1 29.4
EVA9 9 578,200 �26.9 ± 1.2 80.2 ± 0.1 98.6 ± 0.2 33.1

a Crystallinity was calculated with reference to the enthalpy of fusion ðDH�f Þ of the perfect polyethylene (PE) crystal (277.1 J/g), with the following formula:
Xc ¼ ðDHf=DH�f Þ � 100. DHf = enthalpy of fusion of the respective EVA.
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Fig. 2. X-ray diffraction of the four different types of EVA. From the top to the bottom: EVA40, EVA28, EVA15 and EVA9.
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process by lowering the flow viscosity of the polymers with lower
VA contents.

TGA experiments proved that EVA was stable at all processing
temperatures as degradation only occurred above 250 �C. All extru-
dates had a smooth surface and were transparent, except EVA9
that was slightly opaque after extrusion.

The addition of metoprolol tartrate (MPT) to the EVA formula-
tion affected the morphology of the extrudates: up to 50% MPT
load, EVA40 extrudates had a smooth surface, while at 60% drug
content the matrices showed severe shark skinning. EVA40 formu-
lations containing 50% MPT were easily processed between 60 and
120 �C (although the higher melt viscosity of the formulation be-
low 70 �C resulted in a high torque during extrusion), whereas
Fig. 3. DSC thermograms of pure MPT (1), EVA40 (2), physical mixture
EVA15 and EVA9 required an extrusion temperature above
100 �C to avoid shark skinning. However, a temperature higher
than 123 �C (i.e. melting point of MPT) was excluded from the
experiments in order to avoid the formation of a glass solution
(thermodynamically instable) and a lower morphologic quality of
the extrudates.

After extrusion at 90 �C, DSC thermograms of the extrudates
showed that extrusion did not change the polymer structure and
that the drug was mostly in the crystalline form based on DH of
pure MPT and physical powder mixtures (Fig. 3). Despite the high-
er melting point of MPT (123 �C), a limited amount of MPT (±15%)
melted during extrusion at 90 �C (possibly due to the friction heat
generated during processing) and did not recrystallize upon
(3) and extrudate of EVA40 and MPT (EVA/MPT, w/w, 50/50) (4).
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Fig. 4. Cumulative drug release of MPT from EVA40 (h), EVA28 (N), EVA15 (s) and
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Fig. 6. Cumulative drug release of MPT from EVA40/MPT matrices (50/50, w/w)
processed at 60 �C (j), 80 �C (N), 90 �C (s) and 100 �C (D).
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cooling. The thermogram of a mixture of amorphous MPT and EVA
polymer (1:1) showed two distinct glass transitions at the same
temperatures as the pure forms, indicating that drug and polymer
were not miscible.

Raman spectroscopy indicated that crystalline drug was homo-
geneously dispersed in the polymer matrix.

Drug release from EVA/MPT matrices (50/50, w/w) was affected
by the EVA grades (Fig. 4) as the release increased in the following
order: EVA15, EVA28, EVA 9 and EVA40. EVA15 and 28 registered a
faster MPT release after 24 h of dissolution (90%), whereas for
EVA9 and EVA40 the release was limited to 80% and 60%, respec-
tively. The release profiles of all extruded mini-matrices indicated
a small burst effect during the first hour, followed by a slower
release.

Drug release rate also depended on drug loading (7% and 58%
release after 24 h for EVA40 formulations containing 10% and
50% MPT, respectively; Fig. 5) and extrusion temperature (Fig. 6).
No significant differences were detected in a temperature range
between 80 and 100 �C (around 60% of MPT released after 24 h),
whereas at lower extrusion temperatures the release was consider-
ably lower (40%). The enthalpy of fusion (measured via DSC) indi-
cated that the entire drug fraction remained crystalline at an
extrusion temperature of 60 �C, whereas the crystallinity of drug
fraction was reduced at higher process temperatures: 85%, 87%
and 74% remaining crystallinity at 80, 90 and 100 �C, respectively.
Using an extrusion temperature of 110 �C resulted in an EVA ma-
trix containing only 50% of crystalline drug phase; however, the re-
lease properties of these matrices were not tested due to the poor
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Fig. 5. Cumulative drug release of MPT from EVA40/MPT matrices containing
different drug loadings: 10% (�), 20% (h), 30% (N), 40% (�) and 50% (j).
quality of the extrudates. The extrusion rate (varied by means of
the screw speed) did not affect drug release (data not shown).

None of the matrices achieved complete release after 24 h, indi-
cating that a fraction of the drug was trapped inside the matrix,
with a higher impact at low drug loadings. At high drug loadings,
the drug was able to diffuse through the matrix, as the porous
network is connected with the surface, allowing the drug to be re-
leased. As no porosity was detected by SEM on extruded matrices
consisting of pure EVA (Fig. 9B), the porous network path seems to
be created by drug crystals. Once exposed to the dissolution
medium, the water penetrates into the hydrophobic polymer
matrix and the dispersed crystalline drug is dissolved and released
by means of percolation, leaving behind an empty porous EVA car-
cass (a system described by several authors regarding EVA films
studies) [27–29].

These results and the aforementioned observations clearly indi-
cated that the drug release mechanism from EVA matrices is a
complex combination of different parameters, such as drug crystal-
linity, polymer crystallinity (related with the VA content), drug
loading (responsible for the porosity in the matrix) and extrusion
temperature (affecting the proportion between amorphous and
crystalline systems).

As (M)DSC experiments indicated that a higher VA content low-
ered the crystallinity of EVA polymer (Table 1), the highest release
rate was expected from EVA40. According to literature [30] a
reduction in polymer crystallinity increases its permeability and
diffusivity. However, the slower MPT release from EVA40 com-
pared to the other EVA formulations indicates that other parame-
ters besides crystallinity were affecting drug release from EVA
matrices. To elucidate these phenomena, the matrix geometry
(porosity and pore topology) of extruded EVA matrices was further
characterized via X-ray tomography and SEM.
3.3. Matrix porosity

Matrix porosity was evaluated on samples before and after 24 h
dissolution experiments, and EVA40 matrices were also evaluated
after 72 h dissolution. These results were cross-linked with the
drug release profiles in order to establish a possible correlation
between both observations.

X-ray tomography measurements showed a cylindrical matrix
characterized by a white/grey area (denser material corresponding
to small crystals of drug, EVA polymer and lower presence of
sub-resolution porosity) in which black spots can be distinguished
(Fig. 7)) representing the pores in the EVA matrices after hot-melt
extrusion. Porosity measurements indicated similar values for all
matrices formulated with different EVA grades, ranging from



Fig. 7. X-ray tomography scan of an EVA28 matrix (A) before and (B) after 24 h dissolution. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Total porosity and mean equivalent diameter (determined by X-ray tomography) of the EVA matrices, before and after 24 h of dissolution experiments.

EVA40 EVA28 EVA15 EVA9

Total porosity (%)
Before dissolution 7.2 5.2 8.9 7.6
After dissolution 6.9 8.3 12.9 9.5
D porosity �0.3 3.1 4.0 1.9

Mean equivalent diameter
Before dissolution 25.3 ± 12.5 30.2 ± 14.9 51.0 ± 24.1 55.2 ± 32.6
After dissolution 26.1 ± 14.6 29.6 ± 17.0 30.1 ± 22.7 33.7 ± 28.4
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5.2% (EVA28) to 8.9% (EVA15), whereas the mean equivalent diam-
eter registered higher values for EVA matrices with lower VA con-
tent (55.2 and 51.0 lm for EVA9 and EVA15, respectively) (Table
2). X-ray tomography renderings confirmed that larger pores were
located in the center of the matrices (orange and red colors in
Fig. 8. X-ray tomography renderings of EVA40 matrices with 50% of MPT. Axial (A an
dissolution, axial (F) and radial (E) cross-sections after 72 h dissolution. Black spots (A a
(maximum opening), blue representing small pores, red representing larger pores. (For in
the web version of this article.)
Fig. 8B and C), while a higher concentration of small pores was reg-
istered just below the surface of the matrices, probably due to
compression of the material during passage through the die.

Although 50% of the EVA matrices were composed of drug and
at least 60% of the drug was released from these matrices after
d C) and radial (B) cross-sections before dissolution, axial cross-section after 24 h
nd D) indicate pores. The color scale used in (B, C, E and F) represents the pore size
terpretation of the references to color in this figure legend, the reader is referred to



Table 3
Results (pH, bacterial group, ammonium and fatty acid concentration) of the SHIME
experiments after exposure of EVA40 to simulated intestinal fluid. The EVA
concentration was 2 g/l in the treatment group; no EVA was used in the control group.

Control Treatment

Bacterial groups concentration [log (CFU ml�1)]
Lactobacillus sp. 3.77 ± 0.22 3.53 ± 0.41
Clostridium sp. 7.11 ± 0.36 7.12 ± 0.12
Total aerobes* 7.74 ± 0.15 6.77 ± 0.24
Total anaerobes 7.95 ± 0.25 7.88 ± 0.07
Bifidobacterium 7.06 ± 0.27 6.84 ± 0.38

pH 6.45 ± 0.04 6.48 ± 0.08
Ammonium (mg NHþ4 -H/L) 158.31 ± 7.46 162.98 ± 4.94

Fatty acids (mmol/l)
Acetate 1.32 ± 0.09 1.27 ± 0.09
Proprionate 6.55 ± 0.21 6.62 ± 0.20
Butyrate 4.62 ± 0.83 5.05 ± 0.12
Total SCFA 15.60 ± 1.08 16.11 ± 0.04
BSCFA 3.11 ± 0.14 3.16 ± 0.04

* Indicated a significant difference between control and treatment group (p < 0.01,
a = 5%), with a mean difference of 9.46 CFU ml�1 for total aerobes.

Fig. 9. (A) Surface structure of EVA40 matrix containing 50% MPT after 72 h dissolution (scale bar: 100 lm). (B) Surface structure of pure EVA after hot-melt extrusion at 90 �C
(scale bar: 500 lm).
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24 h (Fig. 4), a limited increase in porosity was observed for EVA 9,
18 and 28 after 24 h dissolution testing. In case of EVA40 matrices,
even a small reduction in matrix porosity was observed after disso-
lution testing (Table 2).

X-ray tomography renderings of EVA40 matrices indicated that
the matrix was characterized by a significant structural change
after dissolution: after 24 h dissolution the pore structure had par-
tially collapsed (Fig. 8D after 24 h dissolution vs. Fig. 8A before dis-
solution). Additionally, axial and radial cross-sections after 72 h
dissolution testing (using a color scale to represent different pore
sizes) indicated a considerable reduction in porosity, especially in
the area closer to the surface (Fig. 8E and F). SEM images of these
matrices (Fig. 9) confirmed these results, suggesting that the
EVA40 matrix was initially (i.e. after hot-melt extrusion) structur-
ally supported by drug crystals. As the flexible polymer framework
does not have sufficient rigidity to maintain its form once part of
the drug has leached from the tablet, the structure collapses,
resulting in a reduction in the number of pathways available for
drug release. This event was also observed for EVA28 matrices,
but to a lesser extent (Fig. 7). The insufficient rigidity of the matrix
resulted in elastic rearrangement of the polymer chains, reducing
the pores size and contributing for the sustained release of the
drug.

The lower dissolution rate from EVA40 matrices compared to
the other EVA grades (Fig. 4), despite its lower crystallinity (Table
2), is due to molecular rearrangement of this EVA grade (in addi-
tion to elastic recovery of the polymer chains). After 72 h dissolu-
tion testing, small blobs that resembled the structure of hot-melt
extruded, non-porous, pure EVA (Fig. 9) were identified on the sur-
face of the EVA matrices, effectively reducing the total matrix
porosity to 1.0%. As MDSC experiments confirmed that partial
melting of this polymer occurred below 37 �C (Table 1), molecular
rearrangements was possible, thus eliminating part of the pores.
Therefore, EVA40 experiences two distinct events during drug re-
lease: elastic recovery of the polymer and a molecular rearrange-
ment (partial melting) of the crystalline phase. As a result, the
sustained drug release capacity is increased (Fig. 4).

The collapse of the EVA40 matrices was also macroscopically
observed as the volume of these matrices significantly (p < 0.001)
decreased by 24%, in contrast the volume change of EVA28 matri-
ces was limited to 6.2% (not statistically significant).

3.4. Stability of EVA in the gastrointestinal tract

The toxicology of EVA-based systems has been widely investi-
gated for its use in implants and vaginal rings for controlled release
of female contraceptives [18]. These studies confirmed its safety
and efficacy for these applications. However, upon oral intake of
EVA polymers, the product passes the intestinal environment, in
which chemical or enzymatic modifications may occur, affecting
its safety. Moreover, the human colon is colonized by a complex
microbial community, which may modify the EVA structure and
may in turn be influenced by the exposure to the product. As such
effects have not yet been explored, EVA40 (2 g; i.e. 10-fold higher
compared to the anticipated maximum daily oral intake of
200 mg) was incubated with different GI fluids in the SHIME sys-
tem, to determine its intestinal stability and potential impact on
microbial metabolism indicators (pH, ammonium and fatty acids)
(Table 3) and DNA profile of several types of bacteria. EVA40 was
selected as test specimen based on its high VA content, as the
co-monomer shows more potential for interaction [18]. No signif-
icant differences in bacterial count were observed, except some
minor changes in total aerobes (p < 0.05). The metabolism and
DNA profile of the GI microbiota were not affected by exposure
to EVA40 (DGGE profiles of the bacteria in the control and treat-
ment samples had more than 80% similarity). The chemical struc-
ture of EVA40, after exposure to stomach and small intestine
fluids, was not altered as DSC, X-ray diffraction, SEM and Raman
spectroscopy showed similar thermal behavior, crystallinity, sur-
face structure and chemical finger print, respectively. From the
SHIME experiments, it can therefore be concluded that no evidence
was found that EVA would be chemically or enzymatically modi-
fied after passage through the GI tract, nor were important changes
in the activity or composition of the GI bacterial community ob-
served after exposure to EVA.
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4. Conclusion

EVA polymers proved to be promising matrix formers to manu-
facture oral sustained release tablets without the addition of a
plasticizer. The VA content plays an important role in the solubil-
ity, crystallinity, elasticity and porosity of the extruded matrix,
with significant impact on the drug release profile. Up to 50%
MPT could be incorporated in the formulation, with a maximum
of 90% drug released after 24 h.

These results also showed that EVA was not modified nor did it
affect the GI ecosystem after exposure to the gastrointestinal fluids
following oral administration.
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