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Abstract—This work evaluates the structural changes of an interpenetrated starch thermoplastic blend
withstanding different enzymatic a-amylase degradation periods (up to 200 days), and establishes the
relationships between the kinetics degradation rate and the structure of the material. It characterises
the different stages of the enzymatic degradation process on starch/ethylenevinyl-alcohol blends,
based on the attack of the connected starch domains that can be accessed by the enzymatic solution.
The completely encapsulated starch particles remain practically unchanged. Furthermore, it was also
found that the enzymatic degradation process was limited after 100 days of immersion. In order to
understand such phenomenon several techniques were used, namely differential scanning calorimetry,
contact-angle measurements, high-performance liquid chromatography, Fourier transform infrared
spectrometry, scanning electron microscopy and atomic force microscopy. ~The materials were
evaluated with respect to the enzymatic degradation rate, surface morphology and degradation
behaviour. The results show that the ethylene-vinylalcohol phase wraps the starch domains, preventing
the respective degradation. Consequently, the degraded material in the solution comes only from the
starch particles that could be reached by the enzyme.
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INTRODUCTION

Different starch/synthetic polymer blends have been suggested to have potential for
use in distinct biomedical applications [1, 2].
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1264 M. A. Arailjo et al.

The chemical and the physical properties of starch have been widely investigated
due to its suitability to be converted into a thermoplastic and to be used in
different applications as a result of its known biodegradability, availability and
economical competitiveness [3, 4]. Furthermore, it has been shown in several
studies that these polymeric systems exhibit appropriate degradation kinetics [5-7]
and biocompatible behaviour [8, 9].

Structure of thermoplastic starch-based blends

The structure at the molecular level of starch-based blends is complex, involving
interpenetrated networks and other physical and chemical interactions [10].

The starch and the ethylene-vinylalcohol (EVOH) are combined into an interpen-
etrated network forming droplet-like microstructures [11]. In fact, different mi-
crostructures were observed in starch/vinyl-alcohol copolymers [12], from droplet
to layer-like morphologies, depending on the different hydrophilicity of the syn-
thetic copolymer [13].

The final blend morphology depends upon the processing conditions used and will
influence the mechanical properties and the degradation modes of the respective
products. For example, crystallinity will decrease the degradation rate and will
contribute to inhibit the accessibility to the bulk zones of the blends [14].

Degradation of starch-based blends

Polymer degradation has a major importance in the production, and use of im-
plantable and other medical devices as an ideal material to be used in temporary
bone replacement should associate an adequate range of mechanical properties
(matching those of bone), with convenient degradation kinetics, a bone-bonding
behaviour and a biocompatible performance [15].

Several researchers have underlined the role of enzymes, free radicals and
phagocytic cells in the process and biodegradable polymers [16~20]. However,
there is no clear pattern of the respective mechanisms and, consequently, there
are no general procedures for predicting, preventing and controlling this type of
degradation.

This paper addresses the enzymatic and morphological different stages and
mechanisms involved in the complex degradation processes of these blends, based
on the obtained experimental results. Attention is also given to the role of
microstructure in determining the biodegradation rate of this class of products.

In a previous work [1] we speculated that EVOH chains were responsible for
the residual non-degraded starch and for the degradation limitation observed after
100 days of immersion.

In order to prove this assumption, several techniques were used, such as differ-
ential scanning calorimetry (DSC), contact-angle measurements, high-performance
liquid chromatography (HPLC), Fourier transform infrared spectrometry (FI-IR),
scanning electron microscopy (SEM) and atomic force microscopy (AFM).
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MATERIALS AND METHODS
Materials

The material studied was a thermoplastic blend of corn starch with a poly(ethylene-
vinyl alcohol) copolymer (60:40, mol/mol), SEVA-C, supplied by Novamont
(Italy). The typical amount of starch in this commercially available blend is
50-60 wt%. Two different specimens were used: injection moulded square plates
(30 mm wide and 2 mm thickness) and cylindrical rods (10 mm diameter and
thickness 1 mm).

The SEVA-C samples were weighed and immersed for several pre-fixed
ageing periods as long as 6 months, at pH 7.4 and 37 £ 1°C in individual containers
(volume approximately 50 cm?) with Hank’s balanced salt solution (HBSS) without
phenol red (HBSS Sigma reference H8264), with ¢-amylase (from human saliva,
Sigma reference A0521) with different concentrations (50, 100 and 150 units/l).
The enzyme solution had an activity of 0.35 mg/unit per min at pH 6.9 and 20°C
per gram of soluble starch. To stabilise a-amylase, 1 mM calcium chloride was
employed.

The square plates were used in in vitro degradation experiments under controlled
conditions inside a laminar flux chamber. The cylindrical specimens were used to
study the surface morphology using SEM and AFM.

All the samples were sterilized by autoclave in an atmosphere consisting of a
10 : 90 mixture of ethylene oxide (EtO) and carbon dioxide (CO,), with a cycle time
of 2022 h at a working temperature of 45°C and a chamber pressure of 180 kPa.

Enzymatic methods

Determination of kinetic values for a-amylase. The kinetic values (K and viax)
for a-amylase were found using the Eadie-Hoffstee method, for different starch
solutions [21]. In order to calculate these kinetic values at the conditions of the
degradation process, an a-amylase concentration of 50 units/l was selected (the
same concentration was used for SEVA-C specimen degradation trials). Three trials
were performed, considering the average of all results as the final values of K,
and vpax.

Five buffered (pH 7.0) aqueous starch solutions (50 ml) of 0.5%, 1%, 1.5%,
2% and 2.5% (w/v) were prepared. The procedure included the following stages:
(i) heating under continuous stirring until boiling, (ii) cooling of the obtained
gelatinised starch solution to room temperature and (iii) heating to the stabilizing
temperature of 37°C. The enzymatic digestion process was started by adding
20 ul of enzyme to 10 ml of each shacked and mixed starch solution. The
hydrolysis proceeded for 250 min at 37°C and samples were periodically taken
(each 10 min) to monitor the increase of reducing sugars, until most of the
starch was hydrolysed. The increased sugar concentration was followed with
the dinitrosalicylic colorimetric method (DNS) [22]. After measuring the soluble
reducing sugars, the reaction rate was calculated for each substrate concentration.
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Plots of S/v versus v gave straight lines (where v and S are the velocity and
substrate concentration, respectively). The kinetic parameters (K, and vpax) were
obtained from the slope and the intercepts of these straight line plots, expressed
as g/l and g/1 per min, respectively.

Determination of the initial enzyme activity. The initial activity exhibited by the
enzyme purchased was quantified using three enzyme concentrations: 50, 100 and
150 unit/1.

These experiments enabled to evaluate whether the enzyme was active initially
and the activity loss with time.

Starch (1%) was dissolved in a phosphate buffer solution (pH 7.0). Then,
a-amylase was added to starch solution, to obtain 50, 100 and 150 units/l of enzyme
concentrations. The hydrolysis proceeded following the method described above.

The activity was evaluated for each enzyme concentration, expressed as mg
glucose/unit/min at the first stages of reaction.

Evolution of the enzyme activity along the degradation trials. The enzyme
activity was followed during the degradation trials, in order to evaluate any
deactivation throughout the assays. Three enzyme concentrations were studied: 50,
100 and 150 unit/l, to analyse the differences in the enzyme activity. The three
solutions were dissolved in HBSS at pH 7.4 and 37°C, and kept in these conditions
during a period similar to the degradation assays.

At pre-defined periods, once a week, 0.5 ml of each enzyme solution was added
to 0.5 ml of 1% buffered starch solution (pH 7.0) and incubated at 37°C during
20 min, to monitor the enzymatic activation/deactivation process. After incubation,
the reaction was stopped by adding 1 ml DNS to 1 ml of the mixture.

The enzyme activity was expressed as mg glucose/unit per min for each enzyme
concentration and as a function of the immersion time. Each value represents the
mean of 2 duplicates from 3 enzyme concentrations (4 values in all). Error bars
using Student’s ¢-test were plotted along with mean values based on 95% confidence
intervals.

Mass of saccharides released for different enzyme concentrations. The struc-
tural limitation of SEVA-C to a-amylase degradation (penetration) was evaluated.
As before, the same three enzyme concentrations were used, compared with the
one used in the degradation trials (50 units/l), and dissolved in HBSS until approx-
imately 150 days. The increased sugar concentration was followed twice a week
using the DNS method. HBSS and SEVA-C specimens without enzymes were used
for control purposes.

The mass of glucose released in the solution was obtained for each enzyme
concentration per specimen mass. Each value represents the mean of 2 duplicates
from 3 enzyme concentrations (4 values in total). Error bars using Student’s z-test
were plotted along with mean values based on 95% confidence intervals.
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Interactions between oligosaccharides and glycerol in the enzymatic solutions.
To evaluate any side-effects and changes that might occur between oligosaccharides
and glycerol in ¢-amylase solutions, the compounds were mixed together and the
respective products were analysed by HPLC as a function of immersion time. HPLC
with 830-RI (Jasco, Japan) refraction index detection and a 880-PU pump (Jasco)
was used to separate the sugar derivatives and glycerol of the solutions.

Commercial standards were used for the calibration of the Chrompack carbohy-
drates Ca column. A Chrompack guard column at 90°C with ultra-pure water as
eluent (0.5 ml/min), was maintained at a pressure 6500-7000 kPa. The eluent was
filtered through a 0.2 um sterilized membrane degassed with helium prior to be
used, and kept in a container that precludes introduction of airborne bacterial and
fungal contamination. Sorbitol (1 g/l) was used as the internal standard. Prior to the
injection the samples were filtered through 0.22 mm filters (Millipore) to remove
the particles present in the degradation solutions. A standard curve was previously
built using different standard concentrations. Maltose (1.5 g/1), glucose (3 g/l) and
glycerol (1 g/l) were dissolved separately on HBSS with 50 units/l of a-amylase at
37°C and pH 7.4. Another assay was performed with the same compounds (1 g/)
mixed together with a-amylase during 150 days of immersion. Samples of each so-
lution were taken every week and the sugar derivatives and glycerol were analysed
by HPLC.

Morphological methods

Contact angle measurements and surface free energy determinations. The effect
of the enzyme degradation on the surface free energy of SEVA-C specimens, as a
function of the immersion time, was followed by contact angle measurements. The
plates were dried at 80°C for 1 week and kept in a desiccator. These measurements
were carried out at room temperature, in a standard contact angle apparatus (Kruss),
using the sessile-drop technique, with a video camera mounted on a microscope to
record the drop image. Sessile drops were deposited with a micrometric syringe
directly on the surface from the metallic needle. Pictures of the drops were taken in
manual mode at regular intervals, in order to avoid errors of the automatic baseline.

Surface free energy and surface tension components were calculated by using
the Van Oss method [23]. The probe liquids for surface free energy components
determinations were water, dilodomethane and formamide. The surface free energy
parameters of these liquids are listed in Table 1.

Table 1.

Surface tension parameters of probe liquids [2] in mJ/m?

TOT Lw + -

Liquid y y y ¥
Water 72.8 21.8 25.5 25.5
Diiodomethane 50.8 50.8 0 0

Formamide 58.0 39.0 2.3 39.6
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At least 30 measurements using drops of about 6 ul for each liquid were
performed for each sample analysed.

Differential scanning calorimetry. DSC was performed in a Shimadzu DSC-50
calorimeter using aluminium pans, under the following conditions: heating rate
5°C/min, target temperature 200°C, under a constant helium flow of 30 ml/min.
An aluminium crucible covered with a lid and crimped without anything therein
was used as reference material on the left side of the detector plate.

The pre-conditioning was as follows: samples of about 10 mg were removed for
testing at a pre-defined immersion time (for 200 days) and kept in a desiccator
with controlled temperature and humidity. The equilibrium hydration degree was
considered attained when no weight change (0.01 g) was observed. For control, a
non-immersed specimen, stored at controlled environment conditions. The assays
were performed in six different samples, considering the average of all the results
as the final value. Two determinations were performed: peak temperature and heat
flux on automatic exo/endothermic peak analysis. The enthalpy (J/g) was calculated
accordingly to the samples weight before the analysis.

Fourier transform infrared spectrometry. FT-IR was selected to assess possible
changes in the chemical structure of the polymeric chains, which might have
been induced by processing. It has been reported [2] that starch-based polymers
are very sensitive to thermal degradation during melt processing. Consequently,
two different materials were evaluated, SEVA-C and starch. Starch was analysed
after boiling in distilled water, under stirring for 5 h and compared with the non-
treated samples. The samples were freeze dried in a Freeze Dryer Alpha 2-4 and
the resulting powders were conditioned in a desiccator prior to FI-IR analysis.
FT-IR spectra were recorded using a Perkin Elmer 1600 spectrophotometer with an
attenuated total refiectance (ATR) device, with a resolution of 2 cm™! and averaged
over 16 scans.

In order to get a better resolution of the overlapping peaks the second derivative of
FT-IR spectra was used. The analysis was also performed in the field of the starch
ring vibrations between 960 and 920 cm™!, to assess the starch type.

Scanning electron microscopy. The possible changes on the surface morphology
of SEVA-C in contact with enzymatic solution, as a function of immersion time,
were followed by SEM using a Leica Cambridge S360 microscope. The plates
were dried at 80°C for 1 week and the surface was cleaned and kept in a desiccator
before analysis. For control, a non-immersed specimen, stored under controlled
environment conditions, was used.

The microstructure was also studied on samples obtained after boiling approxi-
mately 0.2 g of SEVA-C (square plates and powder) and starch in 150 ml of distilled
water, under stirring for 5 h. SEVA-C powder was used for the analysis, since it was
more easily dissolved. The samples were freeze dried in a Freeze Dryer Alpha 2-4.
The resulting powders were conditioned in a desiccator prior to SEM analysis.



Morphology of SEVA-C blends during enzymatic degradation 1269

Atomic force microscopy. To observe the surface and roughness properties of
SEVA-C specimens, as a function of the immersion time, a NanoScope I atomic
force microscope was used (Digital Instruments).

Cylindrical specimens of 10 mm diameter and thickness 1 mm were used. Before
analysis, the specimens were cleaned ultrasonically in acetone, rinsed with distilled.
water, and stored in desiccators under constant relative humidity.

The in situ observation was performed in tapping mode. The lateral scanning
movement of the tip occurs above the surface so that it only touches the surface for
a very small fraction of its oscillation. A silicon tip was used. All the images were
recorded with a scan size of 10 x 10 wm and a data scale of 1500 nm.

The surface roughness of the specimens was measured, as a function of the im-
mersion time, using the software installed in the AFM. The common measurements
of roughness were used: RMS (root mean square), R, (mean roughness) and Rmax
(maximum roughness).

RESULTS AND DISCUSSION
Evaluation of the enzymatic activity

Kinetic values of a-amylase. As a-amylase was used to promote the degradation
of SEVA-C material, the main properties of this enzyme at the conditions of the
assay were carefully assessed. The obtained kinetic values (K and vmax) are
presented in Table 2.

The vyax found (12.2 mg/l min) is much higher than the one obtained for the degra-
dation of polysaccharides with the same enzyme concentration (0.045 mg/l min [1]).
In fact, the conditions are quite different in the two cases. In the first case, starch
was dissolved and therefore freely accessible to the enzyme molecules, whereas in
the second case starch phase was encapsulated and strongly interpenetrated inside
the synthetic component of the blend, hindering the access of the enzyme.

Enzyme activity. The enzyme activity was evaluated for three different concen-
trations (the activity referred to by the supplier was 0.35 mg glucose/unit per min at
20°C and pH 6.9). The values found were around 0.095 mg glucose/unit per min,
corresponding to 27% of the theoretical enzyme activity.

Table 2.

Kinetic parameters, Km and vmax, for three assays performed

Assay Umax Km
(mg/1 per min) gl

1 15.2 1.01

2 11.5 1.71

3 122 1.51

Average 12243 1.5+0.5
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Figure 1. Enzyme activity (in mg glucose/unit per min) for three enzyme concentrations 50, 100 and
150 units/l, as function of immersion time. Each value represents the mean of 2 duplicates (4 values
in all); error bars are 95% confidence intervals of each mean.

The purpose was to analyse any deactivation/activation process or ageing that
may occur during the enzymatic degradation of SEVA-C (Fig. 1). A mean value of
0.3 mg glucose/unit per min was obtained (around 86% of the reference activity).

Despite the smaller enzyme activity, there was no deactivation along the assay.
As expected, the enzyme activity was similar for the 3 enzyme concentrations
throughout the assay, no significant differences were observed between these 3
concentrations, as was validated by applying Student’s ¢-test to the experimental
results. Values are the same at the 95% confidence interval.

Mass of saccharides released for different enzyme concentrations. The kinetics
of the enzymatic reaction may be described by a linear correlation between the
hydrolysis rate and the substrate concentration (first-order reaction), followed by a
second stage corresponding to enzyme saturation (zero-order reaction) [21].

Figure 2 shows the increased reducing sugars released per specimen mass, as
a function of immersion time and enzyme concentration. The glucose release
follows a similar trend for the different enzyme concentrations, increasing rapidly
in a first stage (80 days) tending towards a level around 19%. As the enzyme
concentration rises, the SEVA-C surface becomes completely coated with enzyme
and the reaction rate becomes proportional to the concentration of reactive sites
(effective concentration). From 80 days on, the level of released glucose tends to
stabilize as was validated by applying Student’s t-test to the experimental results,
probably because the available sites for enzyme degradation decrease, no significant
differences were observed between these three concentrations. Values are the same
at the 95% confidence interval.

These results lead to the conclusion that even 50 units/ml becomes a saturating
enzyme concentration after day 80.
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Figure 2. Mass of glucose released to the solution for each enzyme concentration, 50, 100 and
150 unit/l, per initial specimen mass (1.61 g) in 50 ml of solution, as a function of immersion time.
Each value represents the mean of 2 duplicates (4 values in all); error bars are 95% confidence intervals
of each mean.
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Figure 3. Glucose, maltose and glycerol concentrations as a function of immersion time.

Interactions between oligosaccharides and glycerol.  Figure 3 shows the evolu-
tion of the glucose, maltose and glycerol concentrations in the enzymatic simulated
solution as a function of immersion time (for the case of mixed compounds). No in-
teraction between the saccharides and glycerol, and between them and the enzyme,
was observed. In fact, the respective concentrations remain almost invariable during
the 150 days of the assay (Fig. 4). Similar results were obtained for the study with
the compounds isolated.

Surface morphology of SEVA-C

Contact-angle measurements and surface free energy. The contact-angle mea-
surements for SEVA-C surface treated with and without enzymes as a function of
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Figure 4. Glucose, maltose and glycerol concentrations (mixed together) as a function of immersion
time.
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Figure 5. Contact-angle measurements for water on SEVA-C, treated with and without enzymes, as
a function of immersion time (measurements in dried samples).

immersion time are summarized in Fig. 5. As in both cases the contact angle was
higher than 50°, SEVA-C surface was considered as hydrophobic.

The two cases exhibit an almost negligible variation with the immersion time and
a small difference between them. However, the enzymatically-degraded surfaces
exhibit a higher hydrophobicity, since the average contact angles are systematically
higher than the ones obtained without enzyme. This result should be the combined
effect of the following features: higher surface roughness, less amorphous starch
available on the outer surface, increased porosity (confirmed by SEM and AFM
results) and lower water content.

The surface free energy of enzyme treated SEVA-C (Table 3) revealed that
the apolar component (y"*% = 24 mJ/m?) remains constant during the immersion
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Table 3.
Surface tension components of SEVA-C surface (in mJ/m?), determined by contact angle measure-
ments, for different immersion times

Immersion yev ou Al yAB yJoT
time (days)
5 22.02 14.19 0.39 47 26.72
37 26.62 13.69 0.55 5.5 32.17
80 22.07 6.46 1.29 5.78 27.85
101 23.89 12.33 04 443 28.32
Table 4.

Interfacial free energy of interaction (AGgys, in mJ/m?) between the surface (s) and water (w),
calculated from the surface free energy components listed in Table 1, for different immersion times

Immersion time AGLY AGAR AGTT
(days)

5 ~0.001 -22.71 -2271

37 ~0.48 -23.25 -23.73

80 ~0.002 -39.26 —39.26

101 ~0.096 -27.19 —-27.29

time, being predominantly electron donating (y,~ > y,7) and hydrophobic (y,” <
28 mJ/m?).

The values of the free energy of the hydrophobic interaction are in the same
magnitude (Table 4), confirming a negligible variation with the immersion time.
These values also evidence the surface hydrophobic nature (A Gggf < 0).

DSC. DSC analyses were carried to evaluate eventual changes on the semicrys-
talline structure of SEVA-C during the degradation process.

Typical thermograms for increasing immersion times are shown in Fig. 6. It is
clear that the temperature of the EVOH fusion peak (around 140°C) remains almost
constant and the magnitude of the starch endotherm is reduced along the time.

Figure 7 presents the enthalpy variation of the EVOH fusion with the immersion
time.

Both results sustain the idea of a preferential attack of the amorphous phase during
the degradation process.

SEM. Figure 8 shows SEM micrographs of SEVA-C material, before and after
200 degradation days in HBSS with enzymatic activity.

The increase in the surface porosity as a function of immersion time can be seen
clearly. Note that the control sample (Fig. 8a) has a smooth surface compared to the
very rough degradation sample (Fig. 8d). This phenomenon should be related to a
hydrolytic surface dissolution of the original sample.

The porous average size ranges from 300 to 400 nm.
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Figure 6. DSC thermograms for SEVA-C after 0.67, 100 and 169 immersion days.
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Figure 7. Enthalpy associated to SEVA-C degradation versus immersion time (data obtained from
DSC analysis).

The microstructure of boiled SEVA-C and starch was also observed with SEM.
Under these conditions the EVOH/starch materials did not dissolve, forming a micro
dispersion constituted by microsphere aggregates. The microspheres observed had
a droplet-like structure (Fig. 9). The droplet size is comparable with that of the
microdispersion obtained, due to the ability of starch to generate hydrophobic
interactions with ethylene vinylalcohol copolymers (EVOH).

As demonstrated by previous results [1], for longer immersion times, as high as
100 days, the degradation rate tends to stabilize, although the enzyme is still active.
A possible hypothesis to explain this behaviour could be the increased difficulty for
enzymes to reach starch molecules strongly interspersed in the synthetic, insoluble
component in the droplet-like structure.

The residual starch that remains in the structure, after a long degradation period,
is surrounded by non-degraded EVOH chains, that form a barrier to further
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Figure 9. SEM micrographs of SEVA-C surfaces. (a) Square plate and (b) powder after desegregation
in boiling distilled water for 5 h (x1000). The images present freeze-dried samples after boiling.

degradation. Figure 9a and 9b shows SEVA-C structure after boiling in water
and it seems that the continuous starch form complexes in the presence of EVOH,
generating a granular shape.

These images support the idea of a degradation mechanism based on the enzy-
matic activity on the material surface and interconnected starch zones and inhibited
in the zones where the EVOH copolymer wraps the starch domains.

As compared with SEVA-C, the micrographs showing the morphology of a pure
starch plate after boiling (Fig. 10) exhibited a smooth surface, with few voids that
result from degradation.



Morphology of SEVA-C blends during enzymatic degradation 1277

L= SE1  EMI= 12,0 ¥
1 R

Figure 10. SEM micrograph of starch surfaces (square plate) after desegregation in boiling distilled
water for 5 h (x 1000). The image presents a freeze-dried sample after boiling.

Table 5.
Surface roughness of SEVA-C specimens in RMS (root mean square), Ry (mean roughness) and Rypax
(maximum roughness) for different immersion times

Immersion time R, (nm) RMS (nm) Rmax (pm)
(days)
Control 47.21 63.19 0.66
21 169.98 218.97 1.43
91 184.13 242.78 2.53
101 384.17 497.74 2.98

AFM. The AFM tapping mode topographic images confirm the increased poros-
ity as a function of immersion time (Fig. 11). Small protrusions were observed at
the surface of the blends. The specimen with a longer immersion time (102 days)
showed structural voids and crevices. As the roughness increased for specimens
with longer immersion time, the specific area available for degradation became en-
larged.

The mean roughness goes from 47.2 nm for control to 384.2 nm for specimens
with longer immersion time (102 days). The same behaviour was observed for the
other measurements of roughness (RMS and Ry, ), as shown in Table 5.

FT-IR. A comparison of FT-IR second derivative spectra, among materials based
on corn starch and SEVA-C, is presented in Fig. 12.

The differences in the band at 760 cm~' are associated with changes in the
glucosidic ring vibration modes. The starch present on SEVA-C material withstand
thermal degradation during processing, changing the functional groups associated to
the glucosidic ring. Also, the bands at 860-800 cm~! showed differences between
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Figure 12. FT-IR second derivative spectra of SEVA-C powder before and after desegregation in
boiling distilled water for 5 h.

the starch and SEVA-C; these bands might refer to the adjacent aromatic C—H
patterns of the benzene ring vibration and CH; as a result of thermal degradation.

CONCLUSIONS

The results in this work enable us to draw the following main conclusions:

this type of experimental studies can be carried out for relatively long periods (up
to 150 days) without loss of the enzymatic activity;

the kinetics of the degradation process depend on the enzymatic concentration
for the initial period, increasing as the concentration increased in the first stages,
stabilizing thereafter towards a level,

SEM micrographs and AFM images show an increase in the surface porosity as
a function of immersion time;

the enzymatic degradation process of SEVA-C material is based on reduction
of the starch macromolecules into glucose fragments, preferentially those in the
amorphous phase;

the respective degradation mechanism is based on the attack of connected
starch domains, that can be accessed by the enzymatic solution; consequently,
the completely encapsulated (by the EVOH) starch particles remain almost
unchanged.
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