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strains G. kaustophilus and B. thurigiensis, after 4 weeks of 
cultivation for strain B. luteolum, and 8 weeks of cultiva-
tion for strains Serratia sp. and A. media. Each strain evi-
denced its own hydrolytic optimum at different periods, but 
almost all tested strains demonstrated a decline of hydroly-
sis up to 16 weeks of incubation. This study demonstrated 
that nonisothermal chemiluminescence examining momen-
taneous oxidation state of the polymer surface is a valuable 
technique to follow the biodegradation dynamics on poly-
meric film, while the Ecoflex agar is able to select useful 
polymer-degrading bacteria.

Keywords  Biodegradation dynamics · Nonisothermal 
chemiluminescence · Microscope observation · Enzymatic 
assays · Ecoflex agar · Catalase

Introduction

Different biodegradable polymers are used for the produc-
tion of mulching foils exploited in agriculture practice. The 
biodegradable polymers offer numerous advantages com-
pared to conventional plastic materials regarding mainly 
their low impact to environmental pollution due to their 
degradation by environmental fungal and bacterial micro-
biota [1–3]. Among them the aliphatic/aromatic copoly-
esters have excellent mechanical properties conferred by 
the aromatic moieties, while aliphatic structures ensure 
easy oxidisability and thus biodegradability [2, 4, 5]. An 
interesting example of such a copolyester is the polybu-
tyrate adipate terephthalate, known with the commercial 
name—Ecoflex® (BASF, Germany), that is widely used for 
the production of mulching foils for agriculture purposes 
since 1998. Ecoflex is used during the vegetation period 

Abstract  In this study the biodegradation characteris-
tics of aromatic aliphatic copolyester Ecoflex was assayed 
with five different bacterial strains isolated from differ-
ent kinds of environments and living at diverse optimum 
of temperature. The biodegradation properties of selected 
strains (Brevibacterium luteolum, Bacillus thuringiensis, 
Aeromonas media, Geobacillus kaustophilus and Serratia 
sp.) were assessed through several plate assays oriented 
to their proteolytic, lipolytic, esterolytic and cellulolytic 
abilities; catalase activities were measured too. In addi-
tion the bacterial hydrolytic abilities for polyhydroxybu-
tyrate, polylactic acid and polybutyrate adipate terephtha-
late were obtained using specific culture media including 
also a specific Ecoflex agar. The biodegradation dynamics 
of selected strains were evaluated mainly by the incubation 
of Ecoflex foils with a specific bacterium during a period 
from 3 days until 16 weeks and the change of the degrada-
bility of the Ecoflex surface in nitrogen has been assessed 
by nonisothermal chemiluminescence measurements from 
40 to 250 °C. Scanning electron microscope observation 
of inoculated foils was applied too. The comparison of the 
results showed the complexity of biodegradation phenom-
ena. The concentration of oxygenated products measured 
by reached the maximum after 2  weeks of cultivation for 
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(approximately 4 months) where several degradation phe-
nomena take place simultaneously.

Under composting conditions, the chemical structure of 
Ecoflex allows a gradual decomposition of polymer which 
takes approximately 3  months [6]. During this period the 
material is converted completely to water and CO2 by fungi 
or bacteria through their enzymatic pool [7]. Microorgan-
isms possess enzyme systems which react with the spe-
cific structures of these copolyesters [8, 9] that can vary 
in hydrolysis of the terminal bonds (exo-mechanism) and 
interior bonds of the polymer (endo-mechanism). Some 
research shows that the bacterial enzymes catalyze the 
cleavage of the ester bond at aliphatic components of ali-
phatic–aromatic copolyester, preferentially from the termi-
nus of the polymeric chains [10]. These enzymes belong 
to groups of lipases, esterases and chitinases [2, 11, 12]. 
The common tests used for the determination of hydrolytic 
activities such as proteolytic, lipolytic, cellulolytic activ-
ity are agar plate assays. Semi-quantitaive analysis can be 
reached by this methods and the principle of these assays 
is the application of equivalent media with unique carbon 
source.

Many studies were done in order to describe the 
chemical structure of polymers and their biodegradabil-
ity [13–16], but the structural intermediates formed under 
microbial attack during a long period are usually unknown.

In order to describe the biodegradation process of Eco-
flex, induced by bacteria, we have combined and compared 
two different approaches. The first approach is a micro-
biological strategy which included the selection of dif-
ferent bacterial isolates based on the characterization of 
their hydrolytic and catalase activities and their ability to 
degrade Ecoflex, polyhydroxybutyrate (PHB) and poly-
lactic acid (PLA). The second approach was oriented to 
the chemiluminescence measurement (CL) of oxygenated 
structure appearing in Ecoflex due to bacterial degradation 
together with the state of degradation of the Ecoflex matrix.

Chemiluminescence is a sensitive tool for measure-
ment of concentration of hydroperoxides and carbonyl 
groups during degradation of various polymers. For 
example in the case of polyolefins, a disproportionation 
of secondary peroxyl radicals provides more than 400 kJ/
mol of heat that is sufficient for excitation of suitable 
energy acceptor such as carbonyl groups or singlet oxy-
gen. According to Russel’s scheme, currently used for 
interpretation of chemiluminescence emission from oxi-
dized polymers [17, 18], these moieties are formed in one 
step of secondary peroxyl recombination. However, in the 
case of heterochain polymers where the light intensity is 
usually lower (with exception of polyamides) [19], the 
excitation may occur as the step subsequent to the exo-
thermic elementary process of any pair of free radical ter-
mination provided that the suitable acceptor of energy is 

present. Then formally the light emission which reflects 
the rate of polymer degradation may be proportional to 
the product of the rate of the decomposition of initiat-
ing source and concentration of energy acceptor, e.g. 
such as hydroperoxides and carbonyl groups. If hydroly-
sis is involved together with direct attack of oxygen, the 
increasing concentration of more reactive terminal group 
(carboxyls and alcohols) that are oxidized much easier 
than original polymer, may complicate the interpretation 
of chemiluminescence runs. Some investigations were 
already performed in order to describe degradation pro-
cesses of PLA, Ecoflex and cellulose initiated by abiotic 
factors (temperature, UV radiation, light) [20, 21].

When comparing to papers of Abrusci et  al. [17, 
22–24] our experimental trial was performed for a longer 
period up to 16  weeks. An attempt has been also done 
to clarify whether oxidation in Ecoflex was a primary 
degradation process caused by physico-chemical fac-
tors, or whether prior bacterial enzymatic hydrolysis was 
required to prepare the polymer for oxidation (Fig. 1).

Materials and Methods

Bacterial Strains and Ecoflex Foil Cultivation

The five bacterial strains employed in this study were 
selected on the basis of their hydrolytic abilities. Strain 
BHI-B6H-T Brevibacterium luteolum was isolated from 
textile substrate inside a crypt [25]. Bacillus thuringiensis 
CM9T-R2A-D was obtained from an epoxide statue [26]. 
Strains M9-G-18-28-S-D Aeromonas media and LB10-G-
30-55-W-W Geobacillus kaustophilus were isolated form 
hot-spring related samples, sediment with 28 °C of tem-
perature and water with 55 °C, respectively [27]. Strain 
M9-CHR-4-3-W Serratia sp. was recovered from an iced 
branch of Danube River at a temperature of 3 °C [27]. All 
isolates were maintained on LB10 agar media composed 
of 1 g l−1 peptone, 0.5 g l−1 yeast extract, 0.5 g l−1 NaCl 
and 15 g l−1 of agar at their environmental temperature of 
isolation.

Changes of Ecoflex foils were observed from 3  days 
until 16 weeks after the cultivation of each strain on foil. 
Incubation temperatures were 28 °C for B. luteolum, B. 
thuringiensis and A. media; 55 °C for G. kaustophilus and 
3 °C for Serratia sp., temperatures that reflect the temper-
atures of the environments from which the strains were 
isolated.

Ecoflex foils were analyzed by chemiluminescence 
(CL) and observed by scanning electron microscope 
(SEM) after 3 days, 2, 4, 8 and 16 weeks.
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Chemiluminescence Measurements and Microscope 
Observation

A loopful of a fresh overnight culture were picked from 
LB10 Petri dishes and washed twice in 0.9% physiological 
saline (PS). One-hundred-fifty micro litre of sample diluted 
to final OD600 = 0.5 in PS were inoculated on Ecoflex foil 
sample. Inoculated foils with bacterial isolates were placed 
at appropriate temperature (3, 28 and 55 °C) in the dark to 
avoid photo-degradation and incubated 3 days and 2, 4, 
8 and 16  weeks. After such time, the chemiluminescence 
was measured and compared with 0 days incubation (con-
trol experiment). CL measurements were performed in a 
Lumipol 3 photon-counting instrument manufactured at 
the Polymer Institute of the Slovak Academy of Sciences. 
The film samples (circular cuts of Ecoflex) were weighed 
on aluminum pan (9  mm in diameter) and placed in the 
sample compartment. The gas flow of nitrogen through the 
sample cell was set to 3.0  L  h−1. The purging of the gas 
through the CL compartment was started 20 min before the 
start of measurement. The temperature in the sample cell 
of the apparatus increased linearly with time from 40 °C up 
to 250 °C at the rate 5 °C min−1. The signal of the photo-
cathode was recorded at a 10-s data collection interval. All 
samples were prepared and measured in triplicate and aver-
age curve chemiluminescence intensity temperature was 
plotted. The position of respective curves on the tempera-
ture axes did not differ more than in 1 °C.

Scanning electron microscopy was performed with a 
JEOL JSM-7500F (Tokyo, Japan) FESEM in Gentle Beam 
(GB-LOW) observation mode where incident electrons 
are decelerated just before they hit the specimen to reduce 

the incident-electron penetration and the charging of the 
specimen thus allowing the observation non-conductive 
samples. The GB mode provides high-resolution images 
at low accelerating voltages from 100 V to 3 kV (2.5 kV 
was used for all samples in this work) without damaging 
the specimen surface. All SEM analyses were performed in 
duplicate.

Hydrolytic Activities

The proteolytic activity of microorganisms was analyzed 
with casein agar and gelatin medium. Casein agar was com-
posed of skim milk (250 ml) sterilized at 100 °C for 30 min 
(daily within 3 days) and Nutrient agar No 2 (750 ml; Bio-
mark, Pune, India) sterilized by autoclaving. Immediately 
after the third sterilization of skim milk, Nutrient agar No 
2 was added. Gelatin medium contained 0.5 g l−1 KH2PO4, 
0.25 g l− 1 MgSO4, 4 g  l−1 gelatin and 15 g  l−1 of agar in 
distilled H2O. The medium was sterilized by autoclaving 
and poured into Petri dishes Grivalský et al. [27].

Lipase activity was tested on Spirit blue medium (Him-
eda, Mumbai India) following the instructions of the 
manufacturer. Spirit blue agar, 32.15 g, was suspended in 
1000 ml of distilled water and heated by boiling in order to 
dissolve the medium completely. Medium was sterilized by 
autoclaving then cooled to 50 °C. Then, 30 ml of the lipase 
substrate (1 ml of Tween 80 dissolved in 400 ml warm dis-
tilled water, added 100  ml of olive oil, stirred vigorously 
and autoclaved) was added to the medium.

Esterase activity was detected on Tween 80 agar com-
posed of 10 g of peptone, 5 g NaCl, 100 mg CaCl2, 15 g of 
agar in 1  l of distilled H2O. The medium was adjusted to 

Fig. 1   Degradation processes of biopolymers in environment
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pH 7.5, autoclaved and cooled to about 60 °C. Then, 10 ml 
of separately autoclaved Tween 80 was added. Esterase 
producing microorganisms showed a precipitation of cal-
cium salt and fatty acids around their colony.

Celullolytic ability was checked on Congo Red agar 
plates; this medium contained 0.5 g l−1 KH2PO4, 0.25 g l−1 
MgSO4, 2 g l−1 cellulose, 0.2 g l−1 Cong-red, 2 g l−1 gela-
tine, 15 g l−1 agar in distilled H2O. The pH of the medium 
was adjusted to 6.8–7.2 and autoclaved.

Amylases were assayed on agar medium containing 
10 g l−1 soluble starch, 5 g l−1 peptone, 5 g l−1 yeast extract, 
0.5 g l− 1 MgSO4·H2O, 0.01 g l− 1 FeSO4·7H2O, 0.01 g l−1 
NaCl, 15 g l−1 agar and distilled H2O.

All the agar assays were performed in triplicate and the 
positive reaction, except of Tween 80 agar, was displayed 
as a zone of clearance (hydrolysis) around the assayed bac-
terial colonies.

Catalase Enzyme Activity Determination

In order to assess the catalase activity, bacterial cultures 
were grown in 5 ml of Luria–Bertani medium (10 g tryp-
tone, 5 g yeast extract and 5 g NaCl in 1000 ml) at 3, 28 
or 55 °C depending on the type of strain. Grown cul-
tures were transferred (0.5 ml) to 50 ml of Luria–Bertani 
medium and incubated at 3, 28 or 55 °C under shaking at 
200 rpm. When growth reached the middle of the exponen-
tial phase (optical density 0.5 at 610  nm), the cells were 
harvested by centrifugation at 6000 rpm for 10 min at 4 °C 
and washed with phosphate buffered saline solution (PBS 
buffer; 8.0 g l−1 NaCl; 0.2 g l−1 KCl; 1.44 g l−1 Na2HPO4; 
0.24 g l−1 KH2HPO4; pH 7.0) and frozen. The mechanical 
disruption of frozen cells was performed in 50 mM sodium 
phosphate, 2 mM EDTA (pH 7.5) at 4 °C with glass beads 
(diameter 0.4  μm) using the Disruptor Genie (Scientific 
Industries, New York, USA) for 5 min. The homogenates 
were centrifuged at 14,000  rpm for 10  min. Supernatants 
were used for the determination of enzymatic activities. 
Catalase (CAT; EC 1.11.1.6) activity was determined at pH 
7.0 by monitoring the decomposition of H2O2 at 240  nm 
with an extinction coefficient of 43.6  M−1  cm−1. One 
unit of catalase activity (U) was defined as the amount of 
enzyme that catalyzes the decomposition of 1 lmol of H2O2 
per minute [28].

Ecoflex, PHB and PLA Plate Assays

In order to assess the degradation abilities of studied strains 
for biodegradable polymers three different media contain-
ing respectively Ecoflex, polyhydroxybutyrate (PHB) and 
polylactic acid (PLA) (provided by Polymer Institute, SAS) 
were prepared.

One gram of Ecoflex, PHB or PLA granules were 
dissolved in 30  ml of dichloromethane. To each solu-
tion were added 150  ml of a basal medium composed of 
1 g l−1 KH2PO4, 1 g l−1 (NH4)2SO4, 0.2 g l−1 MgSO4·7H2O, 
0,01  g  l−1 FeCl3, 0,05  g  l−1 NaCl, 0,05  g  l−1 CaCl2, 
0,25 g l−1 Yeast extract, 0,1 g l−1Triton X and 15 g l−1 of 
agar according to Ishigaki et  al. [29]. Then, media were 
stirred at 70 °C until dichloromethane was evaporated, 
which takes approximately 20 h. The media were sterilized 
by autoclaving and poured on Petri dishes. The time of 
sterilization was too short to expect any significant changes 
in the structure of polymer. The assays were performed for 
each strain in triplicate.

Results and Discussion

Scanning Electron Microscope Observation

Scanning electron micrographs in Fig. 2 show the Ecoflex 
samples after 3  days and 16  weeks of incubation. After 
3  days of incubation all Ecoflex samples were coated 
by bacteria. Also after 16  weeks the presence of bacteria 
was evident indicating that the polymer is a good source 
of nutrients. The most extended degradation was observed 
in sample where G. kaustophilus was inoculated; here 
mechanical cracks and fissures appeared. G. kaustophilus is 
a thermophilic bacterium cultivated at 55 °C, perhaps such 
temperature might also contribute to the deformation of 
Ecoflex film.

Hydrolytic Properties and Catalase Activity

All five bacteria showed positive lipolytic, proteolytic and 
cellulolytic reactions respectively on Spirit blue medium, 
milk agar and Congo red assay (Table 1). Strains B. thur-
ingiensis, Serratia sp., and G. kaustophilus tested positive 
for proteolytic activity on gelatin medium. A. media and 
Serratia sp. showed esterase activity on Tween 80 medium. 
Only the strain B. luteolum displayed negative results on 
starch agar.

Polyesters PHB and PLA were degraded by all bacteria, 
but the most intensive activities were displayed by G. kaus-
tophilus and A. media (Table 1).

All isolates were able to produce catalases with differ-
ent activity. The strain B. luteolum showed highest catalase 
activity reaching the value of 586.6 U/ml; the lowest cata-
lase value was produced by the strain B. thuringiensis with 
20.6 U/ml (Table 1).

These results evidenced how the selected strains have 
a complete enzymatic outfit which allow them to degrade 
different kind of substances, although the best lipolytic 
and esterolytic activities were expressed by bacteria (B. 
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thuringiensis and Serratia sp.) that did not exhibit an excel-
lent degradation of PHB and PLA. G. kaustophilus showed 
weak lipolytic and esterolytic activities, but it was capa-
ble of rapidly hydrolyzing PHB and PLA. These findings 
are somehow in contrast with previous studies [11, 12] 
which conferred to lipases and esterases a crucial role in 
polymers degradation, but only A. media exhibited a link 
between lipase-esterase activity and PHB-PLA degradation 
(Table 1).

Analysis on Ecoflex‑Agar Plate Assay

The growth of bacteria cultivated on Ecoflex-agar was also 
observed at different intervals of time: 3  days, 2, 4 and 
8 weeks. Degradation activities are shown on Table 2 and 
Fig. 3a. The strain B. luteolum had the lowest degradation 
activity observed after 4  weeks of cultivation. Strain G. 
kaustophilus exhibited the best result even after 3 days of 
cultivation. B. thurigiensis and G. kaustophilus reached the 
value “++++”, which represents the extension of hydro-
lytic zone to the whole Ecoflex-agar plate, after 2 weeks of 
cultivation. All tested bacteria showed a regular progres-
sion, visualized by the increasing of the hydrolytic zone, up 

to 8 weeks (Fig. 3b; Table 2), it means that the cells and/or 
their enzymes were still active during this period of time.

Comparing the previous plate assays for lipases (Spirit 
blue agar), esterases (Tween 80) and on PHB and PLA agar 
with the Ecoflex degradation results highlights the poor 
correspondence of Ecoflex breakdown with the hydrolase 
tests. Therefore, in order to isolate Ecoflex degrading bac-
teria is preferable to use this substrate in the cultivation 
medium than other ones [3, 30].

Nonisothermal Chemiluminescence Test 
on the Momentaneous State of Ecoflex Samples

Several studies regarding the chemical structure, the biotic 
and abiotic degradability and biotechnology applications of 
this kind of polymer were performed [3, 14, 31, 32], but 
data concerning the characterization of its degradation 
by bacteria and the factors responsible of its biodegrada-
tion during a long period of incubation are missing. This 
copolyester is depolymerized by lipase-like hydrolyses [11, 
12], while the effect of enzymatic oxidation is unknown. 
CL method was used to measure hydroperoxide formation 
in biopolymer degradation in several studies [17, 21–24].

Fig. 2   SEM analysis after three days and 16  weeks of incubation 
with bacteria. Ecoflex foils were incubated with: a Brevibacterium 
luteolum at 28 °C. b Bacillus thurigiensis at 28 °C. c Serratia sp. at 

3 °C. d Geobacillus kaustophilus at 55 °C. e Aeromonas media at 
28 °C. The control sample of the figure is an Ecoflex foil, without any 
inoculated bacteria, incubated at 28 °C
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It is to be noted that in inert atmosphere the chemilu-
minescence signal reflects the three mutually superim-
posed processes. At the lowest temperature it is the anneal-
ing of defect structures and structural abnormalities, at 
medium temperatures it is the bimolecular decomposition 
of hydroperoxides, and at the highest temperatures it is the 
scission of bonds linking the macromolecular chains. The 
structural defects and hydroperoxides that are formed by 
the bacterial attack of the Ecoflex surface are converted by 
heat to radicals, whose recombination provides the energy 
necessary for the excitation of potential emitters that are 
molecules of oxygen and carbonyl groups. Secondary 
alkylperoxyl radicals, which are formed from various initi-
ating events, including for example bimolecular decompo-
sition of hydroperoxides, are particularly “efficient” in such 
a process. They provide triplet carbonyls and singlet oxy-
gen in a step which takes place in parallel (Fig. 4).

In a free radical process the rate of free radical recombi-
nation is directly linked with the production of defect struc-
tures or decomposition of hydroperoxides. It is therefore 
obvious that the intensity of the light emission is propor-
tional to the rate of polymer degradation.

The chemiluminescence response on samples of Eco-
flex inoculated with bacteria B. luteolum, B. thuringien-
sis, Serratia sp., G. kaustophilus and A. media after 3 days 
and 2, 4, 8 and 16 weeks (16 weeks should correspond to 
complete degradation of Ecoflex in agricultural fields) 
was rather complex (Fig.  5). The increase of chemilumi-
nescence intensity above that of the control experiment 
indicated that the surface of the Ecoflex became tempo-
rarily less stable while subsequent decrease (samples after 
16 weeks from the inoculation) indicated the consumption 
of the oxygenated structures and degradation products.

The chemiluminescence—temperature run is apparently 
composed from two mutually superimposed lines, first is 
the peak situated at lower temperature. The second line Ta
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Table 2   Visual estimation of degradation of Ecoflex agar assay by 
different bacterial isolates

Enzymatic degradation reaction were quantified by increasing of clear 
zone around colony
++++ very extensive positive reaction +++ extensive positive reac-
tion, ++ good positive reaction, + weak positive reaction, − negative 
reaction

Bacteria Degradation activity in different incubation 
times

3 days 2 weeks 4 weeks 8 weeks

B. luteolum − − + +++
B. thuringiensis ++ ++++ ++++ ++++
Serratia sp. + ++ ++ ++++
G. kaustophilus +++ ++++ ++++ ++++
A. media + +++ +++ ++++
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ended at ramp temperature of the experiment. Each line 
was developing in time after inoculation in dependence on 
the type of bacterial enzymatic system inducing the degra-
dation (Fig. 5). To understand the tendency deconvolution 
of experimental lines by two gaussian lines the Origin 8.1 
program was used, as shown in the Fig. 6. In this Figure, 
the peak (line 1) represents the process of decomposition of 
oxygenated structures (hydroperoxides) probably affected 
by carbonyl compounds. As shown by Abrusci et  al. [23] 
there occurs the significant reduction of carbonyls dur-
ing biodegradation while hydroperoxides may temporarily 
increase.

With time after inoculation the intensity of the chemilu-
minescence intensity—temperature records changed so that 
it reached the maximum value of the first peak within 2 to 
4  weeks (B. luteolum, B. thuringiensis and G. kaustophi-
lus). Serratia sp. and A. media achieved the maximum of 
the first peak at 8 weeks after inoculation.

The development of the line 2 describes the residual 
oxidative state of the Ecoflex matrix [21] (Fig.  6). The 
chemiluminescence intensity of the second process 
(line 2) was not in correlation with cultivation time, as 

expected, probably caused by filtration effect of bacterial 
layer on Ecoflex surface (Fig. 7).

It follows from the Ecoflex agar tests that the most dis-
tinct differences were observed after the first 3  days of 
cultivation (Table  2; Fig.  3a). At the same time, chemi-
luminescence runs for the oxygenated structure from the 
first deconvoluted peak indicated that the lowest amount 
of oxygenated structure were formed in the case of isolate 
B. luteolum (−) then follow A. media (+) and Serratia sp. 
(+). The temperature of the peak maximum shifts from 
150 almost to 240 °C culminating for the isolate B. thur-
ingiensis (++) at 245 °C and finally moves back to 180 °C 
for the isolate G. kaustophilus (+++) (Fig. 8). Except of 
the isolate B. luteolum agar plate tests for times longer 
than 2 weeks do not differ much each from the other 
(Table 2).

The concentration of oxygenated products (hydroperox-
ides, carbonyls and carboxyls) measured by CL reached a 
maximum after 2 weeks of cultivation for isolates G. kaust-
ophilus and B. thurigiensis, after 4 weeks of cultivation for 
isolate B. luteolum and 8 weeks of cultivation for isolates 
Serratia sp. and A. media.

Fig. 3   Ecoflex agar plate assay. a Plates after 3  days of incubation 
with bacteria. A Brevibacterium luteolum at 28 °C. B Bacillus thuri-
giensis at 28 °C. C Serratia sp. at 3 °C. D Geobacillus kaustophilus 

at 55 °C. E Aeromonas media at 28 °C. b Dashed line showing the 
expanding degradation zone on Ecoflex agar medium

Fig. 4   Mechanism of the 
population of excited states of 
carbonyls and oxygen subse-
quently emitting light. Asterisks 
denote the excited states of 
ketones (triplet) and oxygen 
(singlet), which are converted to 
the ground state with the emis-
sion of light
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The intensity of the maximum for oxygenated products 
decayed in the order B. luteolum > B. thuringiensis ~ A. 
media > G. kaustophilus > Serratia sp.

A possible explanation is considering the mechanism of 
the oxidative process occurring first as the spreading of the 
oxidative zone along the surface and subsequently enter-
ing layers of polymer beneath. When spreading along the 

surface is finished, the lower oxidized layers do not give as 
intense chemiluminescence emission as superficial layer 
simply because of filtration effect. Three days of cultivation 
test thus determines the sequence of degradation efficiency 
of bacterial enzymatic systems. The development in longer 
time cannot be seen on agar plate test while CL test gives a 
much more distinct picture (Figs. 9, 10).

Fig. 5   Chemiluminescence measurement of the oxidative state of the Ecoflex foil after incubation with different bacterial strains. Controls (ster-
ile ecoflex foil samples) were measured at different incubation times and no relevant changes were revealed
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All strains had the ability to degrade Ecoflex, but 
they reached the maximum hydrolytic power at different 
times. It is evident that generalized exoenzyme assays are 
not useful to assess the strain ability to degrade Ecoflex, 
therefore polymer-specific media are necessary to assess 
these feature.

The developed Ecoflex-based agar permitted to com-
pare the biodegradation power of bacteria in this medium 
with CL measurements. Though Ecoflex agar assay was 
in concordance with CL measurements only after 3 days 
of cultivation, this medium can be used to select potential 
Ecoflex-degrading bacteria.

Conclusions

This study demonstrated that chemiluminescence is a valu-
able technique to follow the biodegradation dynamics on 
polymeric film. Furthermore the Ecoflex agar is able to 
select useful polymer-degrading bacteria. Such kinds of 
selected bacteria can be applied to the direct degradation 
of Ecoflex mulching foil in soil, or to set composting-sys-
tems where such bacteria contribute to the easy degrada-
tion of this polymer. In the future it would be interesting to 

Fig. 6   Deconvolution of chemiluminescence intensity—temperature 
experimental curves as performed by Origin 8.1 program for bacteria 
Brevibacterium luteolum after 2 weeks of incubation on Ecoflex foil 
at 28 °C. Imax—maxim intensity that was detected

Fig. 7   The evolution of the second process with temperature from 
deconvolution chemiluminescence runs of Brevibacterium luteolum 
incubated from 3 days to 16 weeks at 28 °C

Fig. 8   Evolution of the first deconvoluted process with temperature 
of nonisothermal chemiluminescence run. Ecoflex foils after 3  days 
of incubation with: (A) Brevibacterium luteolum at 28 °C. (B) Bacil-
lus thurigiensis at 28 °C. (C) Serratia sp. at 3 °C. (D) Geobacillus 
kaustophilus at 55 °C. (E) Aeromonas media at 28 °C (−,+,++ and 
+++ correspond with the spreading of the hydrolytic zone in Ecoflex 
agar tests, Table 2)

Fig. 9   The evolution of values of Imax for different time of Ecoflex 
incubation as found from first peak of deconvoluted chemilumines-
cence-temperature runs. (A) Brevibacterium luteolum at 28 °C. (B) 
Bacillus thurigiensis at 28 °C. (C) Serratia sp. at 3 °C; (D) Geobacil-
lus kaustophilus at 55 °C. (E) Aeromonas media at 28 °C
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apply a similar strategy in order to study the abilities and 
dynamics of different fungal strains and perhaps to try the 
investigation of a more challenging and elaborate microbial 
community.
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