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Abstract: The production of silage is carried out in cylindrical bales covered with polyethylene foils.
In this study a novel approach was tested towards obtaining innovative composition of these films.
In the first stage of the experiment, different additives including microcellulose and nanosilver par-
ticles were analyzed. The second stage was aimed at testing the applicability of recycled polyeth-
ylene as a film component. The forage value after ensiling was assessed during the storage. In order
to evaluate the microbial forage quality, the abundance of lactic acid bacteria was determined and
compared with the number of aerobic bacteria, yeasts and molds. The foil properties were also an-
alyzed with the appropriate chemical and microbiological methods. The results showed no signifi-
cant differences (p <0.05) between the standard commercial films and tested formulae. In the second
stage, obtained results suggest that the film with the addition of nanosilver may be successfully
used in agriculture.
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1. Introduction

Conservation of forage as a silage is one of the preservation methods providing very
good source of energy, vitamins and nutrients for livestock [1]. Ensiling has become pop-
ular in Europe in 21st century, exceeding hay production and allowing better conserva-
tion of fodder for prolonged storage time [1-4]. For silage production almost every type
of crop plant can be used [1].

Lactic acid bacteria (LAB) are the group of microorganisms responsible for the ensil-
ing process. Within this group the strains belonging to Lactobacillus, Lactococcus, Entero-
coccus, Leuconostoc, Pediococcus, Streptococcus and Weissella genera can be found, represent-
ing both homo- and heterofermentative group [2,3]. The natural microbiota of forage
plants initiate the fermentation process, then species succession occurs leading to changes
in the ensiled material. The final product quality is dependent on these strains as well as
on their metabolism products [2].

In Europe almost half of the plastic-based materials used in agriculture are allocated
to the silage production and bale formation [4]. The most important features of good
wrapping film are thickness, extensibility, UV and damage resistance, high durability, air
and water impermeability [5]. The growth of undesirable microorganisms, such as aerobic
bacteria, yeasts and molds, can be also a great problem leading to silage quality loss [2].
Therefore, the addition of various components have been considered for polyethylene (PE)
film modification to enable mechanical strength improvement, enhance oxygen barrier
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properties, ensure anaerobic LAB growth promotion together with the inhibition of the
unfavorable microbiota growth.

The main aim of the presented research was to monitor the microbiota population
dynamics during the storage of silage bales wrapped with different types of film contain-
ing variant innovative additives to improve their quality.

2. Materials and Methods
2.1. Plant Material, Bale Preparation Method and Tested Films

The experiment was carried out at the Pedigree Breeding Center in Osiek (Nidek,
Matopolskie voivodeship; 49°54' N, 19°19" E). The material allocated for ensiling was the
mixture of grasses (80-85%) and legumes (10-15%) consisting of Italian ryegrass, peren-
nial ryegrass, red fescue, rough bluegrass, white clover, as well as other dicotyledon spe-
cies (up to 5%). The cylindrical bales were formed from material mowed and dried to
about 50% [6]. Bales were wrapped with the tested films and stored on the concrete base-
ment site, fenced and covered with the safety.

In the first year of the experiment the analyses were performed after 5 (marked as:
t1), 11 (t2) and 17 (t3) months of storage. The following year, taking under consideration
the results from the first stage, all the procedures were repeated after 4 (t1) and 10 (t2)
months of storage.

In the study, innovative multi-layer films produced by a company ERG Bierun Folie
were used. The recipes were developed by the Central Mining Institute in Katowice. The
nanosilver particles were incorporated to the EVA (vinyl ethylene and vinyl acetate co-
polymer) and used to improve antimicrobial properties of the film. Three types of micro-
cellulose were tested, as a component responsible for better biodegradation properties.
For the first experimental stage the following film formulations were used: (P1) with the
nanosilver in the external layer; (P2) with the nanosilver in the external layer and micro-
cellulose type 1 in the middle layer; (P3) with the nanosilver in the external layer and
microcellulose type 2 in the middle layer; (P4) microcellulose type 1 in the middle layer;
(P5) microcellulose type 2 in the middle layer; (P6) microcellulose type 3 in the middle
layer; (P7) control film. During the second stage the possibility of use of the recycled film
was tested, so the experimental combinations of formulae were as follows: (PR1) with the
nanosilver in the external layer, and the middle layer made of the recycled PE; (PR2) with
the nanosilver in the external layer, and the middle layer made of standard PE; (PR0) con-
trol film. As a control, a commercially-available film produced by ERG Bierun Folie was
used.

2.2. Microbiological and Biochemical Analyses

Microbial cell population density in silage was monitored with a modified Koch sur-
face-plating method of silage aqueous suspension. For determination of the total aerobic
bacteria, LAB, molds and yeasts number methods were as described in Supel et al. [7]. In
addition to the above, a degree of surface colonization of wrapping film with microorgan-
isms was estimated after plating suspensions prepared by slow rinsing of the film surface
with sterile water onto microbiological media [7].

The DM content was established with the standard drying method and pH was meas-
ured potentiometrically [8]. Total sugars were estimated with the method of Bertrand,
while the total protein level was calculated from total nitrogen content measured with
Kiejdahl method [8]. Ammonia nitrogen was measured with the Convay method [9] and
the crude fiber content was determined as a leftovers after hydrolysis [8]. Organic acids
(lactic, acetic, butyric and propionic) were determined with the gas chromatography
method, as described in Radkowski [9].
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3. Results and Discussion

The process of intense fermentation in silages lasts up to 2 months. After this time,
the material is fully ensiled, and the stability phase begins under which only small
changes in the environment conditions may occur [10].

3.1. Addition of Nanosilver or Microcellulose to the Wrapping Film

Earlier, it was shown that in the stability phase the number of LAB observed in silage
decreased compared to the fermentation phase [2]. The results of our experiment indicate
that the number of LAB in most of the studied cases still tend to increase during the stor-
age (Figure 1), although a significant increase of the population of unfavorable microor-
ganisms was also observed, except for variants P1 and P2 (Figure 2). Avila [2] claims that
if the number of yeasts and molds gets higher than 105 cfu g, an aerobic silage deteriora-
tion may occur. This phenomenon was in fact observed for P3, P4 and P5 silages after 11
months of storage, and it may suggest that the ensiled material should be fed-out before
a year of storage. The best-quality silage should contain relatively high number of LAB
combined with low number of unfavorable strains [3,11]. Assuming the above, the for-
mula P6 seems to be the best one.
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Figure 1. Lactic acid bacteria cell frequency in silage during the first stage of the experiment.
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Figure 2. Unfavorable strains cell frequency in silage during the first stage of the experiment. (A)
Aerobic bacteria, (B) Molds and yeasts.

Upon evaluation of the film surface microbial colonization it was assumed that low
frequency of molds was the most important together with presence of LAB, which sug-
gests that components added to the films were not toxic for this group of microorganisms.
In this respect, the analyses of film colonization revealed that the best results were ob-
tained for the variant P1, P2, P6 and the control sample (data not shown). The great vari-
ability of microbial frequency was observed, possibly as a result of changeable weather
conditions.

Chemical analyses showed that there were no significant differences between silage
wrapped with either the standard film or the innovative ones (Table 1). It is known that
upon ensiling, due to the fermentation, dry mass decreases [2]. In the present study the
DM of forage was established to be 52% and its decrease within first months of ensiling
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was significant for all the variants except for P2 and P4. Later, a small DM increase could
be observed for most combinations. High sugar content in forage (in our experiment de-
termined as 14.75%) ensure proper conditions for LAB metabolic activity. For good-qual-
ity silages produced from meadow plants, the chemical characteristics should be as fol-
lows: crude fiber, 20-26%; total protein, up to 18% [3,6,9]. Slightly higher crude fiber con-
tent may be an effect of composition of forage. The acidity of analyzed silages after 5
months of ensiling was between pH 4.4 and 4.7 (data not shown). A slight tendency to
decrease could be observed over time, what seems to be in line with the results obtained
by other authors [3,6,9,10].

Table 1. Dry mass changes during the storage [%] and stored silage parameters (the average
value, changes during the storage were not statistically significant at p < 0.05) [% of DM].

Dry Mass Changes

t1 t2 t3
P1 427+16 427+20 44017 6.4+0.6 14.0+0.6 29.3+1.0
P2 515+20 515+16 449+17 8.0+0.7 15.0+0.6 28.1+0.9
P3 457+18 457+17 56.0+2.1 11.5+1.1 13.1+0.5 28.6+0.9
P4 495+19 495+16  522+20 9.9+09 13.0+0.5 29.3+1.0
P5 425+16 425+13 45517 6.6+0.6 13.7+0.6 29.5+1.0
P6 455+17 455+17 47.0+1.8 7.8+0.7 142 +0.6 30.0+1.0
P7 414x16 414+17 429+1.6 6.5+0.6 13.4+0.6 294+1.0
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Figure 3. Changes of the content of organic acids in silages during storage.

The concentration of lactic acid in the tested samples varied between 2.1-9.3% of DM
(Figure 3). It is to note that a very important parameter of silage quality is lactic-to-acetic
acid ratio, and lactic acid should contribute more than 70% [1,6]. The results of the present
study show that only for two cases, that is variants P1 and P3, after 11 months of storage—
the abovementioned ratio was lower than 72%. A decrease of total acids content in time
was observed for most of combinations, which may be an indicator of yeast and acetic
acid bacteria activities in silage [2,10].

The first stage of the experiment showed that all the tested additives were not toxic
to lactic acid bacteria and ensured proper conditions for the ensiling process. The resultant
silage qualities were high and not affected significantly by storage time. The formula with
the addition of microcellulose type 3 in the internal layer yielded the best results of mi-
crobial analyses as compared to the control sample. Good results were also obtained for
formulae with the addition of nanosilver.
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3.2. The Use of Recycled PE for Film Preparation

The number of LAB in the silage (Figure 4) was moderate ranging between 10* and
106 cfu-g™! DM, and did not change significantly during the storage for the tested samples
PR1 and PR2. Except for PRO after 4 months of storage, for all the tested silages the number
of molds and yeasts was kept below 10¢ cfu-g-!, which suggests that the material was well
preserved and anaerobic conditions were maintained properly [2].
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Figure 4. Microbial population structure changes in silage during bale storage in the second stage
of the experiment.

Relatively low frequency of strains was detected on the film internal surface (Figure
5A). For the external film layer colonization, greater variability in the microbial frequency
was observed (Figure 5B), possibly resulting from more changeable weather conditions.

In general, silage quality obtained in second stage of the experiment was very good.
pH values (Table 2) were similar to the optimal ones as suggested in literature [3,6,9,10]
and slightly higher for the tested samples than for the control (PRO0). Significant decrease
of pH during storage was observed only for the sample PR1.
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Figure 5. Microbial colonization rate on the internal (A) and external (B) film surfaces obtained
upon bale storage during the second experimental stage.

Table 2. Dry mass content, pH changes and lactic acid content in silage during the storage.

Lactic Acid [% of Total Ac-

Dry Mass [%] pH ids]
t1 t2 t1 t2 t1 t2
PRO 39.14+150 4279+1.64 4.69+0.06 4.85+0.06 77 60
PR1 4659+178 3232+124 4.82+0.06 4.32+0.06 92 68
PR2 3898+149 41.14+157 4.83+0.06 5.01+0.06 82 54

The ratio of lactic acid content in total acids was over 77% after 4 months of storage
and then decreased after 10 months (Table 2). For sample PR1 after 10 months of storage,
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high levels of both acetic and lactic acid were observed, whereas also butyric (0.05%) and
propionic (0.02%) acids were detected (not shown). Note that butyric acid should not be
present in properly conserved silage [10].

No significant differences in crude fiber content were observed between samples
(Figure 6). In turn, decrease in sugar content in samples PR1 and PR2 may indicate active
microbial metabolism. High level of ammonia nitrogen and the elevation of total protein
content was observed in sample PR1 after 10 months of storage. This change is possibly
linked to degradation of plant tissues [5,6,10] and may additionally result from the dis-
ruption of the covering film structure.
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Figure 6. Silage parameters in the second stage of experiment.

4. Conclusions

Our study proves that novel, multilayered films with additives such as microcellu-
lose and nanosilver may be used for in production of high-quality silages. For all the tested
film variants the silage quality did not change significantly during 17 months of storage.
However, the risk of growth intensification of unfavorable strains increased after 11
months of storage and therefore it is recommended to limit the bale storage time to less
than one year.

The results obtained for silage generated in bales wrapped with the film containing
nanosilver in the external layer were similar or in some cases even better than for the con-
trol sample (standard film). These observations suggest that nanosilver did not negatively
affect the strength and air impermeability of the film, thus providing favorable conditions
for fermentation. Therefore, it may be successfully used in agriculture as an antimicrobial
agent supplemented to wrapping films.
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