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Abstract Polyethylene glycol (PEG) and polyethylene
glycol—polylactic acid (PEG-PLA) have an organic struc-
ture and no negative effect on human health. The present
study compares the antimicrobial effectiveness of PEG and
PEG-PLA on microbial growth. The following pathogens
and fungi were examined: seven bacteria strains and 10
fungi (four yeasts and six molds). PEG, a non-modified
polymer, exhibited no inhibition effect on all test
microorganisms. However, the antimicrobial -effect
increased with the concentration of PEG-PLA. Bacteria
showed more sensitivity to PEG-PLA compared with the
other microorganisms used in this study. Enterobacter
ATCC 19434 was found to be the most resistant bacteria.
Molds and yeasts were more resistant than bacteria against
PEG-PLA. MIC and MFC could not be determined on the
tested fungi owing to the level of concentrations used, with
the exception of the yeast Candida albicans and the molds
Penicillium expansum and Aspergillus parasiticus.
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Introduction

Foodborne diseases encompass a wide spectrum of illnesses
and are a growing public health problem worldwide. Food-
borne diseases are caused by contamination by a variety of
pathogens, including bacteria, viruses, and parasites [1].
Many foodborne pathogens can cause serious illness, hos-
pitalization, and even death. Human foodborne infections
often lead to a shutdown of the food supply network with
serious negative financial consequences for producers. In
addition, food-spoilage microorganisms produce off-flavors,
affect taste, lead to discoloration of food products on the
shelf, and, finally, rejection of the product by the consumer.
Spoilage leads to loss of food, producer’s reputation, and
economic value of food products [2].

A function of a food packaging material is to protect food
products from various physical, chemical, biological, and
environmental conditions such as oxygen, moisture, light,
microorganisms, and physical stress. In recent years, there
has been an increased demand for packaging that offers an
improved shelf life for fresh, high-quality food products [3].
Polymers have replaced conventional materials in packaging
applications in the food industry owing to their functionality,
lightweight, ease of processing, and low cost. Unlike other
chemicals used in the food industry that have toxic effects,
polyethylene glycol (PEG) is a flexible, water-soluble
polymer that is non-toxic, odorless, neutral, non-volatile, and
non-irritating. It has an organic structure and no negative
effect on human health [4]. The antioxidant and antimicro-
bial properties of such polymers have been of great interest
because of their possible use as food-coating materials for
the prevention of oxidation and for controlling pathogens
and/or toxin-producing microorganisms in foods [5-7].

The rise of environmental pollution caused by synthetic
polymers in developing countries has reached dangerous

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-017-0138-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-017-0138-7&amp;domain=pdf

1124

Y. Sahan et al.

levels. Biodegradable polymers have a shelf life and involve
the biodegradation process. Bio-based polymers are mate-
rials produced from renewable resources. Recent techno-
logical advancements have substantially improved the
properties of some bio-based polymers, e.g., heat-resistant
polylactic acid (PLA), thereby enabling a wider range of
applications [8]. PLA can be synthesized either via con-
densation polymerization of lactic acid or ring-opening
polymerization of lactide in the presence of a catalyst [9, 10].
It exhibits a balance of performance properties that are
comparable to those of traditional thermoplastics. It can be
fabricated through a variety of familiar processes and brings
a new combination of attributes to packaging, including
stiffness, clarity, dead fold and twist retention, low-temper-
ature heat sealing ability, as well as an interesting combi-
nation of barrier properties such as flavor, aroma, and grease
resistance. It possesses good mechanical properties, thermal
plasticity, and biocompatibility; moreover, it is readily fab-
ricated. Therefore, it is a promising polymer for various end-
use applications. PLA is an inherently polar material owing
to its basic repeated unit of lactic acid. Another benefit of this
polymer is its resistance to aliphatic molecules such as oils
and terpenes [11, 12]. PLA possesses high transparency and
is an excellent material for packaging. In addition, a PLA
film can be formed using conventional film-extrusion
methodology. For these reasons, PLA is an excellent appli-
cant for producing a commercial and biodegradable pack-
aging material [3].

PEG is a flexible, water-soluble polymer and is non-toxic,
odorless, neutral, nonvolatile, and non-irritating. It has no
negative effect on human health. PEG has good biocom-
patibility and hydrophilicity as well as rapid degradability
[13]. Lactic acid is used for the production of green
biodegradable solvents, such as butyl lactate and other lactic
acid esters, as well as for the production of non-toxic
propylene glycol, which is widely used in pharmaceuticals
and food processing. There is a growing demand for lactic
acid in the production of biodegradable polymers [10].

During the last decade, there has been notable research
in the field of polymeric materials with antimicrobial
activity, which have considerable applications. The pur-
pose of this study is to characterize the antimicrobial
activity of PEG and PEG-PLA against food-spoilage
microorganisms.

Materials and methods
Microorganism strains
Bacteria:  Bacillus cereus ATCC 6464, Escher-

ichia coli ATCC 25922, Salmonella Enteritidis ATCC
13076, Staphylococcus aureus ATCC 6538, Klebsiella
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pneumonia ATCC 700603, Enterobacter ATCC 19434,
and Yersinia enterocolitica ATCC 29913; yeasts: Saccha-
romyces cerevisiae DSMZ 2548, Metschnikowia fructicola
CBS 8853, Candida albicans ATCC 10231, and Candida
oleophila ATCC 28137; and Molds: Aspergillus niger -
ATCC 16604, Aspergillus parasiticus ATCC 22789,
Aspergillus oryzae ATCC 11499, Rhizopus oryzae ATCC
24536, Fusarium oxysporum ATCC 7601, and Penicillium
expansum ATCC 16104 were all obtained from Depart-
ment of Food Engineering, Faculty of Agriculture of Ulu-
dag University, Bursa, Turkey.

Preparation of polymer solutions

PEG has a molecular weight of 400 kDa, CAS Number
25322-68-3; density of 1.128 g/cm®; and melting point of
4-8 °C, (LD50 30 mL/kg); it was purchased from Sigma-
Aldrich Chemie (GmbH, Munich, Germany). In addition, it
is a water-soluble, clear, colorless, and viscous liquid.

Polymer synthesis was achieved via chain-opening
polymerization using Sn(Il)-ethyl hexanoate as the catalyst.
In addition, 1 mol of PEG and 2 mol of lactic acid were
placed in a 250 mL glass balloon with the addition of Sn(II)-
ethyl hexanoate. This was followed by 24 h of stirring at
300 rpm at 180 °C in an oil bath attached with reverse
cooling. Then, an ethyl alcohol—ether polymer solution was
dissolved in dichloromethane and kept at 25 °C with petro-
leum ether. Purified PEG-PLA polymers were vacuum-
dried at 70 °C and stored in a vacuum desiccator [14].

Concentrations of PEG and PEG-PLA with the final pH
of 4.7 were prepared by dissolving PEG and PEG-PLA in
distilled water at a concentration of 2 mL/100 mL (v/v).
Experiments were performed with both PEG and PEG-
PLA, each dissolved in three different solutions with con-
centrations of 1, 5, and 10%.

Antimicrobial assay

Antimicrobial activity of the polymer was tested using the
plate count method [15]. In this study, Nutrient Broth (NB-
Oxoid CM0501) and Nutrient Agar (NA-Oxoid CM0309)
were used as bacterial growth media. Sabouraud Dextrose
Broth (SDB-Difco 234000) and Sabouraud Dextrose Agar
(SDA Difco 212000) were used as growth media for molds
and yeasts. The microbial strains inserted were EMB (Eosin-
Methylene Blue-Lactose-Saccharose-Merck 101347) agar
and Blood agar (Merck 110886) from stock cultures, and
they were incubated for 24 hat 37 and 30 °C [16]. Seventeen
different microorganisms were used: seven bacteria strains
and 10 fungi (four yeasts and six molds). Spore suspension
was used for the 24-h mold culture.

Experiments were performed five times for each isolate.
Fungi were cultured on Sabouraud Dextrose Agar (Difco,
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Detroit, MI) plates at 30 °C for 7 days. Moreover, 1 mL of
spore suspension was inserted into 59 mL of the Sabouraud
Dextrose broth medium. Then, 10 mL of sterile Tween 80
(1%) was added to the spore collection in order to allow the
mold spores to pass through the solution. After 7 days,
conidia were harvested via centrifugation (Hettich, Eba 38,
Germany) at 1000 rpm for 15 min and washed with 10 mL of
sterile distilled water. This step was repeated three times, and
the spore suspension was stored in sterile, distilled water
(30 mL) at4 °C until used. The concentration of spores in the
suspension was determined through a viable spore count on
the Sabouraud Dextrose Agar plates using the spread plate and
surface count techniques [17, 18]. After incubation, the young
cultures were used for microbial growth analysis.

Determination of the minimum inhibition
concentration (MIC) using a tube-dilution method

Rapid identification and quantitative determination of
antimicrobial susceptibility based on the minimum inhibi-
tory concentration (MIC) was performed using a tube-di-
lution method [19-21]. The inhibition effect of the three
polymer concentrations was measured. PEG and PEG-PLA
concentrations were applied frequently instead of two
times per dilution method, as reported previously. For this
reason, the microbial inhibition effect was observed at
every concentration level. In addition, 4 mL of the serial
dilutions were inserted in NB (for bacterial growth) and
SDB (for yeast and mold growth) media. The maximum
dose was 100 mg/mL. Next, 1-mL portions of each con-
centration were added to test tubes containing 4 mL of the
special medium. The microbial inoculation level for each
dilution tube was 50 pL (bacterial cell account 106, yeast
and mold account 10%), which was prepared from 24-h
broth cultures and added to the tubes that contained the
PEG and PEG-PLA concentrations and the appropriate
medium. These tubes were then incubated at 30 °C for
72 h. The lowest concentration at which there was no
visible turbidity was defined as the MIC concentration. The
results (shown in Table 1) were recorded in terms of MIC
(mg/mL) percent activity values, which demonstrate the
total antimicrobial potency of each polymer concentration,
as described by Rangasamy et al. [22].

Determination of the minimum bactericidal
concentration (MBC) and minimum fungicidal
concentration (MFC)

Using the results obtained from the MIC assay, the con-
centrations showing complete absence of visual growth of
microorganisms were identified, and 100 pL of each cul-
ture broth was transferred and spread on NA for bacteria
and on SDA for molds and fungi in preparation for colony

Table 1 Antimicrobial characterization of PEG-PLA (10%) on the
tested microorganisms

Microorganisms MIC MBC-MFC
(mg/mL)
Bacillus cereus ATCC 6464 25 100
Escherichia coli ATCC 25922 37.5 50
Salmonella Enteritidis ATCC 13076 50 75
Staphylococcus aureus ATCC 6538 50 100
Klebsiella pneumonia ATCC 700603 50 75
Enterobacter ATCC 19434 75 100
Yersinia enterocolitica ATCC 29913 25 50
Candida albicans ATCC 10231 100 100
Aspergillus parasiticus ATCC 22789 100 100
Penicillium expansum ATCC16104 50 100

MIC Minimum inhibitory concentration, MBC minimum bactericidal
concentration, MFC minimum fungicidal concentration

counting. The plates were incubated at 37 °C for 48 h for
bacteria, at 30 °C for 48 h for yeasts, and at 30 °C for 72—
96 h for fungi. The complete inhibition of growth on the
agar surface at the lowest concentration was defined as the
minimum bactericidal concentration (MBC) and minimum
fungicidal concentration (MFC) [23].

Activity (%) =
100 x No. of susceptible strains in a concentration

Total no. of tested microorganisms

Statistical analysis

Data analyses were performed using the SPSS software (SPSS
11.5 SPSS Inc, Chicago, IL, USA). Standard deviation was
calculated via analysis of variance using the Minitab 14.0
software (Minitab 14.0 software, State College, PA, USA).
Duncan’s multiple-range test (P < 0.05; P < 0.01) deter-
mined the differences between variances using an MSTAT
statistical package. The reported values of microbial growth
are the mean =+ standard deviation of triplicate determina-
tions. Results of the variance analysis showed that each sig-
nificance level in the LSD multiple-range test for three factors
(i.e., PEG type, time, and interaction between microbial
growth and polymer types) was determined to be P < 0.01.

Results and discussion
Polymer
PEG-PLA has a molecular weight of 30.000 (5.000—100.000)

kDa, density of 1400 kg/m> (1100-1700 kg/m?), melting point
of 145 °C (130-180 °C), and a pH of 3.7-5.7. PEG-PLA has
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an organic structure and no negative effect on human health,
unlike the toxic effects found with other chemicals. It has the
capacity to negatively influence microorganisms.

Bacterial growth

MIC was established as the lowest concentration of poly-
mer that inhibited the visible growth of bacteria. PEG, in
each of the three concentrations, did not show any inhibi-
tion effect on any of the microorganisms tested. In addi-
tion, PEG-PLA did not display antimicrobial effect ata 1%
concentration. Steven and Hotchkiss [24] reported that
PEG exhibits antimicrobial activity only at high concen-
trations (80 mg/mL in liquid media). Bacteria showed
more sensitivity to PEG-PLA than other microorganisms
used. Lou et al. [25] reported that the inhibition activity of
QCRAg nanocomposites (Quaternized chitosan with Ag
NP) against gram-positive bacteria was the best and the
smallest MIC value, while their inhibitory activity against
fungus was the worst. This effect is due to differences in
the cell structures of microorganisms. As the concentration
of PEG-PLA increased, the antimicrobial effect increased.
The highest antimicrobial activity was determined at the
10% concentration levels (Fig. 1). Figure 1 shows that the
smallest MICs of 10% PEG-PLA were shown by all the
bacteria tested, with the exception of S. Enteritidis and S.
aureus.

MBC was determined as the lowest concentration of the
polymer at which no growth of bacteria was observed on
the polymer-free medium after incubation. Enterobacter
ATCC 19 434 was found to be the most resistant bacteria,
followed by S. aureus. Shen et al. [26] showed that the
bagasse—AgNP aerogel had a limited inhibition effect on S.
aureus. Meanwhile, the thick peptidoglycan layer of the S.
aureus cell wall prevented the penetration of polymers into
the cytoplasm, thereby limiting their antimicrobial effect.
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Fig. 1 Evaluation of the MIC (mg/mL) values for bacterial growth at
different concentrations of PEG-PLA
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The most sensitive bacteria used was Y. enterocolitica,
followed by B. cereus (Table 1).

Fungal growth

Compared with bacteria, molds and yeasts were found to be
more resistant to PEG-PLA (Table 1). While MIC and
MFC could not be determined on most of the fungi tested
because of the concentrations used, the yeast C. albicans
and molds P. expansum and A. parasiticus were impacted
sufficiently to perform these measurements. Meng et al.
[27] was previously reported a high inhibition effect
determined on C. albicans by the PDMS/OMMT polymer.
Figure 2 shows the impact of PEG-PLA on the fungi in the
form of a log decimal reduction. As stated earlier, there
was no evidence of inhibition by PEG in any of the fungi.
However, PEG-PLA did have a measurable impact. In all
the microorganisms tested, A. niger ATCC 16604 was
determined to be the most resistant microorganism to
PEG-PLA (Fig. 2). Huang et al. [28] observed that dif-
ferent microbial cell structures may be an important reason
for the different antimicrobial effects. Unlike the other
microorganisms, the fungus A. niger has a denser cell wall;
moreover, and it is very difficult to inhibit its fungal spores.
In comparison, with an MIC of 50 mg/mL, the fungi P.
expansum was the most sensitive microorganism, followed
by A. parasiticus and C. albicans (MIC = 100 mg/mL).

A hierarchical cluster analysis (shown in Fig. 3) permitted
us to establish two main groups for PEG—PLA (10%). Cluster
analysis was used for dividing homogenous groups according
to some similarity or differences calculated between the
variables [29]. In Fig. 3, the upper main group, which con-
tained all the tested bacteria except C. albicans and A. para-
siticus, was more affected by PEG-PLA (10%), while the
main group below was less influenced.

PEG-polylactid

-
(3]

El

log CFU/mL

o
o -
Saccharomyces
cerevisiae
Metschnikowia
fructicola l—J
Candida oleophila
Aspergillus niger
ATCC 16604
Aspergillus oryzae
Rhizopus spp. - J
Fusarium
oxysporum h—J

Fig. 2 Effect of PEG-PLA on the microbial growth of fungi
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Fig. 3 Dendrogram based on a
cluster analysis grouping the
microorganisms tested for
PEG-PLA (10%)

= Bacillus cereus ATCC 6464

= Yersinia enterocolitica ATCC 29913
= Salmonella Enteritidis ATCC 13076
= Staphylococcus aureus ATCC 6538
®= Klebsiella pneumonia ATCC 700603
= Penicillium expansum ATCC16104
" Enterobacter ATCC 19434

= Candida albicans ATCC 10231

= Aspergillus parasiticus ATCC 22789

= Saccharomyces cerevisiae DSMZ 2548
= Candida oleophila ATCC 28137

= Aspergillus oryzae ATCC 11499

= Aspergillus niger ATCC 16604

= Metschnikowia fructicola CBS 8853

= Rhizopus oryzae ATCC 24536

= Fusarium oxysporum ATCC 7601

The results show that PEG-PLA exhibits significant
antimicrobial properties. It can be used for preserving some
raw and processed foods and/or for extending their shelf
life. The findings of this study provide the basis for further
research on new bioactive polymers that are not hazardous
to human health and are more trustworthy, especially for
the food industry. However, it should be mentioned that the
effectiveness against bacteria and fungi depends on the
chemistry of the polymer, its structure, and its
concentration.

Thus far, there has been an insufficient amount of
research conducted to successfully identify the specific
mechanisms used by PEG-PLA to inhibit -certain
microorganisms, e.g., the ones used in this study. PEG—
PLA should be studied more extensively for the preserva-
tion of food quality and safety and/or extension of the shelf
life of fresh as well as processed foods.
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