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The wettability, mechanical and antimicrobial properties
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The aim of this study was to evaluate the effect of the not activated (unmodified) montmorillonite (MMT) filler on the antibacterial
properties of polymer nanocomposites with a biodegradable polylactide (PLA) matrix. The subject of research was selected to verify the
reports on the lack of antibacterial properties of unmodified montmorillonite in nanocomposites and to investigate the potential condi-
tions of their manufacturing which are decisive for the resulting properties.

Evaluation of antibacterial and mechanical properties of both the starting materials and the obtained nanocomposites filled with lay-
ered silicates as well as the wettability of the materials, measured by a sitting drop method was made on samples in the form of a film.

The results show that the surface wettability of the polymer nanocomposites did not exhibit significant change compared to the film
of neat PLA. However, a significant improvement in the mechanical and antimicrobial properties of the nanocomposite films obtained in
a specific solvent casting process of the nanocomposite preceded by exfoliation of the film in an ultrasonic homogenizer was demon-
strated. The antibacterial activity against Gram-positive bacteria Staphylococcus aureus and Enterococcus faecalis was also observed,
and, moreover, the montmorillonite-containing films revealed a zone of inhibition of bacterial growth when tested against the lactose-
positive bacteria of the Enterobacteriaceae family, which are present in the waste water.

The advantageous properties of the obtained PLA/MMT nanocomposites suggest that the unmodified montmorillonite may be po-
tentially used as filler for polymer films in the packaging industry
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1. Introduction

Bio-based materials become widely used in pack-
aging due to the increase in environmental concerns
over non-biodegradable petrochemical-based plastic
packaging materials. Bio-based materials not only
include proteins or lipids but also polymers synthe-
sized from bio-based monomers or produced by mi-
croorganisms or genetically modified bacteria. Poly
(lactic acid) (PLA) is one of them, produced either by
the condensation polymerization of lactic acid or by
the ring opening polymerization of lactide. PLA is
a biodegradable linear aliphatic thermoplastic polyes-
ter, and its monomer, which is also the final degrada-

tion product, can be obtained by fermentation of car-
bohydrate feedstocks. PLA has been used not only for
disposable plastic products but also in biomedical
applications in the form of films, rigid structures, po-
rous scaffolds, and micro or nanospheres [8], [9], [24].
PLA is attractive as a packaging material, due to the
tensile strength comparable to that of petroleum-
derived thermoplastics, but also due to the ability of
degradation under commercial composting conditions.
Furthermore, PLA is resistant to oil and has a good
water vapour permeability in combination with a bet-
ter oxygen barrier property compared to all other bio-
plastics [11], [17], [19], [23]. However, the gas barrier
properties of pure PLA, its low resistance to solvents
(e.g., against water) and other properties such as low
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thermal stability and brittleness, are often insufficient for
food packaging applications [1]. Thus, direct polymer
blending, multilayer films and polymer nanocomposites
(PNCs) aimed at solving the aforementioned problems,
which cannot otherwise be attained with a neat polymer
material. Hence the multilayer films and polymer
blending possess higher production and material costs
and other drawbacks associated with recycling, the use
of fillers in nanocomposites has attained a broad atten-
tion aiming at improving the properties of bio-based
packaging materials. Filler materials can include clay
and silicate nanoparticles, silica nanoparticles [13], [21],
[25], carbon nanotubes [22], graphene [6], nanostarch
[8], cellulose nanofibers or nanowhiskers [14], chitin or
chitosan nanoparticles [20] and others. Among others,
the use of nanoclay fillers, particulary montmorillonite,
has gained considerable attention and resulted in signifi-
cant improvements in mechanical, gas barrier, and opti-
cal properties at low filler content (less than 5% of
weight) [21]. Numerous studies have been performed on
the PLA-based nanocomposites to exploit the enhanced
properties of such nanocomposites, as already mentioned
[4], [8], [14], [23].

Great attention was also given to the antimicrobial
properties of PLA-based composites, as one of the
most important features, which qualifies the material
to be accepted as a packaging material in contact with
food. PLA alone shows antibacterial activity when
used in solution of oligomers or in combination with
certain organic acids or antibacterial agents [2], [3],
[15]. There have also been many studies on the anti-
bacterial activity of PLA composites containing vari-
ous fillers such as nano cellulose, pectin particles, but
above all nanoclays [11], [14], [21]. It was reported by
Rhim et al. in 2006 [20], that some nanocomposite
films prepared with an addition of a certain organi-
cally modified nanoclay had the strong antimicrobial
activity against both Gram-positive and Gram-negative
bacteria. It was postulated that the antimicrobial func-
tionality of the nanocomposite films could be attributed
to the quaternary ammonium groups of organically
modified clays. In more recent research Rhim et al. in
2009 [21] found that among the PLA-based composite
films with different types of nanoclays, such as
Cloisite Na+, Cloisite 30B and Cloisite 20A, which
were prepared using a solvent casting method, only
PLA/Cloisite 30B (MMT modified with a quaternary
ammonium ion containing methyl tallow bis-2-hydroxy-
ethyl) composite film showed a bacteriostatic activity
against Listeria monocytogenes. Similar findings on
the antibacterial activity of montmorillonites were
reported by Liu et al. in 2014 [10] in a study on poly-
vinyl alcohols-based (PVOH) nanocomposite films

filled with various types of montmorillonite nano-
clays, including organically modified MMT clays and
a natural MMT (Na+-MMT), fabricated by the solu-
tion-intercalation. It was noticed, that only the addi-
tion of octadecyl ammonium modified clay into
PVOH films showed remarkable antimicrobial activ-
ity against Gram-positive bacteria L. monocytogenes
and S. aureus (natural Na+-MMT showed no antibac-
terial activity). Also, Darie et al. in 2014 [7] studied
the effect of nanoclay hydrophilicity on the properties
of PLA/clay materials showing that nanocomposites
filled with Cloisite 93A (montmorillonites organically
modified with methyl dehydrogenated-tallow quaternary
ammonium) revealed antibacterial properties against
both Gram-positive and Gram-negative bacteria. There
has been a lot of paper also published on the antimicro-
bial activity of PLA nanocomposites with clay fillers
intercalated simply by antibiotics and/or other bacteria
killing substances, however, the biocidal effect was
rather explainable and could be attributed rather to the
antimicrobial agents used as intercalants than to the ma-
terials used as excipients modifying the kinetics of anti-
microbials release [12]. It should be also mentioned that
since the antimicrobial properties have been reported,
among others, for metal ions such as Ag+, Cu2+ and Ni2+

and quaternary ammonium compounds, a good antibac-
terial activity observed in the case of the already men-
tioned organically modified clays, i.e., Cloisite 30A can
be relatively easy explained. Furthermore, Busolo et al
have published the biocidal effect revealed by the bio-
composite films based on silver containing melt-com-
pounded polylactide-clay materials [5]. In that study, the
organoclays with native silver nanoparticles and silver in
a ionic form showed strong antimicrobial activity against
S. aureus.

Although various reports were published on the
antimicrobial properties of PLA-based nanocompo-
sites filled with both modified (organophylized) and
intercalated clays, only a few of these works related to
antibacterial properties of PLA films filled with un-
modified montmorillonite. The primary objective of
this study was to obtain the composite films PLA/
unmodified montmorillonite (PLA/MMT) and to dis-
cuss their (unprecedented) good antimicrobial proper-
ties in the context of previously reported results, as
well as to evaluate the effect of concentration of filler
on the antibacterial activity of these materials in terms
of their suitability for food packaging. The clay filled
nanocomposite films were manufactured using a spe-
cific solvent casting process preceded by exfoliation
of the filler in an ultrasonic homogenizer and a sig-
nificant improvement in mechanical and antimicrobial
properties was demonstrated.
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2. Materials and methods

2.1. Materials

Poly-l-lactide (Ingeo, PLA 3051D) manufactured by
Nature-Works, USA, and montmorillonite (MMT)
VeegumF (R.T. Vanderbilt Company, INC.) were used
in the study. Dichloromethane purchased from Sigma-
Aldrich, Poland and 70% 2-propanol from AVANTOR,
Poland were also used as additional chemicals. The nu-
trient broth was also used (formula in accordance with
the quality certificate of BIOCORP, Poland) to feed
Staphylococcus aureus ATCC 25923 and Enterococcus
faecalis ATCC 19433, while peptone water with lactose
(BTL, Poland) was used for Escherichia coli ATCC
25922 and bacterial suspension of the active lactose-
positive sludge from a chamber of water treatment plant
for the Enterobacteriaceae family.

2.2. Preparation of PLA/MMT films

Both PLA and PLA/clay nanocomposite films
(PLA/MMT) were prepared from the polymer solution
by solvent casting. In the first stage, a lactic acid
polymer (PLA) in the form of pellets was dissolved in
dichloromethane (DCM, Sigma-Aldrich) in a weight
ratio of 1:10 and the solution was stirred using a mag-
netic stirrer (ES type manual Wigo 24) for 6 hours to
ensure good dissolution and homogenization. Reference
samples of neat PLA (with 0% nanofiller) were di-
rectly cast in the form of film (2 g of PLA per sample)
in Petri dishes. Nanofillers used to produce the individ-
ual nanocomposite samples were weighed using an
analytical balance and then added to 5 ml of dichlo-
romethane per each sample, and mixed for 2 minutes
using an ultrasonic homogenizer (Vibra Cell VCX 130,
Sonics company) to break up agglomerates and to in-
crease the dispersion of the nanoadditive in the slurry
prior to mixing with the solution of PLA. Then the indi-
vidual suspensions of nanofiller were added to 20 ml of
the polymer solution (2 g of PLA sample) and mixed,
and the resulting suspension was again introduced to the
ultrasound homogenizer. The suspensions after homog-
enization were then poured onto separate Petri dishes,
which were left for 24 hours in a fume hood at room
temperature to evaporate the solvent, however, in order
to ensure complete evaporation, the samples were
placed in a vacuum oven SPT-200.

Twenty samples in the form of a film, with a di-
ameter of 10 cm, were made out of each suspension as

well as twenty (film) samples of pure PLA were addi-
tionally prepared as a reference (control) material, and
the compositions of the nanocomposites obtained are
shown in Table 1.

Table 1. The compositions
of the obtained nanocomposite film samples

Content of the nanofiller in 2 g of PLA
Material/Film

% vol. % wt. weight [g]
1 2.5 0.051

1.5 3.8 0.076PLA/MMT
2 5.0 0.100

2.3. Methods

The following tests were carried out on all the
composite materials in the form of a film:
 contact angle test by a sessile drop method using

a goniometer DSA10Mk2 Kruss, 10 repetitions of
the test were made for each of the nanocomposite,

 test of mechanical properties using a Zwick testing
machine 1435-PUG; representative segments of the
films with a width of approx. 5 mm and a thickness
of approx. 0.18 mm were used as the samples
(testing speed 2 mm/min); tensile strength, elon-
gation at break and modulus of elasticity were
evaluated based on measurement according to the
ISO 527-3 standard; testing of mechanical proper-
ties was performed on 20 samples of each material,

 antimicrobial activity of the starting materials (pow-
dered clay materials and film of a neat PLA) as well
as of the nanocomposites in the form of a film;
measurements were performed on the following ref-
erence strains granules: Staphylococcus aureus
ATCC 25923 (Gram-positive granuloma), Enterococ
cus faecalis ATCC 19433 (Gram-positive granuloma),
Escherichia coli ATCC 25922 (Gram-negative ba-
cillus) and a sample of sewage bacteria from the
chamber of sludge – lactose-positive bacteria of the
Enterobacteriaceae family was isolated.
The antibacterial properties of the powdered (start-

ing) montmorillonite filler were investigated using
samples of 0.05 g, 0.025 g, 0.013 g, 0.006 g, respec-
tively, which were weighed in sterile test tubes (max.
concentration 5%). The samples were disinfected at
a temperature of 160 °C for 1 hour prior the proper
inoculation, and then, 1 ml of liquid nutrients was
added: nutrient broth (composition according to the
certificate of quality Biocorp and BTL) for Stapylococ-
cus aureus and Enterococcus faecalis strains, peptone
water with lactose (BTL, Poland) for Escherichia coli
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and the bacteria suspension of lactose-positive bacte-
ria isolated from the sample of raw sewage (Entero-
bacteriaceae family), accordingly. A mixture of 2 ml
of bacterial suspension with the Ringer’s solution was
prepared for inoculation, which corresponds to 0.5 de-
gree in the McFarland scale, i.e., approximately 1
to 2·108 CFU (colony forming units). The absorbance
was measured using a Merck Pharo 100 photometer and
the measured absorbance of suspension at a wavelength
of 600 nm ranged from 0.08 to 0.1 for the 0.5 degree
in the McFarland scale. Each tube with the powdered
montmorillonite was inoculated with the 10 μl inocu-
lum prepared from bacterial suspension (where the
expected number of CFU in the tube was 106), and
then the tubes were moved to an incubator and incu-
bated at 37 °C for 24 hours. The presence of bacteria
was visualized by a color change of the medium from
red to yellow (pH indicator) during a test for Escherichia
coli and a suspension of lactose-positive bacteria isolated
from samples of raw sewage (family Enterobacteria-
ceae). In other cases, additional test for the presence
of bacteria was conducted after incubation, i.e., in-
oculation was made on a permanent TSA substrate
with the use of a scratch tubing and then samples were
incubated for 24 hours in an incubator at 37 °C.

The antibacterial properties of the nanocomposite
films were investigated on samples having a diame-
ter of 6 mm, but due to the nature of the polymeric
matrix disinfection could not be carried out at ele-
vated temperature. Therefore, it was completed by
the use of the disc-diffusion method according to the
following procedure: a sterile Petri dish was rinsed with
an atomizer containing disinfectant agent (70% 2-pro-
panol, AVANTOR, Poland), then sterile forceps were
used to put the discs on the wet bottom of the dish and
the samples were sprayed with disinfectant agent, and
then the dish was closed and the disinfection agent
was allowed to evaporate at ambient temperature.

The antibacterial tests on foils started with the
proliferation of certified reference strains obtained in
pellets and the same nutrient substances were used to
feed the bacterial cultures, as in the case of test on
powdered montmorillonite, i.e., nutrient broth (for-
mula in accordance with the quality certificate of
BIOCORP, Poland) for Staphylococcus aureus ATCC
25923 and Enterococcus faecalis ATCC 19433, and
peptone water with lactose (BTL, Poland) for Escher-
ichia coli ATCC 25922, and bacterial suspension of
the active lactose-positive sludge from a chamber of
water treatment plant for the Enterobacteriaceae fam-
ily. The sterile forceps were used to transport the pel-
lets, which were dissolved in 2 ml of Ringer solution
in a Eppendorf tube, and then left to stand still for

15 minutes. A sterile flask was filled with 10 ml of
appropriate liquid nutrient, maintaining the principle
of sterility, and 100 μl of the prepared bacterial sus-
pension (with reference strains) or 100 μl of sewage
sample, was then inoculated to the flask with nutrient.
The flask with appropriate description was further
placed in an incubator at 37 ± 2 °C (or 34 ± 1 °C for
Staphylococcus aureus), and the incubation was car-
ried out from 18 to 24 hours.

Before the proper inoculation of the nanocompo-
site samples, the Petri dishes with TSA agar (Tryptic
Soy Agar) were prepared and 40 g of a substrate was
immersed in 1000 ml of distilled water and sterilized
at 121 °C for 15 minutes. Agar was then carefully
mixed, and poured on plates of 90 mm diameter
(15–20 ml) and left until drying. Successively, a sus-
pension of 0.5 in the McFarland scale was prepared,
in the same manner as for the powdered samples, and
the inoculation was initiated 15 minutes after the prepa-
ration of suspension, and for this purpose, a sterile
swab was dipped in suspension and the excess was
blotted on the container walls. Inoculation was made
at three locations on the prepared dish with the solidi-
fied TSA agar, each time turning the dish by 60°.
When the surface of agar solidified, the sterile forceps
were used to load the sample disc film on the agar
surface lightly pressing to the substrate. The plates
were moved to an incubator and incubated for 18 to
24 hours at 37 ± 2 °C, and the inhibition zone was
measured after the incubation time using a caliper
(including the diameter of the disc).

The test results of antimicrobial activity for the
PLA/MMT nanocomposites in the form of a film are
the average of 3 measurements made for each type of
material.

3. Results

3.1. Contact angle and wettability

The test results of the contact angle showed that
the introduction of montmorillonite in the form of
nanofiller (in the range of 0.5–2.0% vol.) into the PLA
matrix does not change significantly the surface char-
acter of the nanocomposite compared to a pure un-
modified PLA (Fig. 1).

Contact angle was measured on both sides of the
obtained samples (↑ denotes the upper side of nano-
composite, ↓ denotes the bottom side of nanocompo-
site from the side of a dish), and the results were aver-
aged at both sides of films.
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Fig. 1. The contact angle results depending on the type
and content of the nanoadditives, as well as on the side of a sample
(↑ and ↓ denote the top and the bottom of sample respectively)

3.2. Mechanical properties

The detailed test results of mechanical properties
of both PLA and PLA/MMT (film) materials are shown
in Table 2, where the values of tensile strength,
modulus of elasticity and elongation at maximum load
are shown respectively (the standard deviation was
also evaluated for each material and test series).

The tests were conducted on the representative strips
of the films with a width of approx. 5 mm and a thick-
ness of approx. 0.18 mm. The test was carried out on
20 samples of each material at test speed of 2 mm/min,

and the typical stress–strain curves for all the tested
materials are shown in Fig. 2.

Table 2. Mechanical properties of PLA and PLA/MMT
nanocomposite films

Material/Film
Tensile
strength
[MPa]

Elastic
modulus

[GPa]

Strain at
Loadmax

[%]
PLA 21.58 ± 3.60 1.14 ± 0.30 3.92 ± 0.89

PLA/MMT 1% vol. 40.11 ± 2.82 2.35 ± 0.18 2.13 ± 0.09
PLA/MMT 1.5% vol. 52.63 ± 4.74 2.95 ± 0.37 2.92 ± 0.47
PLA/MMT 2% vol. 30.56 ± 2.57 2.01 ± 0.24 2.20 ± 0.27

Fig. 2. Typical stress–strain curves for neat PLA and PLA/MMT
nanocomposite films

Table 3. The antibacterial effect of the starting MMT powders at different concentrations of clay

Model bacteria strain Type and concentration of substrates [g/ml] /
presence of microorganisms in sample after 24 h incubation

0.0500 +
0.0250 +
0.0125 +

MMT

0.0063 +

Staphylococcus aureus
ATCC 25923

control 0.0063 –

S.
 a

ur
eu

co
nt

ro
l

+

0.0500 +
0.0250 +
0.0125 +

MMT

0.0063 +

Enterococcus faecalis
ATCC 19433

control 0.0063 –

E.
 fa

ec
al

is
co

nt
ro

l

+

0.0500 +
0.0250 +
0.0125 +

MMT

0.0063 +

Escherichia coli
ATCC 25922

control 0.0063 – E.
 c

ol
i c

on
tro

l

+

0.0500 +
0.0250 +
0.0125 +

MMT

0.0063 +

Lactose-positive bacteria
of the Enterobacteriaceae family,
isolated from the sewage

control 0.0063 –

la
c+

 c
on

tro
l

+



A. RAPACZ-KMITA et al.30

3.3. Antibacterial properties

The test results of antimicrobial activity for the
starting MMT powders are summarized in Table 3.
The test was carried out with different concentration
of MMT in the subsequent suspensions, expressed as
the amount of MMT in grams per milliliter of suspen-
sion. The signs (+) and (–) denote the presence of
bacteria in the sample after incubation time. There

Fig. 3. Exemplary inhibition zones of Staphylococcus aureus
growth after 24 hours of incubation of PLA and PLA/MMT films

were also two types of control samples used: the first
for MMT material alone (without bacteria) and the
second for the subsequent bacteria (without MMT
substrate) and it could be seen that those controls
worked properly, which indicated that the tests were
performed properly.

The detailed results of bactericidal effect for both
PLA and PLA/MMT nanocomposites in the form of
a film are summarized in Table 4. A bactericidal ef-
fect for nanocomposite foils was tested on the samples
in the form of discs with a diameter of 6 mm and the
bactericidal activity was evaluated based on the inhi-
bition zones of bacterial growth, which appeared
around the discs.

Exemplary photos of inhibition zones of Staphylo-
coccus aureus growth, appearing around the samples
after 24 hours of incubation for PLA/MMT films and
the reference sample, which was a disc of neat PLA,
are shown in Fig. 3.

4. Discussion

4.1. Characterisation of PLA
and PLA/MMT films

The values of contact angle for all the nanocompo-
site samples ranged from 60 to 80 degrees, whereas
the contact angle for a neat PLA was 72.8 degree,
which confirms rather good wettability of all the
tested materials. The lowest wettability was observed
for the sample with the highest volume fraction of
nanofiller (2%), which may eventually lead to the
conclusion that a higher content of clay may affect the
surface properties of nanocomposites, which in turn
may affect numerous properties such as the ability to
degrade as well as the degradation rate. The acceler-
ating influence of clay filler content on the degrada-

Table 4. The result of the assessment of bactericidal effect for PLA and PLA/MMT films

Diameter of inhibition zone
[mm]

PLA/MMT composites
(%vol. fraction of MMT)

Model bacterial strain

1 1.5 2

Neat
PLA

S. aureus ATCC 25923, absorb. 600 nm: 0.089 7 10 10 0
E. faecalis ATCC 19433, absorb. 600 nm: 0.100 7 9 8 0
E. coli ATCC 25922, absorb. 600 nm: 0.098 0 0 0 0
Lactose-positive bacteria of the Enterobacteriaceae
family, absorb. 600nm: 0.100 9 10 14 0
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tion rate of PLA/MMT composites has been previ-
ously reported [18]. On the other hand, Liu et al. [11]
suggested that, due to the hydrophobic nature of PLA,
microorganisms cannot easily access the film, thus in
consequence, no antimicrobial activity was observed
in the PLA/clay composite films. In this study, the
measured contact angles suggest that both neat PLA
and PLA/MMT composites are generally not inher-
ently hydrophobic (contact angles well below 90 de-
gree), and the partial swelling is possible in this system.
It may trigger a different kind of interaction between
microorganisms, humid environment, in which they
live and polymeric or nanocomposite foils. The most
interesting, however, is that even though there are no
significant differences in the wettability between neat
PLA and PLA/MMT composite foils, the antimicro-
bial activity of these materials is fundamentally dif-
ferent, and the observed differences will be described
in detail in the following sections. Anyway, the differ-
ences in antimicrobial activity cannot be explained
simply by the changes in wettability.

It can be clearly seen from the results of mechani-
cal tests, that the introduction of montmorillonite into the
polymer matrix increased strength and tensile modulus
of nanocomposites filled with a relatively small volume
fraction of filler. The average strength of the un-
modified film of polylactide (PLA) was measured as
21.58 MPa, while the obtained nanocomposites with
1% vol. of nanoadditive were characterized by a two-
fold increase in tensile strength compared to a film of
pure PLA. In turn, the PLA/MMT nanocomposites
containing 1.5% vol. of clay revealed the highest
strength of 52.63 MPa, which was nearly 2.5 times
higher as compared to films of pure PLA. A signifi-
cant decrease in tensile strength was then recorded
for nanocomposites with 2 %vol. of nanoadditive in
relation to nanocomposites filled with 1.0 to 1.5% vol.
of MMT, however, the measured strength was still
higher than for the samples of PLA not filled. For all
the tested samples a relatively small error indicated
a good dispersion of nanoadditives in the polymer
matrix.

The results indicated that the addition of mont-
morillonite increased the tensile strength of the
polymer matrix, however, above 2% vol. (which is
a 5 wt % of montmorillonite), a decrease in the strength
of the nanocomposite films was observed. Too much
nanoadditive or did not positively affect or even re-
duced the mechanical properties of the PLA/MMT
nanocomposites [21].

A similar trend can be seen also in the results of
the modulus of elasticity (E) for which, it was visible
that the average modulus of the films of pure unmodi-

fied PLA was 1.14 ± 0.30 GPa. and the observed
increase in modulus value was 2 times and 2.5 times
for nanocomposites filled with 1% vol. and 1.5% vol.
of MMT respectively. The maximum value of the
modulus 2.95 ± 0.67 GPa was reported for 1.5% vol.
of clay in the nanocomposite, and a substantial de-
crease in the value of modulus was again observed for
2% vol. of clay addition.

The extraordinary improvement in the mechanical
properties provided by the unmodified clays was pre-
viously reported, among others, by Park et al. [16]
who compared the effect of clay modification on ten-
sile properties of polymeric nanocomposites using
unmodified montmorillonite (Cloisite Na+) and modi-
fied montmorillonite (Cloisite 30B) as fillers. Surpris-
ingly, that study revealed that the polymeric composites
filled with unmodified montmorillonite showed im-
provement over the composites filled with modified
(activated/organophylised) montmorillonite. The im-
provement observed in unmodified montmorillonite
nanocomposites can be explained by the higher hy-
drophilicity of unmodified montmorillonite compared
to modified montmorillonite. The polymeric compos-
ites used in that work were highly hydrophilic what
led to the intercalation along with better dispersion
with hydrophilic unmodified montmorillonite than
organophilic modified montmorillonite.

It is also worth noting that the elongation at break
(and the elongation at maximum load) decreased upon
introduction of MMT into the polymer matrix, which
is typical for polymer composites in which the addi-
tion of a filler usually leads to a reduction in elonga-
tion and reduction of creep phenomenon due to the
increased rigidity of the polymer bonds influenced
by the presence of filler. However, an interesting and
in some ways rather unusual is the increase of elon-
gation at maximum load up to 2.9% in the case of
PLA/MMT nanocomposite film with 1.5% vol. addi-
tion of montmorillonite (compared to 1% and 2% vol.
of the filler). On the other hand, this increase can
be explained rather easily by the significant increase
in tensile strength for this material, resulting also in
a proportional increase in the elongation at break.

4.2. Antimicrobial activity of PLA
and PLA/MMT films

As previously mentioned, Liu et al. [11] in their
research concluded that due to the hydrophobic nature
of the PLA the microorganisms cannot readily access
the film and, therefore, antibacterial activity of the
film/clay composite PLA should rather not be ex-
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pected. However, as also mentioned in the section on
the results of the contact angle, the fundamental dif-
ferences in antimicrobial activity were found between
the pure PLA and PLA/MMT composite film, al-
though there was no significant difference in their
wettability and the corresponding contact angles were
well below than 90 degrees.

The results of the study on antibacterial activity
indicated that the starting MMT clay alone (powdered
MMT of various concentrations) used as a filler in the
PLA/MMT nanocomposites showed no bactericidal
properties. The powders were tested for bactericidal
activity against Staphylococcus aureus, Enterococcus
faecalis, Escherichia coli and bacteria sludge from the
Enterobacteriaceae family, and it was found, after
24 hours of incubation, that in all the samples the
bacteria were present. During the tests against Escher-
ichia coli and a suspension of lactose-positive bacteria
isolated from a sample of raw sewage (Enterobacte-
riaceae family), the presence of bacteria was moni-
tored by the color change of nutrients from red to
yellow (pH indicator), in other cases, discoloration
and cloudiness of nutrient were observed. In order to
confirm the presence of bacteria (Staphylococcus
aureus, Enterococcus faecalis, and the bacteria sludge
from the Enterobacteriaceae family) in suspensions of
powders, bacteria were seeded onto the TSA agar by
a scratch tubing. The results were confirmed during
re-reading after 24 h of incubation at a temperature
suitable for growth of the individual bacteria. The
evaluation of bactericidal effect of the starting materi-
als in the form of powder of various concentrations
was carried out using the same procedure, which was
described in the method chapter.

Although the starting clay showed no bactericidal
properties in relation to any of the bacterial strains
tested, nanocomposites of a film containing montmoril-
lonite showed bactericidal activity against Staphylococ-
cus aureus, Enterococcus faecalis, and the bacteria
from the Enterobacteriaceae family obtained from
sewege sludge. In the case of evaluation of bacteri-
cidal effect against Escherichia coli, for any compos-
ite foil, as in the case of montmorillonite alone, there
was no zone of inhibition, which might indicate a lack
of antibacterial activity of the obtained MMT-based
films against this bacteria.

Analyzing the above results, it can be stated that
the obtained nanocomposite films, containing mont-
morillonite dispersed in a polylactide, exhibited pretty
unexpected antibacterial properties. Previously, the
extraordinary antimicrobial activity was reported rather
for the surface activated montmorillonite, but in our
study montmorillonite has not been surface-modified/

activated prior to introduction into the polymer ma-
trix. Thus, the bactericidal effect can be triggered not
only by the activation, where the antibacterial activity
is rather provided by the nature of the activating
agents which are often poisonous or toxic, but also by
a method of preparation of fillers and composites. The
starting powders as well as the nanocomposite films
prior to casting were thoroughly homogenized with
the use of ultrasonic mixing and, as a result, the sam-
ples exhibited a very good homogeneity, as evidenced
by the repetitive results of the tests of physical prop-
erties carried out in this work.

All steps of ultrasonic mixing performed have also
led to a very substantial increase in the interlayer dis-
tance of montmorillonite or even complete exfoliation
of the clay in a volume of polymer matrix, as evi-
denced by the tests carried out by the small-angle
X-ray scattering (SAXS), in which there were no
peaks on the intensity curve for the tested nanocom-
posites.

5. Conclusions

The aim of the study was to obtain polymer nano-
composites with the unmodified montmorillonite filler as
well as to investigate their bactericidal and mechanical
properties. MMT was used as a filler and a biodegrad-
able polylactic acid polymer as a matrix to produce
nanocomposites in the form of a film with significantly
improved mechanical properties and a barely noticeable
change in wettability, compared with a neat polylac-
tide film.

It was found that the introduction of mont-
morillonite (MMT) into the polymer matrix caused no
apparent change in the nature of the surface properties
of nanocomposite compared to the neat, unmodified
PLA, however, the addition of clay contributed to
a great increase in mechanical properties of the nano-
composites. The highest strength was tested for the
nanocomposites with 1.5% vol. fraction of mont-
morillonite filler.

The evaluation of antibacterial activity of both the
starting materials and the resulting nanocomposites
was also carried out, which has led to surprising and
unexpected findings, since the bactericidal effect was
reported for the obtained nanocomposites. Finally, it
was demonstrated that montmorillonite when well
dispersed or even exfoliated in the polylactide matrix,
is able to trigger the bactericidal activity against
Gram-positive bacteria Staphylococcus aureus and
Enterococcus faecalis, as well as against a lactose-
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-positive bacteria from Enterobacteriaceae family pre-
sent in the wastewater, but does not affect the anti-
bacterial activity against Gram-negative bacteria.

Acknowledgements

This study was performed within the framework of funding
for statutory activities of AGH University of Science and Tech-
nology in Kraków, Faculty of Materials Science and Ceramics
(11.11.160.617).

References

[1] AKBARI A., MAJUMDER M., TEHRANI A., Chapter: Handbook
of Polymer Nanocomposites. Processing, Performance and
Application, Springer, Berlin Heidelberg, 2015, 283–297.

[2] ALLANSON A., CURRY R., UNKLESBAY N., IANNOTTI E.,
ELLERSIECK M., Effect of soluble polylactic acid during refrige
rated storage of ground meats inoculated with Escherichia coli
O157:H7, J. Food Saf., 2000, Vol. 20, 13–25.

[3] ARIYAPITIPUN T., MUSTAPHA A., CLARKE A.D., Survival of
Listeria monocytogenes Scott A on vacuum – packaged raw beef
treated with polylactic acid, lactic acid, and nisin, J. Food Prot.,
2000, Vol. 63, 131–136.

[4] BARTKOWIAK-JOWSA M., BĘDZIŃSKI R., SZARANIEC B.,
CHŁOPEK J., Mechanical, biological, and microstructural
properties of biodegradable models of polymeric stents made
of PLLA and alginate fibers, Acta Bioeng. Biomech., 2011,
Vol. 13, 21–28.

[5] BUSOLO M.A., FERNANDEZ P., OCIO M.J., LAGARON J.M., Novel
silver-based nanoclay as an antimicrobial in poly-lactic
acid food packaging coatings, Food Addit. Contam. Part A
Chem. Anal. Control Expo. Risk Assess., 2010, Vol. 27,
1617–1626.

[6] CHIENG B.W., IBRAHIM N.A., WAN YUNUS W.M.Z., Optimi-
zation of tensile strength of poly(lactic-acid)-graphene nano-
composites using response surface methodology, Polym.
Plast. Technol. Eng., 2012, Vol. 51, 791–799.

[7] DARIE R.N., PÂSLARU E., SDROBIS A., PRICOPE G.M.,
HITRUC G.E., POIATĂ A., BAKLAVARIDIS A., VASILE C.,
Effect of nanoclay hydrophilicity on the poly(lactic acid)/clay
nanocomposites properties, Ind. Eng. Chem. Res., 2014,
Vol. 53, 7877–7890.

[8] GARLOTTA D., DOANE W., SHOGREN R., LAWTON J., WILLETT J.L.,
Mechanical and thermal properties of starch-filled
Poly(D,L-lactic acid)/Poly(hydroxyester ether) biodegrad-
able blends, J. Appl. Polym. Sci., 2003, Vol. 88, 1775–1786.

[9] LANGER R., PEPPAS N.A., Advances in biomaterials, drug
delivery, and bionanotechnology, AIChE Journal, 2003, Vol. 49,
2990–3006.

[10] LIU G., SONG Y., WANG J., ZHUANG H., MA L., LI C., LIU Y.,
ZHANG J., Effects of nanoclay type on the physical and anti-
microbial properties of PVOH-based nanocomposite films,
LWT-Food Sci. Technol., 2014, Vol. 57, 562–568.

[11] LIU L.S., FINKENSTADT V.L., LIU C.-K., JIN T., FISHMAN H.L.,
HICKS K.B., Preparation of poly(lactic acid) and pectin
composite films intended for applications in antimicrobial
packaging, J. Appl. Polym. Sci., 2007, Vol. 106, 801–810.

[12] LV G., PEARCE C.W., GLEASON A., LIAO L., MACWILLIAMS M.P.,
LI Z., Influence of montmorillonite on antimicrobial activity
of tetracycline and ciprofloxacin, J. Asian Earth Sci., 2013,
Vol. 77, 281–286.

[13] MAITI P., YAMADA K., OKAMOTO M., UEDA K., OKAMOTO K.,
New polylactide/layered silicate nanocomposites:  role of or-
ganoclays, Chem. Mater., 2002, Vol. 14, 4654–4661.

[14] MARTINEZ-SANZ M., LOPEZ-RUBIO A., LAGARON J.M., Opti-
mization of the dispersion of unmodified bacterial cellulose
nanowhiskers into polylactide via melt compounding to sig-
nificantly enhance barrier and mechanical properties, Bio-
macromolecules, 2012, Vol. 13, 3887-3899.

[15] MUSTAPHA A., ARIYAPITIPUN T., CLARKE A.D., Survival of
Escherichia coli O157:H7 on vacuum-packaged raw beef
treated with polylactic acid, lactic acid, and nisin, J. Food Sci.,
2002, Vol. 67, 262–266.

[16] PARK H.M., LI Y., JIN C.Z., PARK C.Y., CHO W.J., HA C.S.,
Preparation and properties of biodegradable thermoplastic
starch/clay hybrids, Macromolec. Mater. Eng., 2002, Vol. 287,
553–558.

[17] PETERSEN K., NIELSEN P.V., BERTELSEN G., LAWTHER M.,
OLSEN M.B., NILSSON N.H., MORTENSEN G., Potential of
bio-based materials for food packaging, Trends Food Sci.
Technol., 1999, Vol. 10, 52–68.

[18] RAPACZ-KMITA A., STODOLAK-ZYCH E., SZARANIEC B.,
GAJEK M., DUDEK P., Effect of clay mineral on the acceler-
ated hydrolytic degradation of polylactide in the poly-
mer/clay nanocomposites, Mater. Letters, 2015, Vol. 146,
73–76.

[19] REDDY M.M., VIVEKANANDHAN S., MISRA M., BHATIA S.K.,
MOHANTY A.K., Biobased plastics and bionanocomposites:
current status and future opportunities, Progr. Polym. Sci.,
2013, Vol. 38, 1653–1689.

[20] RHIM J.-W., HONG S.-I., PARK H.M., NG P.K., Preparation
and characterization of chitosan-based nanocomposite films
with antimicrobial activity, J. Agric. Food Chem., 2006, Vol. 9,
5814–5822.

[21] RHIM J.-W., HONG S.-I., HA C.-S., Tensile, water vapor barrier
and antimicrobial properties of PLA/nanoclay composite films,
LWT-Food Sci. Technol., 2009, Vol. 42, 612–617.

[22] SELIGRA P.G., LAMANNA M., FAMÁ L., PLA-fMWCNT Bio-
nanofilms with High Modulus and Great Properties to Apply in
Packaging and Biomedicine, Proc. Mater. Sci., 2015, Vol. 8,
383–390.

[23] SUYATMA N.E., COPINET A., TIGHZERT L., COMA V., Mechani-
cal and barrier properties of biodegradable films made from
chitosan and poly(lactic acid) blends, J. Polym. Environm.,
2004, Vol. 12, 1–6.

[24] WEBER C.J., HAUGAARD V., FESTERSEN R., BERTELSEN G.,
Production and applications of biobased packaging materials for
the food industry, Food Addit. Contam., 2002, Vol. 19, 172–177.

[25] ZHU A., DIAO H., RONG Q., CAI A., Preparation and proper-
ties of polylactide–silica nanocomposites, J. Appl. Polym. Sci.,
2010, Vol. 116, 2866–2873.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


