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Purpose: The aim of this study was to investigate the possibility of intercalation of gentamicin and neomycin in montmorillonite
(MMT) nanofillers, as well as to study the in vitro antimicrobial properties of nanocomposite films containing a small amount of thus
obtained nanofillers. Methods: The polylactide matrix (PLA) nanocomposite films with drug-intercalated montmorillonite fillers were
obtained by casting after intercalation of drugs in aqueous solutions. The efficiency of intercalation has been confirmed by X-ray diffrac-
tion (XRD) and Zeta potential measurements. The materials were studied for surface wettability, roughness and mechanical properties
during 6 weeks of incubation in phosphate buffer saline, and their bactericidal activity was tested against Escherichia coli bacteria before
and after 6 weeks of incubation in distilled water at 37 C. The presence of antibiotics during the incubation was monitored by conduc-
tivity and pH measurements. Results: The results indicate that nanocomposite polylactide films with montmorillonite filler intercalated
with gentamicin and neomycin tend to degrade faster that their counterparts with non-intercalated fillers, which affects their mechanical
properties. However, drug intercalation provided an antibacterial activity, which was confirmed by the presence of zones inhibiting the
growth of Gram-negative bacteria for both antibiotics. It was also confirmed that the interaction of antibiotics with clay and polymer
matrix did not adversely affect this bactericidal effect. Conclusions: Montmorillonite can be successfully intercalated with both gentami-
cin and neomycin, and then used as active filler for polylactide films having very good antibacterial properties, therefore their use in
biomedical applications can be significantly expanded.
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1. Introduction

Montmorillonite (MMT) is a frequently used nano-
-additive in polymer matrix nanocomposites due to
the possibility of modifying its structure, such as
complete exfoliation or partial expansion of the space
between octahedral layers, which creates conditions
for the intercalation of numerous active substances. In
the case of exfoliation MMT, even a small addition to
the polymer matrix can positively affect the mechani-
cal properties, increase thermal resistance, and, when
using biodegradable polymers, improve the biode-
gradability of the composite [21], [19]. In turn, inter-

calated MMT, due to the fact that it is non-toxic,
chemically inert and stable in both acidic and alkaline
environments, is often used in drug delivery systems,
most often acts as a carrier that can be used alone or in
combination with polymers [14]. High interest in the
use of montmorillonite for this purpose has resulted in
numerous literature data on its use in the distribution
of antibiotics [18], [11]. It is known, among others,
that antibiotics such as gentamicin (G) or metronida-
zole (MTZ) do not lose their antibacterial properties in
combination with montmorillonite, and, for example,
the introduction of gentamicin between the MMT
layers results in longer antibiotic release [18]. It was
also found that the MMT-MTZ complex provides
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extended release of the drug in synthetically produced
intestinal fluid, better retention and bioavailability
compared to pure MTZ [11]. In addition to antibiotics,
anti-depressant drugs [16], anti-diabetic [6], enzymes
and proteins (pepsin, hemoglobin, lactoglobulin) [13]
as well as vitamins were also introduced into the
MMT structure. Experiments were also carried out to
intercalate vitamin B1 to synthetic montmorillonite
structures in controlled drug delivery systems [8].

A separate aspect is related to the issue of obtain-
ing the antibacterial properties of polymeric materials
resulting from the combination of polymer and MMT,
the effectiveness of which is achieved by modifying the
polymer matrix (biopolymers or biodegradable poly-
mers) using MMT-pharmaceutical conjugates. Each
configuration has other unique properties, and an ex-
ample of such material is MMT-polymer nanocompo-
sites, which can be used as a mucoadhesive drug car-
rier [24], [9] or act as both active substance delivery
agents, have antibacterial properties, and modifiers
that increase nanocomposite strength [20].

Controlled release of the drug as well as the possi-
bility of treating the side effects associated with taking
the pharmaceutical was also noted in the case of mont-
morillonite combined with biodegradable polymers,
which was intercalated with anticancer drugs such as
Docetaxel administered orally [7]. A comparable effect
as well as improved drug distribution was also
achieved in the case of MMT intercalation 5-fluoro-
uracil in a polymer matrix [1]. Similarly, the with
presence of montmorillonite in the MMT-dexamethason
conjugate (a drug with long-lasting and potent anti-
inflammatory action) resulted in a longer drug release
time and increased strength of the nanocomposite with
the ethylene and vinyl acetate copolymer [3], [5].

The positive effect of MMT as a drug carrier in
the polymer matrix is also observed for the group of
non-steroidal anti-inflammatory drugs. The combi-
nation of montmorillonite, guar gum and ibuprofen
initially showed a reduction in the release effect of
the drug and then a sustained release in intestinal
fluid at pH 7.4 [5]. In turn, sodium naproxen (NAP)
in polyurethane nanocomposites in hydrogels, con-
taining organically modified montmorillonite that slows
naproxen release, has been recognized as a modern
wound dressing that can cause a significant reduction in
edema [15]. It was also discovered that a polyoxypro-
pylene-montmorillonite nanocomposite containing ibu-
profen and theophylline can be used as a carrier for
prolonged release of drugs in the treatment of colon
diseases [22].

The aim of this study was to investigate the effec-
tiveness of drug intercalation in the montmorillonite

nanofiller and its influence on the resulting antimicro-
bial properties in vitro of nanocomposite films filled
with a relatively small amount of the intercalated
montmorillonite-based conjugates. Two antibiotics,
showing a bactericidal effect in relation to Gram-
negative bacteria, namely: gentamicin (G) and neo-
mycin (N), were used as the intercalates, and finally
the structural, physicochemical and mechanical prop-
erties of the films, as well as their degradability in
vitro were also examined. Ultimately, the utilitarian
purpose of this study was to check the applicability of
biodegradable antibacterial films in medical applica-
tions, such as membranes and textiles for wound
healing, cell scaffolding as well as small devices and
temporary implants.

2. Materials and methods

2.1. Materials

Biodegradable poly-l-lactide (PLA) INGEO 3251 D
(Nature-Works USA) was used in this study as a ma-
trix of nanocomposites filled with hybrid MMT con-
jugates intercalated with two aminoglycoside antibiotics,
to obtain antibacterial properties of the PLA/MMT,
PLA/MMT+G and PLA/MMT+N nanocomposite mate-
rials in the form of films. Montmorillonite (MMT)
VeegumF (R.T. Vanderbilt Company, Inc., USA) was
used as a drug carrier for antibiotics, showing a bacteri-
cidal effect especially in relation to Gram-negative bac-
teria, namely: gentamicin (G) in the form of gentamicin
sulfate with the chemical formula C21H43N5O7·H2SO4
(Pharma-Cosmetic Poland) and neomycin (N) also in
the form of a sulphate with the chemical formula
C23H46N6O13·3H2SO4 (also from Pharma-Cosmetic
Poland). The sulphate forms of antibiotics used in the
work were chosen deliberately to guarantee their hy-
drophilicity and ease of dissolution in water, which
enabled us to carry out the intercalation process in the
water suspension. Dichloromethane (Sigma-Aldrich
Poland) and 70% 2-propanol (Avantor Poland) were
also used as additional chemicals.

2.2. Preparation of MMT + G
and MMT + N hybrid conjugates

The process of montmorillonite intercalation with
both gentamicin and neomycin was carried out in aque-
ous suspensions, using a magnetic stirrer, at a tem-
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perature of 60 °C and a mixing time of 24 h. Thus
obtained suspensions were dried at 60 °C, and then the
powdered conjugates obtained were ground in an ag-
ate mortar.

2.3. Preparation of PLA/MMT,
PLA/MMT + G

and PLA/MMT + N films

All the films, i.e., the PLA/MMT reference sam-
ple, as well as the PLA/MMT + G and PLA/MMT + N
nanocomposite films were prepared from the polymer
solution by solvent casting. In the first step, the lactic
acid polymer (PLA) in the form of pellets was dis-
solved in dichloromethane (DCM, Sigma-Aldrich) in
a ratio of 1:10 by weight, and the solution was stirred
using a magnetic stirrer (ES manual type Wigo 24) for
6 hours to ensure good dissolution and homogeniza-
tion. The individual nanofiller slurries were then
added to 20 ml of polymer solution (2 g of PLA
sample) and mixed. The suspensions after the ho-
mogenization step were poured into separate Petri
dishes, which were left for 24 hours in a laboratory
hood at room temperature to evaporate the solvent,
however, to ensure complete evaporation, the sam-
ples were then placed in a SPT-200 vacuum furnace.
In the nanocomposite materials obtained in the form
of a foil, the amount of nanoadditives was about
2% by weight.

2.4. Simulation
of the degradation process in vitro

The degradation of all nanocomposite films,
PLA/MMT, PLA/MMT + G and PLA/MMT + N, was
tested in the 6 weeks in vitro tests at 37 °C in two
types of liquid medium, namely: PBS (phosphate buff-
ered saline) and distilled water. For testing in PBS,
the foils were cut into strips with a length of ap-
prox. 80 mm and a width of approx. 5 mm, which
were then used after the degradation period to meas-
ure the mechanical tensile strength. The square-
shaped samples having dimensions of 6  6 mm as
well as circular samples of 6 mm in diameter were
incubated in distilled water, and then subjected to
antibacterial tests after an appropriate incubation pe-
riod. During the incubation of nanocomposites in dis-
tilled water, measurements of pH changes and electri-
cal conductivity were also carried out in order to
check the effect of the material on the surrounding

environment, the rate of release of drugs into the envi-
ronment and the degradation of the nanocomposite
material.

2.5. Methods

2.5.1. Investigation of the drug intercalated
MMT conjugate powders

XRD analysis

In order to confirm the montmorillonite interca-
lation process with gentamicin and neomycin, X-ray
diffraction (XRD) measurements of conjugates in
the form of powders were conducted. The XRD
analysis was carried out in the 3–70° 2 range using
Cu-Kα radiation and the PANalytical Empyrean
diffractometer with a 0.008 degree step (total time
about 4 h).

Zeta potential

The Zeta potential measurements were also made
on the prepared MMT, MMT/G and MMT/N conju-
gates. It was used to determine the size of the effec-
tive electric charge of powder particles. The obtained
conjugates were combined with 100 ml of distilled
water and placed in an ultrasonic Techpan UD-20 dis-
integrator. Thus prepared suspensions were placed in
measuring cells and subjected to three measurements
of Zeta potential using the Zetasizer Nano SZ Malvern
Instruments. The average refractive index for mont-
morillonite of 1.52 nm was assumed.

2.5.2. Investigation
of nanocomposite materials

Surface wettability

Measurements of wettability of the surface of na-
nocomposites were made by determining the contact
angle to assess the hydrophobicity/hydrophilicity of
the obtained materials. This was determined by the
drop method in the DSA 10-MK2 drop shape analyzer
(Krüss). The droplet was placed on the surface of the
nanocomposite and its shape was recorded using
a digital camera, and finally analyzed using a spheri-
cal fit. The measurements were repeated eight times
for the upper (free side) and lower side (mould side)
of nanocomposite film samples. The tests were made
for both starting materials (before incubation), but
also for materials after 6 weeks of in vitro incubation
in distilled water.
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Surface roughness

Surface roughness denotes optically or mechani-
cally detectable surface irregularities that have been
determined to evaluate the adhesion between the sur-
face of the nanocomposite and the modifying agents.
The material was free from contamination by immer-
sion in ethyl alcohol, placed in the Hommelwerke
T1000 profilometer and analyzed under the pressure
of a diamond head moving on the surface of the nano-
composite at a constant speed. Eight roughness meas-
urements were made for both the top and bottom sides
(mould side) of nanocomposite foils. The measure-
ments were carried out on films before the incubation
process in order to evaluate the effect of surface rough-
ness on their antibacterial activity against E. coli.

Mechanical properties

Mechanical properties were determined on the ba-
sis of tests carried out using a Zwick-Roller testing ma-
chine, type HTO-02 on strips approximately 8 cm long
and 0.5 cm wide cut from the obtained PLA/MMT,
PLA/MMT + G and PLA/MMT + N films. An addi-
tional set of samples was also incubated in PBS, and
mechanical tests were carried out after 1, 2, 3, 4 and
6 weeks of incubation. During testing, tensile strength,
elastic modulus and maximum strain at break were
determined (test speed of 2 mm/min), in accordance
with ISO 527-3, on 15 samples of each material.

Drug release and durability

Monitoring of pH changes and ionic conductivity
was performed to check the durability of materials
and determine the drug release profile during incu-
bation of nanocomposite films for 6 weeks in dis-
tilled water at 37 °C. Monitoring of the release of all
active substances was carried out by measuring the
electrical conductivity and pH changes of the me-
dium using a conductometer CC-411 and pH-meter
CP-401 (ELMETRON). Measurements were performed
after reaching room temperature.

Antibacterial properties

The antibacterial activity of PLA/MMT, PLA/MMT
+ G and PLA/MMT+N films was tested against Gram-
-negative Escherichia coli (E. coli) bacteria (ATCC
25922) using the Kirby-Bauer disk-diffusion antibiotic
susceptibility test. The bacteria were grown in Oxoid’s
Columbia Blood Agar on Petri dishes at 36 ± 2 °C for
24 hours. Three to five colonies were resuspended in
physiological NaCl solution (0.9%) to obtain a sus-
pension of 0.5 McFarland (approximately 1.5·108 CFU).
The prepared suspension was inoculated with a sterile

swab on a medium (Mueller Hinton Agar Oxoid) in
vessels with a diameter of 100 mm. Prior to antibacte-
rial testing, disc samples with a diameter of 6 mm cut
from foil were sterilized with alcohol and dried in
a laboratory drier at a temperature of about 50 °C for
24 hours to evaporate the alcohol, and then placed on
the inoculated substrate. After 24 hours of incubation
at 36 ± 2 °C under aerobic conditions, the diameters
of the bacterial growth inhibition zones were meas-
ured using a caliper for each type of nanocomposite
film, on 6 discs, and the average of 6 measurements
was considered a result. Measurements of antibacterial
activity of the films were performed in the initial state
(before incubation) as well as after a 6-week incubation
in distilled water to confirm bactericidal properties and
the presence of antibiotics as well as its biocidal prop-
erties after incubation. Samples were placed both
smooth and rough sides in the direction of agar with
bacterial culture, so as to obtain information on the
effect of the nature of the surface on the amount of
antibiotic efficiently released from the film.

3. Results

3.1. Investigation of drug-intercalated
MMT powder conjugates

In Table 1, the comparison of d001 values for raw
material (MMT) and reference sample (MMT + H2O)
as well as for MMT + G and MMT + N conjugates are
presented. The MMT + H2O reference sample was
tested to determine the effect of the presence of water
in the MMT interlayer on the d001 distance.

Table 1. Results of measurements of d001 values
for powder materials

Powder d001 [Å]
MMT 11.289
MMT + H2O 11.842
MMT + G 15.462
MMT + N 16.476

Zeta potential values were measured for the MMT
+ H2O reference powder, as well as for MMT+G and
MMT + N at 25 °C, and the results are summarized in
Table 2. Intercalation of montmorillonite with drugs
changes its electrical potential from negative to posi-
tive, which also indicates on the effectiveness of the
intercalation process.
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Table 2. Results of Zeta and pH potential
measurements for powders

Powder Zeta potential [mV] pH
MMT –34.4 ± 0.5 8.1
MMT + H2O –35.8 ± 0.7 8.6
MMT + G 12.3 ± 0.3 5.7
MMT + N 11.7 ± 0.3 5.8

3.2. Investigation of nanocomposite
foil materials

Surface wettability

The mean values of the contact angle measured for
nanocomposite films before and after a 6 weeks incu-
bation in distilled water are shown in Table 3. The
contact angle before incubation was measured on both
sides of the obtained films, and the upper and lower
sides of the nanocomposite denote the “free surface”
which does not contact the vessel and the opposite
surface in contact with the vessel in which the foils
were cast. After a 6-week incubation, however, the
upper and lower surfaces could not be recognized as
a result of degradation, and thus only one average was
calculated based on the surface wettability measure-
ments.

Table 3. Results of measurements of the contact angle
of nanocomposite foils

Foil Side/
Surface

Contact
angle θ [°]

Contact angle after
6 weeks of incubation
in distilled water θ [°]

Upper 81.45 ± 3.20PLA/MMT Lower 75.10 ± 3.12 67.33 ± 6.15

Upper 80.96 ± 5.18PLA/MMT + G Lower 68.40 ± 2.97 54.01 ± 4.43

Upper 83.65 ± 5.33PLA/MMT + N Lower 77.40 ± 5.32 64.94 ± 3.01

Surface roughness

The surface roughness was measured as a pa-
rameter that may be of importance in contact with the
bacterial culture due to the complexity of the contact
surface and the resulting antibacterial response. The
following parameters of the nanocomposite surface
roughness were examined: Ra (arithmetic mean of
profile deviation), Rt (maximum height between the
highest and lowest point on the sample) and Rz (height
of the roughness profile by the highest 5 and the low-
est 5 points on the sample). The obtained mean values
and the resultant standard deviation are presented in
Table 4.

Table 4. Roughness of nanocomposite foils

Foil Side/
Surface Ra [μm] Rt [μm] Rz [μm]

Upper 0.96 ± 0.16 7.83 ± 2.14 4.91 ± 0.59PLA/MMT Lower 0.89 ± 0.13 9.25 ± 1.53 0.96 ± 0.16
Upper 3.23 ± 0.48 33.11 ± 8.72 17.94 ± 2.60PLA/MMT

+ G Lower 1.53 ± 0.34 19.55 ± 6.64 10.11 ± 2.08
Upper 2.47 ± 0.64 18.48 ± 4.62 12.02 ± 2.74PLA/MMT

+ N Lower 0.79 ± 0.24 6.35 ± 3.03 3.44 ± 0.77

Mechanical properties

Mechanical performance of nanocomposite foils
was monitored throughout the entire degradation proc-
ess, and the summarized results are shown in Figs. 1–3.
It is clearly visible that the most pronounced changes
occurred in the initial stage of degradation test and are
the most distinct in the PLA/MMT+N material, which
correlates with the highest interlayer space of mont-
morillonite in that material. It may be explained by the
fact that although partial exfoliation of the MMT clay
occurred, which should lead to a better ability to rein-
force the polymer matrix, intercalation took place
after this process, and the interlayer space is partially
occupied by drug molecules, so the polymer chains
cannot penetrate and interlock there. Resulting inter-
faces are week, which leads to a faster deterioration of
mechanical properties during the degradation, which
is noticeable during first four weeks of the test.

Fig. 1. Changes in tensile strength of nanocomposite films
during the degradation test

After this period, dynamics of mentioned deterio-
ration decreases and stabilizes at the level similar to
the plain PLA/MMT nanocomposite foil without the
drug intercalated. Similar trend can be observed for
changes in maximum strain of the foils during the
degradation test and they are again correlated the most
probably with height of interlaminar distance and
available space. It is also visible that, in general, mate-
rials become less deformable and more brittle so the
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resulting strain is lower. It is also well reflected in the
results of the tensile modulus of elasticity, but the
increasing brittleness and lower strain eventually causes
even increase in the stiffness of the materials tested,
so degraded foils even exhibit relative increase in the
values of the elastic modulus at the end of the 6-weeks
degradation test.

Fig. 2. Changes in strain at max load of nanocomposite foils
during degradation test

Fig. 3. Changes in elasticity modulus of nanocomposite foils
during degradation test

Drug release

The release of the drugs was monitored by
measuring both the pH and the electrical conduc-
tivity of the distilled water in which the samples
were immersed, and in Fig. 4 changes in both pa-
rameters for the liquid medium after contact with
nanocomposite films within 6 weeks of incubation
are shown.

It is evident that release increases for two weeks
after which it stabilizes, which indicates a high ion
exchange capacity of MMT clay. An increase in the
pH value indicates the release of a high amount of
ionic substances, and the changes in the ionic conduc-
tivity of water are due to the amount of ions. Changes
in conductivity in solutions of incubated samples were
greatest for PLA/MMT+G.

Antibacterial properties
before and after degradation process

The zones inhibiting the growth of E. coli in
contact with the PLA/MMT + G and PLA/MMT + N
nanocomposite films before a 6-week degradation
process are shown in Fig. 5, and the detailed results
with the exact diameters of the inhibition zones
around the disc samples are summarized in Table 5
(mean values of 6 measurements for each side of the
film). As it was already mentioned, the disk samples
were placed both smooth and rough sides towards
the agar with bacterial culture, so as to obtain infor-
mation on the effect of the nature of the surface on
the amount of antibiotic efficiently released from the
film. The smooth and rough surfaces denote the up-
per and lower sides of the nanocomposite foils, i.e.,
the “free surface” which does not contact the vessel
and the opposite surface in contact with the vessel in
which the foils were cast.

Fig. 4. Changes in pH and conductivity during a 6-week incubation of nanocomposite films in distilled water at 37 °C
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Table 5. Zones of E. coli growth inhibition
around nanocomposite film discs before degradation

Zones of inhibition of E. coli growth [mm]
Material/Film Rough surface

(upper)
Smooth surface

(lower)
PLA/MMT 0 0
PLA/MMT + G 8.0 19.0
PLA/MMT + N 7.6 15.3

The antimicrobial activity tests after 6-week degra-
dation were repeated according to the initial goal of this
study, although it was difficult to cut disc-shaped sam-
ples because nanocomposite films were already par-
tially degraded. Unfortunately, after such a long incu-
bation time it was not possible to distinguish the side
of the smooth (starting) foil from the rough side. The

samples were thus placed in dishes with bacterial colo-
nies in a random manner, but in this case it was only to
capture any symptoms of bactericidal action of nano-
composite materials. Exemplary photos of samples
after antibacterial tests are shown in Fig. 6, in which
some traces of antibacterial activity are noticeable for
both PLA/MMT + G and PLA/MMT + N nanocompo-
site films after a 6-week degradation process.

4. Discussion

The XRD results indicate that mixing MMT with
water does not significantly affect the increase in the
interplanar distance in montmorillonite (Table 1), how-

Fig. 5. Antibacterial activity of the PLA/MMT + G and PLA/MMT + N nanocomposite films
before a 6-week degradation process

Fig. 6. Antibacterial activity of the PLA/MMT+G and PLA/MMT+N nanocomposite films
after a 6 weeks degradation in distilled water



A. RAPACZ-KMITA et al.90

ever, it was confirmed that a single layer of water is
located in the interlayer space of MMT, which resulted
in an increase in the d001 distance by approximately
0.6 Å [17]. In turn, the introduction of an antibiotic,
despite it was neomycin or gentamicin, increases the
d001 values that refer directly to the interlayer dis-
tances in these powders (MMT + G, MMT + N). The
highest d001 value was obtained for montmorillonite
intercalated with neomycin, for which the intercala-
tion changed the d001 value from 11.289 to 16.476 Å.
The increase in d001 values for conjugates with genta-
micin and neomycin, by about 4.2 and 5.2 Å respec-
tively, confirmed that both drugs have been success-
fully intercalated into the interlayer space of MMT.
XRD studies of conjugates also indicated that both
gentamicin and neomycin sulphates are amorphous
substances, which has been confirmed by the lack of
diffraction peaks in the entire measurement range.

The powdered montmorillonite, both in neat and
hydrated form, revealed a negative electrical potential
on the surface of the particles [23]. Intercalation with
both gentamicin and neomycin changed the potential
of conjugates to a positive one, since both drugs are
cationic substances and the change of the potential
resulted from their incorporation into the mineral
structure. This, in turn, proves the effective MMT
intercalation process with these drugs and confirms
the results of XRD research. At the same time, the intro-
duction of antibiotics between the interlayer space
of montmorillonite lowered the pH of the powders
and while the hydrated montmorillonite was alkaline,
the MMT + G and MMT + N conjugates were acidic.
It is also worth noting that both the Zeta potential
and the pH of gentamicin and neomycin were similar
(Table 2).

Nanocomposite films tested for surface hydro-
philicity and wettability showed some difference in
contact with distilled water. Natural regularity resulting
from the preparation method was also found, hence the
upper surface of the nanocomposite film was more
rough and the contact angle was greater than for the
smoother surface on the vessel side (Table 3). Antibi-
otic additives did not significantly affect the change in
wettability, however PLA/MMT + G material had
slightly lower contact angle values compared to the
reference sample, and the contact angle values for
PLA/MMT + N were higher than for the reference
material.

The results of the parameters determining the
roughness of the PLA/MMT + G and PLA/MMT + N
nanocomposite films indicate increased values in re-
lation to the reference sample (Table 4). Even if it is
taken into account that the results are different de-

pending on the tested side of the film, the average
deviation of the arithmetic profile suggests that mate-
rials filled with MMT + G and MMT + N conjugates
were rougher and the highest roughness was noticed
for the PLA/MMT + G foil. The standard deviation of
the Rt and Rz parameters shows that there are spots
with higher or lower roughness in the materials, and
the reasons for this phenomenon can be probably
found in uneven solvent evaporation at the film prepa-
ration stage. Additionally, the increased roughness of
foils with MMT conjugates can be explained by the
increase in the physical dimensions of a single MMT
particle resulting from an increase in the d001 distance.
As a consequence, randomly oriented MMT particles
occupied a larger volume and might have tendency to
be more disoriented thus the surface eventually could
be more rough.

The mechanical tests, which were carried out
throughout the entire degradation experiment, re-
veal that both the ultimate and long-term properties
strongly depended on the type of the filler used. It is
visible that the tensile strength at the beginning of the
experiment is the highest for the unmodified MMT
filler, which may suggest that the neat MMT is capa-
ble to improve the mechanical performance in the
optimal manner [10], and the not-occupied interlayer
space of 11,289 Å is optimal for the compatibility
with the PLA matrix and let the polymer chains to be
efficiently interlocked by the octahedral layers of MMT.
In the foils filled with the intercalated MMT, how-
ever, the interlaminar space is most probably no
longer freely available, therefore, the mentioned in-
terlocking is not so efficient, thus, the lower mechani-
cal strength is visible even for materials tested at the
beginning of degradation experiment. It is, however,
worth mentioning that even though the reinforcement
by intercalated MMT is not optimal, it is still noticea-
bly effective when the tensile strength values are be-
ing compared to the value of the strength of casted
foils made of pure PLA, which is about 20–25 MPa
[20]. The mentioned strength of the casted PLA foils
is pretty low value compared to 60–70 MPa reported
by other authors for similar films obtained from PLA
[12], but it reflects both the formulation of pure PLA
and differences provided by various manufacturing
methods The initial trend continues throughout the
six-week degradation period and it can be concluded
that the efficiency of reinforcement combined with the
height of interlaminar space also determine the inten-
sity of volume degradation in nanocomposites. The
previously presented hydrolytic degradation mecha-
nism [21] clearly shows that degradation in nanocom-
posites is dominated by the diffusion of water through
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interfaces which are affected by microstructure of the
material with nanofillers, and it may be assumed that
the weaker the interfaces are, the more intense diffu-
sion can be expected. In the case of the nanocompo-
sites tested, it was found that the PLA filled with
neomycin intercalated MMT has relatively weak inter-
faces due to the limited ability the polymer chains to
be interlocked within the interlayer spaces of the
MMT filler. Eventually, it can be concluded that the
fastest deterioration of mechanical properties resulting
from the degradation process was observed for
PLA/MMT + N foil with the largest interlayer dis-
tance and weak interfaces but also with the relatively
high surface roughness. The speed of this deteriora-
tion is also significant for PLA/MMT + G foil, with
a bit lower interlayer distance but even higher surface
roughness. However, after the initial period of degra-
dation, the mechanical behavior of both materials with
intercalated fillers appears to stabilize after 4 weeks,
suggesting that diffusion still regulates degradation,
but the weakening of interfaces reaches a comparable
level for both materials, so the driving forces become
probably quite similar.

The pH of distilled water was monitored during
a 6-week degradation test (Fig. 4), and reported trends
are quite similar to results previously reported by
other scientists [2]. It is rather evident that the changes
noticed were influenced not by the hydrolytic degra-
dation of PLA, but by the releasing of ions present in
the interlayer space of MMT. If hydrolytic degrada-
tion of PLA predominated, the pH of media would
decrease since the carboxyl group (−COOH) and hy-
droxyl group (−OH) occurring as degradation prod-
ucts [4] would have an effect on decreasing the pH of
media. In the case of degradation of PLA/MMT nano-
composites, the release of ions from the inner space of
MMT dominates and determines the changes of the
pH, and, therefore, the more alkaline the character of
MMT is, the more alkaline the surrounding liquid
medium becomes (Fig. 4).

The results of antibacterial tests carried out on nano-
composite PLA/MMT films (without drugs) revealed no
antibacterial activity of the materials tested. Regard-
less of the side of the contact of film with the bacterial
culture, a zero zone of inhibition of bacterial growth
around the samples was observed on both the rough
and the smooth side of the foils.

It was worth mentioning that no intrinsic antibacte-
rial properties have been reported for neat PLA/MMT
foils (with no drug intercalation), even if they were
previously reported for this type of material [20]. This
can easily be explained by the lack of ultrasonic mix-
ing, which determined the complete exfoliation occur-

ring in MMT clay, leading to the antibacterial effect
of the resulting nanocomposite.

However, interesting results were observed for na-
nocomposite films in which MMT was intercalated
with gentamicin or neomycin (Fig. 5). Both types of
materials showed antibacterial activity manifested by
the occurrence of zones inhibiting the growth of Gram-
negative bacteria. In this case, there is also a clear ten-
dency for large zones of inhibition to appear around
the film discs, which were placed with the smooth
side towards the bacterial culture. The rough surface
gave an average of half the diameters of the inhibition
zones, as well as – what is characteristic – irregular
zones of an elliptical shape. Therefore, it can be as-
sumed that the appearance of larger zones of inhibi-
tion around the foil samples with the smooth surfaces
was probably the result of a better adhesion of the
smooth side of the film to the agar with the bacterial
culture.

In addition, it is worth noting that the presence of
E. coli growth inhibition zones around the nanocom-
posite films PLA/MMT+G and PLA/MMT+N unam-
biguously indicates that the interaction of both antibi-
otics with the clay carrier during intercalation and also
with the polymer matrix during the manufacturing of
nanocomposites did not adversely affect their bacteri-
cidal effect.

What is equally important from a utilitarian point
of view, PLA/MMT + G and PLA/MMT + N films
were re-tested for antimicrobial activity after 6 weeks
of degradation in distilled water at 37 C to check
whether there is still a biocidal effect from antibiotics
or whether the entire antibiotic was released into the
incubating medium during this period. Figure 6 shows
that even after such a long incubation period, there is
still a biocidal effect and for both types of nanocompo-
site films PLA/MMT + G and PLA/MMT + N a small
area was recorded without bacterial growth in the imme-
diate vicinity of the discs. This effect indicates a residual
zone of inhibition, resulting from the presence of small
amounts of antibiotic diffusing into the agar, however,
these results indicate that after such a long incuba-
tion/degradation period, antibacterial effects of this
type of nanocomposite materials can be expected.

5. Conclusions

It may be finally concluded that the PLA/MMT
nanocomposite films tested can be successfully inter-
calated both with gentamicin and neomycin, obtaining
very good antibacterial properties, thus their use in
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biomedical applications can be significantly extended.
In addition, drug-intercalated nanocomposite films
tend to degrade faster due to weakened interfaces and
limited interlocking between clay particles and the
polylactide matrix. This may have a significant practi-
cal effect, especially in applications where controlled
degradation time is crucial.
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