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This work deals with the preparation and characterization of antimicrobial polymeric composite materials based
on polylactide, which is currently widely investigated to produce temporary implants. Polylactide was blended
with antimicrobial fillers: silver, hexadecylpyridinium or hexadecyltrimethylammonium bromides anchored on
vermiculite or graphene oxide matrices in an amount of 1% wt. The prepared samples were characterized by

Silver . . . . . . is

HDTMA conventional methods, further they were exposed to degradation tests in physiological saline conditions and
HDP characterized for their antimicrobial properties using common pathogen microorganisms. It has been proven that
Stents the prepared polylactide composites change their antimicrobial effects after being in physiological saline of pH 7

and 9 for 0-6 months. The weight of the composites changed by about 10%, and antimicrobial properties were
growing over time. The effectiveness of the composites was confirmed for 6 months at minimum. Therefore, they
are suitable for the preparation of temporary stents, catheters or implants suitable for fracture fixation.

1. Introduction

Polylactide (PLA) is a biobased hydrophobic polymer made from
renewable resources and one of the most stable biodegradable polymeric
materials currently used for many applications due to its unique prop-
erties such as excellent biocompatibility, thermoplastic processability
and environmental friendliness. Its properties are comparable to
petroleum-based polymers, especially in high strength. It can be an
alternative to synthetic and non-degradable materials for some appli-
cations, reducing reliance on petroleum-based polymers [1-4].

Because PLA is biocompatible with human tissue, it is suitable for the
manufacture of implants, sutures, stents, patches, drug delivery systems,
scaffolds for tissue growth, and other medical products [1,2]. It can be
easily modified using fillers for preparation of (nano)composites that
acquire new physical, mechanical or antimicrobial properties depending

on the type of filler used [3,5]. Since PLA is (bio)degradable, the fillers
can be released into the environment when they decompose, which can
be an advantage for medical use, as it can help relieve pain or treat
health problems right at the site of application [3,4,6].

As previously mentioned, PLA can be used to produce medical stents.
The stents are widely used to restore patency in almost all tubular organs
in the human body, such as blood vessels, oesophagus, duodenum,
gallbladder, pancreas, urethral or prostatic tracts. Various diseases can
cause narrowing or clogging of these tubular organs preventing proper
flow of blood and other body fluids. This is serious and very painful
complication. An endoscopically inserted stent can restore the passage
of the tubular organ and solve the problem. In addition, the stent can
have a drug incorporated that is gradually released at the site of the stent
insertion site, so the treatment itself can take place here [3,7-10].

Stents can be made of three types of materials: (i) metals, (ii)
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permanent polymeric materials and iii) biodegradable polymeric ma-
terials. The advantage of biodegradable polymer stents compared to
permanent polymer or metals stents is that they do not have to be sur-
gically removed from the patient’s body after treatment as they gradu-
ally break down into low-molecular weight substances that are further
metabolized [11-14].

A major complication when using a stent in the human body is the
formation of a microbial biofilm on its walls, which is made up of the
residues of body fluids and microorganisms found in the human body.
Bacteria and yeasts that form a biofilm, e.g. Escherichia coli, Staphylo-
coccus aureus, Pseudomonas aeruginosa, Streptococcus salivarius and
Candida albicans, can cause serious infection that can lead to the pa-
tient’s death [15,16]. E. coli is a gram-negative bacterium commonly
found in the large and small intestine. If it occurs in other parts of the
body, it can cause infectious diseases. S. aureus is a gram-positive bac-
terium living on human skin and mucous membranes. S. salivarius is a
gram-positive bacterium that is part of the human microflora of the skin
and mucous membranes [17]. P. aeruginosa is gram-negative bacteria
that causes infections in hospitalized patients (e.g., pneumonia, sepsis,
urinary tract infections). The pathogenic yeast C. albicans is present on
the skin and mucous membranes and causes candidiasis, endocarditis,
bloodstream infections [18].

To prevent microbial attack and consequent biofilm growth, the
polymeric composites containing antimicrobial fillers can be used for
stents production [3,5,19]. Many substances with confirmed antimi-
crobial effects, among them carbon nanomaterials, metal nanoparticles,
their oxides or ionic forms, such as silver, copper, iron oxides, ZnO, TiOa,
CaO, quaternary ammonium salts and other organic cations, chitosan,
essential oils, can be applied as fillers [20-35]. A number of research
works have focused on studying PLA with antimicrobial properties
through surface modification or composite preparation using an anti-
microbial agent or a combination of them. Fillers were used in different
amounts for different polymers and the resulting composites were tested
on different microbial tests [23,36,37].

In the case of anchoring the filler only on the surface of the materials,
the antimicrobial effect may be only short-term, as the fillers may leak
into the environment. If the filler is embedded in the matrix, it may be
inaccessible to microorganisms and the antimicrobial effect may not be
manifested. In this case, the degradability of PLA can be a very advan-
tageous property bringing the long-term inhibitory effect of PLA com-
posites. PLA itself degrades after a few months under the action of
moisture or biological agents, mainly by hydrolysis of esters bonds to
form water-soluble oligomers and monomers or even CO2 and water
[38-40]. It can be degraded by a number of different mechanisms
including hydrolytic, oxidative, thermal, microbial, enzymatic or pho-
todegradative and chemical processes. Hydrolysis of PLA has been
described in a number of research works explaining that the rate of
degradation depends on PLA isomer composition, degree of crystallinity,
molecular weight, hydrolysis temperature, pH, oxygen, shape and size of
materials, and others. It is also well known that hydrolysis occurs more
readily in the amorphous regions of PLA [41]. Two opposing mecha-
nisms can take place during hydrolysis: heterogeneous or surface re-
actions and homogeneous or bulk erosion [39,41]. During a surface
erosion, only the surface of the polymer undergoes degradation and
erosion, leaving the bulk intact. In contrast, if bulk degradation occurs,
the rate of degradation is essentially the same at every point in the
matrix [42]. The acidity or alkalinity of the medium is an important
parameter affecting the hydrolysis of PLA, since H or OH™ ions catalyze
the cleavage of ester groups [43]. It is well known that fillers can modify
the degradation properties of PLA, e.g. as clay minerals accelerate hy-
drolytic degradation by improving the hydrophilicity of the material
[11.

The aim of this study is the development of composite materials
based on polylactide, which could be suitable for biomedical applica-
tions, especially for production of stents used in the bile ducts. The
polylactide was enriched with fillers based on graphene oxide and

Polymer Testing 116 (2022) 107760

vermiculite, which were modified with antimicrobial substances such as
silver, hexadecylpyridinium or hexadecyltrimethylamonium cations.
Graphene oxide and vermiculite served as a carrier without any anti-
microbial effect, since the use of antimicrobial components without a
carrier would impair the mechanical properties of the polymer matrix.
The prepared composites were immersed in buffer solutions of pH 7 (to
simulate the environment in most tubular organs of the human body)
and 9 (to simulate the environment in the bile ducts) for six months, and
their antimicrobial effects on selected microorganisms, bacteria and
yeast, were gradually tested. It was based on the hypothesis that when
storing composites at the above-named pHs, there will be a gradual
degradation of these composites and the associated gradual release of
antimicrobial fillers into the environment. As a result, there will be a
long-term inhibition of bacteria that could participate in the formation
of biofilm on the surface of the stents.

2. Materials and methods
2.1. Materials

Poly(lactic acid) (PLA), IngeoTM 4032D, was supplied by RESINEX
Czech Republic s.r.o. The material has a density of 1.24 g/cm®, glass
transition temperature (Tg) of 59 °C and melting point of 160 °C. The
molecular weight (Mw) of the PLA is 182,000 g/mol as was determined
by gel permeation chromatography.

Graphene oxide (GO) was prepared by a modified Hummers’ method
using concentrated HySO4, KMnOy, graphite flakes, and concentrated
H,0, according to the literature [25]. All compounds needed for its
preparation were supplied by Sigma-Aldrich, Co. For clay fillers,
vermiculite (VMT) Palabora from Southern Africa (GRENA a.s.) with a
cation exchange CEC value of 89 cmol”/kg was used. Vermiculite was
modified to sodium form using NaCl (Sigma-Aldrich, Co.) for better
cation exchange. The sodium form of vermiculite was denoted as
Na-VMT. Fillers were modified using AgNO3 (>99%), hexadecylpyr-
idinium cations (HDP), hexadecyltrimethylamonium cations (HDTMA)
[26-28]. All compounds were supplied by Sigma-Aldrich, Co.

2.2. Microbial strains

Bacterial gram-negative (G-) strains Escherichia coli (CCM 3988) and
Pseudomonas aeruginosa (CCM 1960), gram-positive (G+) strains Staph-
ylococcus aureus (CCM 4223), Streptococcus salivarius (CCM 4046), and
yeast strain Candida albicans (CCM 8186) were obtained from the Czech
Collection of Microorganisms (CCM, Brno, Czech Republic). The mi-
crobial strains represent a group of potential pathogens causing urinary
tract diseases, endocarditis, nosocomial infections and skin diseases
[44]. Bacteria were cultivated 24 h at 37 °C on the Nutrient agar plates
(HiMedia, India). Yeast was cultivated 48 h at 28 °C on the plates with
the Glucose Peptone Yeast extract (GPY) agar (glucose 40 g L™}, peptone
5g L7}, yeast extract 5 g L}, agar 15 g L™, HiMedia, India).

2.3. Preparation of antimicrobial fillers

Four antimicrobial fillers were prepared. The first graphene oxide
filler with Ag was prepared as follows: 0.1 g of GO was mixed with 1 g of
AgNO3 (> 99%) in a volume of 100 mL of demineralized water. GO was
dispersed together with AgNOs (the concentration of AgNO3 was 0.059
mol L™!) in demineralized water using a shaker for 24 h. The entire
mixture was then allowed to stand until a deposit formed at the bottom
of the beaker. The upper layer of demineralized water was poured off,
pure demineralized water was added, the mixture was shaken briefly,
and a precipitate was allowed to form again. The mixture was then
washed several times and dried at 60 °C to a powder. A second filler
based on silver modified vermiculite was prepared as follows: 8.4 g of
AgNOj3 and 50 mL of demineralized water were used to prepare a 1 mol
Lt AgNOj solution, which was then mixed with 5 g of Na-VMT at 80 °C
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for 3 h. The mixture was then washed several times with demineralized
water and dried to the powder. The third and fourth fillers were Na-VMT
modified with HDP and HDTMA cations, which were prepared accord-
ing to previous studies [25-28]. The prepared fillers were denoted as
GO + Ag, VMT + Ag, VMT + HDP, and VMT + HDTMA.

2.4. Preparation of antimicrobial polymer composites

Pure polylactide and polylactide composite films were prepared as
follows: 1) PLA pellets were introduced into a polymer extruder
(Thermo Scientific™ HAAKE™ MiniLab 3 Micro Compounder) at 160
°C, 100 rpm and for 5 min. After this process, the extruded PLA was
pressed at 200 °C for 5 min. This polylactide film was indicated as PLA.
2) PLA composite films were prepared in the same manner as neat PLA;
however, 1 wt% of filler was added to the extruder. The filler content
was chosen based on our experiments showing the lowest filler content
that has an effective antimicrobial effect. PLA composites films were
denoted as PLA + GO + Ag, PLA + VMT + Ag, PLA + VMT + HDP, PLA
+ VMT + HDTMA (see Table 1).

2.5. Methods of characterization

Determination of the PLA average number molecular weight (MW)
by gel permeation chromatography (GPC) was performed using an
Agilent GPC PL-GPC 220 instrument under the following conditions:
columns used: PL gel MIXED-A (300 x 7.8 mm, 20 pm) + MIXED-B (300
x 7.8 mm, 10 pm) + MIXED-D (300 x 7.8 mm, 5 pm), mobile phase:
tetrahydrofuran (stabilized - BHT), temperature: 40 °C, injection vol-
ume: 100 pL, flow rate: 1 mL/min, detectors: RI detector, viscometric
detector, measured data were processed using Cirrus Software. The
determination of the Ag content in the fillers by inductively coupled
plasma atomic emission spectrometry (ICP-AES) was performed on a
SpectroCiros Vision instrument. Determination of organic carbon con-
tent in modified vermiculites was performed using a LECO RC612 phase
carbon analyzer with an infrared detector; a temperature program in the
range of 100-1100 °C with an increase of 0.9 °C/s was used in the
analysis. A 10 mg sample was burned in a stream of oxygen, the resulting
products were determined in the detector as CO,. Fourier transform
infrared spectroscopy (FTIR) for the characterization of fillers was per-
formed using a Nicolet iS50 FTIR spectrometer (ThermoScientific, USA)
with a diamond crystal, in the range of 4000-400 cm ™}, by the attenu-
ated total reflection (ATR) method at a spectral resolution of 0.4 em
The Raman spectrum of graphene oxide was measured using a DXR
Raman Microscope Dispersion Raman Microscope (Thermoscientific,
USA) at a wavelength of 532 nm. Diffraction (XRD) recordings were
taken on a RIGAKU Miniflex600 X-ray diffractometer (Cu-lamp, lamp
wavelength A = 0.15406 nm, scintillation detector, NiK; filter, Bragg-
Brentan arrangement). The samples were placed in a standard holder,
measurement conditions: 40 kV, 15 mA, measurement range 2-70°
2theta and 1-70° 2theta for organically modified vermiculites,

Table 1
Prepared PLA composites and filler explanation.

Filler content in PLA
(antimicrobial agent
content in the filler)

Sample Filler
identification

PLA No filler 0 wt% (0 wt%)

PLA + GO + Ag anchored on graphene oxide 1 wt% (61 wt%)
Ag

PLA + VMT + Ag anchored on vermiculite 1 wt% (9 wt%)
Ag

PLA + VMT + Vermiculite modified by 1 wt% (20 wt%)*

HDP hexadecylpyridinium cations
PLA + VMT + Vermiculite modified by
HDTMA hexadecyltrimethylammonium
cations

1 wt% (24 wt%)”

2 Expressed as organic carbon content in the filler.
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measurement rate 2.4°/min. Thermogravimetric analysis (TGA) of the
polymer and polymer composites was performed to determine their
thermo-stability. The measurements were performed on a SETSYS Evo-
lution (Setaram Instrumentation). Samples (~10 mg) were heated in the
temperature range 20-1000 °C with a heating rate of 10 °C/min in
crucibles made of a-Al;03 in a dynamic atmosphere of argon with a flow
rate of 100 cm®/min. Analysis of polymers and polymer composites by
differential scanning calorimetry (DSC) was performed on a Setaram
Instrumentation DSC131 EVO differential scanning calorimeter equip-
ment, measuring in the temperature range 0-200 °C with a programmed
temperature increase of 5 °C/min. Analysis by optical microscopy was
performed on a VHX-2000 Light Digital Microscope (Keyence Corpora-
tion, Japan). To determine the detailed analysis of particles, a scanning
electron microscope (SEM) JEOL JSM-7610F Plus (JEOL, Japan) with an
auto emission source was used. The samples were monitored at an
accelerating voltage of 15 keV using secondary electron detection.
Samples were analyzed by energy dispersive X-ray spectroscopy: EDX
ULTIM MAX 65 mm?, Oxford Instruments. All graphs were processed in
the program Origin 2019b (64-bit), 9.6.5.169 (Academic).

2.5.1. Antimicrobial tests

Antimicrobial effects of the fillers were performed by the broth
microdilution method and disk diffusion method [45,46]. The micro-
dilution method was used for the determining of minimum inhibition
concentrations (MIC) of the tested fillers. Bacterial strains were inocu-
lated into 10 mL of Mueller-Hinton Broth (MHB, HiMedia, India) and
cultivated overnight at 37 °C. Yeast strain was inoculated into 10 mL of
extract GPY and cultivated overnight at 28 °C. Overnight microbial
strains were diluted with a sterile 0.15 mol/L saline solution to the
density of a 0.5 McFarland (McF) unit (Densilameter, ErbalLachema,
Czech Republic). The samples were tested in a concentration range of
0.1-500 pg/mL. A sample volume of 20 pL, 160 pL of MHB or GPY and
20 pL of microorganism suspension (0.5 McF) were added to each wells
of 96-well microtiter plate (Anicrin S.r.l., Italy). The microtiter plates
were incubated at 37 °C (bacterial strains) or 28 °C (yeast strain) at
shaking 120 rpm (ELMI orbital shaker DOC-20l, Latvia) for 24 h. After
this incubation, the bacteria were transferred using the inoculate
hedgehog (ErbaLachema, Czech Republic) to new microtiter plates with
200 pL of MHB or GPY per well and were incubated 24 h at 37 °C or 28
°C. The presence of turbidity was detected spectrophotometrically
(Epoch microplate spectrophotometer, BioTek, USA) at a wavelength of
620 nm. The MIC was recorded as the lowest concentration of the
sample that inhibits growth of microorganism.

Antimicrobial activities of the fillers were also evaluated by the disk
diffusion method [47]. Mueller-Hinton Agar plates (MHA, HiMedia,
India) for bacteria and GPY agar plates for yeast were inoculated with
the 0.5 McF microbial suspension. Four sterile discs of filter paper (6 x 6
mm) were applied to the surface of the inoculated agar plate within 15
min of inoculation. The sample was applied to the four discs in the
concentration 37, 74, 111 and 148 pg/disc. The MHA and GPY agar
plates with the discs were incubated 24 h at 37 °C or 28 °C. After the
incubation, the inhibition zone diameters were measured.

2.5.2. Dynamic antimicrobial tests at different pHs

The antimicrobial effectiveness of PLA composites immersed in
physiological pHs during different time periods was evaluated by disc
diffusion using: 6 x 6 mm disks. pH 9 was selected according to the pH
value occurring in the gallbladder and bile duct, while pH 7 was used as
a control neutral value. After the required time (0, 1, 2, 3 and 6 months),
some discs were removed from saline, dried at 37 °C and subjected to
antimicrobial testing and microscopic characterization.

2.5.3. Statistical analysis

Each experiment was done in, at least, five replicates. One Way
Analysis Data was represented as mean SD. One-Way ANOVA was used
to evaluate any significant difference between the MIC values of the
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composites containing the test reagents and their respective controls.
Differences in the antimicrobial activity of immersed PLA composites at
pH 7 and pH 9 and results depending on time were also evaluated [48].
p < 0.05 was considered as statistically significant. All statistical ana-
lyses were executed using the program R (R Core Team, 2016; version
3.4.0).

3. Results and discussion

The discussion of the achieved results is divided into two parts: 1)
characterization of fillers and 2) characterization of composites.

3.1. Characterizations of fillers

ICP-AES, XRD and SEM methods were used for characterization of
Ag-bearing fillers, and total carbon content (TOC), FTIR, XRD and SEM
measurements were used to characterize the organically modified
vermiculites.

The Ag content in the GO + Ag and VMT + Ag fillers was determined
using ICP-AES, where 61.0 + 6.1 wt% and 9.0 + 0.9 wt% of Ag was
determined, respectively. The difference in the Ag content corresponds
to the different methods of fillers preparation, when then amount of Ag™*
(see Part 1.3.) was used in the ratio Ag*/GO 6.35 and Ag'/VMT 1.07,
respectively. However, measuring the total amount of Ag does not
provide any information to distinguish between ionic or molecular sil-
ver; for this reason, XRD analysis was performed. The analysis shows
(shown below) the diffraction pattern of the prepared GO + Ag, in the 26
range from 5 to 70°. Diffraction peaks at 260 39.1°, 43.4° and 64.8° were
observed in the pattern, which can be attributed to Ag nanoparticles.
According to earlier studies, the sharp crystalline peaks correspond to
(111), (200), and (220) reflection planes of crystalline Ag NPs with a
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face-centered cubic structure [49]. It has also been demonstrated that
GO alone can transform AgNO3 and act as a substrate for the formation
of Ag nanoparticles to obtain GO + Ag nanocomposites [50]. The
remaining peaks indicate the predominant presence of Ag" ions in
AgNOs3 and trace amounts of Ag;0. The peak characteristic for GO at
12.8° disappeared probably because the regular stack of GO was
destroyed by the intercalation of Ag particles in the GO + Ag composite
or it is shaded by the high amount of AgNO3 deposited on the surface of
GO.

The diffraction pattern of VMT + Ag was measured in the same range
as before. Diffraction peaks characteristic of the Na form of vermiculite
were observed at 207.8° (d=11.4 [D\) and at 19.5° (d = 4.5 ;\). The peaks
at 38.2°, 44.6° and 60.1° were characteristic of the presence of Ag
nanoparticles. It follows that while GO carries an unspecified mixture of
Ag particles, Ag" ions and Ag,0, VMT + Ag, prepared without any other
reagents, mainly contains Ag nanoparticles.

The morphology surface visualization was done using scanning
electron microscopy with energy dispersive X-ray spectroscopy (EDX).
In the case of the GO + Ag, inconsistently distributed particles of various
irregular shapes and sizes are evident (Fig. 1a). Chemical composition
analysis using EDX analysis (see Table S1) determined the presence of
silver (43 wt%) on the surface of the composite filler as well as the
presence of nitrogen corresponding to nitrate. To determine the Ag
coverage, mapping of the GO + Ag surface was performed (Fig. 1b). The
surface of the composite was found to be covered with a relatively
continuous but uneven layer of Ag (green color). The presence of ni-
trogen (yellow/orange color) is slightly obvious. The findings from the
XRD analysis were thus confirmed, the GO + Ag filler contains Ag in the
form of Ag" (AgNO3), Ag20 and Ag nanoparticles.

The SEM visualization of the VMT + Ag filler (see Table S2) also
showed clay particles with different shapes and sizes (Fig. 1c). Likewise,

Fig. 1. Surface mapping for the presence of Ag (green) by SEM/EDX method, a) and b) GO + Ag, ¢) and d) VMT + Ag, a) and c) in scale of 10 pm. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the presence of Ag was confirmed by EDX analysis (4.3 wt %), while
nitrogen was not identified. Thus, it is assumed that the VMT + Ag filler
is covered mainly by Ag nanoparticles, as confirmed by mapping
(Fig. 1d). EDX analysis was also performed for VMT + HDP (see
Table S3) and VMT + HDTMA (see Table S4) samples.

The TOC analysis shows the carbon content in fully inorganic
vermiculite after organic modification, confirming successful modifica-
tion. The VTM + HDP and VMT + HDTMA analyses showed that the
carbon content increased by 20 wt% (about 90% of the original inor-
ganic cations in the vermiculite interlayer were exchanged) and by 24
wt% (120% of the inorganic cations were exchanged), respectively [26,
271.

FTIR and XRD analysis are among the other tools enabling the
confirmation of the presence of organic functional groups in organically
modified vermiculites [26-28]. The FTIR spectra of both fillers are
displayed in Fig. S1. Briefly, the identified absorption bands confirmed
the presence of HDP or HDTMA cations in the vermiculite structure.
First, intense bands in the region of 2916 and 2851 cm™ !, which are
characteristic for valence asymmetric and symmetric vibrations of C-H
bonds in the -CH> group. Furthermore, the spectrum shows a small band
in the region of 2052 cm ™!, which corresponds to the valence C-H vi-
brations of the -CH3 group. More information about FTIR analyses is
presented in Supplement.

Fig. 2 shows the XRD patterns of all modified fillers. The XRD pat-
terns of GO + Ag and modified VMT was described above. The XRD
patterns of neat GO, raw VMT and Na-VMT are given in the supplement,
Fig. S2. The XRD pattern of the prepared VMT + HDP was measured in
the 26 range from 1° to 70°. Confirming the successful intercalation of
HDP into the vermiculite structure is the diffraction peak at 1.8° cor-
responding to the interlayer distance d = 50.3 A (5.3 nm) (see inset in
Fig. 2). This significant increase in the interlayer distance compared to
the original layered distance of 12.2 A is caused by the intercalation of
HDP into the vermiculite structure [26]. The diffraction peaks observed
at7.3° and 8.9°,d = 10.0 A (1.0 nm) indicate an uneven intercalation of
HDP into the vermiculite structure. The diffraction pattern of the VMT
+ HDTMA filler also shows a diffraction peak at 1.9° corresponding to an
interlayer distance of d = 47.1 A (4.7 nm) [27] confirming that the
HDTMA cations are intercalated into the vermiculite interlayer. Other
diffraction peaks were observed at 3.6° with d = 24.8 A (2.5 nm) and
7.0°, d = 12.7 A (1.3 nm) indicating domains with lower HDTMA

o— d=5.3nm

Intensity (a.u.)

-

e

Intensity (a.u.)

VMT+HDTMA

0 20 3 40 50 60 70
20(°)

Fig. 2. XRD patterns of modified fillers.
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intercalation. The SEM/EDX analysis confirmed the composition of
organically modified vermiculites by enumeration of elements.

3.2. Antimicrobial properties of fillers

The antimicrobial effect of the fillers was evaluated by two inde-
pendent methods including MIC determination in the liquid medium
and disk diffusion method [45,46]. The pure fillers of GO and VMT were
used as a negative control, for which no antimicrobial effect was found.
The MIC results of GO + Ag and VMT + Ag were compared with MIC of
AgNOg3. Table 2 summarizes the MIC values obtained for each sample
against the tested microorganisms. It is clearly observed that G-strains
are more sensitive to Ag+ ions than G+ strains [51-53]. The MIC values
of GO + Ag for E. coli and P. aeruginosa were only slightly higher than for
AgNOs, i.e., the antibacterial effect was reduced relatively little (p >
0.05). However, the MIC for S. aureus and S. salivarius bacterial strains
and the yeast C. albicans are almost identical to those for AgNOs3 (p >
0.05). These results indicate that the antimicrobial activity of silver re-
mains sufficiently preserved after binding to GO.

The VMT + Ag filler showed a lower antimicrobial effect for G- (5 x )
and G+ (almost 2 x ) bacteria than GO + Ag (p < 0.05). This difference
can be explained by the much lower content of silver in VMT + Ag than
in GO + Ag, as was determined by ICP-AES method, but also by the
differences in the structure of both composites. While in GO + Ag, the
silver is attached mainly to the surface of GO, in VMT + Ag it can be also
intercalated between the layers. The antibacterial substances HDP and
HDTMA have a stronger antimicrobial effect against G+ bacteria (MIC
= 0.5 pg/mL) than against G- E. coli (MIC = 1.5 pg/mL). These differ-
ences are probably due to the binding mechanism of these substances to
the structurally different surface membranes of G+ and G-bacteria [51,
52,54,55]. In the case of P. aeruginosa, the high MIC values obtained
indicate that this strain is almost resistant to them (MIC >50 pg/mL, p
< 0.05) [56]. C. albicans yeast had MIC = 1.0 pg/mL for both sub-
stances. The work of Araujo et al. [57] reported a value 0.75 pg/mL for
HDP against yeast, which is a similar value as here. After binding of the
HDP and HDTMA to VMT, the sensitivity to the evaluated substances
decreased for all bacterial strains and yeasts about 10 times (p < 0.05).

The susceptibility of bacteria and yeast to fillers was then evaluated
by disk diffusion method by measuring the size of the inhibition zones
(Figs. 3 and 4). Samples were applied to the discs in a concentration
range of 37,74, 111, 148 pg/disc (see Table S5). The results of GO + Ag
and VMT + Ag show a significant inhibitory effect for all bacterial
strains, with a slight concentration dependence (see Fig. 3). Similar re-
sults of the antibacterial effect of GO + Ag against E. coli and S. aureus
were reported by Liu et al. [58]. The weakest inhibitory effect was found
against the yeast C. albicans. These results fully correspond to the MIC
results (see Table 2).

Evaluation of VMT + HDP and VMT + HDTMA fillers confirmed
higher activity against G+ than G-bacteria, in both procedures. The
inhibition zones of S. aureus and S. salivarius increased with the sample
concentration. The antibacterial effect of VMT + HDP against E. coli was
manifested only from concentrations higher than 111 pg/disc, while in
the case VMT + HDTMA was from the concentration higher than 74 pg/
disc. These results are consistent with the MIC results, where
P. aeruginosa was almost resistant, the MIC value of E. coli was higher
(3x) than that of the G+ bacteria, and C. albicans was also inhibited,
although it was more resistant to GO + Ag and VMT + Ag.

The evaluation of activity showed that fillers are a suitable material
for providing antimicrobial effects. After binding, the antimicrobial ef-
fect of Ag, HDP and HDTMA remains at an acceptable level, which is a
necessary prerequisite for their further use.

3.3. Polymeric composites

The neat PLA was mixed with the prepared antimicrobial fillers GO
+ Ag, VMT + Ag, VMT + HDP and VMT + HDTMA. The content of each
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Table 2
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MIC values of GO + Ag, VMT + Ag, VMT + HDP, VMT + HDTMA, HDP, HDTMA and AgNO3 samples.

Strain MIC (pg/mL)
GO + Ag VMT + Ag AgNO3 VMT + HDP VMT + HDTMA HDP HDTMA
E. coli 15 75 10 15 15 1.5 1.5
P. aeruginosa 15 75 10 >500 >500 >50 >50
S. aureus 160 300 160 5 5 0.5 0.5
S. salivarius 160 300 160 5 5 0.5 0.5
C. albicans 160 300 160 10 10 1 1
GO+Ag VMT+Ag
40.0 40.0

7 335.0 T 35.0 4

£ 30,0 4 £ 30,0 4
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Fig. 3. Average inhibition zones (mm) of modified fillers.

Fig. 4. Antibacterial activities of GO + Ag (left) and VMT + Ag (right) samples against strains E. coli (A), P. aeruginosa (B), S. aureus (C), S. salivarius (D). Numbers
1-4 indicate the tested concentration of the samples: n° 1 = 37 pg/disc; n° 2 = 74 pg/disc; n° 3 = 111 pg/disk; n° 4 = 148 pg/disc.

filler in the composite was 1 wt%, see Table 1. These polymer com-
posites were further characterized by XRD, DSC and TGA to describe
their structural and thermal properties. The thus prepared and charac-
terized composites were immersed in physiological solutions of pH 7 or
9 at a temperature of 37 °C for a specified period of 1, 2, 3 and 6 months.
Changes in their structure and morphology were monitored using SEM

and optical microscopy, and antimicrobial tests were also performed.
The main objective of this study was to observe how the antibacterial
properties of the composites change over time with respect to the
integrity of the composite.

The XRD patterns of the neat PLA and PLA composites are shown in
Fig. 5. It can be seen that they are characterized by a broad halo (i.e. 20
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Fig. 5. XRD profiles of PLA and its composites with modified fillers.

range of between 10° and 26°) and some small diffraction peaks. The
small diffraction peaks at 20 = 9.5° and 28.7° are attributed to a-poly-
morph of the PLA. The PLA composites with silver-fillers exhibit re-
flections at around 38° (111), and 44° (200), corresponding to the
presence of silver nanoparticles. In the case of organo-vermiculite fillers,
the apparition of reflections at 7.3°, 8.8° and around 26.2°, corre-
sponding to modified clay minerals, is also appreciated. These patterns
pointed out the existence of a low degree of crystallinity. The neat PLA
and PLA composites were therefore more amorphous materials with
increased degradation capability suitable for the intended testing of
long-term antimicrobial activity [1].

Thermal properties of the neat PLA and the PLA composites were
determined using DSC and TGA measurements to see the influence of
fillers in the PLA matrix. The values of glass transition temperature (Ty),
the cold crystallization temperature (T.) and the melting temperature
(Tm) along with the enthalpy of each process are determined by DSC and
are collected in Table 3 and displayed in Fig. 6. The degree of crystal-
linity (X.) was also included and is calculated by subtracting the
enthalpy of crystallization (AHc.) from the melting enthalpy (AHy,) and
dividing it by the enthalpy fusion corresponding to a single PLA crystal
(AHf = 93.6 J/g) [59].

The physical aging of the materials is easily distinguished, the T of
PLA is determined around 59 °C. Furthermore, in the composites, the
incorporation of silver-fillers slightly increases Tg; being the highest the
PLA + GO + Ag composite. This is due to the higher amount of silver

Table 3
DSC results of the neat PLA and its composites.

Sample T, Tee AHc. T, AHp, X,

m C
(°gC) Q) (%/°C) Q) (%/°C) (%)
PLA 59.0 101.0  29.0 152.0  30.0 1.1
PLA + GO +Ag  59.5 109.5 305 153.0 345 3.2
PLA + VMT + 59.5 109.5  29.0 1520 32,0 3.2
Ag
PLA + VMT + 58.5 100.0 455 153.0 515 6.4
HDTMA
PLA + VMT + 59.0 101.5 310 1535 345 3.7
HDP
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Fig. 6. DSC curves of PLA and its composites.

particles in GO in comparison to those incorporated in vermiculites.
However, this temperature increment is practically tenuous when HDP
is introduced into the structure; that is, the Ty of PLA + VMT + HDP is
similar to neat PLA. The opposite case occurs when vermiculite with
HDTMA is incorporated due to the higher flexibility of HDTMA
compared to HDP as well as the higher percentage of cation exchange
produced in the vermiculite. The silver-filler effect is also observed for
Tec, where a shift to higher temperatures was identified compared to the
neat PLA or PLA containing organically modified vermiculites. In the
melting process, two peaks were visible in all cases, including the neat
PLA. These are attributed to the occurrence of several crystalline poly-
morphs, - and o’-form [60,61]. The first one corresponds to the melting
of small and imperfect crystallites in the amorphous part of PLA matrix,
which melt first and evolve to higher perfection structure in a-phase
[62]. The incorporation of silver-filler provokes an increase of less
perfect lattices with respect to the a-form, but higher crystallinity and
also crystal perfection with a higher Tp. The organically modified
vermiculite fillers act as nucleating agent increasing crystallinity and the
a-form formation with a slightly increase in melting temperature.
Despite this, the crystallinity is very low in all systems as observed in the
XRD patterns.

A thermogravimetric analysis was performed to determine the
thermal stability of the composites. The initial thermal degradation (T})
was taken as 5% mass loss and the temperature at the maximum weight
loss (Tmax) Was determined using the corresponding derivative curves
(DTG). The resulting data are collected in Table 4.

The thermal degradation under argon atmosphere in the case of the
neat PLA took place in one step, with a maximum at 366.0 °C (see
Fig. 7). In the case of composites, the behavior is quite similar except for
PLA + VMT + HDTMA, which presents a lower temperature possibly
due to the presence of long-chain organics in the filler, being, also, in
higher amount compared to PLA + VMT + HDP, and which have lower
thermal stability [26].

Table 4
TGA values for the neat PLA and PLA composites.

Samples Ti (°C) Tmax (°C) -dW/dT (wt%/°C)
PLA 331 366.0 34.0
PLA 4+ GO + Ag 331 364.5 30.5
PLA + VMT + Ag 333 366.0 33.0
PLA + VMT + HDTMA 322 366.0 31.5
PLA + VMT + HDP 333 365.5 31.0

Standard errors (+): 1 °C for temperatures, 1% in AH,, and 5% for X..

Standard errors (+): 1 °C for temperatures and 1% for weight.
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Fig. 7. TGA and DTG curves of PLA and its composites.
3.4. Antimicrobial tests after immersion in physiological pHs

The qualitative analysis of the sample physical integrity and erosion
processes that took place during immersion at different pH and at 37 °C
was monitored using scanning electron microscopy and optical micro-
scopy. Figs. 8 and 9 show SEM and optical microscopy of the PLA and
composites at different times and pHs. The neat PLA was initially
transparent, after immersion in saline buffers the polymer acquired a
milky color and its physical and mechanical stability visibly deterio-
rated. This was taken as an apparent evidence of the degradation
changes that had occurred, since the deterioration of the physical and
mechanical properties of PLA (in that case, brittleness) is precisely due
to hydrolytic degradation. It is well known, that hydrolysis of the
amorphous regions of PLA occurs more easily due to the less organized
structure than the crystalline ones and thus leads to an increase in the
crystallinity of the hydrolyzed polymer and a decrease in the quality of
mechanical and physical properties [1,41]. Here, it was found that while
the samples that were immersed for 1-2 months retained their integrity,
after three months of immersion at different pHs, they showed a much
higher brittleness leading to a tendency to disintegrate after 6 months of
immersion in the solutions.

SEM analysis and optical microscopy were performed to monitor
morphological changes on the polymer surface (Fig. 8). Surface changes
were more noticeable in optical microscope images. A slight disruption
of the structure was confirmed at 3 months but was more visible at 6
months. The effect of pH 9 on this deterioration was more accused.
Weighing on five-digit analytical balances, it was found that the change
in the weight of the samples after 6 months reached a decrease of 10% at
both pH. In general, PLA undergoes hydrolytic cleavage in the presence
of water based on bimolecular nucleophilic substitution, and this
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Section 1
a)

Section 2

) : A

Fig. 8. Section 1 - SEM images of the neat PLA: magnification 5000 x , pH =7
at a) 0 months, b) 3 months, ¢) 6 months; pH = 9 at time: d) 0 months, e) 3
months, f) 6 months. Section 2 - Optical microscope images of PLA: magnifi-
cation 500 x , pH = 7 at a) 0 months, b) 3 months, ¢) 6 months; pH = 9 at d)
0 months, €) 3 months, f) 6 months.

reaction is catalyzed by acids or bases. Under alkaline conditions, olig-
omeric acids dissociated into RCOO™ are formed being more hydrophilic
than non-dissociated RCOOH oligomers formed under neutral condi-
tions. RCOO™ ions diffuse from the PLA sample into external solutions
much more easily than RCOOH, which accelerates PLA degradation [1,
63-711].

Hydrolysis is part of a multi-step degradation process called erosion.
Visually, it was found that mainly a bulk erosion took place, as the
samples retained their size and shape, but at the same time there was a
partial loss of strength and structural integrity [39,71].

As can be observed in Fig. 9A and B, the composites underwent more
obvious structural changes in the 0-6-month period than the neat PLA.
However, there was a clear difference between PLAs bearing the silver
fillers and PLAs containing organovermiculites. The ones with silver-
fillers were gray-brown in color at first and then turned to an opaque
dark gray. The PLA + VMT + HDP and PLA + VMT + HDTMA showed
similar milky color as the degraded neat PLA. SEM analysis showed a
visible alteration in the morphology of the composite after 3 months,
which was more evident after 6 months, when delamination, cracks and
voids appeared in the surface films. The most significant structure
alteration was visible in the case of PLA + VMT + HDTMA composite at
alkaline pH, which is consistent with [71] although the weight loss after
6 months was only about 10%.

Like the neat PLA, the composites showed deteriorated mechanical
properties after three months of immersion. Their brittleness has
increased. After 6 months of immersion, they tended to disintegrate
when removed from the solution, although they appeared intact and the
same size and shape as at the beginning (0 month). Despite these
changes, all composites were still useable for microbiological tests.
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Fig. 9. A: Optical microscopy images of polymer composites, magnification 500 x : PLA + GO + Ag, pH = 7 at a) 0 months, b) 3 months, ¢) 6 months; pH = 9 at time
d) 0 months, e) 3 months, f) 6 months; PLA + VMT + Ag, pH = 7 at time a) 0 months, b) 3 month s, ¢) 6 months; pH = 9 at time d) 0 months, e) 3 months, f) 6 months;
PLA + VMT + HDP, pH = 7 at time a) 0 months, b) 3 months, ¢) 6 months; pH = 9 at time d) 0 months, €) 3 months, f) 6 months; PLA + VMT + HDTMA pH = 7 at
time a) 0 months, b) 3 months, ¢) 6 months; pH = 9 at time d) 0 months, e) 3 months, f) 6 months. B: SEM images of polymeric composites, magnification 5000 x :
PLA + GO + Ag, pH = 7 at time a) 0 months, b) 3 months, ¢) 6 months; pH = 9 at time d) 0 months, e) 3 months, f) 6 months; PLA + VMT + Ag, pH = 7 at time a)
0 months, b) 3 months, ¢) 6 months; pH = 9 at time d) 0 months, e) 3 months, f) 6 months; PLA + VMT -+ HDP, pH = 7 at time a) 0 months, b) 3 months, ¢) 6 months;
pH = 9 at time d) 0 months, e) 3 months, f) 6 months; PLA + VMT + HDTMA pH = 7 at time a) 0 months, b) 3 months, ¢) 6 months; pH = 9 at time d) 0 months, €) 3

months, f) 6 months.

Due to these changes in the above-named properties, it was clear that
degradation, that there was degradation, probably bulk erosion, but we
do not precisely distinguish between bulk and surface erosion [42]. In
case of PLA + GO + Ag and PLA + VMT + Ag, the presence of hydro-
philic fillers in the PLA matrix promotes the rate of hydrolytic degra-
dation of the polymer due to reduced interfacial adhesion between the
filler and the matrix. It is also associated with a homogeneous distri-
bution in the polymer matrix. If the filler is not completely

homogeneously distributed in the matrix, it may be easier to disrupt the
PLA structure. It is clear from Fig. 9A, that distribution of fillers in PLA
+ GO + Ag and PLA + VMT + Ag was not ideal but fine. On the other
hand, organovermiculites used were hydrophobic and were homoge-
neously distributed in the PLA matrix. However, after 6 months of im-
mersion, the surface degradation is most visible, especially in the case of
the PLA + VMT + HDTMA, see Fig. 9 [2,72,73].

All composites were also subjected to elemental SEM/EDX analysis
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after 6 months to determine the presence of Ag or Si, as Si is the main
component of vermiculite. Fig. 10 confirmed the presence of Ag visible
as red clusters on the surface of PLA + GO + Ag and PLA + VMT + Ag,
and in the case of the PLA + VMT + HDP and PLA + VMT + HDTMA, the
presence of silicon (in green) is identified on the surface. The silver
content is visibly lower in the case of PLA + VMT + Ag than that of PLA
+ GO + Ag, which is consistent with the ICP-AES analyses.

Antimicrobial testing of all PLA composites was performed in the
same manner as for the neat PLA polymers. The PLA + GO and PLA +
VMT composites which had no inhibitory effects on the tested micro-
organisms, were used as negative controls. In the case of silver-
containing composites, the differences between the type of GO and
VMT fillings were evaluated. The results for all 5 strains are included in
the heat analysis map (see Fig. 11).

It was found that for PLA + GO + Ag, depending on the immersion
time, there is a slightly increased inhibitory effect for all bacterial
strains, but not for the C. albicans yeast, where it is null. The antibac-
terial effect of PLA + GO + Ag composite was also demonstrated in a
study by Liu et al. [58] or in Ref. [74]. The effect of alkaline pH on the
increase of inhibition growth is not significant for PLA + GO + Ag (p >
0.05), except for P. aeruginosa and S. aureus strains after 6 months. In the
case of PLA + VMT + Ag, in addition to immersion time, the alkaline pH
also contributed to the increase in inhibition after 6 months (p < 0.05),
with the exception of S. salivarius strain. It corresponds to the larger
visible changes on the PLA + VMT + Ag surface at pH 9 than at pH 7 (see
Fig. 9). This could lead to a better diffusion of silver into the disc
environment. A comparison of the antimicrobial effects of both com-
posites showed an overall weaker inhibitory effect of PLA + VMT + Ag
compared to PLA + GO + Ag (p < 0.05). While PLA + GO + Ag had
inhibition effect throughout the tested time at both pHs, PLA + VMT +
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00um
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Ag only after the first month of immersion. However, after 3 months of
the experiments, the inhibition effects of both composites were com-
parable, in some cases the effects of PLA + VMT + Ag were higher. The
earlier antimicrobial effect of PLA + GO + Ag was probably due to the
much higher content of Ag species, especially Ag™, in GO + Ag than in
VMT + Ag and the different anchoring of silver particles on GO and
VMT.

In the case of PLA + VMT + HDP and PLA + VMT + HDTMA com-
posites, the effect of immersion time on the deterioration of PLA com-
posites is clearly visible in all strains, including yeast (p < 0.05). For
both composites, pH 9 has a more positive effect on the inhibitory effect.
A higher sensitivity to G+ strains, especially S. aureus, was detected.
Related to G-strains, PLA + VMT + HDP was effective only after 3
months of immersion, PLA + VMT + HDTMA even after 6 months. The
results correspond to our previous MIC results [75], when VMT + HDP
an VMT + HDTMA were effective against G+ bacteria (S. aureus and S.
salivarius), however they were no efficient against G- (E. coli and P.
aeruginosa). VMT + HDP appeared to be more effective than VMT +
HDTMA [75]. Based on these results, it can be assumed that at pH 9,
which is in the gallbladder, the surface alteration of the material can
slightly accelerate and/or increase the release of antimicrobials into the
environment. The lower degradation effect is related to the good ho-
mogenization of fillers in the PLA matrix and the fact that the surface of
PLA composites with organovermiculites is more hydrophobic, thus
their release to the aqueous environment may not be as supported as in
the case of inorganic fillers. In our previous study, the poorer stability of
vermiculite modified by HDP cations in acidic and alkaline environment
compared to vermiculite modified by HDTMA cations was confirmed
[28]. It can be assumed that after 6 months at pH = 9, the vermiculite
structure was slightly degraded and HDP cations were probably more

PLA+VMT+Ag

Ag Lal

PLA+VMT+HDTMA

Si Kal

Fig. 10. a) SEM/EDX analysis to confirm the presence of Ag (red dots) in PLA + GO + Ag and PLA + VMT + Ag samples, b) SEM/EDX analysis to confirm the
presence of Si (green dots) in PLA + VMT + HDP and PLA + VMT + HDTMA samples. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 11. Heat map analysis of PLA compos-

i s S Escherichia coli | Pseudomonas aeruginosa | Staphylococcus aureus | Streptococcus salivarius | Candida albicans __|
S O n | pHd pHY | pHT pHY | pH7 pHY | pHT PHO pH7 PHO ites (discs) for microbial strains based on
oM 2 L L) 2 = 2= 2y e average of inhibition zone (mm). PLA com-
94 11.0 138 1357 9.1 10.1 94 10.7 . .
e posites immersed for 0, 1, 2, 3 and 6 months
PLA+GO+Ag 2M 103 102 141 142 129 120 12.1 130 . . .
M 101 100 145 170 107 12 120 110 in saline solution at pH = 7 and 9. All sorts
6M 138 138 173 211 140 190 80 80 of color in figure represents the size of the
oM inhibition zones, red indicates the largest
1M average of the inhibition zone, green repre-
PLA+VMT+Ag M 76 80 92 152 93 124 83 85 - o
e 119 100 109 13 17 154 s 38 sents the minimal average of the inhibition
oM 116 163 172 281 126 155 111 126 zone. (For interpretation of the references to
it i 22 12 ) color in this figure legend, the reader is
1M 100 05 108 106 . . .
referred to the Web version of this article.)
PLA+VMT+HDP 2M 104 114 116 13.6
3M 08 100 109 181 124 133 113 106
6M 112 121 18.1 189 00 BN s A2 123 208
oM 129 129 83 88
1M 100 1035 98 98
PLA+VMT+HDTMA M 10.1 110 121 130
3IM 124 1153 123 11.7
6M 29 140 109 181 124 157 122 157
Inhibition zone size [mm]
00 40 80 120 160 200 240 280 20

accessible to the tested strains and strongly inhibit their growth.

The main goal of this study was to observe the long-term antimi-
crobial effect of PLA composites after immersion at different pHs for a
given time. No other parameters besides antimicrobial activities and
visual evaluation were monitored. We worked with small amounts of
solutions and small dimensions of composites, thus analyses of silver,
organic cations, all PLA oligomer or monomer were not possible due to
limited amounts of solutions and limits of detections of analytical in-
struments. As when working with composites, we wanted to avoid any
contamination, so only antimicrobial activity was observed.

In this study, we confirmed our hypothesis about the long-term ef-
fects of the PLA composites. Changes in the antimicrobial effect of PLA
composites showed that possible degradation of composites occurs
slowly, which is manifested by the gradual release of antimicrobial
substances from the composite. This effect is medically significant, as it
can be used in the prevention of an unwanted inflammation process, and
can thereforebe considered an important characteristic in the case of
potential application in the medical practice.

4. Conclusion

PLA has been frequently studied for use in biomedical applications
due to its mechanical strength, bioresorbability and biocompatibility in
the human body. In this study, PLA composites with four fillers with
proven antimicrobial properties were prepared and characterized with
respect to their antimicrobial character for possible use in the produc-
tion of medical stents. For the preparation of PLA + GO + Ag, PLA +
VMT + Ag, PLA + VMT + HDTMA and PLA + VMT + HDP composites,
GO + Ag, VMT + Ag, VMT + HDP and VMT + HDTMA were used as
fillers in an amount of 1 wt%. First, the fillers were characterized using
XRD, FTIR, SEM/EDX, TOC, ICP/AES methods, especially to confirm
their composition. The antimicrobial effect of the fillers was evaluated
by two independent methods including MIC determination in liquid
medium and disk diffusion method using E. coli, S. salivarius, S. aureus, P.
aeruginosa and C. albicans. A significant inhibitory effect for all bacterial
strains was found for GO + Ag and VMT + Ag and a weak inhibitory
effect was found against the yeast C. albicans. Higher activity against G+
than G-bacteria was confirmed for VMT + HDP and VMT + HDTMA
fillers as well as against C. albicans. The prepared polymer composites
were characterized for their structural and thermal properties. Mainly,
their physical integrity was qualitatively monitored during immersion at
different pH (7 and 9) at 37 °C for 0-6 months using SEM and optical
microscopy together with antimicrobial activity. Microscopic analyses
confirmed that damage to all composite surfaces increased with
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immersion time and was also more visible at pH = 9 than at pH = 7. This
was also confirmed by increasing antimicrobial properties over time. In
general, after six months of immersion the composites showed the
highest antibacterial activity against the tested antimicrobial strains, but
only PLA + VMT + HDP was also effective against C. albicans. The re-
sults confirmed our initial hypothesis that PLA composites, even those
which had no effects on microbial organisms after preparation, lose their
surface integrity during aging in solutions with different pH allowing to
antimicrobial fillers being active. Fillers can reach the surface of the
composites and act on the microbial organisms present, or they can
prevent the colonization of the composite surface by these microor-
ganisms. This shows the suitability of PLA-based composites for
biomedical purposes, e.g. for use as stents or implants, from which an
antimicrobial filler or drug can be gradually released.
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