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Abstract. The aim of this study was to prepare and analyse polymer matrix composite (PMC) thin films and
micro-fibres doped with different amounts of silver nanoparticles (AgNPs). AgNPs were synthesized by green method. The
process of synthesis was observed and analysed by UV–visible and Fourier transform infrared analyses. The morphology and
size of synthesized AgNPs was observed by scanning electron microscopy (SEM), transmission electron microscopy and
energy dispersive X-ray techniques. Synthesized nanoparticles were uniform, near spherical, with mean diameter *20 nm.
Polyvinyl alcohol–silver (PVA–AgNPs) composite films (prepared by spin-coating) and micro-fibres (prepared by electrospinning) with different amount of nanoparticles (*6 and *20% of AgNPs) were prepared. The distribution of AgNPs in
composites was observed by the SEM. The observation showed the presence of clusters of AgNPs in polymer matrix.
Significant changes in distribution was observed after increasing the amount of AgNPs. The antimicrobial activity of prepared
thin films and micro-fibres was tested against one cell algae Parachlorella kesleri and compared to colloidal AgNPs. The
toxicity tests showed good toxic effect on both AgNPs colloid and PVA–AgNPs composites.
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Introduction

Silver with its characteristics (unique optical, electronic,
catalytic and antimicrobial properties) attracted the attention of scientists several years ago, and nowadays the possibility of preparing nano-silver even more deepened this
interest. The methods of silver nanoparticles (AgNPs)
synthesis have undergone intensive development and
improvement in the last years. New methods of synthesis
are focused on the production of AgNPs with definite shape
and size, and because there is a need to bring environmentally friendly solutions, also the environmental production issues are very important.
New green methods, which used leaves and fruits
extracts, algae, fungi, and other natural products can solve
the environmental part of the problem. Plants and other
natural products contain a lot of reducing and stabilizing
agents, but the disadvantage of green synthesis is that
synthesized nanoparticles are dispersed in solution. Therefore, there is a need to immobilize nanoparticles in some
matrix. Incorporation of AgNPs into appropriate matrix can
improve properties of used matrix, allows easier manipulation with nanoparticles and also can allow gradual release

of nanoparticles into the environment (in case of toxicity
control).
Nowadays inorganic materials as polyvinyl alcohol
(PVA), polyvinyl propylene (PVP), polyethylenimine (PEI),
polyacrylonitrile (PAN), etc. are promising and frequently
used materials for preparing polymer matrix composite
(PMC), especially due to their ability to offer mechanical
stability and strength, catalytic activity, thermo-sensitivity
and biocompatibility [1,2]. Some of these properties can be
regulated by temperature and pH [3]. One of the most
common commercial application of polymer composites is
microfiltration field and also the conductive adhesives are of
great interest to scientists. Polymer-based porous membranes or microfibre membranes during application become
susceptible to pollution by microorganisms. This problem
can be solved by adding a certain amount of AgNPs, in
which antibacterial and toxic properties are well known.
The presence of AgNPs prevents attaching of microorganism cells on polymer surface, which prolongs the lifetime of
membrane. There is a lot of works dealing with the incorporation of AgNPs into polymer matrix. However, most of
them describe the polymer composite, where the surface of
polymer fibres is covered by AgNPs. There is also a lot of
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methods for immobilizing of nanoparticles on the polymer
surface as interfacial crosslinking, coating, etc. [4,5]. Such
surface treatment can provide good antimicrobial properties, but the antimicrobial agent can be consumed very fast.
To solve this problem, the design of polymer composite has
to be changed.
In this study we tried to show the way how it is possible
to prepare polymer composite but not only the thin layers
containing AgNPs but also the micro and nanofibres containing AgNPs. The novelty of our study is also in the used
polymer (PVA as polymer matrix)—after suitable treatment, this polymer allows gradual release of nanoparticles
that can guarantee the long-term antibiofilm activity of
prepared composite. We see the benefits of this work also in
the method of AgNPs preparation (we used a low-cost,
simple and environmentally friendly method of AgNPs
production—green synthesis). Most of the studies have
tested the antibacterial properties of AgNPs on different
strains of bacteria. No one has examined the possibility of
using polymer composites doped with AgNPs against biofilm formation. Biofilms formation is a big problem in water
management.
The aim of this study was to prepare AgNPs by environmentally friendly and cheap green method (by extract of
R. officinalis leaves) and to try to shed light on the functional groups that contribute the most to AgNPs synthesis
and their stability. The main aim was to immobilize synthesized AgNPs into the polymer matrix and to analyse the
structure, AgNPs distribution and toxic properties of prepared polymer composites with different amount of AgNPs.
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parameters allow producing fibres with mean diameter
*1 lm.
The antimicrobial activity of colloidal AgNPs, PVA–
20AgNPs composite layer and fibres was evaluated using
the standard disk-diffusion method with some modifications. Agar plates in Petri dishes were inoculated with algal.
The 25 ll of prepared colloidal AgNPs were plated on agar
plates using sterile swabs. The pieces of PVA–20AgNPs
composite layer and fibres were cut off the samples and
plated on agar plates. The agar plates were incubated at the
room temperature. The presence and size of the inhibition
zone on the agar plates were checked after 21 days of
growth.
The AgNPs were monitored by UNICAM UV–vis
Spectrometer UV4. The size and morphology of the
nanoparticles were studied by means of transmission electron microscopy (TEM; JEOL model JEM-2000FX, an
accelerating voltage of 200 kV). Infrared (IR) spectroscopy
with Fourier transformation and the infrared microscope
was used to measure infrared spectra of the natural substance (extract of leaves) and AgNPs colloid. The image
analyses (ImageJ software) was used for the analysis of
AgNPs size distributions. The morphology of PVA–AgNPs
composite thin layers and fibres was observed by the
scanning electron microscopy SEM/FIB (SEM/FIB ZEISSAURIGA Compact). The phase composition of the samples
was analysed using X-ray diffraction (XRD) analysis.

3.
3.1

2.

Results and discussion
Bioreduction of AgNPs

Materials and methods

The plant extract was prepared using fresh leaves of R.
officinalis. Cleaned leaves were ground, heated at 70°C,
filtered and filtered to remove solid residue. For each
experiment, 20 ml of extract was added to 80 ml of silver
nitrate water solution. All experiments were performed in
triplicate.
Polyvinyl alcohol (PVA) powder and deionized water
were mixed in the beaker, which was placed in a water bath
at 80°C. The mixture was heated and stirred for 2 h. The
concentration of such prepared basic solution of PVA was
8 wt%.
To produce PMC, basic solution of PVA and two different amounts of AgNPs (*6 and *20%) were mixed by
the magnetic stirrer at 80°C in the water bath, then put in
ultrasonic bath tank to improve AgNPs distribution in PVA.
The PVA–6AgNPs and PVA–20AgNPs mixture were
used for preparing of thin layers and fibres. The fibres were
prepared by needle-less electrospinning technology
(Nanospider). The applied voltage was 82 kV and the distance between spinning and collector electrodes was
150 mm. The setting of electrospinning condition allows
the influence of fibres diameter. Our electrospinning

In our previous studies, we prepared AgNPs using extracts
of various plants (Urtica dioica, V. vitis-idaea, R. officinalis, Lavandula, grass), fruit (Vaccinium vitis-idaea) and
algae (P. kessleri, Desmodesmus, D. chlorelloides). Based
on the experimental results, we selected R. officinalis
extract mainly due to the fact that after adding the extract to
the AgNO3 solution, the nanoparticles formed very quickly
and they had uniform shape and size.
R. officinalis is the good source of natural antioxidants
(phenolic acids and flavonoids, etc.) [6–10] and also contains a high amount of essential oils (monoterpenoids,
aromatic compounds and alcohols, etc.) [11–15]. Generally,
phenolic compounds, di- and triterpenes and essential oils
are the main compounds of R. officinalis. The identification
of most important compounds or functional groups that
affect the AgNPs synthesis is quite a task. Many authors
[7,8,16] suggest that hydroxyl groups of phenolic compounds are the main reducing agent. Das and Velusamy [17]
assumed that the water-soluble compounds such as flavonoids, terpenoids and thiamine forms a layer on the AgNPs
surface, which ensure stabilization of AgNPs.
Figure 1 shows the IR spectrum of R. officinalis extract
and IR spectrum of the solution after AgNPs synthesis. It is
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Figure 1. IR spectra of R. officinalis plants extracts before and after AgNPs synthesis.

evident that R. officinalis extract contains phenyl groups and
also groups related to essential oils. Process of AgNPs
synthesis caused changes in the intensity and position of
peaks (some peaks disappeared or showed red/blue shift).
In general, after AgNPs synthesis almost all main peaks
remained at the same wavenumbers positions, one peak
showed a slight shift to lower (from 1603 to 1600 cm-1)
and two of them to higher (from 1117 to 1120 and 1075 to
1077 cm-1) wavenumbers. Such shifts can be considered as
negligible. More important, for the process of AgNPs synthesis is the decrease in peaks intensity. The decrease of
intensity indicates interaction (depletion of functional
groups) between functional groups of extract and Ag ions,
which results in a reduction of Ag0. The depletion of the
organic compounds, confirmed by FTIR analysis, revealed
the main groups responsible for AgNPs formation and
stabilization.
Our experiments recorded noticeable changes in intensity
for peaks at 1603, 1401, 1264 cm-1, and in the region from
1117 to 1075 cm-1. These peaks are assigned to C=O group
stretching vibration [8], free amino acid [18], ethers [18]
and C–O–C group [8], respectively. The major change was
observed at 1401 cm-1, blue shift of free amino acid peak
to 1350 cm-1 and decrease of the intensity indicate significant influence of amino acid on AgNPs synthesis. Peak
at *1600 cm-1 corresponds to C=O group stretching
vibration from ketones and may confirm the presence of
camphor, which belongs to the essential oils [8] present in
R. officinalis. Based on the results published [8], peaks at
1264 and 1075 cm-1 may indicate the presence of

1,8-cineole, which is also the compound of the essential
oils. C–C stretch (in the aromatic ring) is evident at
1526 cm-1 [5]. Accordingly [8,17], peaks in region from
1720 to 1713 cm-1 correspond to C=O stretching vibration
band and may indicate the presence of camphor in extract.
FTIR analysis (figure 1) confirmed the presence of high
amount of polyphenols and essential oils compounds, which
cause reduction and stabilization of AgNPs. Due to high
amount of reducing and capping agents present in plant
extract, the rate of nanoparticles synthesis was very high
(Ag nanoparticles formed immediately after adding of the
extract to silver nitrate solution) and also the stability of
nanoparticles was strong.
Bioreduction of AgNPs was monitored and confirmed by
UV–visible spectrophotometry (figure 2). The strong peak
at 446 nm is characteristic for bioreduced AgNPs. Tall and
slim surface plasmon resonance band indicates the
nanoparticles of the same geometrical shape and in narrow
size distribution interval. These assumptions were confirmed by the TEM micrographs, where uniform, spherical
particles (the mean diameter of particles was 20 nm) with
good monodispersity are evident (figure 2).

3.2

Preparation of PVA–AgNPs polymer composites

The embedding of AgNPs into a polymer matrix can
improve some properties of the polymer (for instance:
conductivity, catalytic properties, antibacterial properties,
etc.). In our experiments we used PVA because it is easily
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Figure 2. UV–visible absorption spectrum of AgNPs solution prepared by R. officinalis
extract.

Figure 3.
PMC.

(a) SEM image of AgNPs clusters in PVA matrix with detailed view of AgNPs and (b) energy dispersive X-ray analysis of

available, easy to handle, non-toxic and soluble in water.
Two polymer composites with different amount of AgNPs
(*6 and *20%) were prepared for analysing the influence
of AgNPs amount on particles distribution in PMCs, their
structure and toxic properties. We assumed that such
amounts would best represent differences in the properties
(structural and toxic) of the prepared composites.
The required amount of AgNPs was added into 8 wt%
solution of PVA. Electrospinning and spin coating were
subsequently used to prepare PVA–AgNPs composite fibres
and thin films (figures 3a, 4 and 5). The presence of silver in
PMC was analysed and confirmed by energy dispersive
X-ray analysis, as shown in figure 3b.

The SEM micrographs of PVA–AgNPs composite with
*6% of AgNPs is shown in figure 3a. It is obvious that
AgNPs in the PVA matrix formed clusters. The morphology
of Ag nanoparticles is evident in the detailed image, each
cluster consists of a number of separated, spherical, nanosized silver particles (figure 3a). Figure 4 shows the PMC–
AgNPs composite fibres with the same amount of AgNPs, it
is evident that some of the PVA fibres contain AgNPs and
some of them do not. It is clear that such an amount of
AgNPs is not sufficient for a homogeneous distribution of
Ag in the PVA matrix. AgNPs clusters during the electrospinning process rearranged into the chains. Details of
PVA–AgNPs fibres (figure 4) shows that AgNPs chains are
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Figure 4.

SEM image of PVA–6AgNPs composite fibres with detailed view of AgNPs distribution.

Figure 5.

(a) SEM image of PVA–20AgNPs composite layer and (b) fibres with detailed view of AgNPs.

placed inside the fibres (nanoparticles are surrounded by
PVA).
The PMC–AgNPs composite layer and fibres with *20%
of AgNPs are shown in figure 5. The SEM micrographs of
PMC thin layer (figure 5a) show a homogeneous distribution of AgNPs in PVA matrix, but it is also clear that
nanoparticles form clusters in the same way as in the case of
PMC with the lower amount of nanoparticles (figure 4a).
The SEM micrograph of composite microfibres with its
details are shown in figure 5b. The increase in the amount
of AgNPs reflected in the near regular distribution of
nanoparticles in all PMC fibres. As in the previous case (the
lower amount of AgNPs), clusters of AgNPs after electrospinning formed chains inside the microfibres. Also the
increase in the mean diameter of microfibres was observed.
The isolation of nanoparticles inside the microfibres can
be considered as an advantage, especially if a gradual
release of AgNPs or timing of releasing is required. PVA is
a water-soluble polymer, by controlling conditions such as
humidity, temperature and pH it is possible to control not
only the beginning of the process of releasing of nanoparticles from the PVA–AgNP composites but also the release
rate. The antibacterial properties of AgNP are well known,
the sustained release of AgNP can prolong the toxic effect
of AgNPs on living cells. PVA–AgNP fibres can also be
used as antibacterial membranes.

3.3

Antibiofilm effect

Toxicity of AgNPs was verified on one cell, i.e., green algae
P. kessleri. The impact of AgNPs colloid, PVA–20AgNPs
layer and PVA–20AgNPs fibres was evaluated. The mean
diameter of the inhibition zones for AgNPs colloid, PVA–
20AgNPs layer and fibres are shown in figure 6a–c,
respectively. These results showed that there are no significant differences in toxic effect between the samples, all
of them create clear inhibition zones. The highest toxic
activity exhibits PVA–20AgNPs layer (mean diameter of
inhibition zone was 11 mm) followed by colloid of AgNPs
(*9 mm) and the lowest inhibition zone show PVA–
20AgNPs fibres (*6 mm). The differences in diameters of
inhibition zones can be explained by the amount of AgNPs
in samples and by the availability of AgNPs (possibilities of
creating direct contact with living cells). The exact determination of AgNPs content and securing of the same
amount of AgNPs in samples for toxicity test was not
possible, because of different type of samples, their preparation and sampling.
The highest amount of AgNPs was in a thin layer (figure 6b). The AgNPs clusters were distributed homogeneously on the layer surface (figure 5a). Therefore, the
direct contact between living cells and AgNPs was secured
and the inhibition zone is clear and distinct. In the case of
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Figure 6.
fibres.
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(a) Toxic properties of colloidal AgNPs and AgNPs immobilized in (b) PVA–20AgNPs layer and (c) PVA–20AgNPs

AgNPs colloid, there was also direct contact of Ag
nanoparticles with algae cells and middle-sized inhibition
zone (*8 mm) can be explained by AgNPs content, just
25 ll of colloid was used, which is the standard amount of
solution for disc test.
The smallest amount of nanoparticles was in fibres. The
thickness of fibre sample was *3 lm and compared to
PVA–20AgNPs layer it was *13 times thinner. Furthermore, the AgNPs are distributed inside the fibres (figure 5b;
nanoparticles are covered by PVA matrix). Polymer slow
down the release of AgNPs and together with the lower
amount of nanoparticles caused the weakest effect of
AgNPs on algae cells. Besides amount of AgNPs in used
samples and way of nanoparticles immobilization, all
samples showed sufficient antibiofilm properties.
The PVA–6AgNPs samples did not show toxic properties, therefore we decided not to show the results. A
quantity of 6 vol% of AgNPs was not enough to prevent
biofilm formation.

of 20 vol% of AgNPs embedded into PVA showed much
better results. Nanoparticles were near homogeneously
distributed in the matrix and the antibacterial study showed
good antibiofilm activity (against one cell algae) for all
samples (PMC thin layers and fibres).
The high viscosity of polymer solution caused that
embedded nanoparticles were distributed in clusters. Probably improving the process of AgNPs incorporation (more
intensive mixing, using of ultrasound) could optimize their
distribution. We also plan to perform experiments with
content between 6 and 20 vol%, to find out how much
AgNPs in the composite are sufficient to achieve effective
toxic properties.

4.

References

Conclusion

In this study, R. officinalis extract was used to synthesize
AgNPs. FTIR spectroscopy confirmed that R. officinalis
extract is a good source of reducing and stabilizing agent. It
was also shown that phenolic compounds are the main
responsible agents for the reduction of AgNPs. UV–visible,
TEM and SEM analyses confirmed the presence of nearspherical nanoparticles with a mean diameter *20 nm.
Prepared nanoparticles (in amount of 6 and 20 vol%)
were successfully embedded into the PVA matrix, thin
layers and microfibres. We assumed that such amounts will
best represent differences in the properties (structural and
toxic) of the prepared composites. Subsequent analysis of
the materials confirmed that 6 vol% was not enough
(AgNPs were not present in all fibres and the prepared
composite did not have the desired toxic effect). A quantity
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