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Abstract: In this work, we aimed to analyze the impact of extracts prepared from dried Lavandula
angustifolia (lavender) flowers and leaves on the synthesis of silver nanoparticles (AgNPs) (wherein
the shape and size of AgNPs and the efficiency of the process were analyzed) and to prove the
possibility of transferring the AgNPs’ properties into a polymer matrix. An ex situ method was
used to incorporate AgNPs and prepare polymer matrix composite (PVP-AgNPs) films (via casting)
and fibers (via electrospinning). We used UV-vis absorption spectrophotometry, Fourier Transform
Infrared Spectroscopy (FTIR), Transmission Electron Microscopy (TEM), and Scanning Electron
Microscopy (SEM) to analyze and characterize the AgNPs and prepared composites. The results
of FTIR analysis confirmed the presence of phytochemicals that can reduce silver ions from Ag* to
Ag? in both extracts. The presence of spherical nanoparticles was confirmed via TEM regardless
of the type of extract used. However, leaf extract caused the formation of AgNPs with a narrower
size interval (an average size of 20 nm), and with higher efficiency, compared to the nanoparticles
prepared using the flower extract. The nanoparticles prepared using the leaf extract were then
incorporated into the polymer matrix, and thin polymer composite films and fibers were successfully
prepared. The anti-biofilm activity of AgNPs colloids and prepared polymer nanocomposites against
green algae Chlorella kessleri was studied. The anti-biofilm properties of the AgNPs were proved,
along with the efficient transfer of their toxic properties into nontoxic polymer.
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1. Introduction

Nanoparticles are a modern material that is currently gaining a lot of attention and
moving to the forefront not only in science but also in everyday life. These particles not
only have unique properties that can enrich other materials, if used, for example, as a filler,
but are also economically more advantageous compared to bulk materials. One of the
key characteristics of nanoparticles is their size, which ranges from 1 to 100 nm [1]. This
extremely small size range enables different properties compared to macroscopic materials.
Properties such as melting point, reactivity, conductivity, and optical characteristics change
with changing particle size [2], making nanoparticles suitable for application in many
industries. Their antibacterial properties are used in medicine [3], the food industry [4],
cosmetics [5], and the textile industry [6]. Conductive properties are often used in the
electrical industry. Nanoparticles with catalytic properties [7] have wide applications in
many fields, including energy, environmental engineering, and the chemical industry. In
the energy sector, nanoparticles are used, for example, in the field of solar panels [8]. Their
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surface properties and ability to catalyze [9] chemical reactions enable an increase in the
efficiency of the conversion of solar energy into electrical energy. Nanoparticles can also
be used in fuel cells, where they ensure faster and more efficient chemical reactions to
produce electricity. In the field of environmental engineering, nanoparticles with catalytic
properties can help clean wastewater and air. In the chemical industry, nanoparticles are
used to accelerate chemical reactions and increase the yield of production processes [10,11].
Their small sizes and high surface area enable effective interaction with reactants and thus
increase the speed and efficiency of reactions [12].

Nanoparticles can be produced using various methods, with the main methods be-
ing top-down (physical and physicochemical methods) and bottom-up (syntheses and
reactions). The top-down methods include processes such as mill grinding, laser ablation,
chemical vapor deposition (CVD), and others. These procedures focus on breaking down
larger material structures into nanoparticles.

On the contrary, bottom-up methods (chemical and biological) are based on synthesis
and reactions that enable the gradual construction of nanoparticles from molecular or
atomic components [13]. Synthesis using chemical agents represents an environmental
burden compared to synthesis that uses biomaterial [14]. In the biological (green) ap-
proach, natural resources and biologically active compounds present in plants are used
to synthesize nanoparticles. However, biosynthesis also has its disadvantages, one of
which is the possibility of inappropriately choosing a biomaterial, which can lead to over-
pricing and time extension of the entire nanoparticle production process. Therefore, it is
necessary to choose a biomaterial whose properties, such as seasonal and geographical
availability without time limitation, the ability to be easily handled, fast growth, and
amenability to the simple preparation of an extract, are suitable for the effective synthesis of
nanoparticles [15,16]. One of the most important factors when choosing a biomaterial is its
composition. FTIR analysis makes it possible to determine the composition of a biomaterial.
It enables the determination of functional groups such as phenols, flavonoids, peptides,
proteins, and others found in biomaterials. The composition of plants is very complex, and
therefore it is difficult to determine which components are responsible for stabilization
and which are responsible for reduction. Based on the available research [17-19], in which
biological materials were used in the synthesis of nanoparticles, it can be concluded that it
is mainly proteins and flavonoids that are responsible for the reduction and stabilization of
nanoparticles.

The use of biological synthesis for the preparation of AgNPs from plant sources opens
new perspectives in the field of green and sustainable technologies [20,21]. Intensive studies
centered around the production of various types of nanoparticles are currently underway.
Although work on the preparation of AgNPs via green synthesis has been published many
times, so far, no work has reported a comparison of the effect of using different parts of the
same plant on synthesis.

The aim of this work was the biosynthesis and preparation of silver nanoparticles using
lavender extracts, specifically to compare the effect of extracts from dry lavender leaves and
flowers. This work also provides knowledge about the main components responsible for
the reduction and stabilization of synthesized AgNPs, the influence of storage conditions
on the stability of AgNP colloids, and the toxic/antibiofilm properties of AgNPs. The other
contributions of this work are the incorporation of prepared AgNPs into a polymer matrix
composite (PMC) and the fabrication of polymer-based non-woven fabrics (electrospinning)
and thin layers (casting) whose properties are enriched by the addition of AgNPs. For
PMC preparation, an ex situ method was used, and polyvinyl alcohol (PVA) and prepared
AgNPs were used as a matrix and a secondary phase, respectively.

2. Materials and Methods
2.1. Materials

Lavender flowers and leaves were collected in a local garden in Kosice (Slovakia)
during the flowering period (July). As a precursor, silver nitrate (AgNO3) (99.8%) was
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used, which was purchased from Penta Chemical Unlimited. Deionized water was used
for solution preparation, dilution, and washing. Polyvinyl alcohol (PVA) (M.W. of approx.
146,000-186,000, purchased from Mikrochem Ltd., Pezinok, Slovakia) was used as a matrix
to produce a polymer matrix composite doped with AgNPs.

2.2. Preparation of Flower and Leaf Extracts

Two types of extracts were prepared for the experiment. Lavender flowers and leaves
were collected, washed twice with deionized water, and dried at 45 °C. Both dried flowers
and leaves were crushed in a mortar and then mixed with 100 mL of deionized water.
In a water bath, the mixtures were heated to a temperature ranging from 70 to 80 °C for
10 min. Such a temperature range was chosen to achieve good transfer of natural substances
(contained in plant cells) to the extract.

Subsequently, the mixtures were allowed to cool, and the solid component was sepa-
rated using filter paper. The filtered solutions were centrifuged at 9000 rpm for 30 min. The
prepared extracts were kept in a refrigerator for further experiments. Figure 1 shows the
AgNOj; stock solution and extracts prepared from the dried lavender flower (Ex-F) and
leaves (Ex-L).

AgNOs - Ex-L
Figure 1. AgNOj solution and extracts of dried lavender flowers (Ex-F) and leaves (Ex-L).

2.3. Preparation of AgNPs

Two Erlenmeyer flasks were prepared, and 100 mL of AgNOj3 stock solution with a
concentration of ¢ = 50 mg/L was poured into each of them. Both AgNO3 solutions were
placed on stirrers with heating applied and stirred until the temperature of the solutions
reached 80 °C. Subsequently, 20 mL of dry flower extract was added to the first solution
(labeled AgNPs-F), and 20 mL dry leaf extract (labeled AgNPs-L) was added to the second.
After adding the extracts into the AgNOj, it was possible to observe a change in coloration
from light brown to dark brown transpiring within a few minutes. This color change
implied the formation of AgNPs. Subsequently, after cooling, the solutions were subjected
to UV-vis analysis and stored under different conditions to monitor stability.

2.4. Stability of AgNPs Solutions

Prepared nanoparticle solutions (120 mL each) were divided into four 60 mL Erlen-
meyer flasks. The stability of nanoparticles under two conditions was monitored, and the
solutions were labeled as follows:

e  F-Cold—colloidal nanoparticles prepared using Ex-F, stored in a refrigerator (5 °C) in
the dark.

e  L-Cold—colloidal nanoparticles prepared using Ex-L, stored in a refrigerator (5 °C) in
the dark.

e  F-RT—colloidal nanoparticles prepared using Ex-F, stored at room temperature (25 °C)
under light/dark conditions for 12:12 h.



Micro 2023, 3

882

e L-RT—colloidal nanoparticles prepared using Ex-L, stored at room temperature (25 °C)
under light/dark conditions for 12:12 h.

2.5. Preparation of PMC

The ex situ method was used to prepare the PVA-AgNPs nanocomposite. PVA is a
water-soluble synthetic polymer. It is colorless, odorless, biocompatible, and non-toxic. PVA
is used for a variety of applications, such as vascular stents, cartilage, contact lenses, etc.

PVA polymer was used as a matrix, and AgNPs (prepared via biological synthesis
using Ex-L) were used as a secondary phase. To prepare 50 mL of PVA-AgNPs solution
(8%), PVA powder and freshly prepared colloidal AgNPs were mixed at 80 °C for 1 h to
achieve a uniform distribution of AgNPs. The PVA-AgNP composite solution was used
to create nonwoven textiles (fibers) using the electrospinning technique and thin films via
room-temperature casting. The voltage used in the electrospinning process was 82 kV, and
the distance between the rotating and receiving electrodes was 150 mm.

2.6. Characterization of Extracts, AQNP Colloids, and PMC Doped with AgNPs

The compositions of the extracts were analyzed using an FTIR spectrometer. The
infrared spectra were recorded using a Bruker Tensor 27 FTIR spectrometer equipped with
DTGS KBr detector. For each sample, 64 scans were conducted in the 4000-400 cm 1 spectral
range in abs mode with a resolution of 4 cm~!. The KBr pressed-disc technique was used
to prepare a solid sample for routine scanning of the spectra. Samples of approximately
0.1 mg were dispersed in 150 mg of KBr to record optimal spectra in the 4000-400 cm ™!
region. The diameter of the pellets, pressed from samples, was 13 mm.

Prepared AgNP colloidal solutions were analyzed using a UV-vis spectrophotometer
(UNICAM UV-vis Spectrophotometer UV4). Samples were measured on days 1, 3, 7, 10, 14,
and 21 in the wavelength range of 350-700 nm; as a control, a mixture of HyO/extract in
a ratio of 5:1 was used. UV-Vis spectrophotometry is used to measure light absorption in
the ultraviolet and visible spectra. By analyzing the UV-vis spectra results, it is possible
to predict the shapes of nanoparticles and their relative concentrations and approximate
sizes. In the case of a change in the shape of the spectra with time, it is possible to predict a
change in shape, size, or agglomeration of nanoparticles.

The size and morphology of the nanoparticles were studied using TEM (JEOL model
JEM-2000FX, with an accelerating voltage of 200 kV) and SEM/FIB (SEM/FIB ZEISS-
AURIGA Compact). Thanks to the results of both imaging techniques, we obtained a
more comprehensive view (nano-level) of the samples. The findings from TEM and SEM
analysis complement each other and provide more complex data about the sample. In TEM
analysis, electrons pass through a sample. Thus, a 2D image can be obtained, from which
the shapes and sizes of the nanoparticles can be determined. SEM analysis is based on
scanning the surface of a sample, and the output is a 3D image. This 3D image provides
real information about the morphology of the sample. It is also possible to determine the
size of the particles, and with the help of EDX analysis, we can determine the elemental
composition of a sample [22]. The image analysis (ImageJ software 1.53e) was used for
the analysis of the Ag nanoparticles’ size distribution; at least 300 nanoparticles for each
sample were measured to determine the size distribution.

2.7. Antibiofilm Activity

The antibiofilm activity of AgNPs was evaluated using the standard disk-diffusion
method described by Kavita et al. with some modifications [23]. Milieu Bristol agar plates
in Petri dishes were inoculated with green algae Chlorella kessleri in a sterile box. The
15 puL of prepared extracts (Ex-F and Ex-L) and the AgNP colloidal solutions (AgNPs F and
AgNPs L) were plated on agar plates using sterile swabs. Afterwards, the agar plates were
incubated at room temperature under dark/light conditions for 12:12 h. Three replicate
samples were tested for each condition. Control tests with AgNO3 were also conducted.
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The presence and size of the inhibition zone on the agar plates were checked after 14 days

of growth.

Samples of PVA-AgNPs composite fibers and thin layers were cut out in the form

of discs and directly placed on an agar plate that was inoculated with the green algae
Chlorella kessleri. Antibiofilm activity of polymer composites was observed under the same
conditions applied for the previous samples.

3. Results
3.1. FTIR Analysis

FTIR analysis is a method used to determine the functional groups of an organic or

inorganic sample. The principle here is that the different functional groups absorb IR
radiation with a frequency that is characteristic of the given context [24]. Lavandula is

known for its medicinal properties and contains various compounds that can serve as
reducing agents and stabilizers in the process of AgNP formation. Figure 2 shows the FTIR
spectra of the extracts prepared from the dried lavender flowers (Ex-F) and leaves (Ex-L).

T 3370

20 [N 12030

absorbance (a.u.)

A ( 2000 2500 YO0 (

wavenumber (cm™)

Figure 2. IR spectra of extracts prepared from dried lavender flowers (Ex-F) and leaves (Ex-L).

From the comparison of the FTIR analysis of Ex-F and Ex-L, it is clear that the absorption
bands are similar for both cases. The wide band around the value of 3370 cm ™! (O-H) confirms
the presence of alcohol. The absorption bands in the range of 2800-3000 cm ™! are valence
and deformation vibrations of C-H bonds in methyl and methylene disorders. The band at
1740 cm !, which was only observed for Ex-F, corresponds to the valence vibration of the C=O
group. This band was also confirmed by other authors [25-27] and may be due to the presence
of the carbonyl groups of the esters, which may be associated with a double bond or an aromatic
ring [28]. The absorption band at 1610 cm ! is associated with the valence vibrations of C=C
groups [29,30], while the absorption band at around 1560 cm ™! may be due to the presence
of amide I and amide II, which arise from carbonyl and -N-H valence vibrations in the amide
bonds of proteins. The band at 1420 cm~! corresponds to the C-O-H group. The absorption
bands at the wavelength of 1380 cm ! correspond to C-H vibrations and, as in the case of the

bands in the range of 2800-3000 cm ™!, were caused by valence and deformational vibrations
of C-H bonds in methyl and methylene groups [30]. The absorption band at the wavelength
around 1236 cm ™! and the band around 1120 cm ! can be assigned to the C-O valence vibration
of the ester group [26,27]. The absorption band that appeared in the spectra at the wavelength
of around 1050 cm ™! is related to the C-O bond. The bands at 580 and 530 cm ! were caused
by alkyl halides, which are found in flavonoids.

The similarity of the spectra of both extracts is understandable since they originate
from the same plant. The composition of lavender is very complex; e.g., Umezu et al.
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analyzed the essential oil of the lavender flower, identifying 26 components, among which
were x-pinene, camphene, 3-myrcene, p-cymene, limonene, cineol linalool, and camphor
tannins [29]. Further, more detailed research and analysis of lavender flower proved the
presence of more than a few other components, and this presence depended on the place
of cultivation and the time of harvest. Most authors agree that the main components
of lavender flower oil are linalool and linalyl acetate [27,31]. Above all, these two main
components have anti-inflammatory, antifungal, and antibacterial properties [27]. As in the
case of the flower, lavender leaf also contains many components; among the leaf’s essential
oils are eucalyptol, camphor, and borneol [30].

The FTIR spectra of the colloidal solutions prepared using both extracts, shown in
Figure 3a,b, were like the spectra of the individual extracts, indicating the presence of some
phytochemicals from the plant extract. It is obvious that the bands in the FTIR spectra
presented the greatest degree of similarity.

2.9

AgNPs F  1610,50,1080

absorbance (a.u.)

absorbance (a.u.)

2500 ) 220 200

4000 3500 3000 2500 2000 50 000 5 S I Y Y S
( a) wavenumber (cm™) ( b) wavenumber (cm™)
Figure 3. FTIR spectra of AgNPs colloids prepared using (a) Ex-F and (b) Ex-L.

However, after the reduction of Ag* ions to Ag’, there is a noticeable difference in the
intensity or shift of some of the bands. We assume that the phytochemicals that experienced
the changes are responsible for the reduction and/or stabilization of the AgNPs. A change in
bands after synthesis was also observed by other authors [32], and based on our results and the
conclusions of other authors, it is possible to select the components responsible for the reduction
and stabilization of AgNPs. According to the authors of [32], the decrease in bands belonging
to phenolic flavonoids, free groups present in proteins and flavonoids, could be responsible
for the reduction of silver ions to silver nanoparticles and coating the nanoparticles to stabilize
them and to prevent their aggregation. It is very difficult to accurately separate the components
responsible for reduction from those responsible for stabilization. Most authors agree that plant
extract components such as carbonyl groups from esters or essential oils, which are the main
components of these leaves, could form a layer around metal nanoparticles that could contribute
to the stabilization of the nanoparticles [33,34].

3.2. UV-Vis Analysis

UV-vis analysis is a simple method used to verify the presence of nanoparticles in
solutions. For spherical AgNPs, it is characteristic for the maximum of the Surface Plasmon
Resonance (SPR) band to be within the wavelength interval of 350450 nm [26,29]. Based
on the shape, location, and size of the peak, the size, size distribution, and shape of
the nanoparticles can be approximately determined. Figure 4 shows the SPR bands of
nanoparticles prepared using leaf and flower extracts measured immediately after synthesis.
The figure shows that regardless of the extract used, ABS,;;4y was measured at a wavelength
of 424 nm, which confirms the presence of AgNPs [35-39]. In both cases, a reducing ability
of the extracts was confirmed. At the same time, it is clear that there are more nanoparticles
in the colloidal silver solution prepared using Ex-L because ABS,;, has a higher value than
it does in the colloidal solution prepared using Ex-F. Based on the SPR band shape and the
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colloidal solution AgNP L, which is slimmer and more symmetrical compared to the AgNP
F solution, it is obvious that the nanoparticles in the AgNP L solution are in a narrower
size interval. The same conclusions from the SPR band for AgNPs prepared using green
synthesis were drawn by Kumar et al. [30].

2:2
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—DO0 AgNPs F STin
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Figure 4. UV-vis absorption spectra of synthesized AgNPs (day 0) prepared using lavender flower
(DO AgNPs F) and leaf (DO AgNPs L) extracts.

Another important property is the stability of nanoparticles, which depends on several
factors, such as the presence of stabilizing substances in the extracts and storage conditions
(RT, cold temperatures, etc.). The stability of the AgNPs in colloidal solution for the samples
stored at room temperature and in a refrigerator (F-RT, F-Cold, L-RT, and L-Cold) was
monitored over 21 days (Figure 5).
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Figure 5. UV-vis spectra of AgNPs F and AgNPs L stored in the cold (a) and at room temperature (b).

From the course of the SPR bands (Figure 5a), it is clear that the colloids of the
nanoparticles prepared using Ex-L and Ex-F stored in the cold were stable during the entire
experiment because no changes in the shape or position of the bands can be observed.
Figure 5b provides a comparison of the colloidal solutions stored at room temperature. The
graph shows that storage conditions adversely affect stability. Degradation of nanoparticles
occurred, and a significant decrease in SPR bands and a shift in ABS;;x were observed
in both cases (Figure 5b). It is clear that the stability of colloids strongly depends on the
storage conditions. The experiments confirmed that the combination of a low temperature
and dark conditions is the best choice for securing nanoparticle stability.

For all the colloidal solutions stored in a refrigerator and at room temperature, the pH
was measured over 21 days (Figure 6). The colloidal solutions stored at room temperature
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have larger deviations, and, in general, their pH values increased. In the case of the colloids
stored in the cold, the pH did not change significantly, which means that the extracts, due
to their composition, provide a suitable and stable environment. Silver nanoparticles are
well known for being sensitive to light. We assume that this factor causes their degradation,

which is reflected in the increase in pH values.

5,9 © AgNPs F cold

57 | ®AgNPsFRT

AgNPs L cold

® AgNPs LRT

10 15 20
day

Figure 6. The pH of AgNP colloids prepared using Ex-F and Ex-L.

3.3. TEM and SEM Analysis

Using TEM analysis, the morphology and sizes of the AgNPs were determined. Figure 7a,c
show TEM microphotographs of AgNPs prepared using Ex-F and Ex-L (day 0) and their size
distribution. The results of the TEM analysis confirmed the presence of nearly spherical
nanoparticles in both cases. However, in the case of Ex-L, the presence of smaller nanoparticles
was observed, 75% of which were up to an average size of 20 nm. In the case of Ex-E only 60%

were up to 20 nm in size, and a small number of ~50 nm nanoparticles were also observed.
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Figure 7. TEM micrograph of AgNPs F and size distribution of nanoparticles at DO (a); TEM
micrograph of AgNPs F and size distribution of nanoparticles on D21 (b); TEM micrograph of AgNPs
L and size distribution of nanoparticles at DO (c); TEM micrograph of AgNPs L and size distribution

of nanoparticles on D21 (d).
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Figure 7b,d show the TEM microphotographs of the AgNPs stored in cold conditions,
i.e., in a refrigerator. After 21 days, the shapes of the nanoparticles did not change. A slight
change in the number of nanoparticles with a size of up to 20 nm (from 75% to 80% in the
case of Ex-L and from 60% to 69% for Ex-F) was observed; such changes are not significant.
The difference in the size distribution results could be due to statistical variation in the
measurement of the distribution.

Analysis via scanning electron microscopy confirmed the presence of uniform, almost-
spherical AgNPs, as shown in Figure 8a,b. EDX analysis, the results of which are shown
in Figure 8a,b, confirmed the presence of silver and demonstrated the presence of signals
of accompanying elements such as C, Cl, O, and Ca. These elements probably came from
the biological component of the extract, which could be removed by washing the samples
more thoroughly with ethanol.

keV (bf 0 2 4 6 8 keV

Figure 8. (a) EDX analysis of sample AgNPs F; the inner picture shows SEM microstructure of

AgNPs prepared using Ex-F. (b) EDX analysis of sample AgNPs L; the inner picture shows SEM
microstructure of AgNPs prepared using Ex-L.

3.4. Polymer Matrix Nanocomposite

Polyvinyl alcohol (PVA) is a polymer used in various industrial applications to produce
plastics and plastic products such as packaging materials. It is also used to produce textile
fibers as well as material used in the field of medicine. In addition, PVA is a biodegradable
polymer, which means that it can break down in the environment and does not have an
impact on the environment.

For the preparation of polymer composites, PVA was used as a matrix, and AgNPs
prepared using Ex-L were used as a secondary phase. Composite PVA-AgNPs thin layers
and fibers were prepared. The structures of the prepared PMC layers, shown in Figure 9a,
and fibers, shown in Figure 9b, were observed using SEM. In both cases, it is obvious that
the nanoparticles are not evenly distributed.

Nanoparticles in thin films are unevenly distributed and form clusters; the detailed
view of the cluster (inner picture) confirms this. An uneven distribution can also be
observed in the fibers (Figure 9b). Nanoparticles in fibers were distributed individually, in
clusters, or in chains (induced using the electrospinning technique). They can be observed
on the surfaces of the fibers, as shown in Figure 9¢, and inside them, as shown in Figure 9d.
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Figure 9. (a) SEM image of a thin film with AgNPs L; the inner picture shows SEM microstructures
of AgNPs prepared using Ex-L. (b) SEM image of fibers with AgNPs L. (c) Details of AgNPs in fibers.
(d) Details of AgNPs on fibers.

Despite homogenization via ultrasound and the use of mixing, it was not possible to
ensure a homogeneous distribution of nanoparticles. The uneven distribution of nanoparti-
cles in the polymer solution might have been caused by the high density of the polymer
solution. The key to increasing the homogeneity could be the preparation of a PVA solution
with lower density and better homogenization (sonification and intense mixing under heat).

3.5. Antibiofilm Activity

Much research has aimed to demonstrate the biocidal effects of silver on various
types of viruses, bacteria, fungi, and algae, but few studies have aimed to elucidate the
mechanisms by which silver develops toxicity. The available sources show that the most
likely mechanisms behind the toxicity of AgNPs or released Ag™ ions include disruption
of the functionality of the cell wall and cell membranes, reactive oxygen species (ROS)
formation, and DNA replication disorders [40,41].

The antibacterial activity of AgNPs was investigated in comparison to the alga Chlorella
kesleri using a modified disc diffusion method. Ch. kessleri is a unicellular, freshwater, green,
non-toxic, environmentally safe, and easy to cultivate alga.

Antibiofilm activity was monitored for 14 days. Lavender flower and leaf extracts
were applied, and AgNOj3 stock solution was used as a control. The extracts themselves,
shown in Figure 10b,d, and AgNO3; did not show any inhibition zones during the 14 days
of observation.

Figure 10. (a) Antibiofilm activity of AgNPs F, (b) antibiofilm activity of Ex-F, (c) antibiofilm activity
of AgNPs L, and (d) antibiofilm activity of Ex-L.

However, the colloidal nanoparticles prepared using different extracts dropped onto
the discs, shown in Figure 10a,c, showed significant inhibition zones of 9.0 mm and 9.3 mm
for AgNPs-F and AgNPs-L, respectively.

Antibiofilm activity was also monitored for the produced PMCs. Samples of the AgNP-
containing polymer solution (Figure 11a), fibers (Figure 11b), and the thin film (Figure 11c)
were placed on inoculated agar.
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Figure 11. (a) Antibiofilm activity of PVA-AgNPs L solution, (b) antibiofilm activity of AgNPs L
fibers, and (c) antibiofilm activity of AgNPs L film.

The inhibition zones formed after 14 days were not as significant as those in the case
of the colloidal solutions but were visible and ranged from 7 mm to 8 mm in diameter.
The formation of narrower inhibition zones could be due to the poor distribution of
AgNPs in the PMC, as shown via SEM analysis, and the fact that the nanoparticles were
coated/surrounded by the polymer (only a small percentage of the nanoparticles were on
the surface). Therefore, there was no immediate contact of the AgNPs with living cells; only
a gradual release of the nanoparticles occurred. This, on the other hand, can be considered
an advantage because gradual release contributes to prolonging the antibacterial effect.

4. Conclusions

In this study, silver nanoparticles were successfully synthesized via a biological
method using two different lavender extracts (flowers and leaves). Storage conditions were
also determined, and these conditions will ensure the long-term stability of the prepared
colloids. The ability of AgNPs to prevent the formation of biofilms was also confirmed,
and the synthesized nanoparticles were successfully incorporated into the polymer matrix
(PVA-AgNPs), which caused the change in the PVA’s nature from non-toxic to toxic.

Using both extracts, nearly spherical and uniform nanoparticles with a size of around
20 nm were synthesized. However, the extract prepared from the leaves achieved higher
yields, and the AgNPs were in a narrow size interval. Long-term stability tests were carried
out under different conditions; it was shown that cold storage can ensure good stability
of nanoparticles regardless of extract type and storage time. During the toxicity test, the
prepared AgNP colloids created significant inhibition zones, proving their antibiofilm
effect.

The ex situ method was used for the preparation of PVA-AgNPs composites. Thin
layers were subsequently prepared using casting and fibers via electrostatic spinning. SEM
analysis showed that AgNPs formed clusters in the polymer matrix, indicating the need to
improve the distribution of AgNPs in the matrix. However, despite the uneven distribution,
it was proven that AgNPs successfully transferred antibacterial properties to the originally
non-toxic PVA, indicating the possibility of transferring other properties, e.g., catalytic,
conductive, etc. However, these properties significantly depend on the shape and volume
of the incorporated nanoparticles.

The results provide a sustainable and ecological method for the synthesis of AgNPs
and highlight the potential of biological extracts in the synthesis and stabilization of
nanoparticles. These findings have important implications for the fields of nanotechnology
and the development of antibacterial materials, suggesting practical applications in various
industries.
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